SCIENCE ADVANCES | RESEARCH ARTICLE

W) Check for updates

APPLIED PHYSICS

Pneumatic coding blocks enable programmability of
electronics-free fluidic soft robots

Sergio Picella', Catharina M. van Riet', Johannes T. B. Overvelde

Decision-making based on environmental cues is a crucial feature of autonomous systems. Embodying this fea-
ture in soft robots poses nontrivial challenges on both hardware and software that can undermine the simplicity
and autonomy of such devices. Existing pneumatic electronics-free soft robots have so far mostly been approached
by using system fluidic circuit architectures analogous to digital electronics. Instead, here we design dedicated
pneumatic coding blocks equivalent to If, If...break, and For software control statements, which are based on the
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analog nature of nonlinear mechanical components. We demonstrate that we can combine these coding blocks
into programs to implement sequences and to control an electronics-free autonomous soft gripper that switches
between behaviors based on interactions with the environment. As such, our strategy provides an alternative
approach to designing complex behavior in soft robotics that is more reminiscent of how functionalities are also

encoded in the body of living systems.

INTRODUCTION
Soft robotics branches off more traditional robotics and offers a
hardware platform for diverse contexts where adaptivity and sensi-
tivity are important, ranging from agriculture to medicine and
human interaction (I-4). In particular, compliant hardware en-
hances robustness to unstructured and unknown tasks by embody-
ing mechanical behavior that responds directly to external stimuli
(5, 6). Nevertheless, many soft robotic systems still rely on electron-
ic sensors and controllers that, although potentially accurate, cheap,
and precise, impose additional fabrication challenges for the inte-
gration into the soft hardware. Furthermore, integration of electron-
ics also limits the potential broad application perspective of soft
robotics in domains where electronics would fail, including high
radiation environments (7, 8), implantable medical devices (9), de-
mining applications (10), or explosive environments in general (11).

As such, a recent trend in soft robotics points toward reproducing
the response of electronic components using a pneumatic electronics-
free approach (12, 13). Several studies have focused on the develop-
ment of components with logic-port functionalities (14, 15), which
often depend on mechanical nonlinearities and instabilities to
generate complex behavior (16-20). On the basis of these compo-
nents, a few robots have been built with programmed functionalities
that arise when combining multiple components (21, 22). However,
although these components and circuits share similar features with
their electronic counterparts, a more general approach for achieving
high-level programmability to build pneumatic circuits is still miss-
ing. A strategy to effectively convert preferred behavior to a pneu-
matic circuit design would make electronics-free soft robots even
more appealing as it would simplify and allow the embodiment of
more complex programs in the soft robots that can interact with the
environment directly.

To enable the design of electronics-free soft robots that can autono-
mously make decisions (i.e., switch between different behaviors or
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programs) based on interactions with the environment, we draw
inspiration from mechanical programming. Machines and robots
designed prior to the advent of software had to rely exclusively
on hardware programming, thus basing their working principles
on interactions of mechanical and pneumatic components with
themselves and operators. The schematics of these robots and
automated machines were often based on the intuition of so-
called wired intelligence. According to this design principle, dif-
ferent behaviors from the machines can be obtained by directly
connecting actuators and sensors, with no need for dedicated
controllers (23). In our case study, we design our systems to fol-
low similar design rules and constraints to avoid the use of exter-
nal electronic controllers in pneumatic circuits.

To enable mechanical programming, we take inspiration from
the modularity of coding statements used in software programs. We
aim to design a general library of pneumatic circuit blocks that en-
able the programmability of pneumatic soft robots and allow them
to run versatile pseudocodes that can be designed following our cir-
cuit design approach. We set the basis for a structured coding lan-
guage by identifying the minimal requirements for our pneumatic
equivalent coding language to comply with the hypotheses of the
Bohm-Jacopini theorem (24). According to this programming
language theorem, every computable program can be computed
if the control system has the following capabilities: (i) executing
commands in sequence, (ii) conditionally going to subprograms
through selection statements, and (iii) repeating subprograms as
long as a Boolean condition is met. Therefore, we focus on prototyping
statement-equivalent circuits that can manifest these functionalities
to write and run pneumatic electronics-free programs for soft robots.

To meet this purpose, we introduce pneumatic circuits for If, If...
break, and For and demonstrate the sequential execution of instruc-
tions. We then introduce the designs for both continuous and Boolean
variables that can be used in our fully pneumatic programming en-
vironment. Last, we demonstrate that our modular approach en-
ables more complex programming, where we focus on a soft gripper
that changes its behavior when detecting an object, as we schemati-
cally represent in Fig. 1. Through our demonstrator, we show that
our modular coding approach allows the integration of actuation,
sensing, and feedback within the same pneumatic platform.
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end if
end for
RetractLinear()
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Fig. 1. Overview of our design approach to enable pneumatic coding. Our approach is based on a library of dedicated pneumatic circuits that represent specific cod-
ing statements. These statements can be combined to develop pneumatic programs that can respond to the environment.

RESULTS

Programming environment

To introduce our soft pneumatic programming environment, in
the following section, we present our statement equivalent coding
blocks for the If, If...break, and For control flow statements and show
their operation in movie S1. Furthermore, we demonstrate that our
soft pneumatic coding approach allows for introducing variables
that can be written, read, and used through mechanical interaction
with the pneumatic system. Analogous to coding, we give the equiv-
alent pseudocodes of the soft pneumatic programs we introduce in
this section. We include additional examples of control statements
and circuit designs implemented through our electronics-free strat-
egy in the Supplementary Materials.

Fluidic /fimplementation

The first fluidic circuit we design reproduces the functionality of an
If statement. To design our fluidic circuit, we make use of a soft hys-
teretic valve that was previously developed by our group (25). The
hysteretic valve is based on an elastomeric dome with three cuts at
its apex. When the Ap pressure difference between the pressure up-
stream and downstream of the valve is below a critical value Ap..,
the valve remains in a closed state. When the pressure on the ini-
tially closed valve reaches a critical value Ap > Ap,,,.,,, the dome
snaps and the valve transitions to its open state in which air can flow
through the valve. Upon reducing the pressure, the dome snaps back
to its closed state when the upstream pressure drops below a Ap .
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value. We report examples of the open and closed state of the soft
hysteretic valve in Fig. 2A.

To enable the If functionality using this hysteretic valve, we make
use of the critical opening pressure of the valve, combined with pres-
sure fluctuations that can trigger the opening. We demonstrate the
functionality in a fluidic circuit in Fig. 2B, where we show both the
experimental realization and a schematic. Additional setup parame-
ters are reported in table S17. We connect a compliant volume that
we can interact with before the soft hysteretic valve and pressurize it
to p,, so that the pressure difference across the valve is Ap;;, being
lower than the critical value Ap; < Ap,,,..,,. In addition, we connecta
one-way valve to prevent backflow upon interaction with the compli-
ant volume. Now, when we squeeze the compliant volume, the in-
crease in pressure causes the soft hysteretic valve to snap open,
triggering the If statement (Fig. 2B). Note that, in the circuit in Fig. 2
(B to D), we use a soft actuator to indicate the pressure when the If
condition is met and after it when pressure equilibrates back to p; .

As the whole circuit is pressure controlled, the pressure automat-
ically resets to Ap;; after an opening event as long as the pressure
difference dips below the closing pressure Ap. of the valve (Fig.
2C). The timescale of the reset can be controlled by including addi-
tional fluidic resistances in series with a one-way valve. Moreover,
the sensitivity of the If condition can be increased or decreased by
varying Ap;; to be closer or further from Ap,,.,, respectively (fig.
S11). Using this principle, soft hysteretic valves can be used to detect
interaction with the environment as we show in Fig. 2.
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Fig. 2. Pneumatic equivalent of an If statement. (A) Experimental realization of a soft hysteretic valve in its holder in its closed and open states. Scale bar, 12 mm.
(B) Experimental realization of the If pneumatic circuit. (C) Measurement of the pressure p upon interacting with (squeezing) the compliant volume. The interaction occurs
att = 0's. The green and black dashed lines indicate p;, = 35 kPa and Ap,., = 55 kPa of the hysteretic valve, respectively. The gray solid lines are individual pressure
measurements at 10 different interaction events, and the black solid line indicates their average. The inset photos represent the state of the soft actuator at the specific

moment in time. (D) Schematic of pneumatic circuit used for the If functionality in (B).

This circuit can be regarded as an If statement that is triggered by
a mechanical interaction and that automatically resets afterward.
The equivalent pseudocode for this specific configuration is shown
in Algorithm 1. Through our fluidic implementation of the If pneu-
matic coding block, we materialize the selection control statement
required to meet the selection hypothesis of the B6hm-Jacopini
theorem.
Algorithm 1 Pseudocode for the If circuit in Fig. 2
Pressurize(actuator)
if interaction then
Deflate(actuator)
end if

Fluidic If...break implementation

The If condition alone serves the purpose of a trigger event for
which input signals must overcome a certain programmable thresh-
old to activate the conditional statement. To harness the analogy
with coding statements further, we next design an If...break state-
ment. To achieve this, we introduce a pneumatic normally open
(N.O.) valve that draws inspiration from microfluidic valves (26).
Our valve is shown in Fig. 3A and is fabricated by heat sealing two
pairs of thermoplastic polyurethane (TPU) sheets together (fig.
§13). The channels and pouches that reproduce the N.O. valve func-
tionality are reported in Fig. 3B, as also indicated by the source-
drain and gate channels. We stack the TPU sheets and confine them
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between two acrylic sheets (Fig. 3B) to guarantee the mutual influ-
ence of the channels on one another when they are pressurized. If
the gate channel is not pressurized, then air can freely flow between
the input (source) and output (drain) ports. When the gate channel
is pressurized at a sufficiently high pressure, it will close the channel
connecting the source to the drain.

To achieve the If...break functionality, we place the source and
drain of the N.O. valve in series with the pressure input of the If
circuit. We make use of the triggered output pressures from the hys-
teretic valve to control the gate pressure of the N.O. valve. Note that
we include an R, fluidic resistance in parallel with the actuator that
is venting to the atmosphere. This ensures that, once the gate is pres-
surized, the soft actuator can deflate. With this setup, it is possible to
control pressures and flows in other parts of the circuit as we dem-
onstrate through the circuit in Fig. 3C. Additional setup details in
table S17. Similar to the If circuit, we first pressurize Apys < Ap,pep,
which results in the bending of the soft actuator. When we now in-
teract with the compliant volume, the valve opens, deflating the ac-
tuator and pressurizing the gate of the N.O. valve. As a result, the
actuator does not repressurize because the gate pressure prevents
airflow through the source-drain channel (Fig. 3D).

The functionality of this pneumatic circuit is described by the
pseudocode in Algorithm 2, which is characteristic of an If..break
statement. Note that larger (or smaller) R, values result in slower
(or faster) deflation times as well as in higher (or lower) actuator
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Fig. 3. Pneumatic equivalent of an If...break statement. (A) Schematic of the components used to assemble a pneumatic N.O. valve. (B) Assembled N.O. valve, for dif-
ferent gate pressures. (C) Schematic of the If...break. (D) Experimental measurement for a pneumatic circuit based on the schematic in (C), for an interaction event with the
compliant volume that occurs att = 0s. The black, blue, and green solid lines represent the approximately constant input pressure p;, ~ 68 kPa, the pressure at the gate
p of the N.O. valve, and the actuator pressure p, respectively. The dashed line represents the opening pressure Ap,., = 70 kPa of the hysteretic valve. Snapshots of the
actuator’s state are taken from the experimental realization of the setup at the corresponding moments in time.

pressures when the N.O. valve is in the open state, similarly to
what previously has been demonstrated (27). Moreover, note that
by adding different fluidic resistors venting to the atmosphere in
the gate branch (fig. S17), we find different timescales for auto-
matic reset of pg. Thus, both long-term and short-term memory of
the triggered state can be achieved. On top of that, if no fluidic re-
sistor is used in the gate branch, pg is held indefinitely, as we show
in fig. S18.
Algorithm 2 Pseudocode for the If... break circuit in Fig. 3C
while true do
Pressurize(actuator)
if interaction then
Deflate(actuator)
break
end if
end while

Fluidic For implementation

The ability to iteratively perform a task is a key feature for designing
compact and versatile software. To obtain a fluidic implementation
of the iterations needed to meet the requirements of the Bohm-
Jacopini theorem, we implement a pneumatic circuit representative
of the For control statement in our electronics-free environment.
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Similar to the If statement, we base the For functionality on circuits
containing hysteretic valves. A previous work from our group dem-
onstrated that, when a hysteretic valve is supplied with a continuous
flow Qy,,, it starts to act as a relaxation oscillator by opening and clos-
ing cyclically at a fixed frequency (25). The frequency can be tuned
by varying a volume V, placed before the valve or by controlling the
inflow Q,, of air. Therefore, this device converts a continuous input
flow into a pulsatile output flow so that, at each snapping event, a
finite amount of air traverses the orifice of the valve.

The pneumatic For circuit we design is based on two hysteretic
valves connected in series, using only a single constant flow Q;, as
input (Fig. 4A and table S17). We found that, when connecting the
output of a first hysteretic valve with the input of a second hyster-
etic valve, the air released from the first valve pressurizes a volume
V, placed between both valves in discrete steps (Fig. 4B). This step-
wise increase in pressure occurs until the buckling pressure APopen2
of the second valve is reached. At that moment, the trigger event of
the first valve also triggers the opening of the second hysteretic
valve, hence automatically resetting the whole system. We demon-
strate the potential for applications with the example in Fig. 4
(A to C), in which we inflate a soft actuator in discrete steps, after
which the position of the linear actuator resets before the cycle
starts (Fig. 4B).
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Fig. 4. Pneumatic equivalent of a For statement. (A) Schematic of the pneumatic For circuit. x indicates the linear extension of the soft actuator. (B) Experimental mea-
surement of the averaged pressure in volumes V;and V, and tracking of the extension Ax of the linear actuator with respect to its resting position over 20 different repeti-
tions of the For loop. (C) Snapshots of the linear actuator used for the corresponding highlighted positions as indicated by the colored dots in (B). (D) Different number of
iterations (left) and periods (right) of the For loop for different volume combinations of V, and V,. The black entries on the heatmaps represent V; and V, combinations for
which the For behavior in (B) was not observed. Note that, for this experiment, the soft actuator was removed from the setup. (E) Schematic and (F) experimental data of

the nested For loop.

From a functionality point of view, we obtain a stepwise increase
in pressure that automatically resets after a number of discrete
steps, hence mimicking the For control statement functionality. The
functionality of this fluidic circuit is indicated in the pseudocode in
Algorithm 3. Moreover, besides a For loop, the introduced pneu-
matic coding block can also be used as a time trigger or internal
clock for pneumatic soft robots. In our fluidic circuit, note that the
V, and V, volumes dictate both the number of iterations before the
reset mechanism is triggered and the duration in time of the For
loop. In Fig. 4D, we report the different number of steps in the For
loop and the duration of the loop for different combinations of V,
and V,. More details about design rules for the number of iterations
timing are given in fig. S20. We separately highlight three cases in
our experiment in fig. S21B.

Algorithm 3 Pseudocode for the For circuit in Fig. 4A

nsteps = 5
while true do
for i in (0,nsteps) do
Extend(posel[i])
end for
end while

Picella et al., Sci. Adv. 10, eadr2433 (2024) 20 December 2024

The connection in series of multiple soft hysteretic valves can be
further exploited to obtain nested For loops. We report an example
case in Fig. 4 (E and F), where we connect three valves in series to
obtain two nested, stepwise increasing pressures with two distinct
states for p, and three for p,, being able to describe overall six dis-
tinct states. Note that pressure not only is the actuating medium but
also encodes the state of the system. Thus, pressure can be directly
used by the circuit itself with no need for an external processor or
transducer. Yet, this also puts constraints on the number of nested
loops that can be achieved.

Sequential execution of instructions using the

For statement

Before continuing with our fluidic implementation and representa-
tion of variables, we demonstrate the potential for application of the
For pneumatic circuit by using it as a clocking device to enable si-
multaneous readout and execution of sequential instructions. With
this demonstration, we show that we meet the first requirement for
the Bohm-Jacopini theorem. We materialize this functionality by
introducing the design of a demultiplexer in Fig. 5. The demulti-
plexer device we design is based on the working principles of
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Fig. 5. Schematics of a pneumatic circuit and component to obtain sequential execution of instructions. The For loop enables clocking capabilities and feeds a
0.1 mm PVC punched card that encodes the instructions to be executed. By connecting an input pressure p;,, = 367 kPa, the four different output channels can be pres-
surized following the sequence of instructions in the physical support memory. (A) Circuit design and physical support memory. In black, the punched holes provide the
change of fluidic resistance required to pressurize a specific channel. The duration of operation can be encoded in the different lengths of each aperture. (B) Experimental
realization of the setup. (C) Highlight of bellow deformation as a consequence of the sequential readout of instructions in time. We report the data from this experiment

in fig. 54 and its realization in movie S1.

cardboard punched cards, particularly popular in traditional book
organs, automatic looms, and early computers.

The demultiplexer strategy works by sliding a polyvinyl chlo-
ride (PVC) punched card through a slot, which, based on the
positions of holes, connecting p,, to four different outputs. To
address the pressure outputs in sequence and execute instruc-
tions sequentially, we drive a punch card with several holes
using the pneumatic For coding block that generates the step-
wise inflation of a linear extension of the bellow actuator as we
demonstrated in Fig. 4B. Note that, to reach larger extensions of
~10 cm, we used a hysteretic valve with an opening pressure of 55
kPa, which is higher than the one we used in Fig. 4B. As a result,
using the pneumatic circuit in Fig. 5A, the punched card is fed
into the readout device shown in Fig. 5B at well-defined posi-
tions in time.

Using this demultiplexer, we can implement sequences and
sequential execution of coding statements such as selection (If,
If...break, and If else) and iteration (For) statements. Specifically,
we aim to use this component to implement a device that can
execute the pseudocode in Algorithm 4. As we highlight in this
algorithm, the strategy implemented for executing the sequences
of instructions can be rewritten in terms of For and If statements.

Picella et al., Sci. Adv. 10, eadr2433 (2024) 20 December 2024
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Algorithm 4 Pseudocode for the execution of sequential instructions
as represented in Fig. 5B and movie S1. Step Time variable can be
modified by operating on the frequency of the For loop feeding the
instructions into the decoder.

while true do
for i in (0,8) do
ifiin [0,1] then
Pressurize(p;)
end if
if i€[2,3] then
Pressurize(p,,ps)
end if
if ie[4,5] then
Pressurize(ps)
end if
if i€[6,7] then
Pressurize(ps)
end if
Wait(StepTime)
Depressurize(p1,p2,p3.p4)
end for
end while
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To design a pneumatic circuit to run this code and to demonstrate
the workings of the demultiplexer, we connect its output channels to
four bellow actuators as shown in Fig. 5B and use a specific design of a
punch card that addresses all of the four output channels that are con-
nected to the bellows. The resulting response when providing an input
of p;, = 367 kPa is visually shown in Fig. 5C and movie S1, whereas we
report the data for this experiment in fig. S4. As expected, instructions
that originate from the design of the punched card are executed se-
quentially in time at the frequency dictated by the fluidic clock mecha-
nism enabled by the For loop (fig. $4, A to C, and movie S1).

Note that, in our design, the number of instructions that can be
read in time mostly depends on the number of extension steps
executed by the For loop. Instead, the number of channels (differ-
ent sets of instructions to be executed) is determined by the design
of the demultiplexer and depends on the number of output chan-
nels of the readout device. Moreover, note that, as the position of
the punched card is determined by the extension of the linear ac-
tuator, once the For loop restarts, the punched-hole card also re-
sets to initial conditions. During this retraction phase, all the
instructions are sequentially re-executed in reverse order when
the linear actuator retracts. However, the retraction occurs rela-
tively quickly, limiting the time that each channel is addressed as
can also be seen in fig. S4. In addition, by using internal delays and
resistances, the input pressure can potentially effectively be dis-
connected during the retraction phase. Design parameters for the
experimental realization of this experiment are reported in figs. S5
and S6 and table S17.

Fluidic implementation of variables
Variables are fundamental building blocks of any program as they
allow encoding of both the results of internal memory and external

Rout, S

inputs. We can already identify the use of variables in previously
introduced coding statements. For example, for the If...break state-
ment, the N.O. valve describes a discrete variable as it can be in an
open or closed state, analogous to a true or false state. By setting the
gate pressure pg, of the N.O. valve to intermediate levels between the
fully open and fully closed states, we can regulate the flow from
source to drain, therefore encoding nonbinary information through
the pressure at the gate branch. To demonstrate this, we leverage
this approach to write continuous pneumatic variables to control
both the amplitude and frequency of oscillation in a pneumatic
soft actuator.

In our demonstrator in Fig. 6A and movie S4, we tune the gate
pressures for the frequency control pg ¢ and for the amplitude con-
trol pg ampl. Of two different N.O. valves. Here, pg dictates the
fluidic resistance of the first N.O. valve that converts an input
pressure p,, coming from a pressure regulator into a tunable, con-
tinuous input flow for the downstream branch. The resulting flow
feeds a soft hysteretic valve that converts the continuous input
flow into a pulsatile one. Moreover, we use pg sy, to isolate the
actuator branch from the remainder of the circuit, therefore con-
trolling the amplitude of the oscillations of the linear actuator.
Note that we connect the output of the soft hysteretic valve in
parallel to a fixed fluidic resistor R 5. Moreover, the drain of the
second N.O. valve is connected in parallel with a second fixed
resistor R, and the soft actuator. The roles of R s and R,
are to vent to the atmosphere after each oscillation, allowing pres-
sure to automatically reset after each snapping event of the soft
hysteretic valve. With this demonstrator, we have therefore intro-
duced the notion of continuous variables in our pseudocode, as
described in Algorithm 5.

Rout, D

& / A6

<
=)
G
_ .
O\
Q
Q ) N
pG, Ampl.(kPa)

Q b LN
pG, Ampl.(kPa)

Fig. 6. Encoding pneumatic continuous variables using N.O. valves. (A) Schematic of the pneumatic circuit. (B) Isofrequency f, , and (C) isoamplitude of oscillations

App curves as a function of the control parameters pg ampi. and pg s
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Algorithm 5 Pseudocode for the circuit using continuous variables
in Fig. 6A
while true do
Extend(amplitude(pg ampt.).frequency(pg )
end while
We demonstrate in Fig. 6 (B and C) that it is possible to control
the frequency, amplitude, and absolute pressures of oscillations.
Our circuit characterization shows that it is possible in the param-
eter design space to tune frequencies between 0.1 and 5 Hz while
controlling the amplitude of the oscillation at the same time. We
report extended data on this experiment in fig. S19. Moreover, we
push further the parallelism between traditional programming
and our hardware fluidic coding by introducing Boolean variables
in fig. S14.

Programming behavior and feedback in a soft gripper
To demonstrate the applicability of our approach toward designing
fluidic programs using the previously introduced fluidic coding

Soft gripper

blocks, we next combine our statement-equivalent circuits to as-
semble a soft fluidic demonstrator that runs a basic program. This
program focuses on enabling an independent interaction with the
environment. Our aim is to integrate embedded sensing in the
gripper so that it is able to detect an object and change behavior
accordingly. Specifically, we aim to develop a program for a single
pneumatic soft robotic gripper with two pneumatic degrees of free-
dom. One degree of freedom activates two bending actuators that
can grip an object, whereas the second degree of freedom controls
a soft extension actuator that is used to extend and retract the grip-
per. These soft actuators are assembled on a polylactic acid (PLA)
3D-printed frame (Fig. 7A).

To design our demonstrator, we start by writing the pseudocode
as given in Algorithm 6. This pseudocode describes the behavior of
a soft gripper that is searching for an object by extending along a line
in multiple steps. If an object is detected, then the object is grasped,
after which the gripper retrieves the object by moving back to its
initial position.

Target object

\_/ PLA frame

B
‘ Rout, Linear
pS, Linear N.O
s__Jb o
G Linear
—LD (D m
SHVFor, 1 SHVFor, 2
Preedback l
SHV .. G
Gripper SHVFeedback

—®

“ @ Rout, Gripper

pS, Bending S N.O D

pBending

Fig. 7. Assembly of pneumatic coding blocks to design a circuit for a soft robotic retriever demonstrator. (A) Highlight of the hardware components. We assemble
a soft linear actuator with two bending actuators through a PLA frame. This allows us to obtain a pneumatic soft robot that can elongate and grab target objects.
(B) We combine the For (blue) and If...break (red) pneumatic coding blocks to functionalize the actuators so that the pneumatic soft retriever executes the program

in Algorithm 6.
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Algorithm 6 Pseudocode for the pneumatic soft retriever in Fig. 7
nsteps = 4
search = true
found_object = false
while search do
for i in (0,nsteps) do
Extend(pose[i])
found_object = SearchObject()
if found_object then
search = false
break
end if
end for
RetractLinear()
end while

Next, we transform the pseudocode into a fluidic circuit as
shown in Fig. 7B, for which we combine the previously developed
fluidic coding statements. We combine the pneumatic coding blocks
representative of the For and If...break statements. Note that we only
need a constant power input to the system, and no control is further
needed. This power is provided by two flow sources as shown in Fig.
7B, which feed into the two separate branches of our fluidic program
that run in parallel. One of the branches incrementally extends the
position of the gripper by pressurizing the linear actuator similar to
the example in Fig. 4B. The second branch periodically inflates and
deflates the soft gripper, similar to the overall behavior explained
in the For coding block, but with only one iteration before reset.
The range of motion of the gripper can be tuned by changing the
Rt Gripper fOllowing the same approach we presented while study-
ing pneumatic variables in Fig. 6.

Moreover, we use the If..break circuit to embed sensing in the
soft gripper. This feature can be achieved by harnessing the fact most
soft actuators can also directly be used as a sensor (28). As an ex-
ample, when the deformation of the soft gripper is constrained,
pressure will (slightly) increase as internal volumetric changes are
now limited by the interaction with the environment. Comparing
this observation with the examples we provided in the If...break cir-
cuit, this means that we do not need the additional bulb. Instead, we
can use the increase in pressure in the soft actuator due to interac-
tions with the environment as the trigger event for the hysteretic
valve used in the If..break statement.

At the same time, the trigger signal from the If...break can be
used to isolate the linear actuator following the example circuit we
demonstrated in Fig. 6, preventing it from oscillating once the ob-
jectis detected. As a result, when the If...break statement is triggered,
the feedback loop should change the preprogrammed response of
the soft robotic unit. From a functionality point of view, the states of
the Boolean variables we report in the pseudocode Algorithm 6 are
encoded in the pressure at the gates of the N.O. valves. By using a
fluidic resistance R 1ineq, in parallel with the linear actuator, once
it is isolated from the For branch, it deflates through R inc., and
thus retracts. Note that we do not use this strategy in the gripper
branch so that the pressure inside the gripper is retained once the
If...break condition is triggered. By doing so, the retriever keeps
on gripping the target object while retracting instead of scanning
the environment.

The fully measured behavior of the soft gripper with embedded
sensing is shown in Fig. 8. When the program is initialized, the in-
flow at the gripper is regulated to match the actuation frequency of
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the linear actuator. This subprogram loops until the If..break condi-
tion is triggered by the presence of the target object, which we place
after the 18 loops of the full program, and occurs after ~370 s in Fig.
8 (A to C). At this point, we see a clear change in behavior as the
N.O. gates in the fluidic circuit are triggered. This caused the soft
extension actuator to retract and the soft gripper to remain closed. It
is important to note that we still observe some pressure oscillations
in the linear actuator and soft gripper branch of the program. In
movie S2, we report the execution of this experiment together with
the autonomous switch from the scan and search (Fig. 8, D to F) to
the grip and retrieve behaviors (Fig. 8, E to G). We do note that, dur-
ing the operation of the gripper, the operator is manually touching
the soft gripper, which could aid the detection of the object by in-
creasing the deformation of the gripper and thus the internal pres-
sure. To demonstrate that the gripper can autonomously detect an
object, we performed an additional run of this experiment with a
slightly modified circuit design in the For pneumatic coding block
(fig. S23 and movie S2).

Although not directly implemented in the demonstrator of the
retriever in Fig. 7, we can devise additional strategies to increase the
complexity of the task performed, for example, to release the object
after a certain time. These strategies can remain relatively straight-
forward: already including a fluidic resistance in parallel with the
gripper and venting to the atmosphere could be an effective way to
incorporate such timing. Such timing is also shown in figs. S17, S18,
and S25 and movie S3, where we demonstrate that, by including in-
creasingly larger fluidic resistances in parallel with the gate branch
of the N.O. valve and venting to the atmosphere, we can retain pres-
sure for increasingly longer times. Through this approach, the pres-
sure in the gripper branch could be retained long enough to allow
the full retrieving of the target object before releasing the grip by
lowering the pressure in the gripper branch.

DISCUSSION

Inspired by traditional coding statements, we introduce a strategy to
materialize algorithms using electronics-free pneumatics circuits.
Through our design rules, we program responses and switch be-
tween responses in soft robotic systems. Furthermore, from a func-
tionality point of view, the pneumatic circuits we propose fulfill the
requirements for the Bohm-Jacopini theorem (24). For each of our
designs, we illustrate the potential for applications in soft robotics,
highlighting features in the parameter space useful to encode com-
plex responses in pneumatic soft robots. The pneumatic coding
blocks we introduce can perform operations in series (as in the case
of the nested For loop in Fig. 4F) and in parallel (Algorithm 6 and
Fig. 7 for the retriever demonstrator). This last feature lends itself
well to further investigation of computational interest, as well as the
possibility of introducing sensory feedback to different branches of
the pneumatic branches, similar to biological processes that can be
executed and triggered in parallel.

Through our design choice of working in an electronics-free en-
vironment, we ensure that pressurized air volumes work both as an
actuating medium and state control variables of the system. This
represents a valuable asset, e.g., in scenarios where electrostatic
discharges can compromise the operation of robotic systems. Draw-
ing inspiration from the self-sensing strategy in pneumatic grippers
(28), we introduce sensing through the actuators themselves, lift-
ing the requirement for dedicated external (electronic) sensors to
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Fig. 8. Experimental data and schematic representation of the obtained behavior of the soft robotic retriever demonstrator. (A to C) Pneumatic responses of the
circuit before and after the If condition is triggered upon gripping the orange object for the bending actuator branch (green), the linear actuator branch (blue), and the
feedback branch (red), respectively. In the top row, we report an overview of the two different pneumatic responses before and after the If...break condition is triggered,
with the successful gripping event occurring at t* = 368 s. The shaded time window of the interaction event is shown in more detail in the bottom row. (D to G) Sche-
matic representation of the behavior of the pneumatic soft retriever unit running Algorithm 6. Highlights of behavior before and after the If..break condition is triggered

are highlighted respectively in red and green.

achieve feedback. Therefore, we embed actuation, sensing, and con-
trol within the same pneumatic, electronics-free platform, with no
need for signal transducing.

Nevertheless, the design choice to not use signal transduction to
control the pneumatic circuits imposes some limitations in the con-
text of the scalability of our designs. As each component in a given
branch of the circuit causes a pressure drop, it reduces the expend-
able energy to actuate and control the branches both downstream
and in parallel to it. We report that this is not an issue at the scale of
component types and numbers we investigated. A potential solution
to overcome this potential limitation is to provide separate pressure
inputs for different branches or decouple parallel branches using the
temporary switches such as the N.O. valve we presented.

Although the individual pneumatic coding blocks we design
can reproduce high-level functionalities of control statements in
a coding language, combining such circuits does not directly trans-
late into traditional programming. On the one hand, the analog
and continuous nature of the pneumatic medium can impose some
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limitations while combining pneumatic circuits to achieve the de-
sired functionalities. As an example, the physical properties of the
hysteretic valves and actuators in the example in Fig. 7 must be si-
multaneously taken into account while designing the pneumatic
circuit able to execute Algorithm 6 for the soft retriever. Such funda-
mental differences with traditional programming require an alter-
native approach to directly build a compiler able to return the
optimal circuit design starting from a preferred high-level function-
ality. On the other hand, while combining subprograms in the very
same example, the possibility to run programs in parallel and let
them affect one another emerges from the design of the pneumatic
circuits itself. Through this modular approach, we were able to build
a soft gripper demonstrator that was able to run a program that we
would not have been able to develop without insights gained from
each coding block.

Using the design of the fluidic demultiplexer we introduced in
Fig. 5A, we materialize flash memory-like properties in our de-
multiplexer that uses punched cards. Such physical memory can
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relatively easily be implemented with off-the-shelf components
and can address (re)programmability of sequential instructions
through a different design of the punched holes. Furthermore, it is
worth highlighting that our strategy can be used to extend the
execution of instructions past the pure digital output signal, e.g.,
by designing slots with variable width or shape in the punched
cards. However, it is technically not feasible with such punched-
hole memory to reach the same order of magnitude of instruction
density of Static Random-Access Memory (SRAM), Dynamic
Random-Access Memory (DRAM), and flash memory that exists
in more general-purpose computers today. Still, we expect that
our electronics-free approach can still be useful to integrate re-
dundancy and simple autonomous responses through hardware
solutions.

In our study, we did not investigate whether we used the minimal
required number and type of components for our designs. We opted
instead to focus on the general hardware programming strategies
rather than the specific circuit optimization. Efforts have been made
in the community to tackle circuit optimization and create compil-
ers to map specific actuator outputs to given pneumatic inputs.
However, the programmability of pneumatic responses is generally
addressed within the context of binary logic (29). Such an approach
can be useful in many other studies both at the macrofluidic scale
(27, 30) and at the microfluidic scale (15, 3I). To our knowledge,
only a few studies (32, 33) have focused on nonbinary logic to pro-
gram the behavior of soft robots so far. Although, in the current
work, we only focused on showing the use of the fluidic coding
blocks in a gripper demonstrator, other applications should be in
reach. For example, the ability to exhibit locomotion patterns, as
well as the capability to switch between them under given environ-
mental cues, is a crucial feature for control and actuation autonomy
in soft robots. We expect that our control strategy lends itself well to
both programming such patterns and changing behavior as a re-
sponse to environmental changes. This capability could be beneficial
while designing locomotion patterns in (soft) robotic walkers. The
pneumatic circuits we design could be used as a passive, redundant
system to, e.g., detect impacts or sense the strength of interaction
between the (soft) robotic system and its environment. Moreover,
the control and design strategy we propose could be used, e.g., to
obtain (re)programmability of the position of an actuator for reha-
bilitation devices (34) and wearable smart textiles (35, 36).

We envision it would be possible to reproduce at least some of
the pneumatic coding blocks that we presented in our work at
smaller and larger scales, provided that different components
with a similar nonlinear response in the pressure-flow diagram
can be developed. Nevertheless, fabrication limitations and experi-
mental setups constraints often set the pressure and dimensions
to be in the same range we investigated. This is particularly true
when zooming in on the pneumatic soft robotics community we
address in our work, with only relatively few examples exploring
other high-pressure (37), larger-size (38, 39), or smaller-size (26, 40)
scales. To scale down our control strategies into the domain of
microfluidic valves and actuators compatible to similar works
(41, 42), we believe that other nonlinearities and hysteresis could
be used to obtain similar functionalities. As an example of such
functionalities, microfluidic bistable and differential amplifiers and
delay and signal generation capabilities (43, 44) could be used as
foundations for microfluidic coding blocks.

Picella et al., Sci. Adv. 10, eadr2433 (2024) 20 December 2024

Despite our approach not being straightforward to implement
for complex algorithms, it is often true that it is a small set of basic
instructions that drives the actuation and life cycle of living beings
in elementary yet complex scenarios. This is particularly true when
considering systems that can navigate natural environments by
means of simple interactions with their ecosystems. As a well-known
example from the literature, we mention the case of the Venus fly-
trap plant. This carnivorous plant stays in an idle state until a prey
triggers its sensory hairs more than once within a predefined time
window. When these conditions are met, its leaves snap shut, thus
trapping the prey (45, 46). From a coding perspective, the plant is
idle until the input signal overcomes a certain threshold twice, a be-
havior we can physically represent using the pneumatic For and If
coding blocks. We replicate functionality similar to the Venus fly-
trap case study in fig. S24. Such a fundamental capability gives
the Venus flytrap the capability to survive and grow in natural envi-
ronments by manifesting autonomous behavior in actuation, sens-
ing, and feedback from its environment. Similarly, we also believe
that the responsiveness we implemented in pneumatic, electronics-
free soft robots can help move toward autonomous, soft robots
capable of decision-making while maintaining a limited number
of components (47).

The aforementioned studies focus on how to use the response of
individual nonlinear components to obtain programmable behav-
iors. Conversely, our efforts are instead aimed at defining a library of
circuits to be used and combined in both binary and nonbinary
logic. We believe that such an approach can encourage the opportu-
nity to intuitively design responses in pneumatic soft robots starting
from a desired pseudocode, in a modular electronics-free environ-
ment, even starting from different hardware solutions. Therefore,
our approach paves the way for the realization of pneumatic coding
blocks to be used for programming responses in soft robots that are
meant to interact with their environment and manifest decision-
making capabilities.

MATERIALS AND METHODS

Fabrication of the N.O. valve

To fabricate the N.O. valve, we use two plexiglass plates that enclose
two pairs of TPU sheets (ECL000009 Ecoseal Film T150 85A), heat
sealed together at 240°C. We heat seal the TPU to obtain the source-
drain channel (fig. S1A) and gate channel (fig. S1B). The heat sealing
procedure is executed using a modified 3D printer (Felix Tec 4 3D
printer), of which we use the heat generated from a custom-modified
printhead to heat seal two sheets of TPU following the designed pat-
terns (48). We highlight fabrication details in fig. S2.

We fabricate the plexiglass plates by laser cutting (Speedy 300,
Trotec) an 8-mm-thick plexiglass following the design in fig.
S1C. Once the two identical plexiglass sheets have been laser cut and
the TPU sheets heat sealed, the individual pieces are assembled to-
gether. We follow the step-by-step protocol in fig. S3. To be able to
fluidically control the channels, we use a FESTO tube with an outer
diameter of 4 mm with a 4-cm length, and we slide it inside the TPU
channels as in fig. S3D. The TPU channel size is chosen so that the
TPU channels always compress the FESTO tube, forming an airtight
connection without additional elements required. We then connect
a2.25-mm Luer Lock at the free end of the FESTO tubes to connect
each channel to our pneumatic circuits.
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Fabrication of the interacting volumes

The heat sealing procedure we use to fabricate enclosed volumes is
closely related to procedure we reported in fig. S2, the difference be-
ing the material used. The pattern we heat seal is shown in fig.
S7A. To fabricate these TPU-coated nylon fabric pouches, we use a
nylon-coated TPU (Nylon, 70den, TPU-coated one side, sealing
temperature of 270°C). We connect the heat-sealed pouch to a
FESTO 6-mm tube to connect it to our pneumatic circuits as we
show in fig. S7 (B to D). As both our pouch design and the FESTO
tube are made of TPU, we can heat seal the two elements together
using a custom-designed heat sealer made up of a circular heater,
controlled at 190°C. The design of the custom heat sealer is reported
in fig. S7 (G to I). After placing a heat-resistant layer (commercial
baking paper) between the circular heating element and the connec-
tion point of the TPU pouch with the FESTO tube (fig. S7E), we wait
about 15 s to obtain an airtight connection. The resulting compo-
nent can withstand pressures higher than 2 bar without leakages.

Fabrication of the soft actuators

Linear actuator

The design of the linear actuator is based on the schematics of bel-
low actuators (49) and reported in fig. S8. To fabricate this compo-
nent, we use outer molds in VeroClear on a PolyJet 3D printer
(Eden260VS, Stratasys) and a BVOH (Butenediol Vinyl Alcohol Co-
polymer) water-soluble inner mold. We assemble the inner and
outer mold together and align the two using a metal rod that fits the
inner diameter of the inner mold. After assembling the molds as in
fig. S8A, we inject Smooth-On Dragon Skin (DS) 20. We inject this
two-component silicon using a cartridge (AF 400-01-10-01, Sulzer)
after the two components have been degassed. Before casting sili-
cones, we spray the surface of the molds with Ease release 200,
Smooth-On. We use a static mixing nozzle (MFQ 05-24L) using a
pneumatic extrusion gun to inject the DS20 silicon through the in-
jection hole highlighted in fig. S8A. After this step, we use a car-
tridge filled with Elite Double (ED) 32 Fast silicone (Zhermack) to
fill the outer molds of the end-caps as in fig. S8B. When the ED32
silicon is fully cured, we remove the inside rod used for the align-
ment and use a water pump in parallel with a tunable flow resistor
for venting to flush the water-soluble support material from inside
the actuator. We report the dimensions of the linear actuator in fig.
S8 (C and D).

Bending actuator

We fabricate the bending actuators following a procedure similar to
the one already developed within our group (28). We report fabrica-
tion details and dimensions in figs. S9 and S10, respectively. For the
fabrication of the air chambers we highlight in fig. S10B, we use a
sacrificial inner mold in BVOH, highlighted in fig. S9. We fabri-
cate this actuator using of two different silicones (ED32 and DS20).
Therefore, a two-step procedure is required for allowing two different
silicones to bond together. First, we assemble the molds as in fig. SOA
using M6 screws to guarantee alignment. We position the inner mold
in the slot of the bottom mold. We inject the DS20 silicone after spay-
ing mold release and the same equipment as described in the fabrica-
tion of the linear actuator. We wait 3.5 hours of the 5 hours required
for the DS to cure, and we disassemble the top and bottom molds of
the first step (fig. SOA) to substitute them, respectively, with the top
and bottom molds of the second step (fig. S9B) onto which we apply
mold release. Casting the ED32 on the DS20 after this time guaran-
tees a solid interface between the two materials. We insert the plug to
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obtain an entry point to pneumatically actuate the resulting actuator.
We then inject the ED32 and wait for the DS20 to be fully cured.
We then use a water pump in parallel with a tunable flow resistor for
venting to flush the water-soluble support material from inside
the actuator. We report the geometrical parameters of our design
in fig. S10.
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