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Regulation systems for fluid-driven soft robots predominantly
consist of inflexible and bulky components. These rigid struc-
tures considerably limit the adaptability and mobility of these
robots. Soft valves in various forms for fluidic actuators have
been developed, primarily fluidically or electrically driven. How-
ever, fluidic soft valves require external pressure sources that limit
robot locomotion. State-of-the-art electrostatic valves are unable
to modulate pressure beyond 3.5 kPa with a sufficient flow rate
(>6 mL-min—"). In this work, we present an electrically pow-
ered soft valve for hydraulic actuators with mesoscale channels
based on a different class of ultrahigh-power density dynamic
dielectric elastomer actuators. The dynamic dielectric elastomer
actuators (DEAs) are actuated at 500 Hz or above. These DEAs
generate 300% higher blocked force compared with the dynamic
DEAs in previous works and their loaded power density reaches
290 W-kg—"' at operating conditions. The soft valves are devel-
oped with compact (7 mm tall) and lightweight (0.35 g) dynamic
DEAs, and they allow effective control of up to 51 kPa of pres-
sure and a 40 mL-min—" flow rate with a response time less than
0.1 s. The valves can also tune flow rates based on their driving
voltages. Using the DEA soft valves, we demonstrate control of
hydraulic actuators of different volumes and achieve independent
control of multiple actuators powered by a single pressure source.
This compact and lightweight DEA valve is capable of unprece-
dented electrical control of hydraulic actuators, showing the
potential for future onboard motion control of soft fluid-driven
robots.
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S oft robots have been developed for an extensive variety of
applications, including soft grippers (1-3), rehabilitative and
assistive devices (4-8), and artificial muscles (9-12). Fluid-driven
soft robots exhibit desirable properties for human-machine
interactions (13, 14), delicate object manipulation (15-17), and
operation in extreme environments (18, 19). Among these, soft
actuators driven by pressurized liquids have shown robustness
and high performance in versatile working environments (17, 20—
23). Thus far, conventional rigid valves are the most prominent
approach to control soft hydraulic robots (17, 19). These rigid
systems contain major components made of inflexible materi-
als, inducing potential risks of damaging delicate objects in their
working environments. Furthermore, rigid valves are typically
bulky and heavy (>100 g) relative to the soft actuators they con-
trol, significantly hindering the locomotion of soft robots. With
these concerns, soft and lightweight valves are necessary to con-
trol soft hydraulic actuators and to achieve the future vision of
onboard control of soft robots.

Many of the hydraulic actuators that have been developed
in previous research have hundreds of microliters to tens of
milliliters internal volume with mesoscale (0.1 to 1 mm) soft
channels to deliver the working fluid (17, 24-26). To regulate
these actuators, a soft valve should be able to control flows in
mesoscale channels, regulate a pressure of at least 20 kPa, and
provide a flow rate no lower than 6 mL-min~*. Furthermore,
hydraulic actuators with mesoscale channels could have an actu-
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ation time constant as low as 2 s (17, 25). A soft valve should have
a response time shorter than the actuation time constant of the
hydraulic actuators to achieve precise motion controls.

Numerous soft valves for microfluidic devices have been pro-
posed, including the use of electrostatic forces (27-29), pressur-
ized flow (30-33), and thermal energy (34-36). These valves have
successfully demonstrated the control of flows in microchannels,
but they cannot handle the flow rates required by many of the
existing soft actuators (i.e., due to their fluidic impedance that
is a consequence of their scale). Electrostatic microvalves uti-
lize pressurized fluid as a dielectric material sandwiched between
two soft electrode membranes. They require low operating volt-
ages (<600 V) and have extremely short response times (in the
range of milliseconds). Quake valves are fluidic valves consist-
ing of multilayer structures with a flow channel and a control
channel. Variants of Quake valves can provide control pressures
higher than 100 kPa at 75 Hz or higher, but require external
valves and regulated pressure sources to actuate the control
channels (32, 37). Phase-change valves exploit phase transfor-
mations of thermal-responsive materials, blocking flows up to
276 kPa without any leakage (34, 35). While all these types
of microfluidic valves have achieved notably high pressure con-
trol, they can regulate flow rates only in the range of nanoliters
per minute (27). This shortcoming makes microvalves unsuit-
able for fluidic soft actuators with microliter to milliliter internal
volumes.

Large-scale fluidic valves have been developed to increase
the flow channel dimension while withstanding high pressures
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(25, 38, 39). However, these valves typically require heavy exter-
nal pressure control hardware, limiting applicability to mobile
robots. Electrically powered hydraulic valves are possible solu-
tions to avoid immobile pressure sources. A powerful electroac-
tive fluid valve built by Zatopa et al. (26) can regulate up to 264
kPa, but this valve is limited to electroactive fluids and cannot be
applied to other actuators where water or other fluids serve as the
working fluid (17, 40, 41). Quasistatic dielectric elastomer actu-
ators (DEAs) are another option for electrical hydraulic valves.
While a quasistatic DEA valve is applicable to a variety of pres-
surized fluids, state-of-the-art DEA valves have been unable to
regulate a hydraulic actuator, owing to their limited controllable
pressure (<3.5 kPa) and low bandwidths (<0.1 Hz) (42, 43).
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In this work, we introduce an electrically powered dynamic
DEA valve for hydraulic soft actuators (Fig. 14). The dynamic
DEA soft valve is able to regulate a hydraulic pressure up
to 51kPa and a maximum flow rate of 40 mL- min ~!, with a
response time less than 0.1 s. Furthermore, the proposed DEA
valve can function as a proportional valve, tuning the hydraulic
flow rate by varying its driving voltage. To achieve the desired
performance with the proposed DEA valve, we first develop
an ultrahigh-power density DEA that is lightweight (<350 mg),
compact (7 mm active height), scalable, and highly robust to hun-
dreds of thousands of working cycles. Second, we incorporate
the DEA architecture with a soft channel, resulting in a 5.6-g
soft valve for fluidic control. Our soft valve significantly outper-
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Fig. 1. Demonstration, design, and fabrication of soft dynamic DEA valves. (A) Demonstration of driving a fluidic soft actuator made of Ecoflex 0050 silicone

with a dynamic DEA valve. The hydraulic pump is turned on at t = 0s with the valve open. At t =4.5s, the valve is closed by operating the DEA at 1,800 V
and 575 Hz. The valve remains closed for 2 s, which halts actuator inflation. The valve is open at t = 6.5s and the actuator continues to bend until t =10.0s
when the pump is turned off. (B) Images of dual-DEA and triple-DEA valves. Each valve consists a dual- or a triple-DEA architecture, a soft channel, and a
mechanical frame. (C) Schematic of the fabrication process of a parallel DEA architecture valve. The process involves the fabrication of a DEA and a soft
channel and the integration of the two components with a mechanical frame.
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forms conventional off-the-shelf rigid valves for soft fluid-driven
actuators in many aspects. Table 1 compares the mass, power
consumption, specific pressure, and specific flow rate of our
DEA valve with those of a common mechanical valve (Swagelok
KHR Series) and three miniature proportional solenoid valves
(Enfield PFV Series, Kelly Pneumatics, and iQ Coral Series).
Given these properties, our DEA valve is able to regulate
hydraulic actuators with a variety of internal volumes as well
as individual motion control for multiple actuators, representing
advances for the electrical control of fluidic soft actuators.

Results

Operating Mechanism and Valve Design. Our DEA soft valve is
composed of three major components: a soft channel, a DEA,
and a mechanical frame (Fig. 1B). The soft channel is mounted
to the bottom plate of the frame. The mechanical frame can
be made of either rigid materials or soft elastomers and three-
dimensional (3D) printed resins to provide reaction forces to
counter the DEAs. In this paper, we demonstrate a valve with
a simple frame composed of acrylic plates and metal pins. The
DEA is designed as a multilayered cylindrical structure, with one
end of the cylinder attached to the top plate of the mechanical
frame and the other end free to deform the soft channel via
an indenter. When the valve is at rest, the DEA and the soft
channel are in contact and remain static. At this position, the
valve is open, allowing free flow limited only by the geometry
of the channel and the working fluid properties. When a sinu-
soidal voltage signal is applied to the DEA, an axial driving force
is created due to the Maxwell stress generated between the soft
electrodes. The magnitude of the Maxwell stress is proportional
to the magnitude of the applied voltage squared: Pocec(%)Q,
where €. is the dielectric constant of the elastomer, V is the
voltage across the electrodes, and d is the elastomer thickness
between two electrode layers. Under the driving force, the cylin-
drical DEA oscillates along its axial direction, fully or partially
closing the valve, depending on the magnitude of the applied
voltage.

For the valve to achieve the target pressure (>20 kPa), flow
rate (>6 mL-min~'), and response time (<0.1 s), the actua-
tor must have a high energy density (>1 J-kg™') and a high
actuation bandwidth (>10 Hz). We construct the DEA using
a low viscoelasticity high dielectric strength silicone material,
Elastosil P7670 (Wacker Chemical Corporation). This mate-
rial causes the DEA to be underdamped, with a sharp free
displacement resonant peak approximately six times larger
than its static displacement. The channel material, on the
other hand, is selected to be a dissipative acrylic elastomer,
CN9021 (Startomer Company) (44), to avoid resonant behav-
ior of the channel. The viscoelasticity discrepancy between
the DEA silicone and the soft channel elastomer makes the
valve a frequency—force leveraging system, converting a high-
frequency, large displacement motion from DEAs into a high-
force, low-frequency, and small displacement motion of the
channel.

We develop a 2D dynamic mechanical model using con-
strained Lagrangian mechanics to understand and predict
the interactions between the DEAs and the soft channels

Table 1. Valve property comparison

(81 Appendix, Fig. S1). In this model, we consider the DEA and
the soft channel each to be a second-order linear time invari-
ant (LTT) system consisting of an elastic spring, a dashpot, and
a mass. We choose the channel to be 0.5 mm deep to ensure
a sufficient flow rate under target hydraulic pressure (20 kPa).
The pressure drop across the channel estimated with the Hagen—
Poseuille equation is negligible (<0.5 kPa). We design the DEAs
to be 7 mm tall based on the desired actuator stroke. From pre-
vious research, a 7-mm-tall dynamic rolled DEA can achieve a
free displacement larger than our channel depth (45, 46). With
our model, we simulate the channel displacement caused by
the DEAs and compare it with the 0.5-mm channel depth to
predict the valve behavior. From the model, a DEA roll made
from a 50-mm-long 210-pum-thick multilayer sheet is able to
generate a channel displacement of 0.4 mm (SI Appendix, Fig.
S2). We combine two or three such DEA rolls in parallel to
amplify the channel displacement to a minimum of 0.5 mm so
that the valve can be fully closed. We design the soft channel
cross-section to be an arc to minimize leakage when the valve
is closed (SI Appendix, Fig. S3) (47). A 0.4-mm-thick indenter
with the same arc-shaped profile as the channel is attached to
the free end of the DEA. The small area of the indenter magni-
fies the output pressure from the DEAs, significantly increasing
the controllable pressure range of the soft valve. The fabrica-
tion of the DEAs and valve assembly are depicted in Fig. 1C.
A detailed description of the fabrication process is provided in
SI Appendix.

High Power Density DEAs. To achieve high pressure and band-
width control of hydraulic flows, the DEAs must have sufficient
energy density and bandwidth. Many acrylic DEAs with high
energy density (>4 J-kg™') have been developed in previous
research (12, 48, 49), but these DEAs have limited bandwidth
(<10 Hz) due to the viscoelasticity of the acrylic elastomer.
For our DEA, we select a low-viscoelasticity and high dielectric
strength silicone, Elastosil P7670, as the dielectric material. As a
result, the DEAs can be driven at 500 Hz and above, reaching an
estimated energy density of 4.6 J-kg ™! by virtue of the mechan-
ical and electrical properties of the P7670 silicone. Elastosil
P7670 has a low loss factor [tan(d)] at 100 Hz of 0.095, approx-
imately half of that of the commonly used highly elastic silicone
Ecoflex 0030 (Smooth-On, Inc.). We characterize the frequency
response of a P7670-based DEA with a 200V sinusoidal voltage
input (Fig. 24). The DEA free displacement shows a sharp reso-
nant peak at 500 Hz with a quality factor Q of approximately 6.
This @ factor is three times larger than that of the DEA devel-
oped in previous research (45, 46), suggesting a much larger
resonant free displacement for our actuator. We operate the
DEA near resonance to achieve high energy density operation
when mounted in the soft valve. Furthermore, Elastosil P7670
has a high dielectric strength under alternating circuit (AC)
signals. While previous dynamic DEAs could undergo unrecov-
erable failures at ~45 V.m~! AC (45, 46), our P7670 DEA
could reach 66 V-m~! without excessive self-clearing. Since the
Maxwell stress is proportional to the square of applied voltage,
increasing the drive voltage by a factor of 1.5 should improve the
blocked force by a factor of 2.3, which further improves the DEA

Power Specific pressure, Specific flow rate,
Valves Mass, kg consumption, W kPa-kg~’ mL-min~".kg~!
Dynamic DEA valve 0.0056 1.1 9,107.1 7,142.8
Mechanical valve, Swagelok KHR Series  2.75 — 1,253.5 3,636.4
Solenoid valve 1, Enfield PFV Series 0.155 2.1 2,580.6 6,193.5
Solenoid valve 2, Kelly Pneumatics 0.068 1.8 10,132.3 7,352.9
Solenoid valve 3, iQ Coral Series 0.521 6.0 287.9 —

Xu et al.
A dynamic electrically driven soft valve for control of soft hydraulic actuators

PNAS | 3of9
https://doi.org/10.1073/pnas.2103198118

ENGINEERING


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103198118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103198118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103198118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103198118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2103198118/-/DCSupplemental
https://doi.org/10.1073/pnas.2103198118

Downloaded at MIT LIBRARIES on August 24, 2021

A0_14 T T T T B 0.4 T T T T C 18 ooy
— Elastosil P7670 1+1800V 16}
0.12} osf__——— ] 6| 1200V
= 1roov 1100V
= Z +1600v 2141 000y
S o041 @ 0.3p +1500V €,
g o /_,/ 1400v =12
Jo0.08} £0.25 1300V 5101
Py S _/—./ 1200V ¢
S 0.06} Q02 | 1100V 0.8
2" S +1000V ©
< o | | 0.
0.04} @00.15} 2
g | 1 D0.4 X
0.02f 0.1 0.2
0 L L 1 0.05 1 L 1 1 L 0 L L L 1 1 1 " 1
0 500 1000 1500 2000 2500 300 350 400 450 500 550 600 300 400 500 600 700
Frequency (Hz) Frequency (Hz) Frequency (Hz)
D 1.2 T T T T T E14 T T T T T T T F30 Pl:essurle
Triple-DEA Triple-DEA -
1.1 Dual-DEA 1 2| ~Dual-DEA | 29[~ Flow rate
10| — Single-DEA = ~-Single-DEA 28 -
1 £
< 09 Eqo} | 5% £
g 08 5 < 26 =
e €08 | 225 5.58s >
3 o7 g 2 24 g
2 < 9] .64
3 06 §O.6 Y &, 5.64s 3
m i
04 TN | 21
_’_./_.
0.3 L X . X i 0 7[ L L L L \ . 1 20 . \ \ . 0
300 350 400 450 500 550 600 300 350 400 450 500 550 600 650 700 o 2 4 6 8 10 12
Frequency (Hz) Frequency (Hz) Time (s)
G 35 — T T T H 55— — T T T I 25— :
Triple-DEA valve Triple-DEA valve — 1200V
= 3,0} ~ Dual-DEA valve 5 Dual-DEA valve ] — 1300V
‘€ | = Single-DEA valve E -+ Single-DEA valve 20
| = —
=45 <
s g E
© 2 40 15
g 5 P
= - 35 ]
o R = 10f
g 9 <]
8 @ 30 i
o s}
25
0 i M 1 20 1 1 1 1 0 N N "
0 10 20 30 40 1600 1650 1700 1750 1800 0 5 10 15 20

Blocked pressure (kPa)

Voltage (V)

Time (s)

Fig. 2. High power density DEAs and dynamic soft valves characterization. (A) Frequency response of an 8-mm-tall DEA made of Elastosil P7670 silicone
under 200 V excitation. (B) Blocked force of a single DEA as a function of frequency and driving voltage. (C) Free displacement of a single DEA as a function
of frequency and driving voltage. (D) Blocked force comparison of a single DEA, a dual DEA, and a triple DEA operated under 1,800 V excitation. The blocked
force of a triple DEA is ~2.6 times higher than that of a single DEA. (E) Free displacement comparison of single DEA, dual DEA, and triple DEA operated at
1,200 V. (F) Synchronized pressure and flow rate response of a dual-DEA valve operated at 1,600 V and 575 Hz for 2 s. The valve blocks the channel 0.06 s
after operation. (G) Blocked flow rates and blocked pressure of single-DEA, dual-DEA, and triple-DEA valves when operating at 1,600 V at resonance. We
define the channel to be closed when the flow rate is lower than 1 mL-min—" shown as a dashed line. (H) Blocked pressure, defined as the pressure when
the channel is closed, of single-DEA, dual-DEA, and triple-DEA valves as a function of driving voltage. (/) Tunable flow rate of a dual-DEA valve operated at
various voltages. A sudden reduction of the flow rate occurs as the DEA valve starts to operate, and the flow rates reach different levels based on the input

voltage magnitude.

functionality. Considering the stability and lifetime of the
actuator, we operate the DEA up to 1,800 V in this work.

The blocked force and free displacement of the DEAs are
characterized with a force sensor (Nano-17; Titanium) and a
vibrometer (PSV-500; Polytec), respectively. The blocked force
is independent of frequency up to the actuator resonance (Fig.
2B). This is because our DEA’s electrical time constant (0.06 ms)
is more than 10 times smaller than the driving period associated

40f9 | PNAS
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with the highest operating frequency (1.7 ms). The DEA has a
maximum blocked force of 0.37 N at 1,800 V and a resonant free
displacement peak of 1.68 mm (24% strain) at 1,300 V, 600 Hz
(Fig. 2B and C). Considering that an electrical-mechanical insta-
bility may appear in DEAs without prestretch after 26% strain
(50), we operate to a maximum of 1,300 V for free displace-
ment measurement. Our DEAs achieve a power density of 697
W-kg ™" at 1,300 V (the power density is defined to be -2, where
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F is the blocked force, § is the free displacement, and m is the
mass), which is improved by ~17% compared with the dynam-
ically driven DEAs developed in previous research (45, 46). To
explore the batch-to-batch variation of the DEAs, we fabricated
three actuators and measured their blocked force up to 1,800 V
and free displacements at 1,200 V (SI Appendix, Fig. S4). Due to
fabrication defects, a variation of up to 28% of the free displace-
ment and 5% of blocked force is observed between the three
actuators.

Based on our model (SI Appendix, Fig. S2), a DEA with an
active area of 7 x 90 mm is needed to generate a 0.5-mm chan-
nel displacement. Since a 7 x 50-mm DEA does not experience
excessive self-clearing at 1,800 V, and increasing the active area
is known to increase the likelihood of premature electrical fail-
ure (21, 51), we combine two or three such DEAs in parallel to
amplify the DEA force output (Movie S1).

We analyze the free displacement, loaded displacement,
blocked force, and loaded power density of a parallel DEA
architecture as a function of the number of DEAs included.
Without a load, a perfectly in-phase parallel DEA architecture
is expected to have an aggregated blocked force, mass, and stiff-
ness proportional to the number of DEAs, with the same free
displacement. Therefore, the power density of an unloaded par-
allel DEA architecture should be theoretically invariant to the
number of actuators. In practice, the power density decreases
as the number of DEAs increases due to mismatches between
the actuators caused by fabrication defects and the reduced res-
onant frequency caused by the inertia of the carbon fiber plate
and the conductive adhesive used to combine the DEAs (SI
Appendix, Fig. S4). Although experimentally the parallel arrange-
ment reduces the free displacement and the average blocked
force of each DEA (by ~15%; Fig. 2 D and E), they are still
able to achieve sufficient displacement to close the channel in
our design.

In contrast, when a parallel DEA architecture is integrated
into a valve, the loaded power density grows with the number
of DEAs (SI Appendix, Fig. S2). Increasing the number of actu-
ators increases the effective output impedance to better match
that of the load, resulting in an increase in the loaded displace-
ment. Since the blocked force, stiffness, and mass of a loaded
parallel DEA architecture are proportional to the number of
DEA:s, the loaded power density grows as the number of DEAs
increases (SI Appendix, Fig. S2). Assuming the effects of adding
DEAs dominate, the loaded power density growth would eventu-
ally saturate when the loaded displacement approaches the free
displacement. The experimentally measured power density of a
loaded triple DEA driven with 1,800 V is ~290 W-kg™*, 18%
higher than a loaded single DEA driven under the same condi-
tion. Detailed characterization results of dual and triple DEAs
(SI Appendix, Fig. S4) and their power density calculations are
shown in SI Appendix.

High-Bandwidth DEA Valve for Regulating Hydraulic Flow. Taking
advantage of the high power density DEA configuration, our
dynamic valve can regulate greater than 10 times the pres-
sure with a response time 50 times less than that of the
DEA-based hydraulic valve in a previous research (42). The
dynamic DEAs in our valve are designed with a high band-
width (>500 Hz) to exploit resonance to increase their power
density. We purposefully design the soft channel with a dissi-
pative material such that the valve resembles the behavior of a
regular quasistatic valve, despite the high-frequency input from
the DEAs.

We characterize the DEA valve performance with a pressure
sensor and a flow rate meter (SI Appendix, Fig. S5). When a
DEA is integrated with a soft channel, the resonant displace-
ment shown in Fig. 24 is reduced due to the channel impedance.
To explore the frequency response of the DEAs under loaded
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conditions, we measure the flow rate variation in the channel at
different driving frequencies. Lower DEA loaded displacement
leads to less effective flow rate modulation. Based on the flow
rate response to frequencies, we choose to operate the single-,
dual-, and triple-DEA valves at 575, 575, and 525 Hz, respectively
(81 Appendix, Fig. S6).

We define the valve to be closed when the flow rate is less than
1 mL-min~'—at this rate flow can be barely observed. We sim-
ilarly define the corresponding pressure to be the valve blocked
pressure. As shown in Fig. 2F, a dual-DEA valve can be closed
when driven at 1,600 V, reducing the flow rate from 20 mL-min—!
to 0.1 mL-min~! within 0.06 s. The valve stays closed with a flow
rate lower than 0.4 mL-min~" until it is released after 2 s. Dur-
ing operation, the valve reaches a blocked pressure of 28.5 kPa.
The blocked pressure could be improved by increasing the driv-
ing voltage and the number of DEAs in the parallel architecture
(Fig. 2 G and H). A triple-DEA valve operated at 1,800 V can
achieve a blocked pressure of 51 kPa with an open valve flow rate
of 40 mL-min~* (SI Appendix, Fig. S7). The discrepancy between
our experimental results and model predictions is less than 10%
(81 Appendix, Fig. S2).

Furthermore, the dynamic DEA valve is able to tune the flow
rate as a function of the input voltage magnitude. We demon-
strate flow rate control by adjusting a dual-DEA valve input
voltage from 1,200 to 1,600 V (Fig. 2I; SI Appendix, Fig. S8; and
Movie S2). At 1,200 V excitation, the flow rate is reduced by
~25% compared with the open valve flow. As the input voltage
is gradually increased to 1,300, 1,500, and 1,600 V, the flow rates
are ~60, 20, and 0% of the free flow, respectively. This voltage-
dependent flow rate makes the valve functionally equivalent to a
proportional valve. We leverage this capability in the following
section.

Our DEA valves convert electrical energy to mechanical
energy. The dynamic DEA valve requires higher current input
(20 mA) and consumes more power (1.1 W) than quasistatic
DEA valves and exhibits a lower efficiency (42, 43), but provides
a shorter response time (<0.1 s) and higher blocked pressure.
Compared with previous research on dynamic DEAs that have
less than 5.6% transduction efficiencies (46, 52), our triple-DEA
valve has an efficiency of 9% (SI Appendix, Fig. S9). A detailed
calculation of the power consumption and efficiency is provided
in ST Appendix.

Macroscale Soft Actuator Control. The DEA valve is capable of
controlling hydraulic actuators with a wide range of volumes and
actuation times. We fabricated a bellows-shaped actuator based
on prior designs using the silicone Ecoflex 0050 (Smooth-On,
Inc.) (15). Its actuation volume—the differential volume from
the rest position to the maximum deformation—is ~4 mL. We
connected the actuator to our DEA valve and a hydraulic pump
to build a complete hydraulic system (Fig. 34). This system has
an approximate actuation time of 20 s—the time required for the
actuator to reach maximum bending angle from the rest posi-
tion. The actuation time is determined by the pump operation
pressure, open-valve flow rate, the actuator stiffness, and the
actuation volume. We pressurized the actuator with the pump
from a neutral vertical position 0° to a 45° bending angle and
released it to the original position. The working fluid flowed
back to the pump under ambient pressure and gravity when the
pump was turned off. This sequence was repeated three times
and was controlled with the DEA valve at rest, operated at 1,800
and 1,400 V for each cycle (Fig. 3 A-C and Movie S3). In the
second and third cycles, the hydraulic actuator has an initial
position of 6.0° and 2.3°, respectively, due to incomplete defla-
tion from the previous motion cycle. This variation causes a 2.4°
bending angle difference among these cycles when the DEA
valve starts to operate. However, the bending angle does not
affect the control of the actuator in our demonstration, and it is
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Fig. 3. Demonstrations of the DEA valves controlling macroscale hydraulic soft actuators. (A) Bending motion of a hydraulic actuator when a dual-DEA
valve is at rest. (B) Bending motion of a hydraulic actuator when controlled by a dual-DEA valve at 1,800 V and 575 Hz. The valve is turned on at t =39.5 s
and turned off at t = 43.5 s. (C) Decelerated bending of a hydraulic actuator controlled by a dual-DEA valve at 1,400 V and 575 Hz. The valve is turned on
at t = 80 s and turned off at t = 84 s. (D) DEA valve pressure response under the three operation conditions in A-C. The highlighted green, red, and purple
areas correspond to the pressure change during the valve operation periods in A, B, and C, respectively. (E) DEA valve flow rate response under the three
operation conditions in A-C. The highlighted green, red, and purple areas correspond to the flow rate change during the valve operation periods in A, B,
and C, respectively. (F) Hydraulic actuator bending angle during the three operation cycles in A-C. The highlighted green, red, and purple areas correspond
to the bending angle during the valve operation periods in A, B, and C, respectively. (G) Bending motions of three hydraulic actuators with a common input
controlled by multiple DEA valves operated in parallel. (H) Bending angles of hydraulic actuators 1, 2, and 3, each controlled by a DEA valve. The highlighted
green and red areas correspond to the bending angles during the first (6 to 10 s) and second (18.5 to 23 s) control periods in G, respectively.
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possible to compensate for these offsets using feedback control
(e.g., embedded soft or external motion sensors). Fig. 3 D-F
shows the actuator’s pressure, flow rate, and bending angle for
the three cycles. The highlighted green, red, and blue areas rep-
resent the valve’s operating period within each bending cycle. In
the first cycle, the DEA valve was at rest. The actuator’s bend-
ing angle increased from 15.9° to 25.9° at a speed of 2.5°-s*
(Fig. 3F, green area). This motion was substantially slowed down
to 0.975°-s™" in the third cycle when the valve was driven at
1,400 V (Fig. 3F, purple area). During deceleration, the flow
rate was decreased by 8 mL-min~', accompanied by a 1.6-kPa
increase in pressure (Fig. 3 D and E, purple areas). In the sec-
ond cycle, the valve was operated at 1,800 V. It successfully
stopped the actuator’s motion by limiting the flow rate under
1 mL-min~". The actuator was controlled to stop with a negligi-
ble speed of 0.125°-s~" (Fig. 3F, red area). The pressure increase
during the second cycle was ~4.5 kPa, about three times larger
than that during the deceleration period in the third cycle (Fig.
3D, red area). To test the repeatability of the hydraulic system,
we performed cyclic controlled stop experiments and drove the
dual-DEA valve for 2 s each time. The controlled stop motion
was able to repeat for 35 cycles. After that, the flow rate with
the valve closed rose above 1 mL-min~" (the defined blocked
flow rate), and the actuator bending motion could no longer
be fully stopped. This is primarily caused by wearing of the
channel elastomer under high-frequency forces. We observed
damage at the channel edge, which we believe caused the leak
of the working fluid. To improve the lifetime of the system, more
robust channel materials with similar mechanical properties (vis-
coelasticity, Young’s modulus) to those of the CN9021 elastomer
could be used. In addition, misalignment occurred between the
DEA pinch tip and the channel due to high-frequency oscil-
lation. We realigned the channel after 25 cycles to maintain
the blocked flow rate below 1 mL-min~*. The flow rate and
the hydraulic actuator bending angle are shown in SI Appendix,
Fig. S10.

Furthermore, the valve’s rigid mechanical frame could
be replaced with soft materials, which will enable a more
homogeneous integration with soft systems. To demonstrate
this, we fabricated a dual-DEA valve with a soft mechani-
cal frame (5:1 Sylgard 184 top and bottom plates and 3D-
printed rods) and integrated this with the DEA valve actua-
tors. The soft-frame dual-DEA valve performed equally well
to the rigid valve, with a blocked pressure of 49.7 kPa
driven at 1,800 V at resonance (48.4 kPa for a rigid-frame
dual-DEA valve at the same driving condition). Addition-
ally, the soft-frame DEA valve successfully demonstrated con-
trol of the macroscale hydraulic actuator motion when oper-
ated at 1,800 V at resonance (Movie S4). These stopped and
deceleration motions demonstrate effective voltage-dependent
control of a single macroscale hydraulic actuator with our
DEA valve.

Control of Multiple Soft Actuators. To demonstrate multiactuator
control with DEA valves, we operated three sets of actuator-
valve systems attached to the same hydraulic pressure source
(Fig. 3 G and H and Movie S5). We started with the pump at
rest and the valves open for all three actuators (labeled actuators
1, 2, and 3). After turning on the pump for 6.0 s, we operated
valves 2 and 3 at 1,800 V for 4 s. During this time, actuator 1
continued its bending motion while actuators 2 and 3 were held
still (green highlighted area in Fig. 3H). In the second control
period (red highlighted area in Fig. 3H), we closed valves 1 and
2 but left valve 3 open. During this cycle, actuator 2 was stopped
together with actuator 1 while actuator 3 continued with its bend-
ing motion. With several valves operated in parallel, we achieve
separate control of multiple actuators in a series of complex
bending sequences.

Xu et al.
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High-Bandwidth Small-Volume Soft Actuator Control. The actua-
tor volume is a dominating factor in determining the actuation
speed. In addition to testing a macroscale actuator, we also fab-
ricated a 100-mL volume actuator (53) with Ecoflex 0050. Similar
to the control of larger actuators, we connected the small actua-
tor to a dual-DEA valve and a pump. This hydraulic system has
a less than 2-s actuation time, ~10% that of the macroscale flu-
idic actuators. We initiated the operation with the actuator at
a neutral vertical position. A comparison of the actuator posi-
tions with and without DEA valve control is shown in Fig. 4 A
and B. The actuator bent at a speed of 75°-s™" with the DEA
valve at rest and took 1.93 s to reach its maximum bending angle
of 145.5°. As we operated the valve under 1,800-V excitation at
1.36 s, the actuator was stopped at the position of 81.7° for 1.8 s
with less than 3% variation of the bending range (Fig. 4C and
Movie S6). The corresponding flow rate response is shown in
Fig. 4 D and E. The DEA valve limited the flow rate from 4.7
mL-min~" to less than 1 mL-min~" in 0.07 s. The valve response
time is less than 1/10th the actuation time of the actuators
described above.

Discussion

Our dynamic DEA valve controls up to 51 kPa of hydraulic pres-
sure with a 40 mL-min~" flow rate and a response time less than
0.1 s by utilizing an ultrahigh-power density DEA as its core. The
viscoelasticity distinction between the DEA material and the soft
channel elastomer is a critical factor of the dynamic valve. We
explored the material properties of the DEA silicone Elastosil
P7670 and channel acrylic elastomer CN9021 with a dynamic
mechanical analyzer (DMA) (TA Instruments). We also tested
the properties of the commonly used Ecoflex 0030 as a com-
parison (Table 2). We measured the loss factor tan(d) of each
material up to 100 Hz and predicted their values at 600 Hz with a
linear extrapolation. At 600 Hz, the estimated tan(d) of Elastosil
P7670 is approximately eight times smaller than that of CZ9021,
but is very close to that of Ecoflex 0030. To illustrate the effect
of material properties on valve performance, we simulate the
deformations of an Ecoflex 0030 channel and a CZ9021 chan-
nel when operating a triple-DEA valve at 1,800 V, 575 Hz. While
the highly elastic Ecoflex 0030 channel deforms only by 0.34 mm,
the CZ9021 channel is able to reach a displacement of 0.54 mm
(81 Appendix, Fig. S10).

Another decisive factor of the valve performance is the use
of dynamic DEAs. Our DEA has a high energy density of 4.6
JTkg™! when operated above 500 Hz, owing to the large quality
factor and the high dielectric strength under AC signals of the
Elastosil P7670 silicone. Furthermore, we find the breakdown
voltages of dielectric elastomers under AC are always higher
than those at direct current (DC). Most elastomers have dielec-
tric strengths lower than 35 V-um ™! at DC (42, 43, 50); however,
Elastosil P7670 could reach 66 V-um~! under AC excitation.
This is primarily because of the short time duration that the
elastomer experiences high voltages within each oscillation cycle.
This property improves the driving voltage from 1,000 to 1,800 V,
which results in an ~19% improvement on the channel displace-
ment from the DEAs (SI Appendix, Fig. S10). When the DEA
valves are driven quasistatically, their blocked pressures are sig-
nificantly reduced to 25 kPa, which is approximately half of the
valve’s blocked pressure when driven dynamically (Fig. 4F).

To summarize, the dynamic DEA soft valve in this work
enables high pressure and flow rate control of hydraulic actu-
ators in a compliant and lightweight package. We introduce
an ultrahigh-power density DEA and integrate it with a vis-
coelastic soft channel to achieve voltage-dependent flow and
hydraulic pressure regulation. The high-bandwidth valve shows
rapid and powerful control of hydraulic actuators of a wide range
of volumes. While the dynamic DEA valve we present repre-
sents a promising step toward electrical control of soft fluidic
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Fig. 4. Demonstration of a dual-DEA valve controlling a small-volume soft actuator. (A) Bending motion of the hydraulic actuator with the dual-DEA valve
at rest. The actuator takes 1.93 s to reach its maximum bending angle. (B) Bending motion of the hydraulic actuator controlled with the dual-DEA valve
operated at 1,800 V and 575 Hz. (C) Bending angle of the actuator with valve at rest and operated at 1,800 V and 575 Hz corresponding to A and B,
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operated. The channel is closed 0.07 s after the valve starts to operate when reaching a flow rate lower than 1 mL-min~". (F) Blocked pressure as a function
of flow rate of a dual-DEA and a triple-DEA valve operated quasistatically at 1,000 V.

actuators, there are several aspects to be considered for a future
soft onboard control system. The size of the DEA valves in this
work was dictated by the size of the mesoscale channels found in
macroscale soft actuators. For applications with smaller feature
sizes (<100 um) that require more compact (e.g., microflu-
idic) designs, we can commensurately reduce the DEA size. To
integrate the DEA valve with a soft system, the current rigid sup-
porting frame can be replaced with a soft flexible frame made
of materials such as elastomers and 3D printable resins (Materi-
als and Methods). More importantly, the current dynamic DEAs

Table 2. Material properties

use an 1,800-V drive voltage. The associated bulky power sup-
ply increases the size and payload requirements for soft robots.
Future efforts to reduce the operating voltage (e.g., decreas-
ing the DEA layer thickness) and develop associated compact
drive electronics are required to achieve an additional class of
lightweight integrated electrical soft fluidic control systems.

Materials and Methods

We fabricate a DEA valve with three steps: DEA fabrication, soft channel
casting, and valve assembly. We use an existing multilayering and rolling

tan(s) tan(s) tan(s) tan(s) Predicted tan(s)
Materials @0.1 Hz @1 Hz @ 10 Hz @ 100 Hz @ 600 Hz
Ecoflex 0030 0.043 0.077 0.135 0.188 0.220
Elastosil P7670 0.041 0.059 0.082 0.095 0.110
CN9021 0.171 0.316 0.469 0.623 0.800

80of9 | PNAS
https://doi.org/10.1073/pnas.2103198118

Xu et al.
A dynamic electrically driven soft valve for control of soft hydraulic actuators


https://doi.org/10.1073/pnas.2103198118

Downloaded at MIT LIBRARIES on August 24, 2021

technique (45) for DEA fabrication and a traditional molding method for
the soft channels. We integrate the DEAs and soft channels with both
a rigid laser-cut acrylic mechanical frame with metal pins and a soft 5:1
Slygard 184 frame with 3D-printed rods. The DEA soft valve is character-
ized with a force sensor, a laser displacement measuring tool, a pressure
sensor, and a flow rate meter. Detailed fabrication methods are provided
in SI Appendix.
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