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A compact DEA-based soft peristaltic pump for power
and control of fluidic robots
Siyi Xu1*, Cara M. Nunez1,2, Mohammad Souri1, Robert J. Wood1*

Fluid-driven robotic systems typically use bulky and rigid power supplies, considerably limiting their mobility
and flexibility. Although various forms of low-profile soft pumps have been demonstrated, they either are
limited to specific working fluids or generate limited flow rates or pressures, making them ill-suited for wide-
spread robotics applications. In this work, we introduce a class of centimeter-scale soft peristaltic pumps for
power and control of fluidic robots. An array of high power density robust dielectric elastomer actuators
(DEAs) (each weighing 1.7 grams) were adopted as soft motors, operated in a programmed pattern to
produce pressure waves in a fluidic channel. We investigated and optimized the dynamic performance of the
pump by analyzing the interaction between the DEAs and the fluidic channel with a fluid-structure interaction
finite element model. Our soft pump achieved a maximum blocked pressure of 12.5 kilopascals and a run-out
flow rate of 39 milliliters per minute with a response time of less than 0.1 second. The pump can generate bidir-
ectional flow and adjustable pressure through control of drive parameters such as voltage and phase shift. Fur-
thermore, the use of peristalsis makes the pump compatible with various liquids. To illustrate the versatility of
the pump, we demonstrate mixing a cocktail, powering custom actuators for haptic devices, and performing
closed-loop control of a soft fluidic actuator. This compact soft peristaltic pump opens up possibilities for
future on-board power sources for fluid-driven robots in a variety of applications, including food handling, man-
ufacturing, and biomedical therapeutics.
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INTRODUCTION
Fluid-driven soft robots have been developed for a variety of appli-
cations, including rehabilitative and therapeutic tools (1, 2), soft
grippers and manipulators (3–6), microfluidic devices (7, 8), and
artificial muscles (9–12). Many of these robots are powered by pres-
surized liquids and have demonstrated high performance in a
variety of working conditions (13–16). These fluidic machines
made of compliant materials have achieved functions that are chal-
lenging for conventional rigid systems owing to the properties of the
constituent materials. For example, soft grippers can manipulate
delicate objects without fear of applying large stresses (17), and
wearable devices made of flexible or stretchable materials can
safely interact with humans and natural systems (18, 19). Despite
the widespread use of soft fluidic systems and their functional ad-
vantages, there has been a lack of focus on energy sources that match
their size, weight, and material properties. Thus far, conventional
power sources such as pumps and compressors are the most
common approach to drive fluidic actuators. These systems are typ-
ically bulky and heavy relative to the actuators they work with, lim-
iting the mobility and adaptability of the robotic systems. Battery-
driven microcompressors and miniature pumps can be options for
actuators requiring low pressure or flow, but they are composed of
rigid components and thus are not ideal for applications requiring
compliance throughout the device. Rigid fluidic power supplies can
be attached to soft actuators via a tether, but this would limit the
mobility of the system. Chemical reactions are another solution
for onboard power for soft robots (20, 21), but controlling the

reaction rate and the safety of the reactant storage are potential con-
cerns for applications such as wearable robots. Low–boiling point
liquids may be used for actuation (22, 23). However, the liquid
phase transition in response to a temperature change in the environ-
ment could take hundreds of seconds, which cannot provide suffi-
cient bandwidth for cyclic actuation. Given these concerns,
compliant and lightweight energy sources are in great need to
achieve future onboard power and control of fluidic systems.

The performance requirements for fluidic power systems vary
depending on the application. In our work, we target the develop-
ment of pumps for soft robots; robotics is one of the most challeng-
ing uses because both high pressures and precise control of flow (for
precision motion or manipulation, for example) are typically neces-
sary. A desirable soft pump for robotic actuators should meet the
following guidelines. First, micro- and macroscale fluidic actuators
that have been developed in previous research have internal
volumes ranging from hundreds of microliters to tens of milliliters,
and their actuation time constants could range from 2 to 20 s (5, 24–
26). To drive these actuators with appropriate bandwidths, a soft
pump should be able to generate flows with a pressure of at least
10 kPa and provide a flow rate no less than 6 ml min−1 while main-
taining a comparable size and weight to the corresponding actua-
tor(s). In addition to generating sufficient pressure, a soft pump
with controllable pressure, flow rate, and flow direction is prefera-
ble. Such properties will enable high-precision control of end effec-
tors without requiring valves in fluidic circuits, reducing the
complexity of the power and control system. Furthermore, the
working liquids and their properties could vary depending on the
task. These liquids can vary from nutrients and medications for
therapeutic purposes to juices for food production and water for
wearable and assistive devices. Soft pumps that are compatible
with commonly seen fluids with dynamic viscosities in the range
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of 0.89 cP (water) (27) to 200 cP (syrup) (28) are desirable to expand
the range of applications.

Various forms of liquid-based soft pumps have been studied in
previous research. Microfluidic peristaltic membrane pumps driven
by compressed air (29), electrostatic forces (30, 31), and thermally
responsive materials (32) have been developed. Although these
pumps have demonstrated reliable pumping for fluidic systems
with microscale channels, their flow rates are generally in the
range of nanoliters to microliters per minute—insufficient for mac-
roscale actuators and soft robots.

Large-scale soft pumps have also been investigated to drive soft
actuators. Electrically responsive dielectric elastomer actuator
pumps (33, 34) are able to generate a liquid flow rate of 900 ml
min−1. However, they are limited by the maximum output pressure,
which to date has been lower than 3 kPa. A lightweight electro-hy-
drodynamic pump capable of pumping liquid and powering a soft
actuator has been developed (24, 35). Because of the pump’s oper-
ation mechanism, the working liquids are limited to dielectric
fluids, and the operation voltage is high (>10 kV). A high-perfor-
mance elastomeric magneto-hydrodynamic pump has recently
been created (36). Although the solenoid-driven pump shows reli-
able blocked pressure and run-out flow rate, a magnetic core coated
with ferrofluids is embedded in the fluid channel and thus could
potentially contaminate the working liquid.

Peristaltic pumps can be compatible with requirements for high
purity because the soft channel is the only component within the
pump that comes into contact with the working liquid (37). This
property prevents contamination of the working liquid caused by
exposure to other pump components. Peristaltic pumps can also
deliver liquids with a wide range of viscosities, particle-liquid sus-
pensions, or shear-sensitive fluids such as blood, which are chal-
lenging for other types of pumps, such as gear pumps or
diaphragm pumps, because of their working mechanisms. In addi-
tion, peristaltic pumps have a modular design, which allows rapid
construction, easy repair, and customization. These properties
make soft peristaltic pumps not only appropriate for robotic

actuation but also desirable for food handling, wearable haptic
devices, compression suits, drug delivery, blood transfer, and im-
plantable pumps, where form factor, compliance, and biocompati-
bility are critical factors (37–41).

Macroscale soft peristaltic pumps have been developed in previ-
ous research for large pressures and flow rates (42, 43). A powerful
peristaltic pump that can generate 40 kPa of pressure and up to 2200
ml min−1 of flow rate has been developed (42), but its scale (56 cm
long and 3 cm in diameter) and mass (over 1.3 kg) far exceed those
of many existing fluidic actuators. In addition, rigid air compressors
are still required to power the pump. One of the biggest challenges
for existing peristaltic pumps for the aforementioned applications is
reducing the pump dimensions and weight for wearable or implant-
able devices while maintaining sufficient mechanical output. This is
primarily due to the lack of small-scale lightweight motors, which
are the key components in existing peristaltic pumps.

In this work, we present an electrically responsive dynamic di-
electric elastomer actuator (DEA) peristaltic pump at centimeter
scale for soft robots (Fig. 1A). We used power-dense DEA units op-
erated in a programmed sequence to generate peristaltic movement
on the soft channel for liquid pumping. These small form factor
DEAs serve as soft motors, providing a solution for low-profile
and low-weight peristaltic pumps. Our soft peristaltic pump
achieved a maximum blocked pressure of 12.5 kPa with a run-out
flow rate of 39 ml min−1 and a response time less than 0.1 s. Fur-
thermore, the proposed pump can generate bidirectional flow and
tunable output pressure by modulating the DEA electrical inputs
such as phase shift and voltage. We also present a finite element
model that investigated fluid-structure interactions between the
DEAs and the working liquid under different operating conditions
and to assist in optimizing the pump functionality. In addition, the
peristaltic operation makes the pump compatible with various
working liquids, allowing it to serve as a fluidic power source for
applications beyond robotic actuation. Our peristaltic pump
shows comparable functionalities to other types of non-peristalsis
soft pumps developed so far and additionally maintains a low

Table 1. Pump property comparison. MHD, magnetohydrodynamic; EHD, electrohydrodynamic.

Pump type Pump name Weight
(g)

Voltage
(kV)

Power
consumption (W)

Pressure
(kPa)

Flow rate
(ml/min)

Fluidic power
density* (W/kg)

Peristaltic pump DEA pump (this work) 12–15 1.7 3.3 12.5 39 0.27

Bowel peristalsis
pump (42)

1356 Pneumatic / 40 2200 0.54

Swallowing robot (43) 1200 Pneumatic / 32.5 600 0.26

MHD pump Elastomeric solenoid-
driven pump (36)

30 0.001 0.17 8 320 0.7

EHD pump Stretchable pump (24) 1 up to 10 0.1 15 6 0.71

Self-healing pump (35) 3 12–16 3.6 9.2 423 10.8

Diaphragm pump DE snap-through
pump (33)

/ 5 / 0.6 169.5 /

Commercial
solenoid pump

HAWE HR080 4000 0.23 190–300 21,000 550 24.11

TCS M200 Series 11–13 0.015 0.3 23 330 4.87

*The fluidic power density is calculated as half of the product of the pressure and the flow rate over mass: (pressure · flow rate)/(2 · mass).
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profile and similar weight to the actuators it controls (approximate-
ly 9 g). A comparison of the performance of off-the-shelf compres-
sors, representative macroscale soft pumps, and our peristaltic
pump is shown in Table 1. With these properties, we demonstrate
the pump’s capabilities as a drink mixer, a power source for finger-
like bellows actuators, and wearable haptic devices. We also
achieved reliable closed-loop control of the bellows actuator
bending motions, demonstrating the potential for the pump to
serve as both power source and controller for future integrated
soft robots.

RESULTS
Peristaltic pump design and demonstration
The design of our soft pump follows a typical linear peristaltic
pump, in which an array of translational actuators periodically
deform a section of a straight flexible channel to transport fluid.
To create peristaltic flow, the soft pump was constructed with an
array of two or more DEA structures, a soft channel, and a mechan-
ical frame (Fig. 1, A to G, and fig. S1). A DEA structure contained
two rolled DEAs combined in parallel, with each DEA consisting of
sequentially layered carbon nanotube electrodes and elastomer

Fig. 1. Design, fabrication, and demonstration of a soft peristaltic pump. Images of (A) dual- and (B) triple-DEA structure pumps. (C) Schematic of a dual-DEA pump.
The pump contains a mechanical frame, two DEAs, and a fluidic channel. Magnified schematics of the DEA structures and the channel are shown in (D) and (E). Each
actuator contains two rolled DEAs connected by carbon fiber plates at the two ends. (E) Each rolled DEA contains an elastomeric cylindrical roll, carbon fiber caps, and a
weight attached to the free end of the actuator. (F) The rolled elastomeric actuator was fabricated from a multilayer DEA sheet. (G) A magnified schematic of the fluidic
channel. The concave-shaped channel is embedded in an elastomer substrate. Alignment pins pass through the protruding elastomeric areas to align the channel with
the DEAs. (H) A triple-DEA pump driving a bellow-shaped hydraulic actuator. Scale bars, 1 cm.
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sheets (44, 45). Two or more DEAs were aligned in parallel and
mounted to the top plate of the mechanical frame, with their free
ends in contact with the channel via indenters. The channel was
adhered to the bottom plate of the frame, which was connected to
the top plate through four alignment pins. The mechanical frame
supported the DEAs and provided reaction forces when operating
the pump. We showed in the previous work (45) that the frame
could be made of either rigid or compliant materials without affect-
ing the DEA-channel interactions. In this paper, we demonstrated
peristaltic pumps with a simple rigid frame composed of acrylic
plates and metal pins. When the pump was at rest, the DEAs re-
mained static, and no flow was generated in the channel. When si-
nusoidal voltage signals with programmed phase shifts were applied
to the DEAs, they rhythmically compressed the soft channel under
Maxwell stress (P = ε0εrE2, where εr is the dielectric constant of the
elastomer, ε0 is free space permittivity, and E is the applied electric
field), creating a peristaltic movement on the channel wall and
pumping the working liquid toward the selected direction.

For the pump to achieve our target pressure (>10 kPa) and flow
rate (>6 ml min−1) while minimizing size and weight to be compa-
rable to the fluidic actuators it will drive, the DEAs must have a high
energy density (>1 J kg−1) and an appropriate actuation bandwidth
(>10 Hz). High actuation speeds (translation of a single DEA) result
in large flow rates, but the DEA spacing divided by the actuation
period should not exceed the wave speed of the liquid and the
channel it is flowing through—this constitutes a major design cri-
terion of the pump. We constructed the DEAs using a low-visco-
elasticity and high–dielectric strength silicone material, Elastosil
P7670 (Wacker Chemical). From a previous study (45), a multilayer
rolled DEA made from P7670 silicone exhibited a large quality
factor of six and a high breakdown field of 66 V μm−1 under AC
excitation. Owing to the material properties of silicone, these
DEAs reached an estimated energy density of 4.9 J kg−1 and had
sufficient bandwidth (600 Hz or higher) for the pump goals (45).
The dimension of the multilayer DEA sheets—and thus the actua-
tion performance—were determined on the basis of the parameters
of the load (i.e., channel geometry and materials) as de-
scribed below.

The soft channel material was chosen to be Dragon Skin 20
(Smooth-on) silicone elastomer. This material could follow the
DEA movement up to hundreds of hertz without serious phase dis-
tortion. We designed the channel cross section to be a concave
shape to minimize back flow (Fig. 1G). The channel cross section
was 1 mm deep and 4 mm wide to ensure a sufficient flow rate
(>6 ml min−1) while limiting the pressure drop within the
channel to be less than 0.3 kPa based on the Hagen-Poseuille equa-
tion (46).

On the basis of the lumped parameter model discussed in previ-
ous work (45), a DEA roll made from a 100-mm-long, 210-μm-
thick, and 10-mm-tall multilayer sheet was able to fully compress
the channel with the aforementioned design. Assuming that the
channel elastomer and liquids are incompressible, the pressure
from the actuator should be proportional to the pressure in the
channel (fig. S2). To magnify the output pressure of the pump,
two pairs of cylindrical rolls were combined in parallel to build a
dual-DEA architecture to increase the output force and avoid pre-
mature electrical breakdown (Fig. 1D) (47). We added an additional
weight to the DEA free end to tune its resonance to the desired op-
erating frequency (Fig. 1E). Each DEA contacted the soft channel

via a 5-mm-long indenter with the same arc shape as the channel
cross section adhered to its free end. The fabrication process of the
DEAs and the assembly of the pump are detailed in Materials and
Methods and fig. S1.

With these selected parameters, we fabricated and studied two
types of the peristaltic pumps: a dual-DEA pump (weight, 12 g;
length, 5 cm; height, 2 cm) and a triple-DEA pump (15 g, same di-
mensions). With the dual-DEA pump, we investigated the pump
performancewith different DEA separation distances and operation
phase shifts. With the triple-DEA pump, we demonstrated its com-
patibility with various liquids and used this pump to power and
control a finger-sized bellows actuator and a haptic device (Fig. 1H).

Operation frequency selection and DEA characterization
The DEAs served as soft motors within the pump structure, per-
forming work on the soft channel surface and generating peristaltic
wave–like movements. Because our DEAs had a large quality factor,
tuning the DEA operating frequency was critical for pump perfor-
mance.When a DEA deformed the channel, it moved the liquid un-
derneath the indenter both left and right. Although higher
operating frequency was likely to move a greater volume per unit
time, there were two key factors in determining the proper actuation
frequency. First, the phase of the wave relative to the actuator input
must be carefully tuned. During peristalsis, the creation of a low-
pressure region, allowing fluid to enter the channel, was a critical
step to entraining the flow. Second, to achieve efficient pumping,
constructive interference between the wave and adjacent actuator
inputs was desired. The product of the wave speed and the phase
(in seconds) between two adjacent DEAs should match the distance
between them. A separation shorter than this would reduce the
weight and size of the pump, but this would be suboptimal. In ad-
dition, a hard lower separation limit of 10mm existed because of the
actuator diameter.

Thewave speed can be estimated on the basis of a string vibration
model

v ¼
ffiffiffiffiffiffiffiffiffiffiffi
Tstring
u

r

ð1Þ

where Tstring is the tension force in the string, and u is the linear
density of the string (fig. S3). Assuming that the mass of the
string is the summation of the mass of the elastomer channel wall
and the water and that the tension in the string is the elastomer
stretching force during deformation, we calculated the wave speed
to be approximately 4.3 m s−1. We based the DEA on previous
designs and modified the actuator structure with a number of me-
chanical features specifically to meet the pump criteria. Compared
with previous designs, the new DEA cylinder’s height and length
were increased to 10 and 100 mm, respectively, to provide sufficient
compression to the channel. This geometry change decreased the
resonant frequency from 600 to 450 Hz, and each individual DEA
weighed approximately 290mg. Given awave speed of 4.3 m s−1 and
a minimum DEA separation of 10 mm, the DEA resonance should
be less than 280 Hz.

To maximize the DEA energy output and meet the frequency
requirement, we added a weight to the actuator’s free end to shift
the resonance to a lower frequency by increasing the DEA’s effective
mass (Fig. 2A andmovie S1). Theoretically, a taller or a thicker DEA
cylinder design should have similar effects. However, a DEAwith a
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larger cylinder aspect ratio was more likely to buckle under the same
external load, increasing the risk of mechanical failure of the pump.
A thicker DEA roll required a larger active area, which could in-
crease the risk of early electrical breakdown. As shown in Fig. 2
(B to D), a 10-mm-tall cylindrical DEA had a resonant free displace-
ment of 1.08 mm at 1000 V and 450 Hz. By adding a 420-mg weight
to the free end, we shifted the resonance down to 200 Hz and slight-
ly increased the free displacement to 1.14 mm at 1000 V (because of

an increase in the quality factor). This additional weight did not
affect the DEA blocked force. The blocked force was proportional
to the driving voltage squared and was approximately independent
of frequency up to actuator resonance. This was because the DEAs
had a much shorter electrical time constant (0.06 ms) compared
with their driving period (5 ms). We applied various preloads to
the DEAs during characterization, mimicking the loads experienced
during operation. In these experiments, the blocked force was the

Fig. 2. DEA actuation frequency selection and performance characterization. (A) Pictures of a rolled-DEAwith andwithout aweight. (B) Free displacement of a single-
rolled DEA with and without a weight as a function of frequency, operated at 1400 V. (C) Free displacement as a function of time operated at 1400 V and 200 Hz. The
labeled point in (B) is the average of the peak-to-peak displacement in (C). (D) Blocked force of a DEA structure that consists of two rolled actuators with different preloads.
(E) Flow in the soft channel captured with a high-speed camera when operating the DEA at 200 Hz and 1400 V. (F) Applied voltage and corresponding current when
driving a two-roll structure at the optimal condition of 1680 V and 200 Hz. Scale bars, 1 mm.
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additional load generated by the DEAs beyond the preload, and it
remained relatively consistent under different preloads, as shown in
Fig. 2D and fig. S4.

With the reduced resonance of 200 Hz, the maximum actuator
separation distance could be up to 21.5 mm based on our wave
speed model. We experimentally validated the estimation by
driving one DEA at 200 Hz over a soft channel filled with water
and observed the channel performance with a high-speed camera
(Phantom, V1612, 20,000 fps). At 200 Hz, we estimated a wave trav-
eling speed of approximately 4 m s−1 within one oscillation period
(Fig. 2E and movie S2), which agreed with our model estimation.
With the wave speed and actuator operating frequency determined,
we selected the DEA separation distance to be 12 mm. Larger dis-
tances were also feasible, but longer fluidic channels would increase
the size and weight of the pump. Although we selected a design that
met our requirements, there were other tunable parameters in the
system, including the actuator and channel design parameters, that
provided the ability to adjust the pump performance.

From our previous works (45, 48), the DEAs were robust to mil-
lions of cycles operated at 500 Hz and 1800 V. As the operation fre-
quency was reduced to 200 Hz, the DEAs could be safely driven at a
maximum voltage of 1680 V and exhibited similar stability and life-
time. The peristaltic pump converted electrical energy first to me-
chanical energy by deforming the channel, which then transmitted
this work to fluid energy in the resulting wave. Compared with the
DEAs in previous work, our DEA design required less electrical
power and had a higher efficiency because of a reduction in the
driving frequency. We used an external circuit to measure the
power consumption of a DEA structure. When operated at 1680
V and 200 Hz, the peak-to-peak current requirement for a DEA
was approximately 15 mA, and the time-averaged power consump-
tion was 1.16 W (Fig. 2F and fig. S5, A to D). The efficiency of the
DEAs was defined as the ratio of their output mechanical power to
electrical power consumption. We measured the displacement of
the DEA at 1680 V when loaded with the water-filler soft channel
with a high-speed camera to be approximately 0.88 mm (fig. S5E).
Together with the measured blocked force, the estimated DEA
transduction efficiency was approximately 8.3%, close to the effi-
ciency of the DEAs used in our previous work (9%) (45). Details
of power consumption measurement and efficiency calculation
are provided in the Supplementary Materials.

Peristalsis motion analysis and control of a dual-DEA pump
At a drive frequency of 200 Hz, the phase shift of the electrical
inputs and the distance between actuators are two key factors that
determine the pump performance. Mismatches between phase and
distance lead to destructive interference, which strongly influences
the pump efficiency. Taking a dual-DEA pump design as an
example, we developed a dynamic fluid-structure interaction multi-
physics finite element model to investigate the influence of DEA in-
teractions on the fluid flow (Fig. 3 and movie S3). We first formed
the pump to be a concave-shaped fluidic channel encapsulated by a
silicone sheet as the channel wall (Fig. 3A and fig. S6). The left and
right ends of the channel were defined as the inlet and outlet, re-
spectively. To mimic the motion of the DEAs, two rigid indenters
were placed on top of the elastomeric wall, and time-varying normal
forces equivalent to the DEA blocked force were applied to their top
surfaces. The blocked forces were derived from the electrical input
based on the model developed in the previous study (45),

simplifying the mechanical behavior of the DEAs to a mass-
spring-damper system (fig. S7). The simulated blocked force
agreed well with the measured results, and details are described in
the Supplementary Materials. We defined the phase shift of the
driving voltage of DEA1 to always be zero and that of DEA2 to be
a variable, Φ. Because the DEAs oscillated along their axial direc-
tions, we constrained the indenter motion in the two planar direc-
tions and only allowed one degree of freedom in the vertical
direction. Next, we applied a linear elastic material channel with
an added viscoelastic parameter to describe the channel material
(silicone) behavior. The liquid flow was modeled as an incompress-
ible laminar flow on the basis of the calculated Reynolds number
(1483), estimated with the maximum instantaneous flow rate ex-
plained in the previous section (see the Supplementary Materials).
Last, we applied boundary and initial conditions to the fluid channel
and elastomer sheet. We assumed that the channel outlet and inlet
were connected to a large volume of fluid and allowed to freely flow
(open boundary conditions). At the initial condition, fluid velocities
in all directions were zero, and no external pressure was applied to
the liquid. For the elastomer sheet, we constrained the displacement
of its side surfaces because they were bonded to the channel sub-
strate in our experiments. The initial velocity and displacement of
the sheet were zero. Details of the model assumptions and deriva-
tions can be found in the Supplementary Materials.

To evaluate the pump performance, we investigated the modeled
average flow rate (Q) per working cycle (T ). The average flow rate
was defined as the time average of the integral of the instantaneous
flow over the channel cross-sectional area through the outlet per
cycle

Q ¼
1
T

ðT

0

ð

S
ð q!� n!ÞdA

� �

dt ð2Þ

where q! is the volumetric flux, and n! is the unit vector point-
ing outward.

From the simulation, the pump could generate a maximum flow
rate of 25 ml min−1 at 1400 V and 200 Hz when the phase shift of
DEA2 was around 280° to 290° (Fig. 3B). The average flow rates
from 0° to 360° at various DEA separations with an increment of
30° are shown in Fig. 3C. As the phase shift gradually increased
or decreased from 280°, the flow rate was reduced and reached
zero when Φ equaled 360° or 180°. A further decrease or increase
(below 180° or above 360°) would result in flows in the reverse di-
rection, as was indicated by the negative flow rate values. The dis-
tance between the two DEAs also affected the pump performance.
With the same channel length, increasing the DEA distance would
bring the actuator closer to the end of the channel. The “squeezing
out” and “pulling in” of water at the inlet and outlet during each
working cycle resulted in destructive interference, reducing the
maximum outflow rate and shifting the optimal phase shift, Φ.

During each working cycle, DEA1 deformed the channel and
generated ripples on both sides of the actuator that traveled in op-
posite directions. When the travel distance approached the DEA
separation distance, DEA2 released the channel and allowed the
wave to move forward. As DEA2 compressed the channel, DEA1
followed this motion with a proper delay so that it stopped the
back-flow caused by DEA2. A simulation of a dual-DEA pump op-
erated at 1400 V, 200 Hz, and 290° phase shift is shown in Fig. 3 (D
and E). Because of the increased hydraulic pressure when stopping
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the wave, the displacement of DEA1 was lower than DEA2 under
the same operating conditions. The correct phase between the
DEA oscillations reinforced the forward flow and minimized
back-flow; thus, the maximum flow rate was achieved. When the
phase shift between the DEAs was not 290°, the forward wave was
disturbed by DEA2, and the backward wave could not be fully
blocked by DEA1, which reduced the accumulated flow within
one pump cycle. The extreme case would happen when the phase
shift was 0°, 180°, and 360°, where standing waves were generated,
and the output rate became zero.

To validate this model prediction, we conducted experiments
with a two-DEA pump, driving the DEAs at 1400 V, 200 Hz, and
a 290° phase shift, with a 12-mm actuator separation. When oper-
ating at a phase shift of 290°, a continuous flow of 27 ml min−1 was
generated. As we increased the phase shift to 360°, barely any flow
could be observed. The motions of the DEAs were extracted from a
high-speed video (captured with Phantom V1612 at 20,000 fps) to
visualize the interactions between the DEAs and the peristalsis wave
on the channel. As shown in Fig. 3 (F and G), as we operated DEA2
with a 290° phase shift, a traveling wave was generated and traveled
from DEA1 to DEA2 and then toward the outlet. The tracked
motions of the two DEAs also agree well with the model results.
These simulations serve to understand the pump behavior, but
the results are based on many assumptions and simplifications.

Pump performance must be experimentally determined, which
we will elaborate on in the following section.

Characterization of pump performance
The pump performance can be modulated by several critical fabri-
cation and design parameters, namely, the pre-indentation depth
into the channel, the DEA separation distance, the channel depth,
and the number of DEAs within the pump. To characterize the
pump behavior, we connected it in parallel with a fluidic pressure
sensor and in series with a flow rate meter (Fig. 4A). We defined the
measured flow rate with zero outlet resistance to be the run-out flow
rate and the pressure when the flow rate approached zero (specifi-
cally, when the channel outlet was connected to a high-resistance
load) to be the blocked pressure. The pump inlet was inserted
into a water reservoir, and its outlet was either open to the air or
connected to a mechanical load, such as a hydraulic actuator. The
influence of the aforementioned parameters on the pump was
studied using the measured run-out flow rate and blocked pressure
under various conditions.

During the pump assembly, we pre-indented the elastomer
channel with the DEAs so that a reaction force was applied to the
DEAs by the channel. This reaction force stabilized the DEAs
during their axial oscillations, preventing misalignment and separa-
tion between the actuators and the channel during pump operation.
With a deeper pre-indentation, the channel was compressed to a

Fig. 3. Fluid-structure interaction FEA of a dual-DEA pump and experimental validation. (A) Schematic of the setup of the FEAmodel. The DEAs are simplified to two
indenters attached to the channel wall. (B) Simulated average flow rate per working cycle when operating the pump at 1400 V and 200 Hz. The phase shift of DEA2 was
290°. (C) Simulated average flow rate as a function of phase shift, Φ, and DEA separation at 1400 V and 200 Hz. (D) Model of the interactions between the DEAs and the
channel within one oscillation cycle at 1400 V and 200 Hz. The legends show the position of the indenters and channel surface relative to their initial positions. (E)
Simulated displacements at the highlighted blue and red points in (D) of the two DEAs as a function of time. We set the lowest DEA position to be zero displacement.
(F) Interaction between DEAs and the fluidic channel within one oscillation cycle captured by a high-speed camera. (G) Tracked DEA motions [the highlighted red and
blue points in (E)] as a function of time. The lowest position was set to be zero displacement. Scale bar, 5 mm.
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lower height, which reduced the volume of the working liquid un-
derneath the DEAs. Intuitively, the flow rate is related to the volume
of liquid transferred to the channel outlet per unit time, and a
smaller volume leads to a lower flow rate. To verify this assumption,
we tested a dual-DEA pump’s flow rate with an indentation of 0.2
and 0.4 mm at various voltages and a phase shift of 290°. As shown
in Fig. 4B, the pump with a 0.2-mm pre-indentation delivered more

volumetric flow than the pump with a 0.4-mm pre-indentation. As
the driving voltage increased from 1200 to 1500 V, the flow rate in-
creased by approximately 60%, from 17.1 to 28.6 ml min−1. This
flow rate improvement was close to our expectation, given the
square law between the DEA blocked force and electric field
based on the Maxwell stress equation. Each data point in Fig. 4B
is the average flow rate for at least 0.5 s (2-kHz sampling rate)

Fig. 4. Peristaltic pump performance characterization. The pump was operated at resonance with a 290° phase shift in all conditions if not otherwise stated. (A)
Schematic of the fluidic circuit setup for pump characterization. (B) Measured average flow rate as a function of input voltage at two pre-indentation depths with a
dual-DEA pump. (C) Measured average flow rate as a function of phase shift at three DEA separation distances. The pump was operated at 1400 V. (D) Influence of
channel depth on the pump performance. In both conditions, the pre-indentation was 0.4 mm. (E) Measured average flow rate of a triple-DEA pump at various voltages
with a 1.4-mm channel depth and a 0.4-mm pre-indentation. (F) Run-out flow rate and blocked pressure as a function of the voltage of a dual-DEA pump and the optimal
performance achieved with a triple-DEA pump. For the dual-DEA pump, the channel depth was 1.2 mm, and the pre-indentation was 0.2 mm. For the triple-DEA pump,
the channel depth was 1.4 mm, and the pre-indentation was 0.4 mm. (G andH) Flows generated by a dual-DEA pump operated at 1400 and 1000 V. The outlet resistance
of (G) is negligible. The outlet needle diameter in (H) is about one-tenth of the channel diameter.

S C I ENCE ROBOT I C S | R E S EARCH ART I C L E

Xu et al., Sci. Robot. 8, eadd4649 (2023) 21 June 2023 8 of 15

D
ow

nloaded from
 https://w

w
w

.science.org at T
he H

ong K
ong U

niversity of Science and T
echnology (G

uangzhou) on M
ay 25, 2026



after transient startup behaviors have passed. In comparison, the
pump with a 0.4-mm pre-indentation could generate 14 ml min−1

at 1400 V and only reached 19.5 ml min−1 at 1480 V. Although a
lower pre-indentation provided a higher flow rate, it also increased
the possibility of misalignment during the oscillation. The DEAwas
likely to detach from the channel surface with insufficient pre-in-
dentation, which might further lead to mechanical failure of
the system.

With a dual-DEA pump, we explored variation in the flow rate
under different DEA separations and phase shifts and then com-
pared the experimental results with the model prediction that we
introduced in the previous section. We set one of the DEAs to be
at zero phase as a reference and drove the second with the selected
phase shift. The run-out flow rate was then measured as a function
of phase shift from 0° to 360° in 10° increments (Fig. 4C). As we
varied the phase shift, the time difference between the DEAs com-
pressing the soft channel was varied accordingly. When this time
difference matched the ratio of the distance between the DEAs to
the wave speed, the flow rate reached its maximum. In other condi-
tions, the motion of the second DEA partially blocked the forward
liquid movement generated by the first DEA, thus reducing the flow
rate. At 1400 V and a DEA separation of 12 mm, the pump reached
its maximum forward and reverse flow rate at 290° and 60°, respec-
tively. A demonstration of the bidirectional flow is shown in fig. S8
and movie S4. The DEA positions were symmetric with respect to
the center of the channel. As the DEA separation distance was in-
creased from 12 to 13 and 15 mm, the peak flow rates occurred at
lower phase shifts, and the magnitude of the peak decreased. This
trend agreed with the simulation predictions in Fig. 3C; however,
variations in the experimental results were more pronounced. As
the DEAs were moved apart, they got closer to the edge of the
channel. A simplified open boundary condition was applied to
the outlet in the simulation, but the molded silicone channel in
our experiments had a channel-to-tubing connection region. Im-
pedance changes in this region caused reflections that interfered
with the forward traveling wave, thus reducing the measured peak
flow rate. Interference from the channel edge also caused a phase
shift at which the peak flow occurred, and a secondary peak could
be observed at 15-mm separation. Following this trend, we could
expect a higher flow rate when the DEA separation is further
reduced to 10 mm. However, reducing the distance would increase
the difficulties during pump assembly because of the dimension of
the DEAs. Therefore, we selected a separation of 12 mm and phase
shift of 290° as the design parameters for the following experiments
and demonstrations.

In addition to pre-indentation and DEA separation, the channel
depth is also an important factor. From the measurements of flow
rate as a function of pump driving voltage in Fig. 4B, as the voltage
increased to 1500 V, the increment of the flow rate gradually de-
creased and tended toward saturation. Although the DEAs could
be operated up to 1700 V, little improvement in the pump flow
rate could be observed after 1400 V. We believe that this behavior
was due to the channel depth. As we increased the driving voltage,
the DEA stroke increased until it touched the bottom surface of the
channel. Further increasing the voltage no longer notably contrib-
uted to the flow rate and would induce buckling during the colli-
sion. To improve the pump performance, we increased the
channel depth to 1.4 mm. Although little flow rate improvement
occurred below 1360 V, the pump can be safely driven up to a

much higher voltage (Fig. 4D). The maximum flow rate with a
1.4-mm depth was increased by approximately 68% compared
with the previous case, reaching 33.9 ml min−1 at 1640 V.

The number of DEAs in the soft pumpwas another critical factor
for pump behavior. From the model prediction (fig. S7), adding
DEAs to the pump improved the outflow rate as more fluid
volume was conveyed within one operation period. However, this
increment was reduced as more DEAs were included and eventually
reached saturation when the number of DEAs was large enough to
generate a continuous wave. A triple-DEA pump could improve the
flow rate by 16% compared with a dual-DEA pump, but a four-DEA
pump only increases the flow rate by 7% relative to a triple-DEA
pump. In addition, the fabrication process wouldl become substan-
tially more complicated with additional actuators. Considering the
pump efficiency and fabrication complexity, we explored the perfor-
mance of a triple-DEA pump and compared it with that of a dual-
DEA pump, maintaining all other parameters. From Fig. 4E, the
triple-DEA pump generated a flow rate of 30.6 ml min−1 at 1400
V, approximately 50% higher than that of a dual-DEA pump. To
explore the relationship between the flow rate and pressure, blunt
needle tips were connected to the outlet, and the flow resistance
could be tuned by adjusting the needle gauges. When the needle’s
inner diameter was similar to the channel diameter, the resistance
was negligible, and little pressure change was detected within the
fluidic circuit. We selected different needle gauges and character-
ized the pump’s blocked pressure as a function of run-out flow
rate at various voltages. As shown in Fig. 4F, both blocked pressure
and flow rate grew as the voltage increased, and a triple-DEA pump
outperformed a dual-DEA pump in both metrics. The triple-DEA
pump with a 1.4-m channel and 0.4-mm pre-indentation depth had
a maximum run-out flow rate of 39 ml min−1 and blocked pressure
of 12.5 kPa at 1680 V.We estimated the triple-DEA pump efficiency
on the basis of the fluidic power (half of the product of run-out flow
rate and blocked pressure) and the electrical power consumption to
be approximately 0.12%. Our soft pump exhibited an efficiency
comparable to other types of soft pumps developed in previous re-
search (24, 35). Although there is currently a gap in performance
between the DEA peristaltic pumps and off-the-shelf solenoid
pumps, there are several ways to improve the pump’s efficiency, in-
cluding reducing the operating frequency and the electrode resis-
tance, incorporating charge recovery circuitry in the drive
electronics (49), and exploring low-viscoelasticity channel materials
to reduce energy loss in deforming the channel.

By tuning the driving voltage and outlet resistance, the pump
could generate microfluidic droplets with a flow rate of 720 μl
min−1 at 1000 V. The pump exhibited quick responses (in less
than 0.1 s) to changes in drive conditions (Fig. 4, G and H; fig.
S9; and movie S5). The electrically controllable flow rate and pres-
sure allowed the pump to function as both a power source and a
valve (45, 48), which led to fast and accurate control of the end ef-
fector of the fluidic system. We will leverage this capability in the
following section.

Pumping of various liquids
The working fluid in a peristaltic pump only contacted the interior
of the channel, which minimizes concerns of compatibility with the
pump components and prevents liquid contamination. This prop-
erty enabled peristaltic pumps towork with thick liquids, liquid sus-
pensions, or shear-sensitive fluids (blood) and could be used in a
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variety of applications, including handling of biomedical liquids,
liquid dispensing for food service, and wearable thermal regulation
devices. The viscosity of the working liquid was amajor factor in the
pump’s performance. Intuitively, fluids with higher viscosity had a
greater impedance compared with those with lower viscosity and
thus were more difficult to transport under the same operating con-
ditions. To investigate our pump’s ability to manipulate the flow of
various liquids, we first simulated the flow rate as a function of the
liquid viscosity of a triple-DEA pump using the finite element anal-
ysis (FEA) model introduced in the previous section (Fig. 5A).
Several commonly used represented fluids were selected as exam-
ples. The viscosity values were based on past characterization (28,
50–54). We set the pump operation condition to be 1500 V with a
phase shift of 290° at resonance and compared the average flow rate
of each liquid.

From the simulation results, an exponential decay occurred in
flow rate as the fluid viscosity increased from 0.89 to 200 cP. Observ-
ing the cumulative flow rate within each cycle (fig. S7), while the

backward flow rate decreased as the viscosity increased, the net
outflow was still reduced. If the viscosity increased far beyond 200
cP, then the flow rate would gradually approach zero.

To validate the model prediction and demonstrate compatibility
with various fluids, we experimentally tested six common liquids
using the triple-DEA pump: gin, water, lime juice, pineapple
juice, coconut milk, and maple syrup (Fig. 5, B to E). The flow
rate sensor was calibrated for each liquid before the measurement,
and the results are elaborated in fig. S10. From Fig. 5B, themeasured
flow rate follows a similar trend with the simulation results as the
fluid viscosity increases but with a faster decay. A continuous flow
was observed when pumping water with a flow rate of 35 ml min−1,
whereas only droplets of maple syrup were generated at 0.25 ml
min–1, much lower than the simulated value (Fig. 5C). This was
likely due to the energy loss at the channel connections. In the ex-
periment setup, a 45-cm tube was connected to the channel inlet,
whereas only the 5-cm soft channel was considered in the model.
The energy loss within the long tube was greater for a high-viscosity

Fig. 5. Demonstration of the peristaltic pump delivering various liquids. All experiments were conducted with a triple-DEA pump operated at resonance at 1500 V
and a 290° phase shift. (A) Model predictions of the run-out flow rate as a function of liquid dynamic viscosity for a triple-DEA pump. (B) Average flow rate of commonly
used liquids with various viscosities. The inset pictures with light blue, navy, purple, and orange frames show the outflow when pumping water, lime juice, coconut milk,
andmaple syrup, respectively. (C) Real-timemeasured flow rate of water, lime juice, and syrup. (D) Setup for making a gin-based piña coladawith our peristaltic pump. (E)
Measured flow rate during the making of the drink. The pump was operated for 5-s intervals and repeated a total of 48 times. Scale bar, 1 cm.
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liquid than a low-viscosity liquid. Therefore, the flow rate tended to
decrease faster as the viscosity increased in our experiments.

To test the lifetime of the pump, we mixed a piña colada with the
recipe of 20ml of gin, 20ml of pineapple juice, and 15ml of coconut
milk (Fig. 5, D and E, and movie S6). We operated the pump for 5 s
and repeated the operation 48 times (16 times for each liquid) until
the target volume was reached. There is a transient period at the be-
ginning of each liquid delivery phase (the first one or two actuation
periods). The transient period could be caused by the induced air
bubbles and the liquid viscosity variation when loading and switch-
ing the working liquids. The flow rate of the first and last three op-
erations of each liquid are shown in Fig. 5E. The cumulative
operation time was approximately 85 s, and the pump performed
consistently during this process.

Control of a bellows-shaped bending actuator and
haptic devices
Our DEA pump was capable of powering and controlling fluidic ac-
tuators. To demonstrate this capability, we first fabricated a bellows-
shaped actuator on the basis of prior designs (45, 48) and connected
it to the outlet of the pump. The actuator was made from Ecoflex
0030 silicone (Smooth-On), and its actuation volume, from the
rest to maximum deformation, was approximately 4 ml. When
the actuator was at rest, it was in a vertical neutral position
(Fig. 6A). The bending angle and actuation time constant were de-
termined by the operation pressure, the actuator stiffness, and the
actuation volume. We pressurized the actuator from this rest posi-
tion with our DEA pump under various driving voltages. An in-
crease in the internal pressure caused the flow to decrease. We
drove the actuator until we observed a decrease in flow rate of at
least 90% after approximately two time constants and then released
it to the initial position (Fig. 6, B and C). The working fluid flowed
back to the reservoir under ambient pressure and gravity when the
pump was turned off. This pressure release process could be accel-
erated by operating the pump in reverse. The instantaneous pressure
and flow rate during the pumping and releasing process were re-
corded using pressure and flow rate sensors. Taking the 1640-V op-
erating condition as an example, when a voltage was applied, the
pump reacted within 0.1 s and generated an initial flow rate of 38
ml min−1 depending on the operation voltage. At the same time, the
internal gauge pressure began to increase from 0 kPa. As the pres-
sure gradually approached the pump blocked pressure, the flow rate
approached zero and the actuator stopped moving. We defined the
bending angle as the angle between a fixed line passing through the
base of the actuator and its tip when at rest and at a specific mea-
surement time. With a 1640-V electrical input, the bellow actuator
achieved a maximum of 71° (fig. S12 and movie S7).

To determine the time constant of the hydraulic circuit, we drew
an analogy to a first-order RC circuit. The flow rate and pressure
change within the fluidic system were analogous, respectively, to
the current and voltage variation during charging and discharging
of the capacitor. We applied exponential fits to the measured flow
rate and estimated the time constant on the basis of the fitted coef-
ficients (fig. S12). The average time constant under 1680-, 1640-,
1580-V operation was approximately 2.5 s, with an SD of 0.3 s.
On the basis of the pressuremeasurement in Fig. 6C, we determined
that the actuator required more than 5 s to approach its maximum
bending position, and the bending speed could not exceed 10° s−1.
This time constant and speed limit served as a guidewhen designing

trajectories and closed-loop controllers for soft actuators controlled
by the proposed DEA pump.

The peristaltic pump was able to tune its output pressure and
flow on the basis of the electrical input without requiring additional
valves.With this property, we demonstrated closed-loop control of a
hydraulic actuator with a PI controller (Fig. 6, D and E). Themotion
of the actuator was controlled through adjustment of its internal
pressure, as measured with a pressure sensor. As the system was op-
erated, the pressure sensor sent feedback signals to the computer.
The error between the target pressure and the measured pressure
was sent to the PI controller, which tuned the voltage magnitude
sent to the DEAs, thus controlling the pressure output of the
pump. With this controller, we first experimentally validated the
system time constant. On the basis of our previous open-loop
test, the actuator required approximately 6 s to achieve a pressure
of 8.1 kPa under 1600-V operation. We then designed three sinus-
oidal patterns with amplitudes of 8.1 kPa and different periods: 28,
24, and 20 s. The actuator was able to follow the trajectories with
periods of 28 and 24 s but failed to track the 20-s trajectory. This
agreed with the previous estimation and shows that the system re-
quires a minimum of 6 s to stabilize during bending motion. With
this time constant as a guideline for maximum bandwidth, we de-
signed a complicated actuator bending motion trajectory including
linear angle increase and decrease, pressure hold, and sinusoidal in-
creases (Fig. 6D and fig. S12). A characterization test was performed
that mapped the actuator bending angle to its internal pressure
using a conventional hydraulic pump (JOVTOP-DC, JT-750) and
valves (Enfield Technologies, PFV-W24-M100C-0400). Because of
the dynamics of the soft actuator, we observed hysteresis in the
mapping during the loading and unloading phases. For simplicity,
we fit the relationship with a linear function and used it to convert
target bending angles to the desired pressure. A comparison
between the measured pressure and the target pressure of three tra-
jectories is also shown in Fig. 6D. The root mean square error
between the target and measured pressures was calculated to be
0.37 kPa. Because of the hysteresis, a latency in the bending
motion was observed when comparing the tracked angle and
desired trajectory, with an RMSE of 4.68° (fig. S12 and movie S7).
The RMSE calculation did not include the transition period and was
only measured for steady state. This result demonstrated both reli-
able power and control of a fluidic soft actuator with our
DEA pump.

In addition to a bellows actuator, we also demonstrated control
of custom soft actuators that could be used in haptic devices (Fig. 6,
F and G, and movie S8). Two circular, silicone-molded, hydraulic
actuators were designed on the basis of rigid, off-the-shelf actuators
used in recent haptics research (55, 56). Each actuator contained a
circular actuation chamber with a diameter of 20mm and depth of 6
mm. The two actuators were connected to the two ends of the soft
pump, forming a closed fluidic system. The chambers were preload-
ed with water such that the elastomer membranes of the left and
right actuators had an initial deformation of approximately 1
mm. By tuning the phase shift when operating the pump, we
could transfer the liquid to either the left or the right actuator,
causing the actuators to expand (Fig. 6F). We recorded the fluid
flow rate and a video of the motion of the membranes during actu-
ation, which we subsequently tracked. The tracked motions are
shown in Fig. 6G.
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Fig. 6. Demonstration of the peristaltic pump powering and controlling a bellows actuator and a fluidic haptic actuator. (A) Bending motion of a bellows actuator
when driving the pump at 1640 V and a phase of 290° at resonance. (B) Electrical input and flow rate responses when driving the bellows actuator at various voltages at
resonance. (C) Pressure responses when driving the bellows actuator at various voltages at resonance. (D) Closed-loop pressure tracking performance. (E) Bendingmotion
of the hydraulic actuator when controlled to follow the trajectory in (D). (F) Top and side views of the responses of two custom haptic actuators driven by the soft pump.
(G) Flow rate responses and tracked motions of the two haptic actuators shown in (F). Scale bar, 1 cm.
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The actuators were inflated in the sequence of left-right-left. Ac-
tuation started at 4.5 s with the pump moving water from the right
actuator to the left one and then releasing to the initial conditions
under ambient pressure. This could be seen from the positive flow
rate measured at 4.5 s, which gradually reached zero when all the
liquid was moved to the left actuator. At this time (9.2 s), the
maximum inflation (vertical displacement) of 6 mm in the left ac-
tuator was reached, and a low pressure region was created in the
right actuator. When the pressure was released after 9.2 s, a
reverse flow occurred, and the inflated membrane in the left actua-
tor relaxed to its initial condition. This process was repeated to
inflate the right actuator then the left actuator again, and similar
results were observed from the tracking results and the flow rate
measurement.

Biggs and Srinivasan (57) showed that normal force applied to
the forearm by a circular tactor 1 mm in diameter with 1.5 mm of
skin indentation at 1 Hz could consistently and accurately be per-
ceived by a user. Thus, the normal force from the vertical displace-
ment of the actuator membrane generated by the fluid flow from the
pump could be used to generate the desired haptic sensations. We
envision that this system could be worn on a user’s forearm and
provide a soft, comfortable alternative to traditional rigid wearable
haptic devices.

DISCUSSION
In this work, we demonstrated a DEA-based, centimeter-scale soft
linear peristaltic pump with a millimeter-sized channel for generat-
ing and controlling flow. The driving conditions of the pump, spe-
cifically the frequency and phase shift, were tuned to match the
designed distance between the DEAs. The combined motion of
the DEAs created a propagating peristaltic wave on the channel
wall, driving the internal liquid in a specified direction. With a
finite element multiphysics model, we investigated the influence
of channel height, pre-indentation depth, DEA separation, and
number of DEAs on the peristaltic pump’s fluidic power output.
We demonstrated promising performance of the pump creating bi-
directional flow up to 39 ml min−1 and a maximum blocked pres-
sure of 12.5 kPa with a response time less than 0.1 s. We also
demonstrated compatibility of the pump with a variety of
working liquids that have different dynamic viscosities. In addition,
the pump allowed precise control of hydraulic actuators in a valve-
less fluidic system.

Although previous work has introduced centimeter-sized soft
pumps for hydraulic actuators, none addressed the challenges of
peristaltic pumping mechanisms at this scale. To construct a prop-
agating wave, forces from the actuators were applied to deform the
channel in an arranged pattern. The actuator separation distance
should match the product of the actuator operation frequency and
wave propagation speed. In typical peristaltic pumps, rigid motors
are used to compress the fluidic channels, but the weight, size, and
maximum frequency of these actuators limit the scalability of such
pumps. Our high power density and high bandwidth of 0.8-cm
rolled DEAs provide the solution for small-scale peristaltic
pumps. The high bandwidth allowed decent flow rates while main-
taining a compact pump structure, with a DEA-to-channel contact
area of only 4 mm by 5 mm. In addition, the high energy density of
the DEAs provided sufficient force and stroke to the channel to
achieve the target run-out flow rate and blocked pressure.

Compared with existing soft peristaltic fluidic systems, our pump
achieved three times higher pressure density and flow rate
density. With our soft pump, we demonstrated reliable control of
a bellows-shaped actuator and wearable haptic devices with
similar sizes and weights as the pump, showing potential for
onboard power systems for fluidic robots.

Although the pump has shown promising performance, there
remain several aspects to optimize its design and functionality.
Our design relied on cylindrical DEAs to provide sufficient pressure
onto the channel. The height of the pump was dictated by the active
height of the actuators. Low-profile DEA designs with similar power
densities were required to reduce the thickness of the pump. In ad-
dition, themechanical frame in the current design wasmade of rigid
materials. The top and bottom plates could be potentially replaced
by flexible materials, such as Sylgard 184 (Dow). The metal align-
ment pins could also be made of lighter materials, such as plastic.
This would bringmore flexibility to the pump and reduce its weight.
Furthermore, to tune the resonance of the DEAs without notably
reducing their output power and complicating the fabrication
process, we added weight to the free end of the actuator, which
doubled the overall weight of the DEA. The development of
large-area DEAs with similar breakdown voltages and energy den-
sities is necessary to improve the scalability and performance (i.e.,
specific pressure and flow rate) of the soft pump. Last but not least,
the high voltage drive signal required the pump to be tethered,
which currently limits its use in wearable devices or for untethered
applications with a mobile robot. It is critical to reduce the driving
voltage by reducing the layer thickness. Compact electronics and
high energy density batteries are also necessary to achieve future
generations of integrated power systems for fluidic robots.

MATERIALS AND METHODS
Soft pump fabrication and assembly
A soft pump contained two or three rolled dual-DEA structures, a
soft channel, and a mechanical frame. A multilayer rolled DEAwas
fabricated through a process developed in a previous study (44).
Each multilayer elastomer sheet was 104 mm long and 11 mm
wide, and each rolled DEA had an active height of 9 mm. The mul-
tilayered sheet contained five functional elastomer layers (30-μm
thickness) and two encapsulation layers (20-μm thickness), both
made of Elastosil P7670 silicone. Each functional elastomer layer
was sandwiched between two carbon nanotube electrode layers
(Nano C) (fig. S1). A 250-mg weight was attached to one end of
the rolled-DEA structure using conductive carbon adhesives. Two
such rolled DEAs were combined in parallel into a dual-DEA struc-
ture. The indenter was three-dimensionally (3D) printed using a
Stratasys Objet 30 printer and was glued to the DEA structure
with adhesive. The indenter was 2 mm in height, 5 mm in length,
and 4.5 mm in width, with a concave bottom surface matching the
cross section of the fluidic channel. Each dual-DEA weighed 1.7 g.

The fluidic channel was cast with a 3D-printed mold. The mold
contained a 5-cm-long and 4-mm-wide channel pattern. It also in-
cluded 2-cm-long 0.5-cm-diameter cylindrical openings at the two
ends of the channel to connect the channel to external tubing. The
channel had a concave cross section and a depth of 1.2 or 1.4 mm.
To fabricate the channel, we filled the mold with Dragon Skin 20
(Smooth-on Inc.) elastomer precursor and cured it at 70°C for 30
min. An elastomer layer was spin-coated on an acrylic substrate at
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350 rpm for 1 min and cured under the same conditions. This cured
layer was then spin-coated with a wet layer of the same material at
1500 rpm for 1 min. The cast channel was placed onto the wet layer
and left at room temperature for 12 hours to bond the layers.

The top and bottom acrylic plates were manufactured with a
laser cutter (Universal Laser Systems, VLS 6.75). The top plate
was 5 cm long by 3 cm wide. The bottom plate was 9 cm long by
3 cm wide. To assemble the pump, the soft channel was first
placed on top of the bottom acrylic plate. Four alignment pins
(Mcmaster-Carr) connected the channel and plate through align-
ment holes. Then, the DEAs were aligned and attached to the top
plate with Gel Pak adhesive (Gel-film, WF-40 × 40-0170-X8). Last,
the top plate was aligned to the bottom plate through the pins, and
ultraviolet adhesive was applied around the pin holes for
stabilization.

DEA characterization setup
The DEA free displacement was measured with a high-speed
camera (Phantom V1612) at 20,000 fps (fig. S4A). We operated
the DEA for 0.5 s at frequencies ranging from 200 to 600 Hz in in-
crements of 25Hz. This process was repeated after adding weights to
the actuator, with a frequency range from 80 to 300 Hz. Five
hundred frames of the video taken at each frequency were saved,
and the DEA motion was tracked every ten frames with a
MATLAB script.

The force was measured using a Nano17 force sensor (ATI In-
dustrial Automation) (fig. S4, B to D). To measure the preload force
applied to the channel, a dual-DEA structure was attached to the
end of the force sensor with Gel Pak. The sensor was screwed
onto a micrometer tuning stage, and a fluidic channel was placed
under the DEA, in contact with the pinch tip. The pre-indentation
distance of the DEA into the channel was tuned by adjusting the
height of the tuning stage. For blocked force measurements, we
sandwiched the dual-DEA between the force sensor and a fixed sub-
strate with the previously measured preload values. Voltages
ranging from 1000 to 1700 V were applied with an increment of
50 V.

Demonstration experimental setup
The flow rate was measured with a flow sensor (Sensirion AG,
SLF3S-0600F) connected in series with the soft pump. The data
were recorded with USB RS485 Sensor Viewer software. The
fluidic pressure was measured with a pressure sensor (TE Connec-
tivity Measurement Specialties Inc., U5244-000005-005PG) con-
nected in parallel with the soft pump, and the analog data were
collected with a DAQ (National Instrument, USB-6008). The
pump control system was built in Simulink and was modified on
the basis of a previous precious study (48). To map the bellows-
shaped actuator pressure to its bending angle, an off-the-shelf hy-
draulic pump (OVTOP JT-750) was used as the pressure source. A
customized rigid valve for a previous fluidic soft actuator study was
used for pressure regulation (48). Video of the haptic actuators was
recorded with a camera (NikonD7500). Themotion of the actuators
was manually post-processed in MATLAB. We tracked the center
points of each actuator, as can be seen in movie S8.

Hydraulic bellows-style actuator and haptic actuator
fabrication
The hydraulic bellows-shaped actuator was based on previous
designs (58, 48). The fabrication process involved casting and
curing an inner soft core and the outer bellows shape with 3D-
printed molds (fig. S13). The molds for each component contained
two complimentary halves: one contained bellows structures, and
one served as the inverse substrate. Two supporting rods with a di-
ameter of 0.5 mmwere comolded with the inner core to support and
aligned the core the subsequent molding process. Both halves of the
core mold were then filled with M4601 elastomer (Wacker Chemi-
cal), combined, and fixed with a clamp before curing at 70°C for 30
min in an oven. To fabricate the actuator, the inner core with an
embedded supporting rod was aligned with the bellows structures
in the mold. Ecoflex 0030 was then poured into both parts of the
actuator and mold-cured in an oven at 70°C for 20 min. After
curing, the inner core was pulled out of the actuator together with
the rods. The holes at the top of the actuator from the supporting
rods were sealed with Silpoxy adhesive (Smooth-On Inc).

The haptic actuator was also based on previous designs (55, 56).
The haptic actuator was manufactured through a cast, cure, and
bonding process. The actuator chamber mold was laser-cut (Uni-
versal Laser Systems) from a 6.35-mm (1/4-inch) acrylic plate. It
contained a substrate, a circular ring with an inner diameter of 15
mm and an outer diameter of 20 mm, and a circular disk with a
diameter of 10 mm (same as the chamber diameter) (fig. S13).
The three parts were glued together using double-sided tape. We
filled the mold with Dragon Skin 20 elastomer (Smooth-On Inc)
and cured it at 70°C for 20 min. The actuator substrate was spin-
coated at 200 rpm for 60 s and bonded to the chamber through a
wet bonding method.
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Supplementary Text
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