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Abstract

This article describes a new multivalve configuration for achieving both high speed and high resolution in
pneumatically driven soft robotic actuators. The proposed method utilizes dual on/off valves with differing
orifice sizes in both the charge and discharge paths of the pneumatic circuit. The multiple-valve arrangement
provides five states of flow-rate control, which can provide high flow rate for large step changes in pressure,
and fine pressure control for precision positioning or force control. Compared with a proportional valve, the
proposed method is physically smaller, lower cost, and significantly faster in charging and discharging a soft
actuator. The performance of the proposed multivalve system is evaluated using a dual hysteresis control
strategy, where the valve combination is dependent on pressure error. The proposed method is experimen-
tally compared with two single-valve configurations, and the results demonstrate a significant improvement
in both speed and accuracy. The proposed method is suited to applications that require a fast response
between arbitrary set-points and precise control of position or interaction force.
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Introduction

Fluidic soft robots are traditionally driven by a system
of pumps and valves.' Their applications include min-
imally invasive surgery,* rehabilitation,™® and elderly
assistance.” Compared with rigid robots, soft robots
provide a desirable combination of high compliance,
low mass, and user safety. Soft robots are typically
driven by a pneumatic source with on/off valves for
pressurization and discharge. Due to the manufacturer-
specified minimum mechanical opening time of valves,
a trade-off exists between the pressure rise time and
the minimum achievable pressure change. The orifice
diameter determines the maximum flow rate, while the
orifice diameter and minimum on-time determine the

minimum pressure variation. As shown in Figure 1, a
large orifice provides a fast response for large pressure
changes but is unable to make small pressure variations.
Small orifices provide more precise pressure control but
have a slow step response for large changes in pres-
sure.*” This limitation causes the actuator’s perform-
ance to be constrained by the pneumatic supply rather
than the actuator mechanics. As a result, the actuator
cannot fully utilize its potential range of motion, force
output, or actuation speed, leading to an under-utilized
actuator and suboptimal performance.*'®™"

The main components of compressed air systems are
a pump or source, an optional accumulator, and valves
for controlling flow direction.'** An accumulator can
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FIG. 1. Trade-off between the speed and reso-
lution of a solenoid valve. The orifice diameter
(mm) of the tested valve decreases to the right of
the graph. Resolution on the y-axis refers to the
smallest pressure variation that a pneumatic sys-
tem can track using the corresponding valve
diameter.

also be included to smooth pulsating flow and prevent
excessive temporary pressure drop due to sudden
demand.">'® Moreover, the air accumulator allows for
reduced energy consumption and fast pressurization of
soft actuators.'”

Various setups with solenoid valves have been
described in the soft robotics literature.'®° Systems
with 3/2 valves contain a single valve with two states,
charging or discharging the actuator. The inlet port is
connected to the compressor or the accumulator, the
outlet port is connected to the soft actuator, and the
exhaust port is open to the atmosphere.?' These sys-
tems have no stable operating point other than maxi-
mum inflation and deflation and are not well suited to
applications that require arbitrary pressure references.

Most soft robotic systems discharge to ambient
pressure, which results in a slow deflation speed as the
relative pressure approaches zero. By utilizing a nega-
tive pressure source and a second valve, the deflation
speed can be improved.”>*> However, although the
deflation speed is improved, negative pressure is not
frequently used due to the need for a vacuum pump
and cylinder. Negative pressure also has a tendency to
collapse delivery hoses, so the pressure must be cho-
sen conservatively. The methods proposed in this arti-
cle are equally applicable to systems that use negative
pressure or ambient pressure; however, in the remain-
der of the article, only the more common case of
ambient pressure is discussed in detail.

To reduce energy consumption and improve the
valve lifetime, more complex 3/3 (3-way, 3-position)
or 5/3 (5-way, 3-position) valves can be used.**
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However, configurations with higher-order port posi-
tion combinations are typically more expensive than a
system with two 2/2 (2-way, 2-position) valves and
provide no further advantage.'”*° Systems of two 2/2
valves also provide advantages for the design and
manufacturing of custom manifolds, which allow pre-
cise selection of the orifice diameter.

Systems utilizing negative pressure have been
explored in previous studies.'**"*” These systems
benefit from the actuator deflation operating point
being farther from the source pressure than those
relying on atmospheric pressure, leading to reduced
actuation times for equivalent step pressure changes.
However, despite their performance advantages, they
introduce greater complexity to the pneumatic setup.
Consequently, they have not been considered in this
article, as the proposed method does not depend on
the pressure source being distant from the actuator’s
operating point. Instead, this approach emphasizes
the systematic benefits of a dual-valve configuration.

When a system of two 2/2 on/off valves is used, a
clear advantage is gained over a system with 3/2
on/off valves due to the additional stable state in
which air is neither entering nor exiting the actua-
tor.”'>** The simplest controller is a hysteresis con-
troller with three states. In the first state, valve 1 is
used for charging the actuator while valve 2 is
blocked. In the second state, both valves are blocked,
and no flow is allowed from the accumulator or to the
atmosphere. Finally, in the third state, valve 2 is used
to discharge the actuator into the atmosphere while
valve 1 is blocked. There is a fourth state where both
valves are open; however, this state produces no work
on the actuator as the air simply travels in and out of
the system simultaneously.

Contributions of this work

In this article, two 2/2 valves are proposed to improve
the speed and resolution of pneumatically driven soft
actuators. The proposed pneumatic system increases
the performance of soft actuators without significantly
increasing the complexity of the control algorithm or
pneumatic system. The two 2/2-valve configuration
also offers reduced energy consumption, reduced
pressure ripple, and improved lifetime due to a
reduced number of switching events compared with a
3/2-valve system.” Hysteresis controllers are imple-
mented to evaluate the speed and accuracy of the pro-
posed methods.
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The proposed method is suited to applications that
require a fast response between arbitrary set-points and pre-
cise control of position or interaction force, such as grip-
pers, exo-suits, and worm-like continuum robots, 1314171828
In these references, a trade-off was chosen between speed
and resolution, which resulted in under-utilization of the
soft robotic actuator.

The foremost contributions of this work are:

e A dual arrangement of 2/2 valves is proposed for
charging and discharging, as illustrated in Figure 2.
The dual 2/2 valves are arranged in parallel with ori-
fice diameters selected to optimize both speed and
resolution.

e A systematic method is described for choosing the
orifice diameters and controller parameters for
optimal response.

e The proposed method is experimentally compared with
two single-valve configurations. The results demonstrate
significant increases in both speed and accuracy.

In the following sections, the dual-valve concept is
described in the first section, followed by the experi-
mental system in the second section. A simulation
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model is presented in the third section, which is used
to develop the control algorithm in the fourth section.
The characteristics and performance of the proposed
method are evaluated in the final section.

Dual-Valve System Concept

Figure 2 illustrates a conventional single-valve sys-
tem and the proposed multivalve system. The single-
valve system utilizes one on/off valve in both the
charge and discharge paths of the pneumatic circuit.
This system presents three useful unique flow states.
In this article, a comparison system with a single-
valve configuration was chosen because it closely
resembles the proposed setup. To ensure a fair com-
parison between the single-valve and multivalve set-
ups, the same pneumatic valves with the same orifice
diameters were used. The dual-valve system utilizes
two on/off valves in both the charge and discharge
paths of the pneumatic circuit. This configuration
presents five useful unique states, which can be cho-
sen to provide a range of flow-rate restrictions. The
resolution of a pneumatic system is determined by
three main factors:

r

Single Valve System

Accumulator

Pump

=¥

' Charge Valves

/Discharge Valves

Accumulator

Accumulator

Pump

E

| Charge Valves

y

SRA

Ve

"
AL

mil

SMC VDW22LA.%°

Pump Actuator
s 7/ SRA Valve 2
7 \ Discharge
Dual-Valve System
Accumulator Charge

Discharge Valves

FIG. 2. The single-valve and dual-valve configurations. A pump provides a source of flow into the
1.25L accumulator. Two pressure sensors are used to measure the accumulator and actuator pressures.
A custom manifold with integrated valves is used to create user-defined orifice diameters. The valves are

Actuator

Fatm \ !
] 1Small Diameter;
i

Discharge



http://online.liebertpub.com/doi/10.1177/28350111251380262

Young, et al.; Robotics Reports 2025, 3.1
http://online.liebertpub.com/doi/10.1177/28350111251380262

e The difference between the upstream and down-
stream pressure.

e The pneumatic resistance between the source and
actuator, which determines the flow rate.

e The minimum time that a valve can be opened for
(minimum on-time).

In a system with a high flow resistance, high pres-
sure resolution can be achieved at the cost of a slow
response. Figure 1 compares the rise time and pres-
sure resolution of a pneumatic system with orifice
sizes ranging from 0.35 to 1.20 mm and a reservoir
pressure of 100 kPa.

The following subsections present an approximate
mathematical model to design a desired configuration
and determine the optimal flow resistances.

Detailed design

As derived in studies by Xavier et al.,'"**° pneumatic
systems can be modeled by two fundamental equa-
tions, which describe the air pressure dynamics of the
pneumatic system. The polytropic gas law models the
volume pressurization, which is reasonable for actua-
tors with low deformation due to ballooning, includ-
ing fast pneumatic network actuators.>'*>%*!

PV’ = constant, (1)

where P is the pressure (in kPa), V is the volume, and y
is the polytropic index. In soft robotic applications,'”**>*
the polytropic index is chosen between the isothermal
and isentropic processes, =1 and y= 1.4, respectively.
In this work, 7 is approximated as 1.2."”

Differentiating both sides of 1,

av dpP V dP
PV 4V =0= Q= —— 2
’ dt i dt © yP dt’ @
where Q= — ‘fi—‘; is the volume flow rate into the actu-

ator (in L/s).

ANSI/(NFPA)T3.21.3 characterizes the volumetric
flow rate Q (L/s) for charging and discharging through
an orifice as,*°

0= 114.5C,/0.01P4(0.01P,,,,, — 0.01Py)
VTxr ’

where Q (L/s) is the volumetric flow rate through a
valve, P, (kPa) is the actuator pressure, Py, (kPa) is
the pump pressure, T (K) is the temperature of the
air, and C, is the flow coefficient of the valve.

3)
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For an actuator that is charging, by combining
Egs. (2) and (3), the flow rate and pressure of a con-
stant pressure source charging an approximately con-
stant volume load through an orifice is*’:

dP, P, 1.145><CM/PA(Ppump—PA)
— = ) 4)
VTR

dt— Vy

where the approximately constant volume is V4 (L).
This expression shows a nonlinear relationship
between the change in pressure dP4 and flow coeffi-
cient C, as well as the upstream and downstream
pressures across the charging orifice, P4 and P,.
The flow coefficient C, is a nonlinear relationship
between the upstream, downstream, and orifice diam-
eters and geometry. The worst-case pressure resolu-
tion is determined by the minimum on-time of the
solenoid valve, which imposes a minimum achievable
pressure change dP, for a given valve flow coefficient
or orifice diameter. This minimum change in pressure
is a nonlinear function of the upstream and down-
stream pressures and is greatest when the pressure
difference is maximum. To determine the minimum
valve on-time, an experiment was conducted by replac-
ing the soft robotic actuator with a small volume. The
valve was actuated using short pulse widths ranging
from 10 to 30 ms, increasing in 1 ms increments, until a
detectable pressure change was observed at the valve’s
output.

While the valve flow conductance is a function of
the pressure difference between the upstream and
downstream paths and their absolute values, the fol-
lowing derivation aims to estimate the worst-case
pressure resolution within the operating range of the
actuator. By rearranging Eq. (4), the required flow
coefficient C, can be approximated as

_dPy V) VT

Cy=——— :
dt YPs 1.145\/Pa(Ppump — Pa)

This is discussed in the section “Results.” Perform-
ance criteria of the system include a 10%-90% rise
time <200 ms and an accuracy <2 kPa were first
defined. Using Eq. (5), a resolution to 2kPa and a
minimum on-time of 20 ms, the valve conduction
coefficient can be calculated C,=0.00739. Similarly,
by setting the 10%-90% rise time to 200 ms, a result-
ing value for C, is 0.02957.

These values were used as starting points to select
the orifice diameters of each valve. Second, simula-
tions for a range of single orifices from 0.1 to 2.3 mm

(&)
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were performed to validate the response. This was
then experimentally verified to show that the pressure
resolution for a 0.35mm orifice is 1.6kPa, which
agrees with the approximated prediction.

The large orifice was selected using the data, with
an orifice of 0.9 mm diameter capable of achieving the
10%-90% rise in approximately 0.192s.

Experimental System

The experimental system is illustrated in Figure 3 and
comprises a diaphragm pump (Keyukang Electronic
KYK50BPM?>®), a 2 L air accumulator, four 2/2 on—off
solenoid valves (SMC VDW22LA*), two pressure
sensors (Honeywell SSCDANVO015PGAA5®), and
6 mm tubing between each of these components. A
custom manifold block shown in Figure 4 creates
user-defined orifices for each valve. These manifold
blocks are 3D printed on a Formlabs Form3 SLA
printer in Grey Pro v4 resin. The manifolds were
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designed to limit the number of connectors required
and minimize leakage. The pump and valves are
driven by a PneuSoRD control board.” The hysteresis
controller is implemented using MATLAB, Simulink,
and dSPACE with a MicroLabBox.

The experimental actuator follows the conventional
molding procedure for soft fluidic elastomer robots.””**
Molds are designed in Autodesk Fusion 360 and
3D-printed using a Voron Design Voron 2.4. Silicone
rubber (DragonSkin 10) is mixed at a 1:1 ratio and
degassed. The mixture is poured into the bottom mold,
which is then clamped to the top mold. After 5 hours,
the actuator is removed, and a strain-limiting layer
(fiberglass fabric) is glued to the open side with a layer
of DragonSkin.”

Modeling and Simulation
A simulation model for the dual-valve system in
Figure 3 was developed using Simscape Fluids and
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FIG. 4. Cross-section of the two orifice geo-
metries. Left: Airflow through a single conven-
tional orifice. Right: Airflow through a complex
valve manifold orifice.

Simulink. As shown in Figure 5, the model includes a
flow-rate source, accumulator, pipes, valves, and an
actuator modeled by a constant volume. The simula-
tion uses large orifice 2/2 on/off valves in series with
smaller orifices to represent the experimental valves
described in the section “Experimental System.” The
ideal controlled volumetric flow source is set to a ref-
erence pressure of 100 kPa.

The simulation is used to evaluate the performance
of the single-valve and dual-valve setups. Two measure-
ments are taken from these results and used to charac-
terize each orifice size. The first measurement is the rise
time (10%-90%), which represents the actuation speed
for large changes in pressure. The second measurement
is the pressure change recorded 20 ms after the valve is
opened, which represents the pressure resolution for a
valve with a 20 ms minimum on-time.
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Performing these simulations for a range of single
orifices from 0.1 to 2.3 mm yields the results in Fig-
ure 6. Experimental results are also plotted in Figure 6,
which show a similar trend. The difference between
the simulated and experimental results is due to the
geometric structure and flow coefficient variation
between the simulated orifice and experimental ori-
fice. The simulations allow the user to approximate
the valve orifice size; however, to select the final valve
requirements, experimental data should be used to
select the required orifice.

Hysteresis Control

Hysteresis control is used to evaluate the performance
of the proposed multivalve system in closed-loop.
Hysteresis control allows a direct comparison of per-
formance between a conventional single-valve system
and the proposed multivalve system. For a system
with single on/off valves, hysteresis control opens one
valve at a time, since opening both valves causes direct
discharge of pressurized air to the atmosphere. Elimi-
nating this state reduces the number of possible states
from 4 to 3. Figure 7A shows the logic output and
limits of a symmetric hysteresis controller. When the
pressure error exceeds (h,,), the charge valve switches
on. As the error decreases, the valve remains on until
the pressure error is less than (A,4). Similar behavior
occurs when the pressure error is negative, thus four
control parameters define the behavior. Typically,
the hysteresis limits are symmetrically tuned, and
the & h,p is set to 0.
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FIG. 5. Simulink model of the pneumatic system. The pneumatic components are shown in magenta
and include an air compressor modeled by a controlled volumetric flow source. Transmission pipes rep-
resent the pneumatic lines. A constant volume is used to model the actuator.

A
i 8 Bl
A R B
>—bis[
Charge
Inpugt Charge Actuator
. Ayl
H
> bisl L
Discharge Al A B
Input B
' Discharge

<

A



http://online.liebertpub.com/doi/10.1177/28350111251380262

Young, et al.; Robotics Reports 2025, 3.1
http://online.liebertpub.com/doi/10.1177/28350111251380262

60

versus orifice diameter. (B) Pressure resolution
for an opening time of 20 ms. The pressure
resolution is improved by reducing the orifice
diameter. Comparison of simulated and experi-
mental rise time and pressure resolution across
a range of orifice diameters. The blue lines
indicate the small and large orifices tested. The
observed differences between simulation and
experiment are attributed to geometric struc-
ture and flow coefficient variations between
the simulated and experimental orifices.

. J

For a system with dual on/off valves, there are 16
possible states but only five useful states, which are:
all valves oft (0), slow charge (+1), fast charge (+2),
slow discharge (1), and fast discharge (-2). As
shown in Figure 7B, this results in eight controller
parameters, or four if they are chosen symmetrically.

Parameter selection

To avoid unnecessary valve activation, the hysteresis
limits are chosen slightly greater than the pressure
resolution, that is, the minimum achievable pressure
change, over all operating conditions. From Eq. (4)
the pressure resolution is approximately

P 1.2x1.0131.145%0.0073+/1.013
A:
0.06

=2kPa

x0.02
v293.15 ; (6)

where C, = 0.00739 (0.35mm orifice). The experi-
mental results in Figure 6B show that the pressure
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FIG. 6. (A) Step input rise time (10%-90%) FIG. 7. (A) Single-valve hysteresis controller.

(B) Dual-valve hysteresis controller. The hyster-
esis controller output logic versus pressure
error for (A) single and (B) dual-valve configu-
rations. States: all valves off (0), slow charge
(+1), fast charge (+2), slow discharge (-1), fast
discharge (-2).

resolution for a 0.35 mm orifice is 1.6 kPa, which agrees
with the approximated prediction. Table 1 compares
the experimental pressure resolution for two single
valve sizes and a combined dual-valve system.

To eliminate excessive switching due to measure-
ment noise, the hysteresis limits are chosen slightly
larger than the pressure resolution. In this article, a
safety factor of 1.2 was selected for the on value of the
hysteresis controller. That is:

hSon=1.2XdP,4
hsop=1.2XdP4
hlyy=12xdPs
hlop=1.2XdP,

)

Table 1. Simulated Rise Time and Hysteresis Values for
the Selected Orifices

Orifice (mm) Rise time (s) Hysteresis (kPa)
0.35 5 1.60
0.9 0.19 10.56
0.35/ 0.9 0.17 1.6, 10.56 + 1.60

The data in this table are taken from Figure 6 and used to set the on/off
points for the hysteresis controller. The dual orifice is labeled 0.35 || 0.9,
which means that the two orifice diameters are operated in parallel.
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These safety factors were experimentally found to
represent a good balance between pressure accuracy
and erroneous switching events. Due to the stacked
nature of the dual-valve hysteresis controller, the large
valve off-time is different for the single and dual-valve
controllers. With these safety factors applied, the hys-
teresis limits are:

Small valve on: As,, =1.92 kPa

Small valve off: As,y =0kPa

Large valve on: hl,, =14.61kPa
Large valve off (single): il =0kPa
Large valve off (dual): i, =3.21 kPa

Results
The experimental system is designed to achieve the
following specifications:

e 10%-90% Rise time <200 ms
e Accuracy <2kPa

The large orifice was selected using the data in
Figure 6A. An orifice with a 0.9 mm diameter is capa-
ble of achieving the 10%-90% rise in approximately
0.192s. This was repeated for the small orifice using
the data in Figure 6B. A 0.35 mm orifice has a 20 ms
pressure rise of 1.60 kPa; therefore, this was selected
as the smaller orifice. In summary, the chosen orifice
diameters are:

e Small valve: 0.35mm
e Large valve: 0.9 mm
e Dual valve: 0.35mm || 0.9 mm

The notation 0.35mm || 0.9 mm means that the
two orifices are open in parallel. To determine the
effectiveness of each controller and valve combina-
tion, a series of tests were conducted to compare the
speed, accuracy, and ability to track dynamic referen-
ces. The test conditions are described in the following,
and the results are displayed in Figure 8. For each
input test, the root mean square (RMS) error is calcu-
lated from:

2
Ref — Actuator P
RMSEZ\/Z( ererence ctuator ressure) . (8)

Number of Samples

Speed

The first row of Figure 8 compares the full step of
0-60 kPa for the three configurations under consider-
ation. It can be observed that the single large orifice
configuration has a faster response compared with the
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single small orifice configuration but a lower accuracy.
The dual-valve response exhibits a comparable rise
time to the large-orifice system and an accuracy simi-
lar to the single small-orifice system.

Accuracy

The second row of Figure 8 compares the ability of
each configuration to resolve a 2 kPa step. The system
with a single large orifice is unable to track the 2 kPa
step, while the single small orifice and dual-valve con-
figurations can track this reference change.

Large step response

The third row of Figure 8 compares the ability of each
system to follow large step changes in reference pres-
sure over a range of conditions. The pressure refer-
ence is a decreasing-amplitude square wave with a
period of 10s. The small valve system is incapable of
settling before the input signal changes, resulting in a
significant error. The dual-valve system shows the
desirable characteristics of both the single small- and
large-orifice systems; that is, the tracking performance
is both fast and accurate.

Small step response

The small step response compares the ability of each
system to follow a 2 kPa pressure change over a wide
range of conditions. The small valve can track the step
changes with minimal steady-state error. The system
with only large valves is unable to track any of the
desired step changes due to the larger required hyster-
esis band. The response of the dual-valve system is
similar to the single small-orifice system.

Dynamic response

The fifth row of Figure 8 has a sinusoidal pressure ref-
erence increasing in frequency from 0.1 to 1 Hz over a
100 s period. The single small valve tracks the lower-
frequency section of this input reference; however, as
the frequency increases, the slew-rate limit eventually
results in large tracking errors. On the other hand, the
large valve performs best with the higher-frequency
input. The lower-frequency signal is quantized by the
large hysteresis band, while the dual-valve system
combines these two benefits into a single response. A
significant improvement over the entire range is
shown.
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FIG. 8. Experimental comparison of the small-orifice single valve, large-orifice single valve, and dual-
valve systems. The y-axis of each graph is the actuator pressure in kPa. Each column represents the
experimental configuration tested, and each row represents a different test condition, which is discussed
in the following: Speed—a full-range step input shows that the rise times of the large-orifice and dual-
orifice systems are significantly faster than the small-orifice system, which is expected; Accuracy—a 2 kPa
step demonstrates the ability of the small single-valve and dual-valve systems to track the desired 2 kPa
pressure change; Large step—a series of decreasing-amplitude steps demonstrates that the dual-valve
system simultaneously provides a fast rise time and high pressure accuracy; Small step—a series of 2
and 10 kPa step changes demonstrates that only the small-orifice and dual-orifice systems can track small
changes in reference pressure; Dynamic—a sinusoidal wave increasing in frequency from 0.1 to 1 Hz
over a 100 s period. The second axis zooms in on the interval from 0 to 50s. The third axis zooms in on
the interval from 60 to 80s. All of the experiments demonstrate that the dual-valve system can simulta-
neously achieve the high speed of a large-orifice valve and the high resolution of a small-orifice valve.

Performance comparison

The RMS error for each experiment is summarized
in Table 2. The dual-valve system is observed to
consistently outperform the single small- and
large-orifice systems. Further efforts could be made
to include a negative source for improved deflation
performance.

Comparison of valve configurations

Table 3 presents a comparison of different pneumatic
valve configurations. While 3/2 valves are commonly
used due to their affordability and ease of implemen-
tation, particularly in fluidic control boards, 2/2 valves
offer notable advantages. These include lower energy
consumption, reduced pressure fluctuations, and
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Table 2. RMS Tracking Error of the Results Plotted
in Figure 8

Dual valve
Orifice (mm)  Single 0.35mm  Single 0.9 mm  0.35 |/ 0.9 mm
Speed 27.83 8.69 8.96
Accuracy 537 235 1.69
Large step 21.60 8.32 7.35
Small step 3.11 8.10 3.61
Dynamic 7.86 6.79 4.82

In each experiment, the dual-valve system matches or achieves a sig-
nificant improvement in performance over the single-valve systems.

enhanced longevity due to fewer switching events,
especially for constant pressure set points. Propor-
tional valves, though more complex in terms of drive
and control design, have not demonstrated a signifi-
cant reduction in tracking error.” Consequently, a
pneumatic system utilizing two 2/2 on-off valves is
recommended for most applications.

Conclusion

This article describes a method for increasing the speed
and accuracy of pneumatic soft robotic actuators. A
dual-valve arrangement with optimized orifice sizes is
proposed for the charge and discharge path. A design
procedure is described for the orifice diameters and
control parameters. A dual hysteresis controller, which
allows independent tuning of the switching conditions
for each orifice, was implemented to evaluate the per-
formance of the proposed pneumatic system.

The proposed dual-valve system is experimentally
compared with single-valve systems with a large and
small orifice. The dual-valve system exhibits the high
speed of large-orifice valves and the high resolution of
small-orifice valves. Therefore, the proposed method
provides a significant performance improvement for

Table 3. Comparison of Pneumatic Systems Relative to
the Proposed Configuration®°'%

Setup Cost Lifetime Volume Complexity Accuracy

3/2 on-off valve 0.6 0.1 0.2 0.5 5.0

2/2 on-off valves 0.5 1.1 0.5 0.5 3.0

Dual 2/2 on-off 1.0 1.0 1.0 1.0 1.0
valves

2/2 prop. valves 4.3+ 1.0 0.7-1.7 2.0 1.0

All valves have similar orifice diameters. Where possible, costs were
sourced from the same manufacturer and supplier. Lifetime is assessed
based on the number of valve switches required to achieve equivalent
performance. Volume is estimated by considering the total setup size,
including component connections within the system. Complexity is
evaluated based on the electronic and control requirements for operat-
ing each configuration. Accuracy reflects the overall control perform-
ance across the three test signals.
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applications that require both high speed and resolu-
tion. This pneumatic system is best suited to tethered
applications where large pressure sources and an
increase in the number of valves do not negatively
impact the function of the robot.

Applications are expected to include soft grippers,
catheter devices, and soft robotic limbs, including fin-
gers and hands. Future work will focus on optimizing
the selection of valve orifice diameter and improving
the control strategy for dynamic trajectories.
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4 Abbreviations used )

2/2 valve = 2-way, 2-position valve

3/2 valve = 3-way, 2-position valve

3/3 valve = 3-way, 3-position valve

5/3 valve = 5-way, 3-position valve

PneuSoRD = Pneumatic Soft Robot Drive
rmse = root mean square error
rms = root mean square
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