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rapid prototyping options for quickly
exploring novel gaits or multilegged conﬁgurations.[10–15] In contrast, soft robotic prototypes that focus on the integration of
customized ﬂuidic systems with their adjacent actuators can offer the potential for
increased actuator performance, longer
autonomous range, and a more compact
form factor.[16–20]
In an effort to simplify these traditionally complex, bulky, and inefﬁcient
ﬂuidic power systems, here we describe
the design and fabrication of a compact
and fully self-contained peristaltic pumpbased ﬂuidic engine with an integrated
bidirectional PneuNet actuator (Figure 1).
Using a highly customizable manufacturing approach, this fully integrated soft
robotic appendage can be fabricated with
an embedded peristaltic pump cap, tubing,
strain-limiting wire mesh, and removable
chamber-deﬁning soft cores, all while
being fabricated in a simple one-step injection molding process, with no entrapped
air bubbles.
For the design of soft actuators, there are several pros and
cons that must be considered when deciding whether to use
pneumatic or hydraulic control systems. Gases are routinely
used to power soft robots, and with low-cost compressors,
valves, and tubing, are by far the most economical.[21,22]
Gases have the advantage of being able to be stored at high pressure, so compressor-based systems only have to run a fraction
of the time to store the required energy needed for
actuation. There are, however, inherent efﬁciency losses in
any compressed-gas-based system, as a portion of the energy
powering the compressor is dissipated as heat. Depending
on the application or intended environment, buoyancy from
gases can assist a robot (e.g., for buoyancy control) or be detrimental when used under high hydrostatic pressures (e.g., for
deep-sea applications).[17,23] Although actuator response times
from gases are rapid, precise gas-actuated control requires sensors and feedback systems. Liquids, in contrast, are for all practical purposes incompressible, and in the right applications,
lead to improved dynamic behavior, and higher efﬁciency as
there is no energy loss due to ﬂuid compression.[16,24] The
liquid response time, however, is limited by cavitation, but
its control can be signiﬁcantly more precise than for gas-based
systems.[25,26]

Fluidic actuation in soft robots traditionally requires a complex assemblage of
pumps, regulators, valves, and sensors, often resulting in large and bulky support
systems. This added bulk can often hinder a robot’s ability to be untethered,
perform complex tasks, or bring challenges when it comes to maintenance or
upgradeability. To address these limitations, herein, a simple and highly modular
bidirectional soft robotic appendage is presented that integrates the pump, ﬂow
lines, and actuator into a compact, closed hydraulic system, which is driven by an
integrated stepper motor, allowing for positional control and fast response times.
The actuator can also be swapped in under ﬁve seconds, allowing for rapid
reconﬁguration. Each component has been thoroughly characterized to determine an overall electrical to mechanical efﬁciency of the system, and from these
calculations, it is demonstrated that the actuator utilizes only 1/15th the required
energy to achieve a speciﬁc bending angle, and is four-fold more power-efﬁcient
than similar-sized soft actuators and pumping systems reported in the literature.
The integrated actuator and ﬂuidic engine construct presented here thus represents a major departure from previous soft actuator control platforms in that
everything is simpliﬁed down to a single self-contained unit, demonstrating
unparalleled versatility and modularity.

1. Introduction
Consisting of dozens of separate and potentially error-prone
components, modern soft robotic prototypes can exhibit staggeringly complex networks of tubes, pumps, valves, and sensors that
are required for their successful operation.[1–9] As a consequence
of this multicomponent complexity, most soft robots are bulky
and inefﬁcient, are difﬁcult and time-consuming to service
and upgrade, exhibit limited modularity, and offer limited
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Figure 1. Design elements of the integrated soft robotic appendage. A–C) Schematic diagram of an integrated soft robotic appendage that combines a
symmetrical bidirectional bellow actuator and a peristaltic pump. A) Top section view showing the peristaltic motor assembly, tube routing, cap features,
and embedded metal mesh. B) Isometric 3D view showing the relative thicknesses of the different components. C) Demonstrated modularity of the
bellow actuator and peristaltic pump assembly, which is completely self-contained, and can be removed/swapped within seconds. D,E) Hardware complexity in soft robotic power and control systems. D) Traditional schematic for controlling a bidirectional bellow actuator requiring high and low pressures.
This method employs two ﬁve-way valves, a high pressure accumulator, and a digital pressure and vacuum gauge, which is mapped to position through
electrical control. E) Integrated positive displacement pump schematic showing the need for just one stepper-motor-driven peristaltic pump to drive the
entire system.

1.1. Limitations in Existing Fluidic Engines
During the prototyping process, we identiﬁed a set of ﬂuidic
engine design requirements for the successful operation of
our bidirectional PneuNet actuator: 1) adequate ﬂow rate and
pressure to fully bend the actuator; 2) reversible (i.e., bidirectional) ﬂow control; 3) zero static backﬂow or leakage between
adjacent actuator bellows; 4) sensor-free positional control with
achievable accuracies similar to that obtained from using a pressure sensor; 5) minimal ﬂuid volume in the peripheral ﬂow lines;
and 6) response times similar to position-controlled pneumatic
actuators (up to 36 s1).
To meet all of these design criteria, a range of ﬂuidic engines
was considered all of which could generally be categorized as
either stored high-pressure ﬂuid systems or microcompressors.
To achieve high pressures (>10 MPa) or high ﬂow rates
(>100 SLM), liquid CO2 or compressed air canisters can be
used.[17,18,22] These canisters are beneﬁcial in applications that
only require positive pressure, and can be used in an antagonistic
actuator pair.
Pressure pumps are also commonly used in these systems and
allow ambient ﬂuid to be compressed through the use of electric
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motors or internal combustion engines (although other methods
have also been demonstrated).[27,28] Pump types include microcompressors, centrifugal, diaphragm, peristaltic, piston, screw,
and vane-based designs. Batteries typically power on-board pumping systems, although liquid fuel can also be used, and a number
of untethered robots with a wide range of body plans has been
successfully developed using these approaches.[2,7,10,16,29]
Although diaphragm and centrifugal pumps are most often
used due to their compact size (ﬁst sized or smaller), low cost
(sub-$100), and useful operating pressure range up to 0.2 MPa,
both pump types are not capable of running in reverse, and centrifugal pumps cannot prevent ﬂuid backﬂow in a static state. As a
result, most soft robots using these pump types also use valves, or
include a second pump to handle stationary or reverse ﬂows.
Although previous studies have compared the energy density of
these different soft robotic actuation systems as a function of
weight, these calculations do not typically take into consideration
the mass of all the necessary hardware for the system to function
(tubes, valves, regulators, storage, sensors, etc.).[22]
For the application presented here, a peristaltic pump met all
of our requirements. Many can achieve pressures up to
100 kPa, with ﬂow rates determined by tube diameter and
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motor speed. They are easily capable of forward or reverse operation and while pinching the tube to prevent backﬂow, and when
combined with a stepper motor, allow for compact size and positional control.
Peristaltic pumps, however, are not commonly used in soft
robotic applications due the limited hydraulic power per unit volume or increased weight compared to equivalently sized diaphragm or centrifugal pumps.[22] This common lack of
peristaltic pump implementation in traditional soft robotic ﬂuidic networks is based on the fact that these systems tend to
use an accumulator and a valving system to centrally distribute
ﬂuid to multiple actuators, instead of dedicating a single pump to
each actuator. Despite these limitations, however, highly optimized actuators and ﬂuidic systems, such as the positive displacement cyclic actuator developed by Katzschmann et al. for
a robotic ﬁsh tail, are able to utilize the hydraulic ﬂuid in a fully
closed system, without the need for an accumulator, thereby

reducing weight and eliminating the need for other bulky ﬂuidic
components.[16]
Inspired by these previous integrated actuator-based systems,
we set out to create a highly modular and more energy-efﬁcient
alternative. The key design elements of our fully integrated soft
robotic appendage (Figure 1) are described in detail as follows. To
eliminate the need for bulky barbed ﬁttings, we began by spatially
constraining the tubing within the pump housing, which
reduced the dead volume of ﬂuid in the tube to just 0.4% of
the total system volume by placing the pump head adjacent to
the actuator. We eliminated the need for an accumulator by utilizing the actuator’s elastomeric properties within a closed system. We eliminated all valves by using a bidirectional pump
that has no static backﬂow up to 100 kPa. We further eliminated
the need for differential pressure feedback for positional control
by using a stepper motor matched to a pump head designed for
precision dosing. Through the implementation of these novel
design elements into a fully integrated closed and easily

Figure 2. Performance quantiﬁcation of the peristaltic pump using biharmonic interpolation. Solid black dots refer to experimental data points, with a
surface plot ﬁt to show trends. A) Results of the peristaltic pump volumetric displacement per revolution at varying angular velocities. Qe is the effective
volumetric ﬂow rate of the peristaltic pump, p is the differential pressure of the pump, and n is the rotational velocity. B) A comparison of experimental
ﬂow rate with the pump technical speciﬁcations as provided by the manufacturer. C) Characterization of the stepper motor power, PSM . D) The stepper
driver’s power, PSD (note that the p and n axes are ﬂipped compared to the other plots to better show the surface). E) The controller’s power consumption,
PController . F) Overall system efﬁciency of the ﬂuidic engine. G) Measurement schematic showing how the electrical, mechanical, hydraulic, and ﬁnite
element modeling (FEM) measurements contribute to the overall efﬁciency.
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swappable system, we have achieved a level of design simplicity,
modularity, control, and fast response time not seen in traditional soft robotic prototypes.
1.2. Pumping, Storage, Control, and Feedback
Figure 1D displays a traditional minimalist closed hydraulic system to drive a bidirectional hydraulic actuator. A standard liquid
rotary diaphragm pump is used with a hydraulic accumulator for
the storage of pressurized ﬂuid (similar to that of an electrical
capacitor). A 5/3-closed center valve controls three states for each
side of the actuator: inﬂation, stasis, and deﬂation. Once the actuator begins to inﬂate, (unloaded) curvature control can be
achieved through reading the differential pressure gauge, which
is mapped to the curvature of the entire actuator. If positional
control is desired with a load, a strain sensor along the surface
of the actuator, or pressure/force sensors along the surface,
would be required to know where the external loads are being
applied.
In contrast, our design shown in Figure 1E focuses on the
unique abilities of a peristaltic pump. These types of pumps
entrap a ﬁxed amount of ﬂuid per revolution, and a stepper motor
allows precise volumetric control of the ﬂuid, even with openloop control. They are capable of reversing the ﬂow direction
simply by reversing the motor rotation, and naturally prevent
backﬂow when idled, with the rotors pinching the tube in one
or more positions. Peristaltic pumps can generate moderate

pressures (around 100 kPa), are self-priming, and as such, are
generally chosen for precise dispensing applications, rather than
for high ﬂow rates. As shown in Figure 1E, our highly simpliﬁed
hydraulic system is condensed to a single peristaltic pump
driving the left and right bellow cavities directly.

2. Results
As shown in Figure 2F, the maximum system efﬁciency was
2%, with the smallest bending radius and highest differential
pressure (R ¼ 32 mm at 86.2 kPa) obtained with a pump speed of
900 RPM. If we compare our results to those reported previously
by Padovani et al. for a similar system conﬁguration that incorporated a positive-displacement external gear micropump, our
design exhibits a four-fold improvement in efﬁciency at equivalent RPM and pressure (900 RPM and 90 kPa).[24]
Figure 2A details the effective ﬂow rate of the peristaltic pump,
Q e . Here we see the beneﬁts of a positive displacement pump,
where the volumetric displacement per revolution is fairly consistent over the full range of pressures. Although the experimental ﬂow measurements we obtained are within 15% of those
stated by the manufacturer, these minor deviations can likely
be attributed to minor differences in tube material, tube wear,
lubrication, pumping ﬂuid type, and operating temperature.
In Figure 2A–E we evaluate P SM , P SD , and P Controller . We
observe that the stepper motor’s baseline power consumption

Figure 3. Efﬁciencies as a function of radius (or pressure) throughout a motor sweep from 10 to 700 RPM. The vertical axis, ηð%Þ, is the efﬁciency of the
given system, with the left vertical axis for all subsystems, and the right vertical axis for the total system efﬁciency. The horizontal axis, n, is the rotational
velocity of the stepper-motor-driven peristaltic pump. Each plot shows the efﬁciencies of all the components at a given actuator radius, starting at
R ¼ 247 mm and ending at the minimum radius, R ¼ 32 mm. All six system efﬁciencies are listed in their respective colors, with the Duet 2 Wiﬁ
Controller, nController , stepper driver, nSD , stepper motor, nSM , peristaltic pump, nPumpP , bidirectional bellow, nBellow , and the total system efﬁciency nt .
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is 3.5 W at 10 RPM, and at full n, peaks at 7.5 W, as shown in
Figure 2C. As expected, the stepper driver power consumption,
P SD , is inversely proportional to the RPM between 0.5 and 1.5 W,
as shown in Figure 2D (note that the graph axis values are
reversed compared to the other ﬁgures). Finaly, P Controller
(Figure 2E) shows a relatively noisy plot but, in general, shows
no obvious trend and is roughly constant within the operational
ranges recommended by the manufacturer.
Six pressure and radius of curvature values are plotted in
Figure 3, showing changing curvature as the bellow actuates
from near rest (R ¼ 247 mm/0 kPa) to fully curved (32 mm/
86.2 kPa). For reference, Table 1 includes achievable numerical
ranges for each subsystem.
Figure 3 shows the key efﬁciency data at six notable bending
radii. These estimates clearly demonstrate that efﬁciency is mainly
limited by nSM and nPump , which are directly correlated to RPM
and differential pressure as described by Equations (S3.4) and
(S3.6), Supporting Information, respectively. nBellow is the third
limiting factor and is directly correlated to the energy expended
during the deformation of the bellow’s elastomeric material.
Because, to our knowledge, there is no existing information
regarding whole system efﬁciency for soft robotic appendages (from
electrical input power to mechanical output power), we can take a
compartmentalized approach for comparing the performance metrics of our system to similar bellow actuators described previously.[19]
Figure 4 compares Marchese et al.’s bellow design to our own, both
Table 1. Efﬁciency ranges of all subsystems.
Efﬁciency range
Min

Max

ηController

0.810

0.981

ηSD

0.706

0.957

ηSM

≤0.001

0.312

ηPump

0.013

0.252

ηBellow

0.287

0.595

250

200

150

100

50

0

0

0.5

1

1.5

Figure 4. Performance comparison between the actuator described in this
study and a similar design reported previously by Marchese et al.[19]
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Table 2. Pleated actuator comparison.
Integrated pleated
bellow

Pleated bellow (Marchese
2015)

Actuator length [mm]

125.0

107.5

Actuator width [mm]

38.7a)

44.4

Actuator thick. [mm]

25.0

25.4

No. of channels per side

12

10

Single channel length [mm]

10.0

12.9

Single channel width [mm]

14.2a)

12.3

a)

Single channel thick. [mm]

3.1

2.8

Cavity volume per side [mL]

19.2b)

5.12

a)
Average value based on drafted geometry;
tubing.

b)

Does not include volume in peristaltic

of which exhibit similar dimensions and operating pressures, as
shown in Table 2. As seen from these comparative studies, our bellow is capable of nearly double the bending angle, for only half the
required pumping energy, results which may be related to minor
design element differences, including bellow angle, wall thickness,
and width of the central axis, between the two systems.

3. Conclusion
In this study, we have designed a modular soft robotic appendage
that integrates a bidirectional PneuNet actuator and a peristaltic
pump into a high-efﬁciency and quickly swappable fully selfcontained unit. This simpliﬁed design eliminates the need for
regulators, valves, sensors, and the majority of tubing seen in
traditional soft robots, while simultaneously achieving a compact, tunable closed ﬂuidic system with a sub-4 s bending time
from 0 to 135 (at 900 RPM). Our characterization and comparisons to other soft robotic prototypes utilizing positive displacement pumps demonstrate that our design requires only 1/15th
the required energy to achieve a speciﬁc actuator bending angle,
and exhibits an overall fourfold increase in power efﬁciency.
Although the goal of this study was focused on the development of a highly efﬁcient soft robotic appendage using inexpensive off-the-shelf components, future iterations could also use
custom-manufactured elements for achieving increased efﬁciency for task-speciﬁc applications. These improvements in efﬁciency and actuation speed would mainly come from increasing
the peristaltic pump’s volumetric ﬂow rate. As shown in
Figure 2F, the higher the RPM of the motor (which translates
to a higher volumetric ﬂow rate), the higher is the efﬁciency
of the overall system, which could be achieved through a number
of methods, including 1) increasing the inner diameter of the
tubing, thereby increasing the volumetric displacement per revolution of the peristaltic pump rollers. This modiﬁcation would,
however, reduce the positional accuracy of the peristaltic pump,
which currently has a very precise resolution of 21.3 μL (does not
include volume in peristaltic tubing), for an overall actuator volume of 26 mL. 2) Increasing the diameter of the three-peristalticroller assembly (and tube contact arc), which will, in turn, increase
the ﬂuidic volumetric ﬂow rate. This modiﬁcation would, however,
© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH
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reduce the positional accuracy of the system, and also limit the
maximum motor speed, up to either a motor torque or ﬂuid cavitation limit. 3) Increasing the motor speed, which would require a
different stepper motor, or replacement of the stepper motor with
a DC motor and encoder. This modiﬁcation could also entail adding a gear box to the stepper motor to increase the RPM, while
reducing torque, which could directly increase the volumetric ﬂow
rate of the ﬂuid, up to either its torque or ﬂuid cavitation limit.
Because of its highly modular and self-contained architecture,
we envision that our integrated soft appendage could be used for
the rapid development of application-speciﬁc soft robots
designed to navigate a wide range of different terrains.
Since the self-contained ﬂuidic engine directly translates electrical signals into bellow movement through a closed ﬂuidic system, retroﬁtting existing robotic arms would not require
additional plumbing or the installation of additional pneumatic
or hydraulic hardware.
Further reﬁnements to our design to favor speciﬁc performance
metrics, such as applied load or minimum bending radius of curvature, could provide the basis for a set of performance-optimized
and geometrically standardized components for a soft robotic toolkit, where fully interchangeable elements could be tiled together
and quickly exchanged to explore task-speciﬁc gaits or manipulator
conﬁgurations.
As such, this ﬂuidic engine could be used in the development of
multiﬁnger grippers with interchangeable units for shape-speciﬁc
grasping, or in the prototyping of new robotic platforms such
as the example shown in Figure 5, where ﬁve of these appendages
are arranged in a radially symmetrical echinoderm-inspired
architecture.

Figure 5. Conceptual photographs of an echinoderm-inspired architecture
that integrates our bidirectional actuators in an agile pentaradial conﬁguration. Potential robot gaits: A) clockwise, B) counterclockwise rotation,
and C) a sequential rowing-like gait to achieve forward movement.
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As demonstrated by these examples, the fully integrated soft
appendage described here thus offers several unique opportunities for the creation of more energy-efﬁcient multiﬁnger and
multilegged robotic prototypes that exhibit intrinsic robustness
and high modularity, and helps lay the groundwork for the
design and development of customized task- and environment-speciﬁc soft actuators and fully adaptable, customizable,
and versatile robotic research platforms for a wide range of
emerging applications.

4. Experimental Section
Bidirectional PneuNet Actuator Integration: Although traditional soft,
pleated, PneuNet actuators are designed to have maximum curvature
in one direction, which is induced by a positive pressure differential, limited bending can also be achieved in the opposite direction by applying a
vacuum. This reverse bending is highly limited by the angle of the bellow
segments (as shown in Figure 1), where a bellow angle close to zero
corresponds to minimal bending. As the bellow angle increases, the
amount of reverse bending also increases, which can be effectively leveraged when designing a bidirectional actuator, consisting of back-toback PneuNet bellows, which were used in this study. As shown in
Figure 1E, one of the major advantages of using a peristaltic pump
for controlling the bending of a bidirectional PneuNet actuator is that
during pumping, the convex actuator is inﬂated, while the concave actuator is simultaneously evacuated, both at constant rates, signiﬁcantly
reducing bending resistance, increasing efﬁciency, and minimizing
achievable bending radius.
Design: The actuator was designed to integrate directly into the removable cap of a peristaltic pump. The two main factors for pump selection
included a pumping rate that could achieve the desired bending rate of the
actuator and the maximum achievable pressure differential. In addition,
there were other peristaltic pump-speciﬁc design features that needed
to be explored that could directly inﬂuence system performance. For example, although fewer tube rollers in a peristaltic pump would increase the
volumetric ﬂow rate, this modiﬁcation would reduce the resolution of the
volumetric ﬂow control. To thus explore these trade-offs in an applicationspeciﬁc context, the ability to swap out rotors with different roller quantities was a key consideration. To meet the aforestated performance
metrics, a Boxer 9QQ pump (Boxer GmbH, Ottobeuren, Germany) was
selected due to its robust and removable cap system, U-shaped tube routing design, a conﬁgurable number of rollers (3/4/6 rollers corresponding
to 400/340/230 μL per revolution), and motor selection options (AC versus DC, and traditional versus stepper). After extensive evaluation of these
different pump options, a high ﬂow rate, three roller, stepper motor version was chosen for the ﬁnal design (Boxer 9600.930).
A common challenge with the fabrication of ﬂuidic elastic actuators and
soft robots is the robust connection of the soft and rigid components. In
the example discussed here, a method was needed by which a robust connection could be created between the soft ﬂuidic elastic actuators and the
rigid cap of the Boxer 9QQ peristaltic pump. To increase the available surface area for bonding and to distribute potential interfacial stresses
between the modulus-mismatched components, a modiﬁed cap (shown
in Figure 1 and 6), was designed with a 14.0 mm  38.5 mm  22.5 mm
porous region along the connecting edge, consisting of 2.0 mm diameter
holes spaced 4.0 mm on center, and arranged in a square grid pattern.
During the fabrication process, high-pressure injected silicone impregnated this region and formed a robust mechanical connection between
the two materials.
Typical PneuNet actuators frequently incorporate an inextensible ﬁber
or mesh to favor bending overextension during inﬂation. Although there
are many different materials that are likely suitable for such applications,
fabrics such as cheesecloth have ﬁbers that are challenging to restrain during molding, limiting fabrication reproducibility. To eliminate problems
encountered through the use of cloth ﬁbers, a thin metal mesh
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Figure 6. Major manufacturing steps of the integrated soft appendage. A) Overview of all parts used, including top and bottom molds, two soft cores,
four 2.0 mm diameter stainless steel rods to suspend the cores, a modiﬁed 3D-printed pump cap, and a segment of 5.0 mm OD  3.0 mm ID silicone
tubing. B) Plug feature of the soft core prior to insertion into the tubing (which had been inserted into the modiﬁed pump cap). C) Insertion of the wire
mesh down the actuator’s neutral axis. D) Injection molding the static mixing nozzle into the gate of the mold. E) An additional step is needed to seal the
actuator’s tip after the soft cores have been removed, from left to right: open cavity of the soft core after removal, cap mold with Luer lock ﬁttings to inject
a speciﬁc volume (0.75 mL) of elastomer into each cavity while hanging vertically, and the ﬁnal result when the cap is removed and the ﬂashing is
trimmed. Cross-sectional schematic (left) showing ﬁlled material in red, ﬁll ports in white, and the surrounding mold in gray. F) Insertion of 1/8 00 diameter
polypropylene plugs to seal the bellow under the cap. G) Filling the actuator with water was performed by inserting small needles between the plug and the
hole, with the green nozzle injecting water and the aqua nozzle allowing air to escape. Once all air escaped, the blue nozzle was removed and the bellow
was pressurized, and ﬁnally, the green nozzle was removed.

(RadioScreen, Less EMF Inc., Latham, NY, USA) was inserted down the
full length of the neutral axis, as shown in Figure 6C.
Another fabrication challenge was the comolding of the tube through
the peristaltic pump cap, and into the actuator. To resolve this issue, a
modiﬁed cap was created to hold a small length of tubing while slightly
pinching it near the cut ends to reduce the likelihood of pull-out during
pumping. A number of tube materials were evaluated for robust
adhesion to Smooth-Sil 945 (Smooth-on, Macungie, PA, USA), and
platinum-cured silicone tubing manufactured for Boxer Pumps (Boxer
9000.508) was eventually selected for its highest adhesion strength to
the elastomer.
To produce the integrated soft appendage in a single fabrication step, a
high-pressure liquid silicone injection molding process was used. To create the internal cavities within the actuator, removable soft cores[23] were
suspended inside the mold using 2 mm stainless steel rods, which protruded through the exterior mold on both sides. The two soft cores
(for the right and left internal bellows) also contained a ribbed plug-like
feature that was inserted into two ends of the tubing, which created seals
and prevented the liquid silicone from ingress. The outer mold was produced on a Connex500 3D printer (Stratasys, Eden Prairie, MN, USA)
using VeroClear (RGD810) material. The modiﬁed pump cap was produced on an HP Multijet Fusion printer from thermally sintered nylon
(HP Inc., Palo Alto, CA). The mold was designed with an injection gate
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directly on top of the embedded cap (due to the higher forces needed
to impregnate all of the cap’s porosity), and vent holes were located
throughout the mold where air was likely to be trapped.
Fabrication: Due to the structural complexity and small feature sizes of
the bellows, coupled with the required elastomer impregnation of the
modiﬁed peristaltic pump cap, and the integration of the tubing and wire
mesh, the entire appendage assembly was designed to be injection
molded. This approach allows for sufﬁciently high injection pressures
on the cartridge gun’s pistons (830 kPa/120 PSI) to ﬂow the elastomer
through the myriad of small openings and cavities.
As shown in Figure 6A, the white top and bottom molds, soft cores, and
rods were ﬁrst sprayed with Smooth-On Ease Release 200 to allow for ease
of removal. The soft cores were also manufactured through a similar injection molding process, but instead used True Skin 30 silicone (CHT
Germany GmbH, Tübingen, Germany), which has an elongation to break
that is three times that of the bellow’s elastomer, thus permitting ease of
removal after molding.
During fabrication, the tubing was ﬁrst inserted into the modiﬁed peristaltic pump cap, and a specially designed plug for the soft cores was then
inserted into the tubing openings to prevent silicone from entering
(Figure 6B). The soft core and cap assemblies were then inserted into
the bottom mold. The metal support rods were then inserted through
the mold and soft cores, and the locations of the soft cores were adjusted
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with tweezers until centering was achieved. The wire mesh was then
inserted down the neutral axis as shown in Figure 6C. Finally, the top mold
was added and M5 screws with embedded square nuts were used to clamp
the mold assembly together (Figure 6D).
The actuator mold assembly was then injected with Smooth-Sil 945, a
two-part silicone with a 1:1 mix ratio by weight, and a cured Shore hardness of 45 A. The two unmixed components were loaded into a Nordson
EFD 1500 mL cartridge (Nordson EFD, East Providence, RI, USA),
degassed, and the cartridge plungers were inserted. The cartridge was then
loaded into an Albion AT1500X air-powered cartridge gun (Albion
Engineering, Moorestown, New Jersey, USA) and a Nordson EFD
Series 480 Optimixer (#7 361 707) static mixing nozzle was attached.
The elastomer was then dispensed at 830 kPa (120 PSI) into the gate opening of the mold, as shown in Figure 6, until the material overﬂowed from
the mold vents and air bubbles were no longer observed (which took less
than 1 min to perform). The mold was then placed in an oven at 65  C for
30 min until fully cured. The rods and screws and the top and bottom
molds were then removed. Compressed air was blown between the soft
core and molded bellows to loosen the soft cores, which were then
removed with parallel jaw pliers, through the opening seen in the left
of Figure 6E.
To cap the tip of the molded bellow with additional elastomer, a small
cap mold was used, as shown in Figure 6. First, the distal opening of the
bellow, which was created following removal of the soft core, was cleaned
with isopropanol, and the bellow was placed into the cap mold. Two luer
lock ﬁttings (for the left and right bellow openings) were screwed into the
cap mold, and a syringe ﬁlled with mixed Smooth-Sil 945 was inserted into
the ﬁttings, while the bellow was oriented vertically, with the mold side
facing down. A precise volume (0.75 mL) of silicone (calculated in CAD
to completely seal the bellow tips) was then injected into each side of
the bellows and capped. The bellow and its associated cap mold was then
placed, still hanging in a vertical orientation, into a 65  C oven for 30 min
until fully cured. The cap mold was then removed and the remaining ﬂashing was trimmed, as shown on the right in Figure 6.
Finally, the bellow was ﬁlled with water, primarily chosen due to convenience and compatibility for underwater use, but other liquids such as
glycerol or vegetable oil could provide different ﬂuidic properties, but
which at this point have not been explored. Bellow ﬁlling started by inserting 1/8" plastic plugs into the rod holes located under the pump cap
(Figure 6F). Two nozzles were next inserted between the top left and
top right plugs and holes, and a syringe was used to inject water, while
the opposite nozzle allowed air to escape (Figure 6G). Once all of the air
had escaped and only water was ﬂowing from the venting nozzle, the venting nozzle was removed. With the plug remaining in place, the syringe was
used to further inﬂate the bellow with an additional 26 mL of water, and
when full, the ﬁll nozzle was removed.
FEM Characterization: Due to challenges associated with the
development of analytical models for accurately simulating the behavior
of structurally complex soft actuators[30–32] such as the bidirectional design
described here, ﬁnite element (FE) analysis was instead used to explore the
energetic efﬁciency of the system.
The performance of the bidirectional PneuNet actuator, excluding the
pumping system, was investigated using the FE method with the commercial software ABAQUS (Dassault Systèmes). The CAD geometry was
imported as a solid and meshed using tetrahedral elements (element type
C3D4H), while the thin metal (strain-limiting) mesh was modeled using
shell elements (element type S3). The mechanical response of Smooth-Sil
945 Silicone Rubber was captured using an incompressible neo-Hookean
material (with an initial shear modulus of 0.32 MPa), whereas the metal
mesh was modeled as a linear elastic material with Young’s modulus of
2.5 GPa and Poisson’s ratio of 0.33. Both chambers of the actuator were
converted to ﬂuidic cavities, such that volume control could be imposed as
a loading during a dynamic implicit simulation. The loading was applied in
two steps. First, both cavities were inﬂated with a total volume of 26 mL, in
accordance with the preloading described in the manufacturing process in
Section 3.2. In a second step, volume was moved from the right ﬂuidic
chamber to the left ﬂuidic chamber to instigate bending deformation.
During loading, the pressure was tracked in each chamber while the
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bending performance was assessed by tracking four equidistant points
along the actuator’s neutral axis, and a least-squares circle was ﬁtted to
estimate the bending radius during loading.
In Figure 7A the numerical (orange line) and experimental (green
line) characteristics of the actuator are compared by plotting the pressure difference between both ﬂuidic chambers as a function of the
bending radius. From this analysis it can be concluded that there is
a good agreement between experimental and numerical results. As such,
the FE analysis can be used as a tool to gain a deeper understanding into the
workings of this actuator. In Figure 6C the pressure–volume relation of both
the left and right ﬂuidic cavities (note that the unloaded condition for both
cavities is indicated by a grey dotted line) is reported. During the preloading
step, the input volume is evenly distributed over the two cavities, resulting in
an equal increase in pressure and no bending deformation. In contrast, during the second step, the ﬂuid that is moved from the right chamber to the left
leads to a separation of PV curves, where the decrease in pressure in the right
chamber is far greater than the increase in pressure of the left chamber.
The pressure-volume curves in Figure 6C can be used to determine the
energy required to induce actuator bending. The energy needed to bring a
ﬂuidic cavity from V 1 to V 2 can be calculated as follows
Z V
2
ΔE ¼
pdV
(1)
V1

which equals the area under the pressure–volume curve of the right and/or
left chamber, which is shown in Figure 7D as a function of the input volume of the left chamber. The total energy that needs to be applied to
induce actuator bending can be derived by summing up both contributions, where the energy balance was set to zero after preloading the structure (Figure 7 E). From these results, it can be concluded that it takes
0.426 J to bend the actuator to a radius of 31.6 mm, which corresponds
to the bending deformation shown in the inset of Figure 7A.
Efﬁciency: Soft robot efﬁciencies are generally poor, ranging from 10%
for jumping, 0.1% for swimming, and less than 0.001% for earthworm-like
movements.[33–37] Dramatically improving these efﬁciencies is of critical
importance for increasing the functional lifespans of untethered soft
robots, and the results reported here make signiﬁcant advances toward
achieving this goal.
The efﬁciency of the total system was characterized from the DC electrical input power to the power required to bend the actuator at a given
speed, and to a given radius (or equivalent differential pressure as mapped
in Figure 7). Figure 2G shows the methods and measurement points of the
system. The efﬁciency of the total system, ηt , is the product of the efﬁciency
of the controller (ηController ), stepper driver (ηSD ), stepper motor (ηSM ), peristaltic pump’s mechanical–hydraulic efﬁciency (ηPump ), and hydraulic to
bending efﬁciency of the bellow (ηBending ).
Efﬁciency Equations: The controller’s efﬁciency can be estimated as
ηController ¼

PSD
iSD ⋅ V SD
¼
PController iController ⋅ V Controller

(2)

where iSD , V SD , iController , and V Controller are the stepper driver’s measured
current and voltage, and the controller’s measured current and voltage.
The stepper driver’s efﬁciency can be calculated at a given RPM as
ηSD ¼

PSM iSM ⋅ V SM
¼
PSD
iSD ⋅ V SD

(3)

where iSM , V SM , iSD , and V SD are the instantaneous electrical values of the
stepper motor’s current and voltage, and the stepper driver’s current and
voltage, over a full step cycle. The efﬁciency of the stepper motor can be
calculated as
ηSM ¼

PPump
Te ⋅ n
¼
iSM ⋅ V SM
PSM

(4)

where PPump is the effective torque (T e ) times the angular velocity (n), and
PSM is the instantaneous current (iSM ) times the instantaneous voltage
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Figure 7. Experimental tests and simulations of actuator performance. Actuator images are outlines from FEM simulations at the given point. A) Radius
versus differential pressure of the bellow, where the pink shadow of the experimental data averages (red line) represents the þ/– one standard deviation,
with ﬁve samples at each of the ten motor speeds (10, 100, 200, 300, 400, 500, 600, 700, 800, and 900 RPM). B) Single-cycle actuation pressures and
timing for motor speeds at 100, 500, and 900 RPM. The plots represent the actuator starting from an unbent position, with a beginning cycle of bending
clockwise (as seen with markers 3, 2, and 1), returning to the unbent position, followed by a cycle bending counterclockwise and returning. C) FEM
pressure versus volume for the left and right channels showing inﬂated, preloaded, and minimum bending radii. D) Total required pumping energy versus
input volume for the left and right channels, as observed relative to the left chamber volume. E) Total energy versus input volume for the left chamber.

(V SM ) over a full step cycle. The peristaltic pump’s volumetric efﬁciency
can be deﬁned as

ηbending ¼

Q
Q
ηv ¼ e ¼ e
Qth D ⋅ n

(5)

which addresses the ﬂow losses of the pump’s theoretical ﬂow rate (Qth )
to the effective ﬂow rate (Qe ), where D is the pump’s displacement and n
is the shaft’s angular velocity. The peristaltic pump’s mechanical–hydraulic
efﬁciency (ηPump ) can be deﬁned as
ηPump ¼

PHyd
Q ⋅ Δp
¼ e
¼ ηv ⋅ ηmh
Te ⋅ n
PPump

(6)

which is a function of the hydraulic power divided by the pump’s
mechanical power.
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PBending
PHyd

(7)

where PBending is computed from the energy in the FE analysis to bend the
actuator to a speciﬁed radius over a given time, and mapped to the RPM of
the stepper motor. The total system efﬁciency can be thus calculated as
ηt ¼ ηController ⋅ ηSD ⋅ ηSM ⋅ ηPump ⋅ ηBellow

(8)

Experimental Setup: To understand the global efﬁciency of the system,
the efﬁciencies of each of the individual components were analyzed. The
controller used to drive the stepper motor and execute motion commands
was a Duet 2 Wiﬁ (Duet 3D, UK), which uses high-efﬁciency TMC2660 stepper drivers (Trinamic, Hamburg, Germany), which were conﬁgured for full

© 2021 The Authors. Advanced Intelligent Systems published by Wiley-VCH GmbH

www.advintellsyst.com

www.advancedsciencenews.com
steps, with a maximum current of 1000 mA. Acceleration control was turned
off (resulting in the maximum possible acceleration), and a 24 V DC power
supply was used to supply power to all electronics through the Duet 2 WiFi.
PController , PSD , and PSM were measured with a Keysight DSOX3 oscilloscope (Santa Rosa, CA, USA), equipped with Tektronix A622 (Beaverton,
OR, USA) current and voltage probes. Adjacent subsystems were measured
simultaneously to ensure the chopper drive signal of the stepper driver and
stepper motor were synchronized. PPump was measured in situ between the
pump head and the stepper motor with a noncontact rotary torque sensor
and encoder (Futek Model #TRH605, Irvine, CA, USA), and recorded with a
National Instruments USB-6002 DAQ (Austin, TX, USA). PHyd was measured using analog pressure gauges and a graduated cylinder over a range
of pressures and RPMs. PBending was measured with a Vicon MX-GIGANET,
six T040 f ¼ 18 mm/F2 tracking cameras, and Vicon Tracker v3.7.0 software
(Vicon Motion Systems Ltd, UK) using ﬁve markers spaced evenly down the
neutral axis of the bellow. Differential pressure was measured using two
ProSense pressure transmitters (Model #SPT25-10-V30D, Oosterhout,
The Netherlands) inserted in the integrated peristaltic pump head, and
recorded with a USB-6002 DAQ synchronized with the Vicon system.
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