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Figure 1: Building interface with embedded mechanical computations enabled by Fluidic Computation Kit. a) Pick the elemen-
tary pieces from the component library. b) Construct an operator (register) via wiring the components. c) A parallel processor 
is achieved by combining diferent operators. d) A fuidic computation augmented chair that can monitor diferent sitting 
positions and alert the user when a poor posture is detected. 

ABSTRACT 
Although fuidic computation has been utilized to develop interac-
tive devices in the feld of Human-Computer Interaction (HCI), the 
limited computation complexity of previous work hinders the ex-
ploration of richer interaction modalities. Based on the Fluidic Com-
putation Kit we developed, this paper explores how unconventional 
mechanical computing can be leveraged to design shape-changing 
interfaces that integrate input sensing, output, and complex com-
putation. After introducing the design space enabled by the Kit, 
we explain how to design four types of elementary computational 
components and six categories of operators. We end by providing 
several application scenarios which illustrate the Fluidic Compu-
tation Kit’s potential to build sophisticated circuits (e.g., a parallel 
processor) for use in the feld of HCI. 
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1 INTRODUCTION 
The advancement of technology in the information age has led to a 
shift from mechanical to electronic computation forms [3, 17]. In 
Human-Computer Interaction (HCI), embedded electronic chips 
are now widely used as the computational units for prototyping 
physical computing interfaces and devices. However, there is a 
recent trend towards the development of unconventional forms 
of computation that incorporate cutting-edge engineering knowl-
edge and manufacturing capabilities, such as robotics, information 
processing, and materials science [63]. Although unconventional 
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computation has found success in several science and engineer-
ing applications, including molecular computation [1], robotics 
[42, 59], morphological computation [22], and fuidic logic circuits 
[35, 45, 64], its adoption within the HCI device fabrication and de-
sign community is still in its early stages, with only a few recent 
pioneering works [10, 25, 34, 47]. 

Building on top of existing literature, here we use fuidic computa-
tion as an example to further explore how complex unconventional 
mechanical computing can be leveraged by HCI researchers and 
designers, or even the public (Fig. 1). In particular, we identifed the 
following unique gap to address: there is a lack of elementary toolkit 
or library for prototyping powerful fuidic computation circuits yet: 

To understand electronic circuits, we must frst study the basic 
laws and the elementary components in electronics. Moreover, with 
various electronic components available, we can conveniently build, 
customize or upgrade circuits with diferent functions. Microfuidic 
chips are generally known to be highly integrated, just like the elec-
tronic integrated circuits[35, 45, 64]. Previous work in the feld of 
robotics have deconstructed microfuidic chips a little by designing 
complex pneumatic structures with multiple ports that can operate 
as one kind of logic gates at a time, just like electronic logic chips 
with many pins [8, 41]. While these (micro)fuidic devices are like 
black boxes, several recent works [12, 28, 40, 43] focused on pushing 
the design of the single valve(switch) and building fuidic circuits 
with them. However, the lack of further design on other elementary 
fuidic components beyond the switch limited the types of circuits 
that users can explore and build. By pursuing this trend, we aim to 
ofer a fundamental, reconfgurable, and user-friendly approach to 
learning and constructing a variety of fuidic computation devices. 

To address the gap above, this paper will present the Fluidic 
Computation Kit that breaks down fuidic computation devices 
and provides a relatively rich set of building library. Interfaces that 
have fuidic logic fully analogous to electronic logic with signifcant 
complexity advances over the previous implementations shown in 
HCI literature [10, 34, 47] can be built with the Kit. We also derive 
a design space to couple extended I/O modalities in the design of 
fuidic computation integrated interfaces, and demonstrate HCI-
relevant applications to emphasize the electronic-free, I/O coupling 
and learning & play aspects. We hope our Kit can potentially make 
fuidic computation devices more accessible and disseminate related 
knowledge and concept. 

The core contributions of this work are as follows: 

• The Fluidic Computation Kit that provides a richer set of 
library for prototyping fuidic computation devices. It covers 
all the way from multiple elementary components to various 
high-level operators. 

• Four types of elementary components are designed. Beyond 
the switch; the diode, a range of resistors in diferent values, 
and capacitors with various functionalities are also intro-
duced; 

• Six categories of computational operators (i.e., logic gates, 
flter, timer, register, edge detector, and (de)multiplexer) en-
abled by simply wiring the aforementioned computational 
components are explored, including the novel passive flter 
and timer operator; 

• The design space of complex fuidic computation embedded 
shape-changing interface; 

• Characterization for the fuidic computation components 
and operators; 

• Several application scenarios, demonstrating the Fluidic 
Computation Kit’s ability to build complex circuits (e.g., 
parallel processor) and the potential of adopting the fuidic 
computation in HCI. 

2 RELATED WORK 

2.1 Fluid-driven Interfaces 
Fluid-driven interfaces have been extensively investigated in HCI. 
In past decades, an abundance of work has contributed to greatly ex-
panding such interfaces’ fabrication materials and methods, shape-
changing capabilities, and actuation structures [15, 32, 33, 37, 46, 60– 
62]. Actuation methods beyond bulky compressors and pumps have 
been investigated [18, 32, 58]. Sensing technologies utilizing fuid-
driven interfaces have also been studied [23, 51]. 

Leveraging the technical advances of the fuid-driven interface, 
various studies regarding application context exploration and user 
experience evaluation have emerged. Many of them investigate var-
ious haptic feedback experiences enabled by fuid-driven interfaces, 
such as Force Jacket [9], HydroRing [20], PuPoP [52], Chemical 
Haptics [31], etc. Moreover, there has also been exploration in using 
fuid-driven interfaces as a pleasant, aesthetic display[50], or even 
enhancing people’s creativity [30]. 

From fabrication, sensing, actuation, to application, fuid-driven 
interfaces thrive comprehensively except for one aspect - comput-
ing. Most fuid-driven interfaces are still controlled by bulky valves 
and electronic control boards. 

2.2 Integrating Mechanical Computation to 
Interface 

Recently, we have seen a trend of pushing computing power further 
by adopting unconventional forms of computation. A few studies 
in HCI have tried to integrate mechanical computation into the 
interface. Venous Materials [34] demonstrates fuidic mechanisms 
that can respond to a user’s mechanical inputs and display an output. 
However, it can only visually display, and the "computation" is 
limited to mapping the force with how far liquid can be squeezed. 
Logic bonbon[10], based on "beam defection" mechanism [44], 
builds some basic logic gates that can be used to make desserts with 
diferent favor combinations based on the user’s input. 

AirLogic [47] pushes such basic mechanical logic gates further 
by integrating it into a 3D printing process and augmenting it 
with various input and output widgets. However, such a "beam 
defection" mechanism is limited in its computational capabilities. 
It can only achieve several basic logic gate structures and such gates 
do not have a good cascaded ability, which prevents them from 
composing complex circuits with various mechanical computation 
abilities. Moreover, the output airfow from a logic gate based on 
“beam defection” mechanism is hard to be used to actuate the in-
fatables. Such a logic gate structure usually has multiple outlets 
connected to the atmosphere, only one of which is considered an 
output channel. When the airfow of inputs does not travel to the 
output under the action of the “beam defection” mechanism, it 
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needs to be excluded from other outlets. This means that when we 
connect an airbag to the output, even though the output should 
be 1, the airbag cannot be efectively pressurized. Because the air 
will fow out from the other outlets connected to the atmosphere, 
the logical operation is disturbed. This is an inherent limit of the 
mechanism: pressure building up too much at the output port will 
interfere with its logic operation. This limitation greatly prevented 
such fuidic-logic structures from integrating with the previous 
pneumatically-driven shape changing output techniques from liter-
ature, resulting in limited application contexts. 

Beyond fuid-driven computation, Ion et al. introduced digital 
mechanical metamaterials that can be used to build logic structures 
[25]. However, circuits built with such metamaterials require a 
manual reset after each use to recover the lost energy. 

2.3 (Micro)fuidic Computation 
In the past few decades, (micro)fuidic computation has received 
growing interest. (Micro)fuidic computational technology has de-
veloped from basic logic gates enabled by beam refection mecha-
nism [44] to more complex fuidic switch (valve), resistor, capacitor, 
and higher level computational operators [35, 45, 64]. The fuidic 
switch, which is usually called a Quake valve [54, 55] , has a two-
layer structure, with a target channel and a control channel on each 
layer. The target channel can be blocked or unblocked by tuning the 
deformation of an elastic membrane through air pressure change in 
the control channel. Computational structures with various func-
tions including logic gates [2], flter [29], d-latch [45], oscillator 
[13], and multiplexer [54] have been built in this way. However, 
these computational structures are vacuum-atmosphere based. The 
fuid is drained out of the system rather than pumped into the sys-
tem. Since human actions are typically more easily converted into 
positive air pressure changes [14, 27, 34] , the vacuum-atmosphere-
based computational structure is not ideal for a fuid-driven inter-
face design that involves human input. 

Though rare, a few studies explored positive air pressure actuated 
microfuidic computation structures [11, 19, 57]. They share the 
principle that the valve must have a static gain property that allows 
the target channel to get blocked even when the air pressure in the 
control channel is relatively low. However, their static gain switch 
is more complex than the standard microfuidic valve and is much 
harder to fabricate. Furthermore, it has not been verifed whether 
such a switch design can still operate after being scaled up and 
working at a higher pressure which actuating “macro” interaction 
devices would need. 

Beyond the microfuidic feld, fuidic computation has also been 
widely adopted for robot design. Some works focus on using a 
high-end 3D printer to fabricate integrated fuidic circuits in a 
single print run[24, 59]. In contrast, some works deconstructed the 
highly integrated fuidic circuits a little by designing novel modular 
pneumatic structures[8, 41]. Such modules usually have multiple 
input ports. Furthermore, by selectively using some of the ports, 
the module can work as Gate NOT, AND, OR, etc., acting like the 
small electronic logic chips have many pins with diferent functions. 
Such modules are still like black boxes to the user. 

Recently, several works [12, 28, 40, 43] focus on improving the 
single valve(switch) design and building fuidic circuits with it. 

Rajappan et al.[43] demonstrated fuidic operators built with heat-
sealed textile switches, like basic logic gates, SR latch, etc. However, 
the lack of other basic fuidic computation components in this 
work impairs the potential of building more kinds of operators 
like flters and timers introduced in our Kit. Drotman et al. [12] 
and Preston et al.[40] built ring oscillators based on a silicone-
casted bistable valve that they called 3/2 soft valves. And they used 
thin tubings as resistors and glass jars as capacitors to regulate 
the oscillation. However, for most users, it may be difcult for 
them to obtain the desired resistance value by adjusting the length, 
thickness, or even the material of the tubing; the characteristics 
of a "glass jar capacitor" can also be a mystery. In short, while 
focusing on switches, how other components, such as the resistors 
and capacitors, can be isolated, designed, and evaluated are much 
less studied. 

In comparison, we have designed a Fluidic Computation Kit 
that breaks down fuidic computation and provides a rich set of 
elementary components as well as functional operators library for 
learning and prototyping fuidic computation circuits, both simple 
and complex. In addition to the switch, we also introduce the diode, 
the resistors with clearly specifed resistances, and the capacitors 
with various properties that have not been widely discussed in the 
literature. By combining these components, the Kit enables the 
creation of novel operators and complex circuits. 

3 DESIGN SPACE 
The fuidic computational interface integrates force input, com-
putation, and tangible output, relying on mechanical structures. 
We believe such electronic-free interfaces are capable of coupling 
various kinds of I/O when designing physical and material-based 
interfaces. We share a diagram described in Fig. 2 to map out the 
design space: 

Input: Designing the input modalities/devices has been an critical 
aspect of interface design [5]. Many human behaviors involve force 
changes. And when such force changes are applied to airbags, they 
induce air fow/pressure change. Here we focus on leveraging the 
simple airbags as transducers from the physical properties of the 
world [4] into the fuidic circuits. We defne eight major types of 
force change inputs that can be detected with the fuidic circuits 
built with our Kit. 

• Magnitude: The force magnitude change can cause an 
airbag’s inner air pressure to change. The fuidic switch 
in the Kit has a tunable burst pressure threshold, which can 
be leveraged to detect diferent force magnitudes. 

• Duration. A continuous force will lead to an air pressure 
change last for a certain time. The fuidic timer can be used 
to monitor the duration of such a force. 

• Frequency: The periodic force change can be converted to 
periodic air pressure change. The fuidic flter can process 
such force changes and regulate its output air fow rate based 
on the frequency. 

• Impulse. The sudden force change will result in a rising 
or falling edge of air pressure. The fuidic edge detector is 
designed to monitor such a force impulse. 

• Distribution: Multiple airbags can be used to detect the force 
distribution at desired points. Many fuidic operators (e.g., 
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Figure 2: Design space of fuidic computational interface enabled by our Kit. Human actions can induce forces, which can be 
converted into air pressures as input for the computational units. Then, the fuidic computational unit generates fuidic-driven 
output that results in proper responses to the users. 

the demultiplexer) and circuits that can process multiple 
input air pressure signals can be leveraged to monitor the 
force distribution. 

• Record: The fuidic register can be used to store the force 
change history. 

• Parallel Input: As mentioned above, fuidic operators or cir-
cuits (e.g., a parallel processor) can be built to monitor several 
force inputs simultaneously. 

• Serial Input. Theoretically, a shift register [45] can be built 
with the Kit, enabling continuous monitoring of the change 
of a force input over time. 

Computation: Input force(s) converted into the airfow will then 
become the input signal(s) of the fuidic computational circuits, 
which compute and generate the fuid-driven tangible output(s). 
The basic functions of several fuidic operators and circuits have 
been briefy discussed above. The detailed mechanism and operation 
will be introduced in the following section. 

Output: The computation results are delivered in the form of 
airfow which can be leveraged in pneumatically-driven shape-
changing interfaces for interaction or information display. Four 
output modalities can be achieved, including shape change, airfow-
induced haptics, olfactory response (e.g., infusing essential oil into 
the airfow to wake someone from sleeping), and acoustic feedback 
(e.g., whistling through the airfow). 

4 FLUIDIC COMPUTATION KIT 

4.1 Overview 
Our Kit includes basic computational components (i.e., switch, 
diode, resistor, and capacitor) and operators (logical gates, flter, 
timer, register, edge detector, and (de)multiplexer). In terms of their 

form factor, we chose a triangle shape that 1) best matches the func-
tional structure of the most frequently used switch component, and 
2) can make the assembly and layout of components more compact, 
fexible, and aesthetically pleasing. 

Before diving into the Kit, we clarify the basic analogy between 
fuidic systems and electrical systems. In electrical circuits, the 
voltage and current describe the magnitude of the efort and the fow. 
In a fuidic system, The efort is pressure, and fow is volumetric 
fow rate [38, 48]. Therefore, we can map these terms as below: 

• Power source = Positive pressure air supply (P. Sup.) 
• Ground = Atmosphere (ATM) 
• High voltage signal = Positive pressure signal (1) 
• Zero voltage signal = Atmospheric pressure signal (0) 

Since ATM is defned as ground, all air pressure values presented 
in this paper are gauge pressure built on standard atmospheric 
pressure. 

4.2 Basic Computational Components 
Our basic components include the switch (static gain, normally-
connected valve), the diodes (one-way valve), the resistor (long, nar-
row, circuitous channel), and the capacitor (large, deformable cham-
ber) (Table 1). The supportive accessories (the mounting frames, 
the connectors, and the water tub) are also briefy described here. 

4.2.1 Switch - Static Gain Normally Connected Valve. The switch 
Fig. 3 is the most frequently used building block. The core functional 
part of the switch consists of an upper target channel that the 
bottom control channel can block. Fig. 3a, b demonstrates how a 
switch component works. Its target channel inlet is connected to 
a positive pressure source, its outlet is connected to a triangular 
water tub, and its control channel is connected to an airbag. When 
the airbag is pressed, air pressure in the control channel builds up, 
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Table 1: Summary of the basic components in the Fluidic 
Computational Kit 

causing the target channel to be blocked. In our media, this can be 
visualized with the demonstrative triangular water tub, which is 
not used in actual applications. When air exits the outlet, bubbles 
are visible in the tub. When the target channel is sealed, bubbles 
are not visible. 

The switch (Fig. 3) is one of the most frequently used compo-
nents, and its structure is also the most complex among our compo-
nents. The major functional parts include two air channels vertically 
stacked to each other (target and control channel), one magnetic 
disk on top of each air channel (top and bottom magnet), and an 
elastic membrane in the middle. When the positive air pressure 
builds up in the control channel, the membrane will rebound, and 
the bottom magnetic will bond with the top magnet and block the 
target channel. Due to the magnets, relatively small air pressure 
fuctuation in either channel will not change the current state of the 
switch. Suppose the control channel pressure builds up and even-
tually becomes larger than the sum of the target channel pressure 
and magnetic attraction force. In that case, the control channel will 
unblock itself to push the bottom magnet downwards and block 
the control channel. As a result, the switch component switched 
its state. 

To build complicated circuits, cascade ability is critical. Fig. 3c 
demonstrates that the preceding switch’s output signal (from the 
target channel) is fed to the control channel of the successive switch. 
The pressure will drop as air travels through the channels. So, to 
achieve a fully functional switch with cascade, we must design a 
valve in which the target channel can be blocked even when the 
control channel has a lower air pressure than the target channel. 
Moreover, we need to keep the fow resistance of the switch low to 
minimize air pressure loss. After testing more than 30 designs, we 

Figure 3: The fuidic switch. a) Exploded views of the switch 
and the working mechanism. b) The switch works in single. 
c) Two switches in cascaded connection. 

settled on the current static-gain normally connected valve, which 
leverages magnetic force (Fig. 3.a) and has low fow resistance. Due 
to the magnets’ existence, the target channel’s air pressure must 
reach 10 kPa (bursting pressure) to burst through. Moreover, 10 
kPa is defned as the baseline in our system that can be considered 
as 1. A series of experiments are carried out to validate the design, 
and they are discussed in the later Performance section. 

Lastly, as shown in Fig. 3.c, an intervening vent is reserved at the 
connection point between the two switches. Otherwise, the output 
from the preceding switch will not be able to restore to atmospheric 
pressure (0) properly. Because once its target channel gets blocked, 
air will be trapped at the control channel of the successive switch. 
Meanwhile, a pull-up resistor before the vent is also required to 
ensure the pressure can properly build up when the preceding 
switch gate outputs 1. The same principle usually goes for chaining 
operators to build advanced circuits, and needs to be kept in mind. 

4.2.2 Diodes - One-way Valve. The diode (Fig. 4) is a check valve, 
which only allows fuid to fow in one direction. As is shown in 
Fig. 4.a, the diode has the same upper layer structure as the switch. 
However, instead of having a control channel, the diode has a 
small rectangle chamber in the bottom layer. Illustrated in Fig. 4.b, 
when the fuid travels from the left to right side, the fuid will 
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Figure 4: The fuidic diode. a) Exploded views of the diodes 
and the working mechanism b) Functional prototype of the 
check valve. Air can pass through the valve from the right 
side but cannot from the left side. 

Figure 5: The fuidic resistors. a) Exploded views of the resis-
tor and the mechanism. b) Diferent lengths of the resistor 
with folded narrow channels. 

fow to the bottom layer chamber through the small hole on the 
elastic membrane, get trapped, build up pressure, then push the 
membrane strongly against the upper layer. Thus, it will stop itself 
from traveling to the right outlet. On the contrary, pressure cannot 

Figure 6: The fuidic capacitors. a) Exploded views of the 
triangle adaptor. b) Deformable chamber as a fuidic capacitor. 
c) Three kinds of capacitor prototypes with unique functions. 
d) Connection method of capacitors and the triangle adaptor. 

Figure 7: The accessories. a) the water tub for air fow moni-
toring when testing. b,c) the connectors and one of the frames 
used for wiring. 

build up when fuid travels in the opposite direction as there is an 
open end (the left outlet). 

4.2.3 Resistor - Long Narrow Circuitous Channel. The resistors are 
components with various long, narrow, circuitous channels with 
high fow resistance (Fig. 5.a). They can reduce the fow rate, pull 
up the pressure, etc. They come with various resistances, and users 
can choose or combine them to get desired values. 

The resistance is generally linear to the channel length for 
straight thin channels with the same cross-section geometry (Fig. 
5.b). Since the resistor components are very compact, we must fold 
the narrow channel up to 100 mm in length and 1 mm in gap width 
to ft. We carried out an experiment to measure the resistance, and 
the result confrmed that it changes linearly to the length. The 
detailed result is presented in the later Performance section. 

4.2.4 Capacitor - Large Deformable Chamber. The capacitor is a 
very versatile component and plays a critical role in many operators. 
It consists of a triangle adaptor (Fig. 6.a) and a relatively large 
deformable chamber (Fig. 6.b). Various kinds of chambers can be 
adopted for the capacitor components to achieve diferent functions 
(Fig. 6.c). For example, 
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Figure 8: The wiring diagram which discards the form factor of all the operators. 

(1) a thin, soft, (prefold) plastic air bag is suitable to work as a 
bufer as it is easy to get infated and can store lots of air 
before pressure builds up; 

(2) a highly elastic (silicon) chamber can perform as energy 
storage since once it is charged and gotten infated, it will 
actively defate and continually power the circuit for a while 
after the air source stops; 

(3) a strong resilience chamber can restore energy automatically 
after being squeezed. When operated with periodic external 
force, such a capacitor can work as a pump. 

4.2.5 Accessories. To facilitate the wiring process, we designed 
cellular frames for fxing the components (Fig. 7.a), and various 
connectors for connecting components in diferent numbers and 
orientations (Fig. 7.b). To intuitively visualize the output when 
testing the components and operators, a triangle water tub which 
has the same dimension as the components is designed (Fig. 7.c). 

4.3 Computational operators 
Various types of operator can be constructed with aforementioned 
components. In this subsection, we will discuss six types of example 
operators we build, including logic gates, flter, timer, register, edge 
detector, and (de)multiplexer. The wiring diagram which discards 
the form factor is as Fig. 8. 

4.3.1 Logic gates. A logic gate is the operator that can implement 
a Boolean function. It can take one or more high (1) or ATM(0) 
pressure airfow inputs either directly from the user or from the 
preceding circuit, then perform the logic operation, and output 
positive pressure air fow (1) or nothing (0).Logic gates can be 
implemented primarily using the switch components. Here we 
describe the design and operation of fve logic gates: 

NOT. Not gate, also known as the inverter, can invert the input, 
which means outputs 1 (positive pressure) if the input is 0 (ATM). A 
single switch component can work as a NOT gate (Fig. 3.b). Though 
simple, NOT gate is one of the most frequently used operators when 
building advanced fuidic circuits, as inverting preceding circuit 
output is often necessary. 

NOR, NAND. NOR gate (Fig. 9.a) is constructed with two serial 
switches, which means only when both switches are open (both 
inputs are 0), air from the positive pressure source will fow through 
the target channel and generate a positive pressure output (1). Sim-
ilarly, the NAND gate (Fig. 9.c) is structured with two parallel 
switches. The output of the NAND gate will be positive pressure (1) 
as long as either one or both of the two switches open (input is 0). 

OR, AND. By adding a successive NOT gate to NOR gate, we can 
get an OR gate (Fig. 9.b). Likewise, AND gate can be constructed 
by adding a NOT gate to NAND gate (Fig. 9.d). 
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Figure 9: The output variations of the fuidic logic gates depending on their input: a) NOR, b) OR, c) NAND, d) AND. Magnets 
are removed to show the membrane deformation more clearly. In this case, higher control channel pressure is required to 
block the target channel. 

Figure 10: The fuidic flter. a) Design diagram of the capacitor. b) (Left) When the capacitor is squeezed by the input, the left 
diode is blocked and the airfow is released from the right diode; (Right) When the capacitor is rebounded, the left side diode is 
fed and the right side diode is blocked. 

4.3.2 Filter. In this subsection, we present the design of a bandpass require a constant positive pressure air supply like in the logic 
flter (Fig. 10). This operator’s output fow rate varies with the input gates. The core component of our flter design is a capacitor that 
force signal frequency. The output airfow will peak when the force can pump air out when deformed by external force and self-restore 
is input at a specifc frequency and decrease as it deviates from this after the external force is removed. 
peak frequency. The flter is a completely passive device, which With this design, the lowest frequency that can pass through 
means it will work as long as there is input airfow and won’t the bandpass flter is determined by the volume of the capacitor, 
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and the upper cutof frequency is generally proportional to the 
total resistance of the hardware component. The flter component 
in conventional fuidic computational devices is rather complex 
and handles a wide range of frequencies from 0.01 Hz to 100 Hz 
[7]. Here we came up with a much simpler yet efective design 
with only one capacitor, one resistor, and two diodes to tailor to 
human input with a relatively limited deformation level control and 
low frequency. Further, by tuning the capacitance of our capacitor 
component and the total resistance of our resistor component, we 
can tune the frequency range the flter can pass through. The later 
Performance section shares more detailed design considerations 
and performance characterization. 

4.3.3 Timer. A timer operator is a relay with a time delay built in. 
After receiving a positive air pressure signal, it will pass down the 
signal after some time delay if the signal is still there. A timer is 
also a passive operator that requires no constant positive pressure 
air supply. 

A timer consists of two resistors, one capacitor, and one 
switch(Fig. 11). The resistor 1 (R1) connected with input is used 
to reduce the fow rate. Since the capacitor works as a bufer that 
delays the pressure building up in the system, a thin, soft plastic 
airbag is chosen. The switch will only connect when the target 
channel reaches its bursting pressure to ensure that the output 
signal remains 0 until the capacitor reaches the switch’s pressure 

Figure 11: The fuidic timer. a) Input and output signals. b) 
Functional prototype. c-e) The signal changes through three 
phases from i (pressure built up inside the capacitor), ii (burst-
ing pressure reached in the capacitor) to iii (capacitor reset 
after one triggering cycle) 

capacity. A vent is included to ensure the capacitor can reset au-
tomatically after the input signal drops to 0. The resistor 2 (R2) is 
connected with the vent and works as a pull-up resistor. 

We use two approaches to regulating the delay time. One is by 
changing the total resistance of R1. Increasing R1 will further de-
crease the fow rate, thus extending the delay time. However, a 
more resistive R1 also means more pressure drop. So if the output 
signal of the timer needs to be fed to successive circuits, raising 
the resistance may not be a good choice. The other approach is to 
increase the capacitance of the capacitor component [8], which is 
usually better than the frst approach, except less compact. Regu-
lating R2 can change the resetting speed of the capacitor. Lowering 
R2 will decrease the restoring time. However, this also means more 
pressure loss will occur. Though not used, the third possible ap-
proach to regulate the delay time is tuning the bursting pressure 
[6]. It is possible with our Kit, as the bursting pressure of the switch 
can be adjusted by changing the top magnet. 

In short, if a positive pressure or high fow rate is required for 
the output, choosing a low R1 and a high R2 is recommended, 
in which case, the delay time can be regulated by changing the 
capacity. Timer designs with diferent design parameters are further 
evaluated in the later Performance section. 

4.3.4 Register. The register is a storage unit that can store one bit 
of input force data. We can use it to record input, or maintain output 
when the input signal is gone. In our Kit, the register is achieved 
with a fuidic D-latch. The core part of a D-latch is a bistable fip-
fop structure. The fip-fop has two switches that will stay in two 
opposite states. As shown in (Fig.12.a), when the left switch gets 
unblocked, air will feed to the bottom channel of the right valve 
and block it; vice versa, when the left switch is forced to close, the 
right valve will open (Fig. 12.b). 

D-latch can be constructed based on the fip-fop. As shown 
in Fig. 13, it can receive one input data signal (D), and one input 
control signal (E), and can give two opposite output signals (Q and 
inverted Q: � ). The input signal can only be written when the 
input control signal is 0. Moreover, data will be locked and stored 

Figure 12: The core structure of a D-latch: the bistable fip-
fop. a)When 0 (ATM) is given to the control channel of the 
left switch: left switch unblocked, right switch blocked; b) 
when 1 (positive pressure) is given to the control channel of 
the left valve: left of, right on. 
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Figure 13: The fuidic D-latch. a) Output variations depending on data input and control input. b) The input data signal can only 
be written when the input control signal is 0(i to ii) and data will be locked and stored after the input control signal changes 
back to 1 (iii to iv) 

after the input control signal changes to 1. The output Q is the same 
as the stored data, while the output � is opposite to the data. 

D-latch is very diferent from the other operators because when 
output is not connected to a successive circuit, it needs to be sealed 
instead of left open to the ATM. So in Fig. 13, we seal both outputs 
and use the tub connected with the vents to show the status. 

D-latch can receive input data either from the user-manipulated 
airbag or preceding operators. When an airbag is connected, the 
airbag will not reverse properly if the input control signal disables 
data writing because there is no other port to let the airbag suck 
air in. In this case, the airbag must have another one-way inlet to 
restore air. In Fig. 13, we drill a hole that will be blocked when it 
gets pressed by a fnger to achieve the same function as a one-way 
inlet. 

4.3.5 Edge detector. The edge detector operator can monitor the 
input signal and generate a short air pulse at the output when a 
rising or/and falling air pressure occurs at the input. 

In Fig. 14, we demonstrate a rising edge detector. It is constructed 
by adding switches and resistors to a NOR gate. And one additional 
magnet is placed on the bottom right switch to lower the pressure 
threshold of blocking its target channel. Fig. 14.d explains that 
states of the operator at diferent phases i-iv: i) The default state 
when both input and output are 0. ii) when the input signal changes 
from 0 to 1, the left NOR gate switch will open instantly, which 
induces a 1 (a quick positive pulse) at the output. iii) After a very 
short while, the right NOR gate switch gets blocked due to the air 
pressure building up in its control channel, which turns the output 
from 1 back to 0. iv) When the input signal changes from 1 back to 
0, the left NOR gate switch will be blocked instantly, thus keeping 
the NOR gate output 0. 

For applications requiring an extended pulse duration at the 
output when a signal is detected at the input, we can replace the 
resistor R1 (shown in Fig. 14.d i) with a capacitor. The alternative 
design with an additional capacitor is shown in Fig. 15. Besides, 
by adding an inverter to the input port, we can get a falling edge 
detector. 

4.3.6 (De)multiplexer. The demultiplexer is 1-to-2� , which means 
the single input source signal can be steered to any of the 2� outputs 
by applying N input controls. In Fig. 16, we demonstrate a 1-to-4 
fuidic demultiplexer with one source signal, two input controls, and 
four outputs. It consists of ten switches, two resistors for venting, 
two rubber air blowers to perform control inputs, and four tubs 
to visualize the outputs (Fig. 16.a). Each input control is split into 
two, with one of them inverted by the NOT gate. Therefore, though 
there are only two input controls, we can get four combinations 
of inputs. The working details of the demultiplexer are illustrated 
with Fig. 16.a and b. 

The demultiplexer can be used to connect a single source to mul-
tiple destinations. We can leverage demultiplexers to give users 2� 

diferent outputs by receiving only N control inputs. The demulti-
plexer can also be used to build complex circuits, e.g. we can set the 
source signal port to receive the user’s input, steer the user’s input 
to each outputs by changing the control signal periodically, and 
store the outputs by connecting each outputs to a register. Then we 
can build a fuid computation system that records the user’s inputs, 
and the record can be displayed by connecting to output airbags. 

When operating reversely, the demultiplexer can become a multi-
plexer, which can select and route any of the several source signals 
to a single output. A multiplexer shares a similar mechanism with 
the demultiplexer. 
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Figure 14: A fuidic rising edge detector that generates a short air pulse when a rising input pressure is detected. a) No output 
when there is no input signal. b) The output turns to 1 (with positive air pressure) briefy when a rising edge signal is detected 
at the input. c) Output variations depending on input changes. d) Sequential operation of the edge detector. The signals and 
corresponding valve states are listed for each stage from i to iv corresponding to (c). 

Figure 15: An edge detector with an extended duration of 
pulse at the output. a) Edge detector with an additional capac-
itor replacing the original resistor R1. b) Output variations 
depending on input. c) Sequential operation of the edge de-
tector with a capacitor. The signals and corresponding valve 
states are listed for each stage (i to iii) 

The (De)multiplexer is also considered a passive operator. It 
does not require the P. Sup. to be functional. As shown in the 
aforementioned complex circuit example, the source single does 
not necessarily need to be connected to a positive pressure air 
source. 

4.4 Input/Output devices 
4.4.1 Designing the input devices. The basic principle for designing 
an input device is that it should be able to convert the force changes 
of interest to air pressure changes. Typically, airbags are good 
candidates. Based on this principle, we proposed the following 
guideline if airbags are used as the input devices: 

• The form factor should match the context and user’s action, 
e.g., cylinder airbags are suitable for squeezing; small fat 
airbags are easily activated by pressing with the fnger, and 
large fat airbags are best utilized by pressing with the whole 
hand. 

• The airbag should have only one port connected to the input 
port of the computation circuit; it should not have another 
port connected to the atmosphere. 

• If utilizing fat airbags, for example heat-sealed plastic bags, 
an appropriate amount of air must frst be injected into the 
airbag before it is connected to the circuit. If using 3D airbags 
that can restore automatically after the forced defation (e.g., 
hollow silicon airbags), then the pre-air-injection is not nec-
essary. 

• In some cases, the capacitor will act as both the input de-
vice and computational components (e.g., in the flter). The 
capacitor has its own design standard, as described earlier. 

4.4.2 Designing the output (devices). The output air fow of the 
circuit can be converted to many output modalities, for example: 

• Shape and texture change. Technically, most infatable shape-
changing output devices designed by prior work can be di-
rectly connected and controlled by our fuidic computation 
circuit, providing rich shape-changing feedback for various 
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Figure 16: The fuidic demultiplexer design and working mechanism. a) Output (W to Z) variations depending on two controls 
(A and B).b) The demultiplexer’s I/O signals and corresponding switch states are listed for each stage (i to iv). c) When both 
input control signals are 1, output Y gets selected. 

scenarios. It is worth mentioning that the fuidic computa-
tion circuit can only operate at 1 or 0, so it can not provide 
negative pressure to actively defate these shape-changing 
airbags. Therefore, the shape-changing airbag must have a 
vent. The vent can be connected to a resistor to regulate the 
venting rate to ensure the airbag can be fully infated when 
the output signal is 1. 

• Haptic. Aside from pneumatic shape and texture changes 
that can be used to provide haptic feedback, airfow can also 
directly induce haptic experiences. We can easily tune the 
haptic feedback strength by adjusting the fow rate with the 
resistor, adjusting the haptic feedback area by changing the 
shape of the air outlet, or creating morse code style haptic 
feedback with 1 and 0 output signals. 

• Sound. The airfow can generate sound, e.g. by blowing a 
wind chime or blowing up an airbag. 

• Scent. The airfow can carry the scent. e.g., Essential oils can 
be dripped onto the capacitor and travel with the airfow to 
deliver scent when circuit output is 1. 

5 EXAMPLE CIRCUIT AND APPLICATION 
Sophisticated interaction systems can be built with our Kit. This 
section showcases four example fuidic circuits integrated with 
various input and output devices for diferent application scenarios. 
Among them, two passive systems do not require an air compressor 
as a positive air pressure supply, thus completely electronic and 
air-tank free. 

5.1 Force Encrypted Passive Latch 
We designed a force-frequency encrypted “safer lock” that takes 
force frequency as the input, uses a customized flter to compute 
and actuates a bendable airbag as the output. The latch can only be 
opened when the capacitor is pressed at a programmed frequency. 
This latch can be used in, for example, a medicine drawer that can 
prevent kids from opening it accidentally. 

A rubber air blower is modifed to work as the deformable cham-
ber of the capacitor components and the door handle. Only one 
diode is used because the air blower has a built-in check valve 
structure. The peak frequency of the flter is tuned to around 1 Hz 
with the resistor. The bendable airbag has a vent hole reserved. As 
illustrated in Fig. 17, the airbag will only reach maximum bending 
when the door handle is squeezed at a frequency near 1 Hz. 

5.2 Self-contained Passive Wake-Up Alarm 
We designed a self-contained wake-up alarm powered by force 
applied by the user (Fig. 18). It takes force duration as the input, 
uses a customized timer to compute, and outputs haptic and scent 
feedback to users. 

When the user takes a nap, a fresh breeze will wake the user 
with a gentle touch and delightful scent at a 5 minutes mark. 

An infated pillow works as the input device. Its port is connected 
to a customized timer operator’s input port. The capacitor and 
resistors are tuned to make the delay last around 5 minutes. A 
small amount of essential oils is injected into the hexagon airbag. 
Finally, a small adaptor is connected to the output outlet to turn 
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Figure 17: A force encrypted passive latch. a) The overview. b) The computational circuit. c) The user input signals and 
corresponding balloon states are listed for each round. 

Figure 18: A self-contained passive alarm with a pillow as an 
input device. a) The overview. b) The alarm’s input computa-
tion module is composed by the Kit. c) The alarm’s output 
performance from the computation module. 

the cylindrical airfow from the circuit output into a fat, gentle air 
stream. 

5.3 Posture Detection and Correction Chair 
By simply mounting a fuidic computation system to a chair, we 
enhance the chair by adding the ability to monitor sitting positions 
and alert the user when a poor posture is detected. 

Figure 19: The posture detection and correction chair. a) The 
logical diagram and the computational module mounted at 
the back of the chair. b) The user input signals and corre-
sponding chair states are listed for each stage (i to iii) c) 
Output variations depending on user input. 

As illustrated in Fig. 19.a1, the chair has two airbags embedded 
in the cushion to detect force distribution, a fuidic computation 
module adhered to the back, and two airbags mounted to each side 
of the chair to provide output feedback. 

The computation module is constructed with one XOR gate and 
two AND gates (Fig. 19.a2). XOR consists of four NOR gates, and 
will output 1 when two inputs difer. So when the user is leaning to 
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Figure 20: a) Circuit diagram and I/O of the multi-user rhythm game with the Kit.b) Computation module composed by the Kit, 
diodes are placed in the balloon bases separately c) Game setup with three players, three air bladders on the table as the inputs, 
and three infatable balloons as the outputs.d) Output variations depending on the input from the players. e) The user inputs 
and the corresponding balloon states are listed for each round. 

the right or left side, the two input signals will difer and XOR will 
output 1. Then the two ascended AND gates will process the signals 
from XOR and two inputs, deciding which output airbag should 
be infated to remind the user to maintain a good sitting posture. 
When the user is not sitting on the chair (both input signals are 0) 
or sitting upright (both input signals are 1), the output airbags will 
remain un-infated. 

Moreover, if designed with proper size and stronger output 
airbags, we think such a smart chair can also provide leaning pro-
tection for children, elderly, or paraplegics. 

5.4 Multi-user Rhythm Game 
We deployed a multi-user rhythm game with the Kit. The system can 
take and store inputs from three users, execute parallel computation, 
and give diferent outputs accordingly. 

As illustrated in Fig. 20, the game system has three input airbags, 
a fuidic parallel processor module, and four outputs visualized with 
three balloons. The computation module is constructed with one 
edge detector, one NOT gate, two d-latches, one 1-4 multiplexer, 
and two diodes. 

Whenever player A suddenly hits airbag A, the edge-detector 
will generate a short signal 1 that lasts for 500ms. This short signal 1 
is then inverted by the NOT gates to a short signal 0. And this short 
signal 0 is fed to the control input of the successive two d-latches, 
enabling the d-latches to receive data while this short signal 0 lasts. 

If players B and C hit their airbag within this short time window 
and hold until the short signal 0 is gone, then bit 1 will be written 
and stored at d-latches. Otherwise, bit 0 will be written and stored. 
A successive demultiplexer has its input controls connected to the 
two d-latches outputs, and it will decide which one of its four 
output signals will be 1 based on the stored data by the d-latches. 
Fig. 20.e shows diferent combinations of the player’s inputs and 
the corresponding balloon states as the outputs. The one whose 
balloon explodes frst will lose the game. 

6 FABRICATION 
In this section, we explain the details of the design and manufac-
turing process. 

Design and Modeling. The components, especially the switch 
valve, are carefully designed. The form factor and the function of 
the magnets have already been explained. For the top and bottom 
layers, we chose acrylic that can be easily laser machined. In the 
middle, we embed a composite membrane module made of a strong 
double-sided tape (3M 4905) and two 0.1mm thick TPU squares. 
When the air pressure change induces the tape to deform, TPU 
squares can prevent the tape from irreversible plastic deformation 
or adhering to the wall of the functional channels on the acrylic 
layer. TPU squares come in diferent sizes because slightly enlarging 
the lower TPU squares can ensure air-tightness when the target 
channel gets blocked. Components and accessories are modeled 
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Figure 21: Components assembly and wiring process. (a-i) 
Assembling a switch. (j-m) Assembling an operator through 
wiring components. 

with 2D or 3D modeling software like AutoCAD and PTC Creo. All 
model fles can be found in the supplementary material. 

Raw Material Processing. The Acrylic, TPU, and tape are ma-
chined with Universal Laser Systems’ Ultra X6000. The connectors 
are printed with a Formlab SLA printer. The detailed settings are 
available in the supplementary material. 

Components Assembly. As demonstrated in Fig. 21.a-i, the 
switch can be assembled layer by layer. Other components follow 
the same procedure but with fewer layers. To maximize the bonding 
strength of the tape, we designed a press tool to clamp the com-
ponents at step Fig. 21.g. The success rate of manually assembling 
the switch was 80%, then raised to above 90% after introducing a 
6mm thick triangle laser-machined mold to help align the layers 
and act as the height limit block to precisely control have much the 
press tool will press. The model fle of the mold is provided in the 
supplementary material. 

Circuit Wiring. The components can be wired to get complex 
circuits (Fig. 21.j-m). To facilitate the wiring process, we designed 
some frames and connectors. The frame can help to fx the compu-
tational components, and various connectors are used primarily to 
split the path of the air and secondarily to create efcient routes. 

Table 2: Pressure drop test results of ten switches. Tested 
switches have a D 8mm × H 2mm circle magnets on the top. 
Target channel inlet pressure is 15 kPa. 

Figure 22: Bursting pressure test results of the same ten 
switches of table 2. 

7 PERFORMANCE 
The performance test results of our Kit are discussed below. In this 
section, we present the detailed results of the performance tests for 
selected components and operators during the design process. 

7.1 Components Evaluation 
The switch, resistor, and diode are evaluated. The performance of 
the capacitor is included in the flter and timer evaluation in the 
next sub-section. 

7.1.1 Switch Evaluation. As mentioned, the switch valve has a pair 
of magnets, giving it a static gain property. The target channel will 
remain blocked before the air pressure applied to it increases be-
yond the threshold (bursting pressure). In addition, we mentioned 
that a very low resistance design is critical in designing cascading 
switches. Therefore, we carried out experiments to evaluate our de-
sign’s resistance and bursting pressure. Table 2 shows the pressure 
drop between the target channel inlet and outlet of ten of all the 
qualifed switches. 

One reason the resistance ends up being extremely low is that 
once the switch is burst to open, the magnetic force will dramati-
cally decrease as the force is inversely proportional to the distance 
squared. Fig. 22 shows the bursting pressure test result of the ten 
switches mentioned above. The bursting pressure can be easily 
tuned by changing the magnets. Unless otherwise stated, all op-
erators and advanced circuits in our paper are constructed with 
switches that have an 8 mm × 2 mm (diameter multiply height) top 
magnet and a 5 mm × 1 mm bottom magnet. Again, that is why in 
our system, the signal is usually considered as 1 when it is above 
10 kPa. Fig. 23 demonstrates the test result of the blocking pressure 
of the switches, as mentioned earlier, under various conditions. It 
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Figure 23: Blocking pressure test results of the same ten 
switches of table 2. 

Figure 24: The resistance measure results of our resistor col-
lection. Each resistor was tested under fow rates of 0.5, 0.75, 
and 1L/min. The inlet and outlet air pressures are measured 
to get the air pressure drops value for calculating the resis-
tance. The dotted line is measured and plotted with resistors 
that have straight, unfolded channels. 

is evident that, with the help of magnetic force, the control channel 
can block the target channel easier. 

7.1.2 Resistor Evaluation. Since the resistor components are very 
compact, we have to fold the narrow channel up to 100mm in length 
to ft. To measure the resistance and verify if it still changes linearly 
to the length, we carried out the following experiments. 

We tested the resistors with (equivalent) channel lengths of 5, 10, 
20, 40, 60, 80, and 100 mm. Since the minimum distance between 
inlet and outlet is already greater than 5mm, the equivalent 5mm 
resistor is enabled by having two 10mm channels in parallel. 

The results show that overall the resistance is proportional to 
the length (Fig. 24).The gain1, 2 of the length variation (5mm -
80mm) on the resistance variation is approximately 1.This stable 

1The Gain block multiplies the input by a constant value (gain) 
2https://www.mathworks.com/help/simulink/slref/gain.html 

Figure 25: The diode’s fow rate - pressure curves under 20 
kPa. 

gain appears until the length becomes 100mm. We assume that the 
dramatically increased internal infection of the 100mm resistor 
caused by the folded narrow channel is responsible for the gain 
fuctuation. Also, this fuctuation might be one of the main reasons 
why our experimental results are not perfectly linear. Nevertheless, 
we still believe that by changing the narrow channel length, we can 
tune the fow resistance in a very controllable way. That is, when 
designers use the Kit, they can choose the right resistor or combine 
diferent resistors based on their needs. 

It is worth noting that the resistor in our fuidic computational 
system can only be analog to the electrical resistor when the fow 
through it is in its laminar regime [38]. When the fow becomes 
turbulent, the resistance variation will no longer be linear thus 
making it difcult to predict. 

We can also calculate the fow state through the resistor in our 
Kit. Reynolds number is the main indicator used to distinguish 
turbulence and laminar fow. Normally, laminar fow occurs when 
Re < 2300 and turbulent fow occurs when �� > 2900 3. We calculate 
the �� with Equation 1, where � is the density of the fuid (kg/m3), 
� is the fow speed (m/s), � is the channel diameter, and � is the 
viscosity coefcient of the fuid (Pa·s). In addition, since in our 
Kit the channel is not cylindrical, it is necessary to calculate the 

3https://en.wikipedia.org/wiki/Reynolds_number 

https://3https://en.wikipedia.org/wiki/Reynolds_number
https://2https://www.mathworks.com/help/simulink/slref/gain.html
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equivalent diameter(��) with the Equation 2. Here, � is the cross-
sectional area and � is the perimeter. For our resistor, � is 0.5�2, 
and � is 2.24 mm, hence the �� is 0.89 mm 

��� 
�� = 

� 
(1) 

4� 
�� = 

� 
(2) 

In our system, the Reynolds number is only afected by the fow 
rate variation, so the designer can check the fow via diferent fow 
rate parameters as needed. For example, at a fow rate of 1 L/min, 
the Reynolds number is calculated as 712, which is much less than 
2300. That is, the fow in the resistor is in the laminar regime. 

In this paper, all the circuits operate between 10 kPa and 30 kPa 
with the fow rate below 1.5L/min, which means no turbulent fow 
appeared in our circuit. 

7.1.3 Diode Evaluation. The diode’s fow rate - pressure curves are 
measured under 20 kPa. As shown in Fig. 25, it allows air to fow 
easily in one direction but severely restricts air from fowing in the 
opposite direction. 

7.2 Operator Design Consideration and 
Evaluation 

7.2.1 The filter. Filter component has been previously deployed 
in microfuidic chips, yet with a quite complicated structure [29]. 
In addition, microfuidic flters are verifed by using a motor or a 
pump to generate a constant force/pressure signal that is applied 
periodically in a wide range of frequencies (from 0.01Hz to as high 
as 100Hz) [7]. With these well-controlled signals, the degrees of 
deformation of the capacitor is diferent under diferent frequencies. 
However, when it comes to human operations, we hypothesized 
that 1) It is very hard for people to perform constant force/pressure, 
and instead, people tend to press the capacitor to its maximum 
deformation; 2) It is also difcult for people to operate at higher 

Figure 26: The average fow rate under diferent actuation 
frequencies measures results of four flters (C1:80% rebound 
in 0.25s , C2: 80% rebound in 1 s, both have a hollow cylinder 
chamber that diameter is 3 cm and height is 1.5 cm. R1: 5 
mm and R2: 20 mm) at diferent frequencies. The top layer 
of the flter is pushed against the bottom every time. 

than 10 Hz due to physiological limitations. This may pose unique 
criteria for our flter design. 

To preliminary verify our hypothesis, we did a pilot user test 
with the capacitor shown in (Fig. 10), which is made of silicone 
and has a hollow cylinder structure and elastic top. Four people are 
asked to press the capacitor with their fngers under 0.25 Hz, 0.5 Hz, 
1 Hz, 2 Hz, 4 Hz, and the maximum frequency they can reach. They 
all pressed the capacitors down to the bottom without many degrees 
of deformation control, especially under high frequency. Moreover, 
the maximum frequency they can achieve is approximately 6 Hz. 

Based on these features of human operations (limited deforma-
tion control at relatively low frequencies), we design a simple yet 
practical bandpass flter that only requires one capacitor, one resis-
tor, and two diodes. As shown in (Fig. 10), we consider the force 
applied to the capacitor as input and the airfow from the diode 
as output. The input frequency will afect the deformation of the 
elastic top of the capacitor, thus changing the air supply to the 
diode. Therefore, by observing the airfow from the output diode, 
we can determine the flter’s response to the frequency. 

Theoretically, for fltering at diferent input frequencies, the 
elastic top’s deformation capacity and the capacitor’s volume are 
generally proportional to the magnitude of the lower cutof fre-
quencies in the bandpass flter. This is because these two factors’ 
magnitude may afect the air supply’s continuity to the diode in 
low-frequency states. However, on the other hand, the resistance 
is generally proportional to the magnitude of the upper cutof fre-
quencies. This is because the resistance may afect the ability of 
the capacitor to pump air at high frequencies, which may cause the 
elastic top to fail to deform or rebound in time. 

We conducted a quantitative experiment to measure the efect of 
diferent capacitance-resistance flters on the airfow from the diode 
at diferent frequencies (Fig. 26). The results show that the peak 
frequency of the bandpass flter is correlated to the resistance and 
the deformation capacity of the capacitor, as we expected. Therefore, 
we believe that by changing the capacitor in deformation capacity 
or the value of resistance, we can tune the bandpass flter in a 

Figure 27: The delay time measure results of four kinds of 
timer at diferent inlet pressure 
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Figure 28: The representative pressure traces of operators, among which the timer counts 5s, the edge detector outputs a 300ms 
signal when a rising edge is detected. 

controllable way. That is, when designers use the Kit, they can flter 
the user input on their needs. 

We tested four flters composed of two capacitors (cylinder hol-
low structure with 3mm diameter base) with diferent deformation 
capabilities. The results show that overall the peak frequency of the 
bandpass flter is correlated to the resistance and the deformation 
capacity of the capacitor. Specifcally, the results of comparing fl-
ters C1R1 and C2R1 verify our previous theory of the lower cutof 
frequencies well. With almost no additional resistance in the flter 
channel, we can increase the peak frequency of the output airfow 
from 1hz to 4hz by adjusting the capacitor deformation and rebound 
capability. Also, by comparing the efects of diferent resistances 
(C1R1 & C1R2, C2R1 & C2R2), we fnd that a large resistance re-
duces the rebound speed of the elastic top, thus lowering the peak 
frequency of the output airfow. This also supports our previous 
theory on the upper cutof frequencies. 

Therefore, we believe that by changing the capacitor in deforma-
tion capacity or the value of resistance, we can tune the bandpass 

flter in a controllable way. That is, when designers use the Kit, they 
can flter the user input on their needs. 

7.2.2 Timer. To validate our design that regulates the delay time by 
changing the capacitor only, we carry out the following experiment. 
Two timers based on capacitors of diferent volumes (volume at 
breakthrough pressure: C1 = 35ml, C2 = 85ml) were selected and 
tested under three experimental conditions of inlet pressure. And 
the theoretical delay times are calculated with Equation 3. Here � 
is the volume of the capacitor when it reaches breakthrough air 
pressure, � is the inlet air pressure, and � is the resistance. 

� = 
�� 

(3)
� 

The comparison of experimental and theoretical results is shown 
in Fig. 27. The capacitor’s volume is proportional to the delay time, 
which is basically in accordance with our design, but can be a little 
higher due to the capacitor is connected to a venting resistor. 
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7.3 Cascadability Evaluation 
In Fig. 3 c, We preliminarily demonstrate the cascadability of the sys-
tem with two switches. We carry out more experiments to evaluate 
the cascadability quantitatively. The input and output air pressure 
traces of operators are measured under the condition that the posi-
tive air pressure supply and input air pressure are set at 15 kPa. 

The representative results are plotted as shown in Fig. 28. Some 
similar results are omitted; for example, the output air pressure of 
the NOR gate behaves almost identically when either of the two 
inputs’ air pressure changes. For all the tested operators except the 
timer, the pressure drops of the output vary from 0.26 kPa to 0.79 
kPa. The dropping value is related to the property of the switches 
(Table 2). Such pressure drops will not accumulate if the successive 
operator is not passive. Moreover, based on the results of Fig 22, it 
is evident that the output pressure is high enough for the successive 
operator. 

The timer is slightly diferent from the others. We test a 5s timer 
that has a small resistor and the pressure drop is 1 kPa. Though the 
output pressure is still enough to activate the successive operator, 
when one wants to cascade timer with other operators, it is better 
to use the capacitor only to regulate the delay time. 

Apart from the timer, the output latency is generally between 10 
ms to 30 ms. Such latency can accumulate as operators are chained. 
However, since it is very small, it generally will not interfere with 
the normal operation of the system. 

8 DISCUSSION, LIMITATION & FUTURE 
WORK 

8.1 Availability and Applicability 
Availability: The Kit can be fabricated with common tools and ma-
terials that researchers, designers, and makers focusing on related 
fabrication areas would usually have access to. The fabrication pro-
cess can be potentially simplifed (e.g., using a 3D printer to print 
the structure of connectors and the top acrylic layer as a whole, or 
using a multi-material 3D printer to print the whole components 
once for all). However, we also fnd it difcult to make such re-
search efort more accessible, as the majority of people, or even 
many researchers and designers, do not have experience with nor 
access to "common" fabrication tools. 

In this paper, we take the frst step to make fuidic computation 
accessible by introducing the Fluidic Computation Kit. To push 
it further, we contacted factories and evaluated the feasibility of 
large-scale production. The engineers provided some solutions 
(e.g., molding and casting) that can reduce the number of parts, 
simplify the assembly process, and make the Kit more afordable. We 
picture that in the near future, people will be able to buy the fuidic 
computation components just like how they purchase electronic 
components or LEGO pieces, to learn, build, and play with fuidic 
computation interfaces. 

Applicability: Our Kit enables designing interfaces with more 
complex integrated fuidic computation compared to prior works 
in the HCI feld [10, 34, 47]. However, mechanical computation 
inherently has a lower computation power ceiling than electronic 
computation. Fluidic computation is not supposed to be a successor 
to electronic computation, but it can supplement or augment the 

electronics in some scenarios. We have conducted pilot interviews 
and brainstorms with experts have various backgrounds, and here 
are some initial fndings: 

(1) when there is no power supply or one does not want to 
use electricity (e.g., because of sustainability concerns); (2) when 
electronics would be unreliable, e.g., high humidity level or wet 
environment, strong electromagnetic interference environment; 
(3) when trying to improve the design of an existing electronic-
free "smart structure", e.g., using the flter to enhance the bottle 
safer lock; (4) leveraging the transparency and visible nature to 
promote the trust-building of the ubiquitous electronics nowadays 
and better protect privacy, e.g., when one steps on the tiles in the 
monitored area, he/she can see the dyed air is pressurized to and 
travel in a fuidic computation unit, trigger the unit to open the 
shape-changing cover that blocks the camera; (5) leveraging the 
physical nature to enhance the data security, e.g., building physical 
encryption or storage device that can not be hacked and copied via 
the internet; (6) Lastly, designing education resources to help people 
learn, understand and use fuidic computation, as the Kit provides 
a rich set of library and a clear analogy to electrical circuits. 

8.2 Simulation and Design Tool 
Modeling and simulation is a common approach in microfuidic 
chip design. The ability to provide users with simulated previews 
will defnitely ease the prototype iterations. However, compared to 
the usually very well-defned structure and boundary conditions in 
microfuidic chips, we face a much more complex technical chal-
lenge regarding computational simulation and design. Recently, the 
Soft Compiler [26] demonstrated a web-based tool to help design 
soft circuits built with basic logic gates. The Fluidic Computation 
Kit enables more types of operators, but The Soft Compiler presents 
a promising solution that we may potentially build on. Attempting 
to develop simulation and design tools in the future will make the 
Kit more accessible and usable by many. 

8.3 Beyond Force, beyond Air 
Expanding the input modalities. This paper mainly focuses on 
human-centered fuidic computation design and deconstructing 
human-induced force changes as input. However, in the feld of 
microfuidic, many other types of control methods that can induce 
fuidic pressure changes have been proposed, including temper-
ature [56], light/radiation [53], chemical [16], resonance [39], or 
even biological organic [21]. Enabling our fuidic computation Kit 
to respond to more stimulus types could expand its computational 
ability and interaction modalities even further. 

Exploring other actuation methods. Theoretically, our computa-
tional Kit can operate with water or be used underwater, achiev-
ing computational devices that are not afraid of getting wet. Be-
sides, though we demonstrated some passive operators and appli-
cation examples that do not require any external air source, the 
rest still require a positive pressure air source to function. It can be 
electronic-free if we integrate a compressed gas tank or chemicals 
for gas-generating reaction in our Kit. However, both of the pro-
posed approaches can only last for a while, and the tank will make 
the system bulky. In the future, we will keep seeking more actua-
tion mechanisms to push fuidic computation from electronic-free 
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to electricity-free. For example, leveraging context-specifc fuidic 
sources (e.g., using air generated from stepping on an infatable sole 
[36, 49] or fowing water from running creeks) might be elegant 
solutions for on-site interactive devices. 

9 REFLECTION AND CONCLUSION 
This work encourages HCI researchers to explore and embrace 
the unique contribution of unconventional forms of mechanical 
computation in HCI. While semiconductor-based electronics are 
powerful, we set out to explore how fuidic computation can supple-
ment or augment electronics when it comes to designing physical 
and material-based interfaces. Looking forward, electronic-free 
and/or electricity-free interfaces based on mechanical comput-
ers could help us build sustainable and lower-powered (or power-
less and self-powered) devices. Mechanical computers could also 
help combine input, output, and computation seamlessly in shape-
changing interfaces. Using a common pipeline to design shape-
changing interfaces with electronics, we often decouple sensors, 
computing units, and actuators (e.g., a light sensor plugged into 
an Arduino board that computes and controls an electromagnetic 
motor). In contrast, fuidic computation may provide an integrated 
design paradigm that allows designers to think about the design of 
sensing, computation, and actuation with the same structural com-
ponent (e.g., pushing an air pouch to trigger a fuidic computation 
that outputs a shape change driven by air). Lastly, we believe the 
transparent computing provides more opportunities for tinkering 
and learning. We hypothesize that when all the computation is 
performed in a physical and visible form, opportunities to design 
playful and tangible interfaces, which help learners to grasp the 
concept of computation, may arrive. 
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