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Abstract—Hydraulic-driven soft robots have received much less
attention than their pneumatic counterparts. However, the incom-
pressibility of liquid could bring a series of desirable attributes to
soft robotic control, despite the apparent disadvantage of weight
addition and compliance compromise resulting from the liquid
medium itself, as well as the performance limitations of the hy-
draulic pump and valve systems being used. In this article, we
introduce a Hydraulic Actuation with Wide-range Flow regulation
(HAWF) as the fundamental inner control loop, and propose a soft
robotic hydraulic control framework with Characteristics-based
Control and Partial State feedback (CCPS), exploiting the desir-
able features of flow-regulating devices such as peristaltic pumps,
achieving accurate and fast-responding position/force regulation
on different soft actuators. The proposed control framework is
validated with different control devices for comparisons, with
promising results. The proposed framework could be generalizable
to other hydraulic-driven systems towards control performance
and simplified system setup across different applications.

Index Terms—Flow regulation, hydraulic actuation, position/
force regulation, soft robotics.

I. INTRODUCTION

SOFT robots, characterized by their soft material bodies and
the resulting high degrees of freedom, have emerged as

promising candidates in various scenarios, such as human-robot
interactions and manipulation of delicate objects. Their high
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adaptability and safety compared to the rigid ones [1], [2] in
complex environments make them particularly well-suited for
these applications [3], [4], [5], [6], [7]. Close-loop control is
essential for soft robots to perform effectively in diverse situa-
tions and environments. However, the intrinsic properties of soft
materials and actuation methods, including low elastic modulus,
nonlinearity, hysteresis, and viscoelastic effects, pose challenges
to the implementation of closed-loop control. [8], [9], [10].

Apart from perception where numerous solutions have been
proposed [9], [10], [11], [12], [13], actuation is another decisive
factor for accurate closed-loop control of soft robots. Specific
implementations vary notably with the actuation type. There-
fore, to progress soft robotics and enhance performance across
diverse applications, it is significant to comprehend and explore
various actuation methods. Among actuating approaches of
soft robots such as pneumatic actuation [14], dielectric actu-
ation [15], and magnetic actuation [16], hydraulic actuation is
the one implemented by pressurizing and depressurizing liquid
in designated cavities inside soft robots to induce expected
motion/force. The incompressibility of the liquid endows hy-
draulic soft robots with both positive and negative attributes.
Despite disadvantages including lower compliance pneumatic
ones, performance reduction once being punctured, and difficult
miniaturization, hydraulic soft robots exhibit attractive advan-
tages including high stability, high load capacity, high actuating
force, high response frequency, and various motion patterns such
as bending, elongating, and twisting [3], [5], [6], [17].

In recent years, various hydraulic actuation methods have
been applied to soft robots. Pump & valve systems with switch
control, are based on discrete operations (on/off) of their compo-
nents. These systems are prevalent in implements of actuation of
fluidic-driven soft robots for their high design adaptability and
versatility to a wide range of robotic applications [18], [19], [20],
[21], [22]. However, even if their speeds are high, the discrete
flow controlled with on/off valves leads to challenges of accu-
rate control such as oscillations [19], [21], [23]. Additionally,
there is a contradiction between response time and regulation
precision for hydraulic systems controlling on/off valves. This
contraction could be overcome by applying a proper algorithm
on parallelly-connected high-speed valves but at the expense of
cost, weight, and complexity [23], [24], [25], [26].

Alternatively, research efforts have focused on actuation
methods allowing bidirectional continuous flow regulation,
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including cylinder & piston systems and peristaltic pumps.
Capable of transferring liquid precisely, cylinder & piston sys-
tems are suitable for scenarios where high precision is empha-
sized instead of fast response, such as characterizing a novel
actuator [27], or actuating soft robots that carry another device
requiring accurate pose control [28], [29], [30]. Peristaltic pumps
independently enable valveless, bidirectional liquid transferring
without backflow, and consequently untethered designs in a
compact form factor [31], and even open-loop positional control
with mapping between the motor position and the actuator
motion in a specific motor speed interval [32], [33]. With a model
based on air compressibility, the flow-regulating capability of
peristaltic pumps was proven effective in closed-loop pneumatic
pressure control, which enables rapid and stable soft robotic
position control indirectly [34]. Hence, the flow regulation ca-
pability of peristaltic pumps remains worthwhile to investigate
to hold promising prospects for further advancing the overall
control performance of soft robotics for various applications.

In this study, we further explore the potential of utilizing the
flow regulation method in terms of wide-range flow rates for
close-loop control of soft hydraulic robotic systems. The model
determined by soft robots in control is employed for fast and
accurate position and force control compared to the prevalent
pump & valve systems. The main contributions of this work are
as follows:
� Proposing a concept of Hydraulic Actuation with Wide-

range Flow Regulation (HAWF), which refers to regulating
the rate of a continuous flow in a wide range in terms of
both its direction and magnitude to actuate soft hydraulic
robots, thus enabling soft robots to converge quickly and
steadily.

� Presenting a Characteristics-based Control with Partial
State-feedback (CCPS) method to cooperate with the
HAWF concept for soft hydraulic actuators. Based on
partial state feedback (i.e. output feedback), flow regulation
is guided by a model based on the physical and task-
related characteristics of the actuator, contributing to high
accuracy, dynamic performance, and adaptability.

� Constructing an embodiment system with a peristaltic
pump for flow regulating device since it fulfills the needs
of the HAWF method with a compact form factor. Exper-
iments are conducted for thorough verification, including
comparisons with conventional pump & valve systems.

The remaining part of this letter comprises the HAWF con-
cept and design of our hydraulic actuation system (Section II),
CCPS method and design of controllers (Section III), platform
setup descriptions and experimental procedures for validation
(Section IV), the experimental results and discussions
(Section V), and the conclusions and future work (Section VI).

II. HAWF CONCEPT AND DESIGN OF HYDRAULIC

ACTUATION SYSTEM

A. HAWF Concept

In a simplified circuit driving an actuator with a peristaltic
pump (see Fig. 1(a)), as the peristaltic pump is propelled, water
is transferred. The direction of transferring determines whether

Fig. 1. Concept of HAWF method and design of hydraulic actuation system.
(a) Simplified system driving an actuator with a peristaltic pump. (b) Hydraulic
actuation system based on flow regulation with a peristaltic pump. (c) Charac-
teristics of the proposed hydraulic actuation system.

the actuator inflates or deflates. As is shown in Fig. 1(b), when
the shaft is driven by a motor to rotate through Δθ, a volume
ΔV of liquid will be squeezed out or taken in, depending on
the direction of Δθ, which means the ability of bidirectional
transferring. Besides bidirectional transferring, backflow could
be prevented because the tube is constantly pinched regardless of
the motor velocity. Based on bidirectional transferring and back-
flow prevention, the flow rate Q = dV/dt could be regulated
continuously by controlling the motor velocity ω = dθ/dt in a
wide range in terms of both its direction and magnitude. Thus,
quick converging and oscillation avoidance can be compatible
while actuating soft robots with a regulated continuous flow.

McIntyre et al. [35] proposed and validated a model for
solving the average flow rate of peristaltic pumps with constant
motor velocity (≤5 rev/s) and end-to-end pressure difference:

Qavg =
(Vnom − Vr ·NU)ω

2π
(1)

where Qavg is the average flow rate of the pump, Vnom is the
nominal volume displacement of the pump determined by the
pump dimensions, Vr is the maximum roller volume displace-
ment value measured experimentally, NU is the number of
rollers, and ω is the motor velocity. The first three parameters in
(1) are all constants concurrently influenced by factors including
the circuit configuration, the number of rollers, pump dimen-
sions, and the pressure difference across the pump, therefore,
the flow rate of a peristaltic pump is proportional to the motor
velocity in a steady state.

However, it is difficult to predict the flow rate of a peristaltic
pump accurately and dynamically in real-time scenarios since
the motor velocity and end-to-end pressure difference may
change over time. As a consequence, close-loop control is crucial
for the robustness of control.

B. Design of Hydraulic Actuation System

For better adaptability and accurate control of soft hydraulic
actuators, a hydraulic actuation system was constructed for
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Fig. 2. Pump & valve system and flow regulating device. (a) Comparison
between a pump & valve system and a flow regulating device. (b) Components of
the flow regulating device (ODrive excluded). (c) Experimental setup measuring
the transferred volume of the flow regulating device. (d) First row: transferred
volume of the flow regulating device vs. time with motor velocities of distinct
degrees of magnitude (plotted with solid lines) and linearly fitting curve(plotted
with dashed lines); second row: absolute error between the original curve and
the fitting one vs. time. (In every graph, three solid lines with distinct colors
represent results of repeated experiments.).

closed-loop control as depicted in Fig. 1(b): as per the sensory
feedback of the actuator, the controller sends commands to the
flow regulating device to adjust the motor velocity, so that the
flow rate into the actuator will be regulated to reduce the error.

There are co-existing characteristics of the proposed hydraulic
actuation system based on the HAWF method (see Fig. 1(c)): Not
only can the flow rate be large with a high motor speed so that the
actuator can respond fast, but fine-tuning of position/force can
be supported with the motor rotating slowly, enabling dexterous
operations such as imitating a human finger to shoot a picture
with a camera.

1) Design of Flow Regulating Device: Fig. 2(a) depicts how
a flow regulating device differs from a pump & valve system
while actuating a hybrid-pressure hydraulic actuator. For a pump
& valve system, two branches are utilized to inflate and deflate
the actuator respectively. The system can be switched to three
discrete operation states, but it is difficult to regulate the flow
rate directly, and transitions are not instant, which makes over-
shooting and oscillations possible due to the incompressibility of
liquid. By comparison, the flow rate through a peristaltic pump
can be regulated continuously with the motor velocity so that
the motion state of the actuator changes smoothly.

To implement our system, the controller runs on a computer,
receiving sensory data from a data acquisition device and send-
ing motor velocity commands to the flow regulating device. As
is shown in Fig. 2(b), the flow regulating device consists of a

Fig. 3. CCPS method and design of controllers. (a) Diagrams of CCPS
method. (b) PneuNet actuator for experiments and the relationship between its
displacement at a fixed height and change of its volume. (c) Origami actuator
for experiments and the relationships between its elongation/output force and
change of its volume. Physicality-based model for (d) Position control of a
PneuNet actuator. (e) Position control of an origami actuator. (f) Force control
of actuators.

peristaltic pump head, a 560 KV brushless motor, a magnetic
encoder, and a magnet fixed on the shaft of the motor controlled
with an open-source field-oriented control device enabling
precise velocity control.

2) Verification for HAWF: To prove the reliability and re-
peatability of the flow regulating device, a preliminary test
was conducted on the setup shown in Fig. 2(c), where the
flow regulating device pumped water from a reservoir into a
syringe with the motor velocity of 1, 10, and 100 rev/s in
triplicate, respectively. The displacement of the syringe piston
was measured with a laser displacement sensor to calculate
the transferred volume over time. The results were shown in
Fig. 2(d), which indicated that with distinct steady-state motor
velocities, the errors between the original curve and the fitting
one are of the same degree of magnitude. It can be observed that
when the motor velocity increased by a factor of 10 from 1 rev/s,
the average flow rate increased to 11.5 times the original values,
which is in accordance with (1), and when the motor velocity
further increased by a factor of 10, (1) failed to hold since the
average flow rate merely increased to 4.49 times the original
values, which could be attributed to cavitation.

III. CCPS METHOD AND DESIGN OF CONTROLLERS

A. CCPS Method

Although the constructed hydraulic actuation system has
shown its reliable flow regulation capability, it is necessary
to design the controller properly faced with various actuators
and tasks. To tackle this problem, as is shown in Fig. 3(a), the
CCPS method centers a model mainly based on the physical
characteristics of actuators, and requires feedback on the output
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(e.g. position or force) of the system solely to produce a volume
increment. Then the volume increment is input to the flow
regulating device controller (a PD controller) to regulate the
flow rate accordingly. For further clarification, in the following
sections, position control and force control of two distinct ac-
tuators will be implemented and validated experimentally. The
sensory feedback for our system and pump & valve systems was
provided by off-shelf sensors so that the potential of the HAWF
concept and CCPS method on soft robotic control can be better
validated and compared.

B. Design of Controllers

1) Position Control of an PneuNet Actuator: A PneuNet
actuator inspired by [36] had been printed with thermoplastic
polyurethane (TPU) and utilized in this work. Its dimensions and
relationship between displacement at a fixed height and change
of volume can be found in Fig. 3(b), where the nonlinearity
could be observed (coefficient of determination R2 = 0.928).
The position control of this actuator is supposed to adapt the non-
linearity of the displacement-volume relationship and converge
successfully. As a consequence, the volume estimation function
VPA(x) in the characteristics-based model (see Fig. 3(d)) is
obtained by polynomial fitting and then applied to calculate the
volume increment ΔV .

2) Position Control of an Origami Actuator: The relation-
ship between elongation and change of volume, and the basic
parameters of the origami actuator we designed were shown
in Fig. 3(c), and more details are available in our previous
works [22], [37]. Besides the physical characteristics of the
actuator, the demands of the task could be a crucial factor for
the design of the characteristics-based model. The objective
of its position control is tracking a given position trajectory
accurately, requiring high dynamic performance. Therefore, the
characteristics-based model design for this actuator is depicted
in Fig. 3(e). The actuator has a linear elongation-volume rela-
tionship (coefficient of determination R2 = 0.998), leading to a
linear function VOA(x) for volume estimation. To enhance the
dynamic performance, a feed-forward item, i.e., a multiple of
the currently desired actuator velocity, is added with the volume
difference to obtain the volume increment ΔV .

3) Force Control of Actuators: For the origami actuator fixed
in the initial position, as is shown in Fig. 3(c), the force-
volume relationship is also linear (coefficient of determination
R2 = 0.992), but the volume range is much narrower than that
of elongation. For the PneuNet actuator, the force control will be
validated in a camera operating experiment, where short travel
and mild force are expected while pressing and releasing the
shutter button. Therefore, in the model for force control, the
volume difference estimation function V (F ) in the model (see
Fig. 3(f)) is linear, and the feedforward item can be omitted.

IV. SOFT ROBOTIC CONTROL PLATFORM SETUP

AND VALIDATION

Fig. 4(a) interprets briefly how experiments of position con-
trol and force control were conducted on the origami actuator.
In experiments of position control, the actuator was fixed on

Fig. 4. Actuators and experimental setups. (a) Diagrams of experiments of
position control and force control. (b) The experimental setup for position
control tests (without load) and force control tests, and the pump and valve
system. (c) The experimental setup for the position control tests (with load). (d)
The experimental setup for the demonstration of position control of a PneuNet
actuator. (e) The experimental setup for the demonstration of force control of a
PneuNet actuator.

one end and driven to elongate axially, and the displacement
was measured by a displacement sensor. Moreover, a load was
involved as a variable for robustness assessment.

In experiments of force control, both ends of the actuator
were fixed and one was fixed across a force sensor measuring
the force exerted by the driven actuator. In addition, leakage
simulated with a solenoid valve was introduced as a variable
for robustness assessment. Although it was pointed out that
leakage could hinder the performance of actuators [3], [5], [6],
it remained worthwhile to verify whether this disturbance could
be compensated properly with the HAWF capability and CCPS
method of our system or not with sufficient liquid supply. The
actuator’s neck was filled up to avoid unexpected inflation. In
each test, the desired curve and the actual one would be recorded
to calculate the root-mean-square error (RMSE).

A. Position Control Experiments for an Origami Actuator

The experimental setup for position control experiments is
shown in Fig. 4(b)(c). In Fig. 4(b), an origami actuator was
constrained with a linear guide fixed horizontally to ensure its
free axial elongation while a laser displacement sensor measured
the elongation. In Fig. 4(c), both the linear guide and the actuator
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were installed vertically so that weights on the tray could exert
load on the actuator.

1) Test with a Trapezoidal Velocity Trajectory: Trapezoidal
velocity trajectory is a position control strategy commonly ap-
plied to motors. Given a target position, a trapezoidal velocity
trajectory, whose integral equals the displacement between the
target position and the current one (depicted as an S-shaped curve
over time), will be calculated for velocity control with predefined
acceleration, deceleration, and maximum velocity. To exhibit
that our system meets the requirements in an applicable scenario,
the position control strategy mentioned above was implemented
for the origami actuator and evaluated experimentally. Two tests
were conducted on setups in Fig. 4(b)(c) respectively, depending
on whether the actuator is loaded or not. The acceleration, decel-
eration, and maximum velocity of trapezoidal velocity trajectory
were assigned as 5 mm/s2, 5 mm/s2, and 5 mm/s in both tests.

2) Frequency Response Comparison Test: To prove the ad-
vantage of our system in the accuracy and dynamic performance
of position control w.r.t. pump & valve systems, a frequency re-
sponse comparison test was conducted on the setup in Fig. 4(b),
with a sinusoidal position curve x(t) = A[1 − cos(2πft)]/2
as the target of position control. Nevertheless, switch control
with a deadzone of ±0.1 mm is utilized to control pump &
valve systems. To reveal how the hardware limitations impact
the performance of pump & valve systems, two pump & valve
systems with identical diaphragm pumps and distinct solenoid
valves with a small orifice (1 mm diameter) and a large orifice
(5 mm diameter) respectively, for a larger valve orifice was
expected to allow a higher flow rate.

B. Force Control Experiments for an Origami Actuator

Tests for force control were performed on the setup in
Fig. 4(b), where the origami actuator was constrained at its initial
position with its output force measured by a force sensor, and
a solenoid valve (1 mm diameter) was connected between the
actuator and the reservoir for leakage simulation.

1) Step Response Comparison Test: In this test, to evaluate
and compare the capability of force control, the actuator was
driven by our system and pump & valve systems respectively
from the initial state (zero force output) to the target force on
5 equal steps, and then driven to zero force on 5 equal steps.
Every step took 1 s. And whether the leak is simulated or not is
a variable as well.

2) Frequency Response Comparison Test: Similar to the fre-
quency response comparison test for position control, a sinu-
soidal force curve F (t) = A[1 − cos(2πft)]/2 is input as the
target. And as a variable, simulated leakage played a role of
disturbance in the process of force control, since a minor volume
loss could impair the force output. The deadzone of switch
control of pump & valve systems was ±2 N.

C. Experiments for a PneuNet Actuator

The goal of this test is to prove that with a characteristics-
based model, our system could handle the nonlinearity of an
actuator and succeed in controlling its position or force stably.

1) Accurate Position Control: As is shown in Fig. 4(d), a
PneuNet actuator was installed vertically. A laser displacement
sensor measured its displacement at a height of 69.5 mm. In
this test, the actuator was driven from the initial state (0 mm) to
28 mm in a step length of 1 mm, and every step took 2 s. The pro-
cess mentioned above was conducted with distinct volume esti-
mation functions in the characteristics-based model, which were
obtained by polynomial fitting with orders ranging from 1 to 3.

2) Photographing Test: Owing to high compliance, soft ac-
tuators are inherently safe while directly interacting with deli-
cate objects like a camera. In the experimental setup shown in
Fig. 4(e), a camera was installed on a force sensor, and a PneuNet
actuator was installed in a proper position to make sure that it
could reach the shutter button while bending.

At first, the camera was operated by hand under the proce-
dure below: press the button mildly to focus, release to cancel
focusing, press mildly again to focus, press harder to shoot, and
release to finish. In this procedure, force was recorded to figure
out the thresholds triggering focusing and shooting. Then the
procedure was repeated with the PneuNet actuator according to
known force thresholds.

V. RESULTS OF SOFT ROBOTIC CONTROL EXPERIMENTS

A. Position Control Experiments for an Origami Actuator

1) Test with a Trapezoidal Velocity Trajectory: It is shown in
Fig. 5(b) that with our system, an actuator could elongate along
the desired position and velocity curve, and the RMSE<0.2 mm
of position control if −15 mm ≤xd≤ 15 mm. Additionally,
Fig. 5(c) indicated that the accuracy would remain even if the
actuator was under a load of less than 4.14 kg, which proved
the robustness as well as the practical potential of our hydraulic
actuation system.

2) Frequency Response Comparison Test: It can be observed
in Fig. 6 that as the required response amplitude and frequency
increased, RMSEs of two pump & valve systems noticeably
increased while our system could keep the RMSE<1.5 mm. For
example, when A = −15 mm, f = 0.5 Hz, the RMSE of our
system is 67.1% lower than those of pump & valve systems at
least; when A = 15 mm, f = 0.5 Hz, the RMSE of our system
is 76.1% lower than those of pump & valve systems at least.
To gain deeper insight, select two groups where one pump &
valve system shows significantly larger RMSE than others, and
compare all displacement-time curves. On the one hand, when
A = 5 mm, f = 0.1 Hz, the actuation system was meant to drive
the actuator to move slowly, but large orifices of valves resulted
in a large flow rate and consequently a large step length for every
operation of pump & valve that caused oscillations in the graph.
On the other hand, when A = 5 mm, f = 0.5 Hz, the actuator
was supposed to move quickly and change its direction sharply,
however, the small orifice of valves restricted the maximum flow
rate and thus hindered the actual position from catching up to the
desired position that was changing acutely. The discussion above
clarified the contradiction between response time and regulation
precision in pump & valve systems. Attributed to its HAWF
capability, our system could handle input of position control
oscillating with distinct amplitudes and frequencies.
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(a) (b) (c)

Fig. 5. Results of the position control test with a trapezoidal velocity trajectory. (a) Diagram of position control tests. (b) Left: RMSE vs. target displacement
in the test for position control with a trapezoidal velocity trajectory; right: actual and desired displacement and velocity vs. time with the target displacement of
15 mm. (c) RMSE vs. load exerted on the actuator in the test for position control with a trapezoidal velocity trajectory.

Fig. 6. Results of the frequency response comparison test of position control. First row: RMSE vs. A in the frequency response comparison test for position
control; second row: comparison of actual and desired displacement vs. time with A = 5 mm, f = 0.1 Hz, and A = 5 mm, f = 0.5 Hz respectively.

Fig. 7. Results of the step response comparison test of force control. (a) Diagram of force control tests. (b) Upper: RMSE vs. A in the step response comparison
test for force control; lower: comparison of actual and desired force vs. time with the target force of 100 N.

B. Force Control Experiments for an Origami Actuator

1) Step Response Comparison Test: The RMSE vs. target
force in step response comparison test for force control is shown
in Fig. 7(b). It was observed that our system had the lowest

RMSEs, and the simulated leakage would lead to a larger RMSE
in most groups. When the target force was equal to 100 N, as
more oscillations were introduced along with simulated leakage,
failures to converge in 1 s became more frequent for the pump &
valve system with large orifices because of its large step length.
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Fig. 8. Results of the frequency response comparison test of force control.
First column: RMSE vs. A in the frequency response comparison test for force
control with A =−60 N and A = 100 N; second column: comparison of actual
and desired force vs. time with A = −60 N, f = 0.25 Hz and A = 100 N,
f = 1 Hz respectively.

On the contrary, our system could manage to converge regardless
of whether leakage was simulated or not. This distinction could
be attributed to the fact that when the leakage was simulated,
compensating operations of pump & valve systems happened
only if the deviation of force from the target value exceeded
the deadzone, but our system kept compensating even if the
deviation was minor. In addition, compared to the pump & valve
system with small orifices, our system could converge more
rapidly with a larger flow rate at the very beginning of every step.

2) Frequency Response Comparison Test: It can be con-
cluded from Fig. 8 that faced with an ever-changing target force,
our system could obtain the highest accuracy and robustness
even against disturbances among three actuation systems. For
example, when A = −60 N, f = 1 Hz, the RMSE of our
system is 56.7% lower than those of pump & valve systems
at least; when A = 100 N, f = 1 Hz, the RMSE of our system
is 67.2% lower than those of pump & valve systems at least. To
figure out how the simulated leakage impacted distinct systems,
select two groups dealing with targets of distinct amplitudes
and frequencies. When A = −60 N, f = 0.25 Hz and leak-
age happened, errors of pump & valve systems increased as
the force increased, which could be attributed to that higher
pressure led to a higher flow rate through the open orifice of
the leakage-simulating solenoid valve and the net flow rate
of pump & valve systems would be inadequate. In contrast,
our system could compensate for the disturbance of leakage
at different pressures with its HAWF capability, which explains
why RMSE did not increase as significantly as those of other
systems after the leakage happened. WhenA =100 N,f =1 Hz,
the insufficiency of flow rates of both pump & valve systems

Fig. 9. Results of demonstrations of a PneuNet actuator. (a) Displacement and
its error vs. time in accurate position control with different volume estimation
functions in the characteristics-based model. (b) Upper: force vs. time while
shooting a picture by hand; middle: procedure of operating the camera; lower:
force vs. time while shooting a picture with a PneuNet actuator.

turned out to be the dominant factor for error, however, our
system was able to actuate the actuator as desired with a higher
flow rate. It was proven that apart from handling tough input
targets, when the water supply can be guaranteed (e.g. actuation
in the underwater environments [31]), our system could also
compensate disturbances such as leakage, to which actuators
are supposed to be prone. With this dynamic compensation
capability, our system could be applied to a wider range of
applications in soft robotics.

C. Experiments for a PneuNet Actuator

1) Accurate Position Control: Fig. 9(a) shows that as the
polynomial order increased for fitting of volume estimation
function, successful convergences of position control in 2 s were
more and more frequent for the PneuNet actuator, which shows
the effectiveness of the characteristics-based model for coping
with the nonlinear behavior of an actuator.

2) Shutter-Release Test: In the beginning, through the proce-
dure completed by hand shown in the upper part in Fig. 9(b), the
threshold triggering focusing and shooting could be determined
as 0.8 N and 2.0 N, respectively. Then with these known thresh-
olds, the PneuNet actuator was able to repeat the procedure and
the force-time curve was recorded in the lower part in Fig. 9(b).
And it can be observed that the curve was even steadier in the
lower part than its counterpart, because the physiological tremor
is inevitable for humans, but actuators are not prone to this
disadvantage. The process was recorded in the supplementary
video.
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VI. CONCLUSION AND FUTURE WORK

In this letter, we proposed the HAWF concept and CCPS
method, and implemented a hydraulic actuation system enabling
fast- and fine-tuning of soft robots. The system was tested and
compared to conventional pump & valve systems experimen-
tally, on an origami actuator, and turned out to perform posi-
tion/force control with higher accuracy and robustness against
disturbances than its counterparts. Lastly, in the position control
experiment for a PneuNet actuator, it was proven that with the
CCPS method, an actuator with a nonlinear motion behavior
can also be controlled accurately. In the final demonstration of
camera shutter-releasing, the soft actuator with CCPS could very
clearly distinguish between a shutter half-press and a shutter
full-press, two states only separable by the pressing force. The
combination of achievable features together with the compact
form factor and the simplified hydraulic circuit setup, could
potentially pave the way for some more diversified explorations
and applications of hydraulic soft robots.

The prospective work may focus on, perfecting hardware and
controllers to further improve performance and versatility in
more complicated interactive tasks, integrating with state-of-
the-art perceptive approaches of soft robots, and exploring wider
applications of multi-actuator systems.
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