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Fully 3D-printed soft robots with integrated 
fluidic circuitry
Joshua D. Hubbard1,2,3†, Ruben Acevedo2,3†, Kristen M. Edwards2,3,4, Abdullah T. Alsharhan2‡, 
Ziteng Wen2,3, Jennifer Landry2,3, Kejin Wang2, Saul Schaffer2,3,5, Ryan D. Sochol2,3,6,7*

The emergence of soft robots has presented new challenges associated with controlling the underlying fluidics of 
such systems. Here, we introduce a strategy for additively manufacturing unified soft robots comprising fully in-
tegrated fluidic circuitry in a single print run via PolyJet three-dimensional (3D) printing. We explore the efficacy 
of this approach for soft robots designed to leverage novel 3D fluidic circuit elements—e.g., fluidic diodes, “nor-
mally closed” transistors, and “normally open” transistors with geometrically tunable pressure-gain functionalities—
to operate in response to fluidic analogs of conventional electronic signals, including constant-flow [“direct 
current (DC)”], “alternating current (AC)”–inspired, and preprogrammed aperiodic (“variable current”) input con-
ditions. By enabling fully integrated soft robotic entities (composed of soft actuators, fluidic circuitry, and body 
features) to be rapidly disseminated, modified on demand, and 3D-printed in a single run, the presented design 
and additive manufacturing strategy offers unique promise to catalyze new classes of soft robots.

INTRODUCTION
Over the past decade, the field of soft robotics has established itself 
as distinctively suited for applications that would be difficult or impos-
sible to realize using traditional, rigid robots (1–3). The reliance on 
compliant materials that are actuated by fluidic means (e.g., hy-
draulics and/or pneumatics) facilitates a number of inherent bene-
fits for soft robots, particularly in terms of safety for human-robot 
interactions, lower costs, and adaptability in geometry for manipu-
lating complex and/or delicate objects (4–6). At present, however, a 
critical barrier to the utility of soft robots stems from the require-
ment that increasing the number of independently operated soft 
actuators (or degrees of freedom) typically demands an equal or 
greater number of distinct control inputs (7–9). To reduce or obvi-
ate the need for such external control schemes, researchers have 
investigated a wide range of approaches for enhancing soft robot 
autonomy via fluidic logic (10–12).

In contrast to efforts in which independent fluidic circuitry is 
manually connected to soft robots (13, 14), there is growing interest 
in the ability to embed such functions directly inside of soft robotic 
systems (15). Of particular note is a hybrid strategy reported by 
Wehner et al., which entailed using clean room–based multilayer 
soft lithography protocols to fabricate a microfluidic oscillator (16) 
and then harnessing a variety of manufacturing techniques—e.g., 
computer numerical control machining, multimaterial casting, 
embedded sacrificial direct ink writing, thermal curing/evacuation 
processes, and laser cutting—to ultimately achieve an untethered soft 

“octobot” capable of periodic actuations (17). Since its introduction, 
however, this manufacturing methodology has yet to find broad 
adoption in the soft robotics community (18), possibly due to the 
reliance on soft lithography–based fluidic circuits. Specifically, the 
use of multilayer soft lithography approaches for integrated fluidic 
circuit fabrication presents a number of challenges, including those 
associated with: (i) cost, time, and/or labor requirements for exe-
cuting microfabrication protocols; (ii) access and training restrictions 
(e.g., to use clean room facilities and equipment); (iii) variability in 
device efficacy and/or reproducibility due to user skill–based manual 
alignment steps; and (iv) geometric (i.e., planar or “2.5D”) limita-
tions inherent to photolithography and micromolding processes 
(19). Furthermore, while researchers have demonstrated a wide 
range of fluidic valving capabilities (16, 20–22), enabling more sophis-
ticated functionalities—particularly those based on pressure-gain 
operations—is not straightforward based on such fabrication method-
ologies (23, 24).

To bypass the aforementioned challenges at larger scales, 
Rothemund et al. introduced soft, bistable valves that serve as 
fluidic analogs to electronic Schmitt triggers (24). Researchers have 
integrated these valves with soft actuators to yield gripping, un-
dulating, and rolling operations for soft robotic systems (24–26). 
Recently, Drotman et al. further extended the use of these valves to 
control the gait of an autonomous walking robot with embedded 
sensing operations (27). Despite these capabilities, one caveat is the-
substantial reliance on manual protocols by which the multicompo-
nent valves and systems are assembled by hand (e.g., using glues 
and/or fasteners) (24–27), which can present similar challenges in 
terms of user skill–associated efficacy and reproducibility. Conse-
quently, alternative approaches for manufacturing fluidic circuitry–
based soft robots remain in critical demand (28).

Here, we present a novel strategy for additively manufacturing 
unified soft robotic systems with fully integrated fluidic circuitry in 
a single print run via multimaterial “PolyJet three-dimensional (3D) 
printing” (Fig. 1). Initially, modular components, such as fluidic 
circuit elements, interconnects, and access ports as well as soft ro-
botic actuators and structural members (Fig. 1A), can be designed 
and assembled within computer-aided design (CAD) software to 
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generate a 3D model of a soft robot with fully integrated fluidic cir-
cuitry (Fig.  1B). Although researchers have used a wide range of 
additive manufacturing technologies in the fields of soft robotics 
(29–31) and fluidic circuitry (32–36), we propose that PolyJet 3D 
printing is uniquely suitable for fabricating both classes of systems 
simultaneously as unified entities. PolyJet printing is an inkjet-
based (“material jetting”) process in which multiple photoreactive 
and sacrificial support materials are dispensed in parallel (with 
continual ultraviolet dosing) to produce 3D objects in a line-by-line, 
layer-by-layer manner. Previously, researchers have reported the use 
of PolyJet printing for constructing soft actuators and robots (i.e., 
without fluidic circuitry) (37–40) as well as independent fluidic 
valves (41). In this work, however, we additively manufacture fully 
integrated soft robotic systems—i.e., including all of the soft actua-
tors; body features (of arbitrary design); and fluidic circuit elements, 
interconnects, and ports—in a single print run (Fig. 1, C and D, and 
movie S1). This process entails the concurrent printing of three dis-
tinct materials: (i) a compliant photopolymer (Fig. 1C, black), (ii) 
a rigid photoplastic material (Fig. 1C, white), and (iii) a sacrificial wa-
ter-soluble support material (Fig. 1C, yellow). One caveat to the use 
of the sacrificial support material is that it must be removed or dis-
solved from outer regions as well as internal voids and channels follow-
ing the printing process (Fig. 1E). Researchers have demonstrated a 
number of techniques to minimize (42, 43) and even bypass the sup-
port removal process completely (40,  44); however, to promote 
broad accessibility, here, we use a hybrid approach that incorpo-
rates manual removal steps (e.g., on the order of tens of minutes) 
with autonomous dissolution protocols. In combination, the totality 
of the PolyJet-based additive manufacturing and postprocessing 
methodology—the vast majority of which being autonomous—can 
be executed in less than a day to realize 3D multimaterial soft robots 
with fully integrated fluidic circuitry (e.g., Fig. 1F).

To explore the utility of the presented strategy, first, we introduce 
and characterize a fundamental class of PolyJet-enabled fluidic circuit 

elements—namely, fluidic diodes, “normally closed” fluidic transistors, 
and “normally open” fluidic transistors that support facile geometric 
customization of their pressure-gain properties—from which so-
phisticated fluidic circuits can be built. We then investigate the op-
erational performance of three soft robots with distinct integrated 
fluidic circuits designed with respect to fluidic analogs of conven-
tional electrical signals, including (i) a soft robotic turtle that yields 
periodic, out-of-phase actuation routines for its soft limbs under 
constant-flow [“direct current (DC)”] input conditions; (ii) a soft 
robotic turtle that leverages embedded fluidic transistors with dis-
tinct pressure-gain properties to generate periodic swimming-inspired 
motions under sinusoidal [“alternating current (AC)”] fluidic input 
conditions; and (iii) a soft robotic hand capable of completing the 
first level of the original “Super Mario Bros.” video game in real time 
based on a single preprogrammed aperiodic (“variable current”) 
pressure input.

RESULTS
PolyJet 3D-printed fluidic circuit elements
The multimaterial and geometric versatility inherent to PolyJet 3D 
printing provides two key benefits for fluidic circuit element manufac-
turing. In contrast to previous single-material work from our group 
(34) and others (32, 33), the incorporation of materials that differ in
rigidity serves to enhance performance by allowing the material prop-
erties of specific features to be tailored to complement desired func-
tionalities. For example, features designed to deform during operation, 
such as diaphragms and O-rings, can be constructed using a compli-
ant material, while those designed to be functionally static (e.g., fluidic 
channels, access ports, and structural casings) can be built using a rigid 
material. In addition, the simultaneous deposition of a sacrificial sup-
port material allows for internal components to be printed in “free-
floating” configurations (i.e., without traditional support structures or 
attachments of any kind). These attributes provide a unique pathway

Fig. 1. Design and additive manufacturing strategy for PolyJet 3D printing unified soft robotic systems comprising fully integrated fluidic circuitry in a single 
print run. (A) Modular 3D CAD models and analogous electronic circuit symbols of fluidic circuit elements, fluidic interconnects, soft actuators, and structural casing. 
(B) CAD model and corresponding analogous circuit diagram of a unified soft robot with a fully integrated fluidic oscillator circuit. (C) Conceptual illustration of multimate-
rial PolyJet 3D printing the soft robot using compliant (black), rigid (white), and water-soluble support (yellow) materials. (D) Sequential time-lapse images of the PolyJet 
3D printing process. Scale bar, 5 cm; see also movie S1. (E and F) Fabrication results for the unified multimaterial soft robot with integrated fluidic circuitry (E) before and 
(F) after support material removal. Scale bars, 2 cm. Photo credits: Ruben Acevedo, University of Maryland College Park.



Hubbard et al., Sci. Adv. 2021; 7 : eabe5257     14 July 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 12

to realize designs and functionalities for fluidic diodes (Fig. 2, A to D) 
and fluidic transistors (Fig. 2, E to S) that would be difficult or infeasi-
ble to achieve via alternative manufacturing methods.

The 3D fluidic diode architecture in this work includes two main 
components: (i) a rigid-material structural casing with internal 

channels that include a central region with a single top orifice and 
multiple bottom orifices and (ii) a free-floating sealing disc that is 
primarily composed of a rigid material but notably includes a compliant-
material O-ring on top to support sealing via rigid-compliant mate-
rial interactions (Fig. 2A). The operating principle of the fluidic diode 

Fig. 2. Operating principles and results for PolyJet 3D printing–based fluidic circuit elements comprising integrated compliant (black) and rigid (white) materials. 
(A to C) Conceptual illustrations of the (A) architecture, (B) “forward flow” state, and (C) “reverse flow” state for the fluidic diode. (D) Experimental results for directional 
fluid flow versus pressure for the fluidic diode. (E to H) Conceptual illustrations of the (E) architecture, (F) “closed” state [induced by a source pressure (PS) input], (G) “open” 
state [facilitated by a gate pressure (PG) input of sufficient magnitude], and (H) “reclosed” state (caused by a high PG input) for the normally closed fluidic transistor. The 
reclosed state dynamics can be adjusted by tuning the post height (HP). (I to K) Experimental results for source-to-drain fluid flow (QSD) versus PG corresponding to distinct, 
constant PS inputs for normally closed fluidic transistors designed with HP = (I) 0 m, (J) 250 m, and (K) 500 m. (L to N) Conceptual illustrations of the (L) architecture, (M) 
open state, and (N) closed state (facilitated by a PG input of sufficient magnitude) for a normally open fluidic transistor. (O to R) Simulations of diaphragm displacement 
for fluidic transistors with diaphragm area ratios of (left) 1 (1), (middle) 2 (2), and (right) 3.5 (3) for PG = (O) 0 kPa, (P) 13 kPa, (Q) 23 kPa, and (R) 54 kPa. See also movie S2. 
(S) Experimental results for relative QSD versus PG for normally open fluidic transistors with varying  (PS = 20 kPa) (see also fig. S1). All error bands denote SD.
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is based on two primary states associated with the flow polarity. For 
the forward flow case, the free-floating disc is displaced away 
from the top orifice, allowing fluid to flow past the disc through 
the bottom orifices and out of the fluidic diode (Fig. 2B). When the 
flow polarity is reversed, however, the compliant O-ring of the seal-
ing disc is brought into physical contact with the top surface of 
the central region, thereby obstructing the flow of fluid through the 
orifice (Fig. 2C).

We experimentally characterized the functionality of the fluidic 
diode by elucidating the flow behavior with respect to the input 
pressure magnitude and polarity (i.e., directionality) (Fig. 2D). Ex-
perimental results for the forward flow case revealed that increasing 
the input pressure produced a corresponding increase in the flow 
rate through the fluidic diode. For the reverse flow case in which a 
positive pressure was applied in the reverse direction (rather than a 
vacuum pressure applied at the inlet), the flow rate initially in-
creased with increasing reverse pressure; however, this behavior 
appeared to inflect at approximately 3 kPa, with further increases in 
reverse pressure resulting in the flow rate decreasing. One potential 
basis for these results stems from the requirement for the free-floating 
sealing disc to first migrate toward the orifice and then for the 
O-ring to deform to promote sealing—phenomena that also ac-
count for the improvement in sealing performance at higher reverse 
pressures. Nonetheless, the experimental results revealed that the
fluidic diode exhibited significant forward bias of the flow polarity
(Fig. 2D).

As both n- and p-channel transistors offer distinct benefits in 
various electronics scenarios, here, we present fluidic circuit ele-
ments designed to yield functionalities that are analogous to each. 
To achieve a normally closed fluidic transistor that mimics the 
operation of an n-channel MOSFET in series with a p-channel 
MOSFET (both biased in the triode region), we designed a fluidic 
circuit element architecture that consists of three main components: 
(i) a rigid material structural casing as well as separate internal
channels that include an upper source-to-drain region (with a single
central orifice) and a bottom gate region, (ii) a free-floating sealing
disc with a central post (extended from the bottom surface through
the orifice) that is primarily composed of a rigid material but in-
cludes a compliant material O-ring beneath the bottom surface of
the disc, and (iii) two compliant material diaphragms—corresponding 
to the source-to-drain and gate regions—connected to one another
via a central rigid material piston (Fig. 2E). In response to an ap-
plied source pressure (PS), the compliant O-ring of the free-floating 
component seals atop the surface adjacent to the orifice, thereby
blocking the flow of fluid from the source input to the drain output
(QSD) (Fig. 2F). Under the application of a gate pressure (PG) of
sufficient magnitude, the diaphragms deform such that the top
surface of the central piston (connected to the source-to-drain
region diaphragm) physically elevates the free-floating component
to break the fluidic seal and, in turn, facilitate QSD (Fig. 2G). By
increasing the PG input further, however, the central piston’s top
surface approaches the orifice to obstruct QSD (Fig. 2H). Notably,
the propensity for this fluidic pathway to be reclosed can be tuned
by increasing the height of posts (HP) arrayed surrounding the
bottom surface of the orifice to physically prevent the top surface
of the piston from approaching the orifice (Fig. 2H).

To interrogate the underlying relationships connecting the PG and 
PS inputs, HP, and the resulting QSD, we printed and characterized 
normally closed fluidic transistors designed with HP dimensions 

of 0, 250, and 500 m (Fig. 2, I to K). Experiments for the 0-m case 
revealed three overall trends. First, increases in the PS input corre-
sponded to a higher PG magnitude required to transition from the 
“closed” state to the “open” state (Fig. 2I). Second, increasing the PG 
input initially coincided with QSD increasing, but after reaching a 
maximum peak, further increases in PG yielded reductions in QSD 
until the transition to the “reclosed” state appeared to be complete 
(i.e., fully obstructing QSD). Last, the magnitude and range associated 
with the open state increased with higher PS inputs (Fig. 2I). Although 
several of the general behaviors for the 250- and 500-m cases were 
similar to those of the 0-m results, the most notable difference was 
the change in the open state behavior (Fig. 2, I to K). Specifically, 
the range of PG inputs associated with open state performance 
broadened substantially with increasing HP such that, for the 500-m 
case, none of the PS and PG inputs tested corresponded to a fully 
reclosed state as observed for the 0- and 250-m cases (Fig. 2, I to K). 
In combination, these results suggest that HP provides an effective 
geometric means to transition the functionality of the normally 
closed fluidic transistor from exhibiting behaviors analogous to 
an n- and p-channel transistor in series to those more akin to solely 
an n-channel transistor.

To achieve a normally open fluidic transistor with operating 
characteristics that resemble a p-channel MOSFET (biased in the 
triode region), we designed an architecture with two key differences from 
that of the normally closed element (Fig. 2L). Although the source-
to-drain and gate region diaphragms remain connected via an in-
tervening rigid piston, the piston extends above the source-to-drain 
region diaphragm to bring its top surface closer to the source orifice. 
In addition, the compliant material O-ring is placed atop the pis-
ton (which eliminates the need for an internal region above the ori-
fice) (Fig.  2L). In the absence of a PG input, QSD is unobstructed 
(Fig. 2M); however, by applying a PG input of sufficient magnitude, 
QSD can be fully blocked (Fig. 2N). A key feature of this fluidic tran-
sistor architecture is the fluidic separation of the source-to-drain 
and gate regions, which leads to a force balance on the intervening 
piston based on the product of each region pressure and corre-
sponding diaphragm area. Thus, by designing the gate region dia-
phragm area (AG) to be larger than the source-to-drain region 
diaphragm area (ASD), a lower PG is able to overcome a higher PS 
to actuate the piston and physically obstruct QSD—a distinguishing 
property referred to as pressure-gain () (23). Notably, these  charac-
teristics can be tuned geometrically by adjusting the ratio of AG to ASD.

We used theoretical and experimental methods to investigate 
the performance of fluidic transistors with identical source-to-drain 
regions, but differing AG dimensions that correspond to AG/ASD ra-
tios of 1 (1), 2 (2), and 3.5 (3). Finite element analysis (FEA) sim-
ulations of the fluidic transistors revealed four fundamental states 
based on the PG input: (i) PG,Off, with each sealing O-ring remaining 
a distance of 500 m from the top source input surface (Fig. 2O); (ii) 
PG,Low, with only the 3 fluidic transistor in the sealed state (Fig. 2P); 
(iii) PG,Medium, with the addition of the 2 fluidic transistor sealing
(Fig. 2Q); and (iv) PG,High, with all three fluidic transistors in sealed
states (Fig. 2R and movie S2). Experiments with printed fluidic
transistors revealed results consistent with the simulations, with
larger  properties leading to sealed-state behavior at lower PG ver-
sus smaller  designs (Fig. 2S and fig. S1). For example, under a
constant PS input of 20 kPa, obstruction of QSD occurred at PG
inputs of 10.1 ± 0.3, 14.9 ± 0.6, and 29.8 ± 0.5 kPa for the 3, 2,
and 1 fluidic transistors, respectively (Fig. 2S). For the 1 case, the
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requirement for the PG magnitude to be larger than that of the PS 
input to enter the closed state is likely due to the additional defor-
mation required for the diaphragm to physically displace approxi-
mately 500 m to seal the source orifice. For the 2 and 3 fluidic 
transistors, however, smaller PG inputs were able to overcome larger 
PS inputs even accounting for the additional diaphragm deforma-
tion required for sealing (Fig. 2S).

Constant flow–based soft robotic turtle
The ability for soft robots to execute periodic operations autono-
mously in response to constant fluidic inputs serves as a critical 
benchmark for fluidic circuitry–based systems (13, 17, 24–26). To 
evaluate such capabilities for the strategy presented in this work, we 
designed a soft robotic turtle with an integrated fluidic oscillator 
circuit—consisting of fluidic diodes and normally closed fluidic 
transistors (HP  =  250 m)—with outputs connected to distinct, 
asymmetric bellowed soft actuators or “limbs” (Figs. 1B and 3, A to 
F). Under identical constant-flow conditions for fluid loaded via 
two distinct inlets, the embedded oscillator circuit repeatedly tran-
sitions through six primary states (Fig. 3, A to F). When one of the 
fluidic transistors enters its closed configuration (i.e., with the 
O-ring obstructing QSD), inputted fluid builds up in the upstream
gate region of the opposing fluidic transistor until that element
reaches the open configuration, allowing fluid to flow through the
fluidic transistor and the fluidic diode to inflate the respective limb
(Fig. 3A). As fluid flows into the pathway with the closed fluidic
transistor, the constantly inputted fluid continues to inflate the gate 
diaphragm of the opposing fluidic transistor, which begins to prog-
ress to its reclosed configuration (Fig. 3B). As this process con-
tinues, the hydraulic resistance through the “reclosing” fluidic
transistor increases (while QSD decreases), which causes inputted
fluid to instead build up in the gate region of the initially closed
configuration fluidic transistor (Fig.  3B). Ultimately, the initially
closed fluidic transistor enters the open configuration, which not
only causes the corresponding limb to inflate (Fig. 3C) but also al-
lows for the fluid in the upstream gate region to displace, thereby
inducing the opposing fluidic transistor to shift rapidly from the re-
closed configuration (Fig.  3C) back to the closed configuration
(Fig. 3D). Thereafter, the process repeats itself in the opposite ori-
entation (Fig. 3, D to F) and then continues cycling in a periodic
manner (Fig. 3, A to F).

To experimentally investigate the oscillating performance of the 
soft robotic turtle, we printed the unified soft robot in a single run 
via PolyJet 3D printing (Fig. 1, D to F, and movie S1). We applied a 
constant fluidic input with a flow rate set at 10 ml/min into both 
input ports while ensuring that the exhaust ports located at the 
tops of the fingers were not fluidically sealed for consistency with 
previous reports in the literature (17). During experimentation, the 
soft limbs exhibited continuous, periodic actuations that were dis-
tinct from one another, despite the identical constant input condi-
tions (Fig. 3G). We used digital image correlation (DIC) processing 
software to quantify the deformation behaviors, which revealed the 
oscillations to be 75° out of phase (Fig. 3H). One potential basis for 
such behaviors is the use of the normally closed fluidic transistor, 
which plays a critical role in the oscillator circuit. As such, it is ex-
pected that varying the geometric parameters of the fluidic circuit 
element—for example, by adjusting HP or altering the gate dia-
phragm dimensions to yield  functionalities—could provide a 
means to readily tune the oscillation behaviors of soft robots.

Sinusoidal input–based soft robotic turtle
A wide range of systems in both conventional robotics and soft 
robotics fields are designed with respect to AC electrical signals (45). 
In this work, we explore the use of a fluidic analog in the form of 
oscillating fluidic input conditions as the mechanism for driving the 
periodic motions of a soft robotic turtle’s “flippers.” Each flipper is 
attached to four symmetric bellowed soft actuators connected both 
at the base and at the tips (Fig. 4A). Previously, researchers have 
demonstrated the use of PolyJet-based bellowed soft legs anchored 
to one another to achieve rotational movements (27, 46). Here, we 
advance this concept by connecting three of the four actuators to 
corresponding fluidic transistors to promote swimming-inspired 
motions based on a sinusoidal PG input (Fig. 4, A to D). Specifically, 
the integrated fluidic circuit of the soft robotic turtle comprises 
three distinct normally open fluidic transistors that differ only in 
terms of their  properties (Fig. 4A). Upstream of the source input 
corresponding to each fluidic transistor is a fluidic pathway to a 
respective set of designated soft actuators. In addition, each fluidic 
transistor is designed with two drain outputs, which are both con-
nected to exhaust ports.

The operating principle of the soft robotic turtle is based on the 
application of a single oscillating PG input, while the PS input is set 
to a constant magnitude. When the oscillating PG input is at its 
minimum magnitude, the PS input primarily induces flow to the 
exhaust drains of the fluidic transistors rather than to the soft actu-
ators, which are fluidically sealed at the tips (Fig. 4A). As the oscil-
lating PG input increases to a magnitude capable of exclusively 
activating the fluidic transistor with the largest  properties (i.e., 3), 
the pathway to the element’s exhaust ports (i.e., QSD) is obstructed, 
causing a portion of the PS-induced flow to instead divert to the 
corresponding soft actuators (Fig. 4B). The resulting expansion of 
the activated fluidic transistor–associated soft actuators is designed 
to cause the flippers to move in a downward-backward trajectory 
(Fig. 4B). As the PG magnitude continues increasing, both the 2 
and 3 fluidic transistors activate and the resulting inflation of the 
two sets of corresponding soft actuators combines to induce a larger 
backward trajectory for the flippers (Fig. 4C). As the oscillating PG 
input approaches its maximum peak, the final fluidic transistor ac-
tivates, resulting in all flow diverting to the three sets of connected 
soft actuators, which is designed to cause the flippers to move to an 
upward-backward trajectory (Fig. 4D). Thereafter, the cycle repeats 
periodically with respect to the oscillating PG input (Fig. 4, A to D).

Using the PolyJet 3D printing strategy, we printed the soft robot-
ic turtle with the integrated sinusoidal input–based fluidic circuit in 
a single run as a unified entity (Fig. 4E). Initially, we characterized 
the deformation dynamics of the soft actuators under a constant 
PS input of 40 kPa and varying PG inputs up to 100 kPa (Fig. 4F). 
One caveat to the use of the compliant material for the entirety of 
the bellowed soft actuators is that the flexibility resulted in down-
ward deformation before the onset of a PG input. As a result, we did 
not visually observe the designed downward-backward trajectory at 
lower PG inputs, with backward movement appearing to dominate 
instead until initiation of the upward-backward trajectory associat-
ed with higher PG regimes (Fig. 4F). To investigate the performance 
with respect to an AC-inspired fluidic signal, we applied a constant 
PS input of 60 kPa while simultaneously inputting a sinusoidal PG 
that varied from 0 to 80 kPa with a frequency of 0.1 Hz. We used 
DIC processing methods to track and quantify the displacements 
during experimentation, which revealed a difference between the 
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inflation-associated displacement path and that of the deflation 
routines, despite identical PG inputs (Fig. 4G). One possible basis for 
this behavior is that, similar to the time required to discharge an 
electronic capacitor, a time delay associated with the deflation of the 
soft actuators could contribute to the flippers following a deflation 

path that is distinct from the inflation cycle. As soft actuators similar 
to those in this work are widely used in the soft robotics communi-
ty, such phenomena could prove useful in enhancing self-regulating 
functionalities for soft robots under sinusoidal or other forms of 
periodic driving inputs.

Fig. 3. Operating principle and experimental results for a constant flow–based soft robotic turtle. (A to F) Conceptual illustrations of the soft robot, the integrated 
fluidic oscillator circuit, and analogous circuit diagrams corresponding to the six primary states based on constant-flow input conditions. (G) Experimental results for soft 
robot functionality under constant-flow conditions (10 ml/min) during a representative operational period. Scale bar, 3 cm; see also movie S3. Photo credits: Ruben Acevedo, 
University of Maryland College Park. (H) Quantified experimental results for normalized vertical deformation of each soft actuating limb versus time under constant-flow 
conditions (10 ml/min). Blue, left limb; red, right limb. a.u., arbitrary unit.
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Programmed periodic input-based soft robotic hand
To explore the concept of a PolyJet-based soft robot capable of op-
erating in response to a varying aperiodic fluidic input based on a 
set program, we investigated a soft robotic “hand” with integrated 
fluidic circuitry designed for an exemplar: playing the Nintendo 
Entertainment System (NES) Super Mario Bros. video game in real 
time using a controller (Fig. 5). The underlying fluidic circuit com-
prises normally open fluidic transistors with differing pressure-gain 
properties—with each source input connected to a corresponding 
soft actuating “finger”—that yields target operations based on the 
magnitude of a single, preprogrammed PG input (while a PS input 
remains constant). In the absence of a PG input, PS-based flow 
mainly bypasses the soft fingers and instead travels through the 
source-to-drain regions of each fluidic transistor and out of the sys-
tem via each drain’s exhaust port (Fig. 5A). For a characteristically 
low PG input, however, the fluidic transistor with the largest  prop-
erties closes, preventing flow out of the exhaust drain. As a result, a 
portion of the PS is instead directed to the corresponding soft finger, 
which actuates to press the directional pad (“D-pad”) of the con-
troller (Fig. 5B). For a slightly higher PG input, the fluidic transistor 
with the next largest  closes, resulting in activation of both the 
D-pad and the “B” button of the NES controller (but not the “A”
button) (Fig. 5C). Last, under a high PG input, the fluidic transistor

with the smallest  properties finally closes, causing all three soft 
fingers to press their corresponding controller targets (Fig. 5D).

For the soft robotic hand, we designed bioinspired multimaterial 
soft robotic fingers that leverage the differences in rigidity of the 
two printed materials to emulate the bending behaviors of a human 
finger, including (i) the nonbending portions of the finger (pha-
langes) and their internal fluidic channels printed using a rigid ma-
terial, and (ii) the inflatable “knuckle” components printed using a 
compliant material. Because of the asymmetric design of the bel-
lowed soft knuckle components, as they inflate, the larger top por-
tion expansion results in a downward actuation of the fingertip to 
exert a complementary force (Fig. 5, E and F; fig. S2; and movie S4).

We performed pneumatic experiments with independent soft 
finger–fluidic transistor systems to quantify the magnitude of the 
fingertip actuation force with respect to the PS and PG inputs as well 
as the  properties of the integrated fluidic transistor (Supplementa-
ry Text and fig. S3). The experimental results revealed that the ex-
tent of the actuation force was directly related to the magnitude of 
the PS input but, more importantly, that the soft fingers integrated 
with fluidic transistors with larger  designs exhibited higher actua-
tion forces at lower PG inputs compared to their smaller  counter-
parts (Fig. 5G and fig. S3). For example, exerting a force of 125 mN 
under a PS input of 10 kPa required a PG input of 19.2  ±  3.2, 

Fig. 4. Operating principle and experimental results for a sinusoidal input–based soft robotic turtle. (A to D) Conceptual illustrations and analogous circuit dia-
grams of the four primary states based on sinusoidal PG input conditions and a constant PS input. The integrated normally open fluidic transistors include distinct  
properties (1 < 2 < 3). (E) Fabrication results. Scale bar, 2 cm. Photo credits: Ruben Acevedo, University of Maryland College Park. (F) Experimental results for soft 
actuator–associated flipper displacements corresponding to a constant PS input of 40 kPa and varying PG input. (G) DIC-processed experimental results of the flipper 
displacement path under a constant PS input of 60 kPa and a sinusoidal PG input that oscillated from 0 to 80 kPa with a frequency of 0.1 Hz. Blue and red denote inflation- 
and deflation-associated displacement cycles, respectively.
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Fig. 5. Concepts and results for a preprogrammed, aperiodic fluidic input–based soft robotic hand with integrated fluidic circuitry. (A to D) Conceptual illustra-
tions and analogous circuit diagrams of the four primary states based on distinct PG magnitudes, while a PS input remains constant. The integrated normally open fluidic 
transistors include distinct  properties (1 < 2 < 3). (E and F) Experimental results for a soft robotic finger with an integrated 3 fluidic transistor for PS = 20 kPa and 
PG = (E) 0 kPa and (F) 20 kPa. Scale bars, 2 cm; see also movie S4. Photo credits: Kristen M. Edwards, Jennifer Landry, and Ryan D. Sochol, University of Maryland College 
Park. (G) Quantified experimental results for fingertip actuation force versus PG for soft robotic finger–fluidic transistor systems with varying  and PS of 10 kPa. Error bands 
denote SD. (H) Sequential time-lapse images of the PolyJet 3D printing process. Scale bar, 2 cm; see also movie S5. Photo credit: Joshua D. Hubbard, University of Mary-
land, College Park. (I) Fabrication results. Scale bar, 2 cm. Photo credit: Joshua D. Hubbard and Kristen M. Edwards, University of Maryland, College Park. (J) Experimental 
results for completing the first level of the Super Mario Bros. video game in real time in response to a preprogrammed PG input (PS programmed to remain constant). 
Callouts include the controller activation state, the game state, and an image of the soft robotic hand using the controller corresponding to demonstrative time points; 
see also movie S6. Photo credit: Joshua D. Hubbard, Ruben Acevedo and Kristen M. Edwards, University of Maryland, College Park.
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32.6 ± 6.5, and 48.5 ± 4.0 kPa for the 3, 2, and 1 fluidic transistors, 
respectively (Fig. 5G).

Following the manufacturing process (Fig. 5H and movie S5), 
we affixed the fingertips of the PolyJet-printed soft robotic hand to 
their respective target locations of the NES controller to limit lateral 
deflections caused by the shapes of the buttons (Fig. 5I). For the 
controller used in this work, a constant PS input of 18.5 kPa allowed 
for four operational states: (i) PG,Off ≤ 5 kPa, none of the buttons are 
pressed—Mario is immobile (Fig. 5Ji); (ii) PG,Low ≥ 20 kPa, the right but-
ton of the D-pad is pressed—Mario walks (Fig. 5Ji); (iii) PG,Medium ≥ 
40 kPa, the B button is also pressed—Mario runs (Fig. 5Jiii); and 
(iv) PG,High ≥ 60 kPa, all of the buttons are pressed—Mario jumps
(Fig. 5Jiv). One caveat to the use of soft actuating fingers is that,
similar to the time required to charge or discharge an electronic
capacitor, the soft knuckle components exhibited analogous time
delays when executing the inflation (e.g., Fig. 5J, ii and iv) and defla-
tion (e.g., Fig. 5Jv) routines that underlie actuation force. By taking
such factors into consideration in designing the program that dic-
tates the varying aperiodic PG input, the soft robotic hand was able
to complete the first level of Super Mario Bros. in real time (Fig. 5J
and movie S6).

DISCUSSION
Fluidic circuitry provides powerful means to enhance soft robot 
autonomy and, in turn, reduce and/or eliminate the tethering re-
quirements associated with conventional fluidic control schemes 
(47). In this work, we introduced the concept of additively manu-
facturing unified soft robotic systems with fully integrated fluidic 
circuitry in a single print run. To support the sophistication of the 
underlying fluidic circuits that govern the soft robot functionalities, 
we also presented and characterized a fundamental class of fluidic 
circuit elements that are compatible with the PolyJet 3D printing 
strategy, including fluidic diodes as well as normally closed and 
normally open fluidic transistors. Historically, it has been difficult 
to achieve and/or customize  properties for conventionally manu-
factured fluidic operators (24). Thus, a particularly important fea-
ture of both sets of fluidic transistors reported here stems from the 
distinct source-to-drain and gate region diaphragms connected via 
an intervening piston, which allows for -associated behaviors to be 
tuned through straightforward geometric means (i.e., the ratio of 
the diaphragm diameters) as desired. Experimental results revealed 
that the fluidic circuit elements exhibited performance characteris-
tics consistent with their electrical counterparts both independently 
and when integrated as part of larger integrated fluidic circuits. 
Although the fluidic circuits in this work were designed with re-
spect to soft robots, it should be noted that fluidic valving and routing 
capabilities are widely used in chemical, biological, and biomedical 
fields (48), and thus, the fluidic processing approaches demonstrat-
ed here could be extended to support such applications.

As the area of soft robotics is still relatively nascent, potential 
input modalities for driving soft robot operations remain diverse. 
Thus, in this work, we focused on investigating soft robots with in-
tegrated fluidic circuits based on inputs inspired by electrical sig-
nals associated with conventional robotics fields. First, we printed 
a soft robotic turtle capable of converting constant-flow inputs—
analogous to DC electrical signals—to periodic, out-of-phase oscil-
lations of its distinct limbs. We also designed and printed a distinct 
soft robotic turtle that generated periodic motions of its flippers 

under sinusoidal fluidic input conditions—analogous to AC electri-
cal signals—based on an integrated fluidic circuit consisting of 
fluidic transistors with varying  properties.

In addition, we took advantage of such -enabled functionalities 
to create a soft robotic hand capable of hard-coded operations based 
primarily on the magnitude of a single, preprogrammed control 
input—akin to variable current electrical signals. We used a set 
pressure input program to autonomously control the soft robotic 
hand, resulting in target actuators pressing and depressing the but-
tons of an NES controller at specific times to complete the first 
level of the original Super Mario Bros. video game in real time. 
Although this use case served as an exemplar, the -based approach 
for controlling the fingers of the soft robotic hand could be extended 
to minimize the tethering requirements for emerging applications 
such as soft robotic gloves and rehabilitation devices (5, 49, 50). 
Furthermore, in contrast to conventional standards for evaluating 
soft robot capabilities that lack stringent performance metrics or 
associated penalties, the Super Mario Bros. demonstration is con-
strained with respect to externally established and invariable conditions 
(i.e., timing and level makeup) for which a single missed or inaccu-
rately executed operation can result in complete failure. Given the 
recent concerns in the field of soft robotics regarding quantitative 
utility (51), we propose that future works should consider similar 
means of assessment that are founded on externally dictated, un-
yielding operational demands.

Among the soft robots presented in this work, the constant flow–
based soft robotic turtle is best suited to serve as a point of reference 
for comparing distinct methodologies for manufacturing fluidic 
circuit-based soft robots, as its oscillating behaviors are consist
ent with those often reported in the literature by other groups 
(15, 17, 24–27). For example, in contrast to soft lithography–based 
protocols previously used for fluidic circuit fabrication (13, 15–17), 
which typically necessitate technical training and access to micro-
fabrication equipment and clean room facilities (19, 52), access to 
a PolyJet 3D printer (either directly or through a commercial 3D 
printing service) represents the only critical barrier to reproducing 
all of the soft robots and integrated fluidic circuits reported here. 
Although the support material removal protocols of the presented 
PolyJet-based strategy require a degree of manual labor (on the 
order of tens of minutes, e.g., movie S7), the elimination of essentially 
all other manual fabrication, integration, and assembly procedures 
associated with soft robotic actuators, structural/body features, and 
fluidic circuitry is a central benefit. In addition, as such manual pro-
tocols can lead to differences in performance based on user skill and 
training, it is expected that the automated PolyJet 3D printing process 
could provide advantages in terms of robot-to-robot repeatability 
while reducing failures caused by user error during manufacturing. 
It is important to note that the reported strategy could be improved 
further by applying recent techniques that instead use noncuring 
liquid-based support materials (40, 44)—with the caveat that such 
actions typically void the warranty of the 3D printer—to circum-
vent the vast majority of the support removal protocols used here. 
Such adaptations could, however, negatively affect the integrity of 
the multimaterial interfaces and/or operator-to-operator and, in turn, 
robot-to-robot efficacy and reproducibility. Thus, such endeavors 
should be undertaken with a high degree of caution.

Although all of the fluidic circuit elements and soft robots were 
designed and fabricated as multimaterial entities, for applications 
that require entirely soft robots, the rigid materials could be replaced 
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with compliant materials as desired. Similarly, the presented 
approach is not exclusively limited to PolyJet 3D printing and could 
be adapted for alternative additive technologies, such as using direct 
laser writing–based fluidic circuit elements (53–55) for soft micro-
robots or stereolithography-compatible soft materials (56) for 
meso-/macroscale systems. Nonetheless, the PolyJet-based strategy 
presented here offers distinctive promise to enhance accessibility 
within the field of soft robotics while supporting a level of reproduc-
ibility and design versatility (e.g., for the fluidic operators, integrated 
fluidic circuits, and the overall architectures of unified soft robotic 
systems) that has not been reported for alternative methodologies. 
Specifically, as the models for all of the fundamental fluidic circuit 
elements and soft robots in this work are available online (see the 
Supplementary Materials), researchers can readily download, modify 
on demand, and/or reproduce (e.g., 3D-print on site or via a commer-
cial 3D printing service) all of the capabilities demonstrated here, 
thereby providing a new pathway for researchers spanning broad aca-
demic backgrounds to design, additively manufacture, and advance 
soft robotic systems that comprise fully integrated fluidic circuitry.

MATERIALS AND METHODS
PolyJet 3D printing–based fabrication
The designs and protocols for additively manufacturing all of the 
components and systems in this work were based on the use of an 
Objet500 Connex3 PolyJet 3D printer (Stratasys, Eden Prairie, MN) 
and are similar to those reported in our previous work (57). Initially, 
all of the fluidic circuit elements, soft actuators, ports, and inte-
grated soft robotic systems were modeled using the CAD software 
SolidWorks (Dassault Systèmes SE, France). The ports were de-
signed to be compatible with polycarbonate barbed luer adapters 
(EW-45501-00, Cole-Parmer, Vernon Hills, IL). Each model was 
exported as two self-referenced STL files corresponding to either 
the rigid or compliant print materials; the sacrificial support mate-
rial is autogenerated in the computer-aided manufacturing (CAM) 
software and, thus, does not require an associated STL file. Before 
the PolyJet 3D printing process, the STL files corresponding to the 
distinct materials were imported into the Stratasys CAM software, 
GrabCAD Print, for slicing corresponding to layer heights of 30 m 
and respective material assignments.

The materials used for PolyJet 3D printing included (i) MED610 
(Stratasys) for the rigid photoplastic material, (ii) Agilus30 (Stratasys) 
for the compliant photopolymer material, and (iii) SUP706 (Stratasys) 
for the water-soluble sacrificial support material. For the systems 
presented in this work, the PolyJet build time ranged from approx-
imately 3 hours (e.g., movie S5) to 8 hours (e.g., movie S1), with 
structure height (i.e., total number of distinct layers) representing 
the key determinant in the print time. Following the completion of 
the PolyJet-based additive manufacturing process, printed compo-
nents and systems—weakly adhered to the build plate through a raft 
of sacrificial support material—were detached manually (i.e., by 
hand using a scraper).

Because the PolyJet printing process includes the deposition of a 
sacrificial support material not only underneath external regions 
but also within internal voids of printed devices (e.g., in the en-
closed fluidic networks), we developed and used protocols to facili-
tate removal of the sacrificial support material from all locations. 
Initially, easily accessible external support material was removed 
manually (i.e., by hand). A metal rod (1 mm in diameter) was inserted 

through each channel (e.g., via a Dremel 4300) to displace a portion 
of the embedded support material while opening a pathway for 
syringe-based infusion with deionized (DI) water. Thereafter, the 
prints were submerged in a bath of 2% NaOH and 2% Na2SiO3 
(w/w) in DI water (with continuous magnetic stirring), while the 
NaOH-Na2SiO3 solution was continuously pumped through the 
channels using peristaltic pumps (Gikfun, GuangDong, China) for 
up to 12 hours. Last, the prints were rinsed with DI water to remove 
residual solution from both internal and external regions. An example 
of the support removal process for the integrated fluidic oscillator 
circuit is presented in movie S7. It is important to note that all of the 
devices in this work were designed in consideration of the support 
removal process, such as by including straight channel pathways with 
open ports on each side (to facilitate insertion of the metal rod). For 
cases in which such ports were superfluous to component function-
ality, polypropylene luer caps (EW-30800-12, Cole-Parmer) were 
used to seal the ports before use. In addition, for smaller modular 
components, the majority of the aforementioned manual protocols 
can be bypassed if desired (Supplementary Text and figs. S4 to S7).

FEA simulations
Theoretical simulations of the fluidic transistors were performed 
using the commercial FEA software COMSOL Multiphysics v.5.3a 
(COMSOL Inc., Sweden) via methods similar to those reported in 
our previous work (57). Initially, the complete 3D CAD model (i.e., 
including both materials fully assembled) corresponding to each 
fluidic transistor was imported into the FEA software, and then the 
distinct material properties were set for the compliant and rigid 
components. Specifically, the compliant components were modeled 
as Agilus30 (E = 0.09 GPa;  = 1.125 × 103 kg/m3;  = 0.4), while 
the rigid components were modeled as MED610 (E = 2.6 GPa; 
 = 1.175 × 103 kg/m3;  = 0.7). Simulations were performed using 
the COSMOL Multiphysics “Solid Mechanics” module. The PG in-
put was modeled as a boundary load on the internal surface of the 
gate region diaphragm, while the source-to-drain region diaphragm 
components were assigned as free boundaries. For all of the fluidic 
transistor designs modeled, the PG input was incrementally in-
creased up to the point of physical contact between the top surface of 
the sealing O-ring and the surface adjacent to the source orifice. All 
simulations were computed using the stationary (time-independent) 
solver and a parametric sweep function for applied loads.

Fluidic circuit element experimentation
All fluidic circuit element experiments were performed using the 
Fluigent Microfluidic Control System (MFCS) and Flow-Rate Platform 
(FRP) along with the corresponding Scite and MAESFLO software 
(Fluigent, Paris, France). Input pressures were applied through 
fluorinated ethylene propylene (Cole-Parmer, Vernon Hills, IL) 
and silicone rubber (1/8″, McMaster-Carr, Elmhurst, IL) tubing 
connected to polycarbonate barbed luer adapters (EW-45501-00, 
Cole-Parmer), which were directly interfaced with the complemen-
tary designed ports of the components. For fluidic experimentation, 
pressurized air was inputted into the gate regions of the fluidic tran-
sistors, while DI water was used as the input fluid for source regions 
of the fluidic transistors and for both directions of the fluidic diodes. 
Flow rates were measured using Fluigent flow unit flow sensors 
(models L and XL). All experiments were conducted under room 
temperature environment (20° to 25°C). The results were processed, 
quantified, and plotted using MATLAB 9.6 (MathWorks, Natick, MA), 
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with data binning techniques used to discretize the raw continuous 
datasets into small interval bins for analysis. Experimental results 
are presented in the text as means ± SD.

Soft robot experimentation
Experiments with the constant flow–based soft robotic turtle were 
performed using two syringe pumps (NE-300, New Era Pump 
Systems Inc., Farmingdale, NY) set at 10.0 ml/min to drive fluid 
into two distinct inlet ports. All other ports were sealed using luer 
caps (EW-30800-12, Cole-Parmer), with the exception of the out-
let ports at the end of each finger, which were not fluidically 
sealed to serve as fluidic outlets. Experiments with the sinusoidal 
input–based soft robotic turtle were performed using a Fluigent 
Flow-EZ Module with a preprogrammed sinusoidal pressure out-
put (peak-to-peak amplitude = 80 kPa; frequency = 0.1 Hz) for 
the PG input and a separate module set at a constant magnitude of 
60 kPa for the PS input. All other ports were sealed using luer caps 
(EW-30800-12, Cole-Parmer), with the exception of the exhaust 
ports connected to the drain outlets of the fluidic transistors. To 
quantify the displacement dynamics from videos recorded for 
both soft robotic turtles during experimental testing, the DIC 
software VIC-2D (Correlated Solutions, Irmo, SC) was used for 
tracking and analysis. Subset and step sizes of 35 and 9, respec-
tively, were used for the analysis along with a zero-normalized 
squared differences criterion, with incremental correlation and 
exhaustive search enabled.

Before experimentation with the integrated soft robotic hand, 
pneumatic experiments with varying PS and PG inputs were per-
formed using three distinct soft robotic finger–fluidic transistor 
systems, differing only in terms of the fluidic transistor  properties 
(i.e., 1, 2, and 3), to quantify the actuation force at the fingertip 
(Supplementary Text). Force measurements were obtained using 
a miniature S-Beam load cell (LFS 270-M3 5, Cooper Instruments & 
Systems, Warrenton, VA), with the signal amplified using a DCM 
465 Current Bridge Amplifier (Cooper Instruments & Systems) 
and digitized with a USB-6009 data acquisition (DAQ) device 
(National Instruments, Austin, TX). All force data were recorded 
using SignalExpress software (National Instruments).

For experiments with the soft robotic hand, the overall compo-
nent was fixed in place using a clamp, while the base of each fingertip 
was affixed to the corresponding NES controller button using hot 
glue (AdTech Mini, Merchant General Corp., Oldsmar, FL) such that 
(i) the 3 fluidic transistor–associated soft robotic finger was coupled
to the right arrow button of the D-Pad, (ii) the 2 fluidic transistor–
associated soft robotic finger was coupled to the B button, and (iii) the 
1 fluidic transistor–associated soft robotic finger was coupled to
the A button. In addition, the buttons of the NES controller
(Nintendo, Japan, Kyoto) were modified by removing superfluous
internal rubber elements to reduce the force necessary for activation 
without changing the base functionality. Pneumatic experiments
with the soft robotic hand were performed by running a custom
script—programmed with Fluigent Scite software—via the Fluigent
MAESFLO software and MFCS to dynamically regulate the PG
input while maintaining a constant PS. With the exception of the
source and gate input ports as well as the drain-associated exhaust
ports, all other ports were sealed using luer caps (EW-30800-12,
Cole-Parmer). All experiments were conducted under room temperature
environment (20° to 25°C) and recorded using an EOS Rebel 1
camera (Canon, Tokyo, Japan).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/29/eabe5257/DC1
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