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Practical control methods for vacuum driven
soft actuator modules

Matthew A. Robertson, and Jamie Paflember, |EEE

Abstract—Vacuum-powered Soft Pneumatic Actuator (V-
SPA) Modules have been described to afford advantag for
rapid development of reconfigurable, multi-DoF softpneumatic
robots powered by vacuum by reducing their logistial
complexity, however they also present new challengén the
control of resulting systems. This framework featues modules
joined together over a simple embedded pneumatic dnserial
communication network and requires a unique approak to both
low-level control implementation and high-level cotrol
strategy. We describe the structure and activation
characteristics of a V-SPA Module and present pradatal
methods for its control. These methods utilize softare
generated PWM activation through a unique serial potocol
designed for LED networks and a heuristic mappingtsategy for
simplifying the spherical control of 3-DoF actuatormodules.

Index Terms— Soft pneumatic actuators, heuristic control,
modular robots, vacuum power, vacuum actuators

I. INTRODUCTION

S the field of soft robotics continues to grow, newconsideration of

mobile robots [16], [17], however, they are stiéweloped
through independent effort without approaching ek of
soft pneumatic system design in a truly systemadig.

Our approach to enabling more efficient design BAS
based systems is through the integration of common
subsystem components into modular, interchangeable
electro-pneumatic base units. Previous work presented the
development of V-SPA (Vacuum-powered Soft Pneumatic
Actuator) Modules which leverage this approachdalize
multi-DoF soft robots with extended peripheral daifites
powered by vacuum as a single power source [18f Use
of vacuum powered actuation is not an importamemessary
aspect of this method for modular soft robot desamit is
possible to develop similar modules powered by more
conventional SPAs, however their function and cardan be
generalized for application in either case.

V-SPA modules allow for the rapid development o§é
scale soft robotic systems without the need forpdee
low-level design. Other work has

challenges presented to the community continue fnvestigated the use of modularity to leverage-spftem

expand and diversify as well. While the initiabkaof soft
robotics research was to develop new methods édneing

work and force output using both smart materialsl arkey concept of

pneumatic pressure, subsequent effort has begiotis on

“bottom-up assembly” [19], however this work negtethe
remaining challenge of logistical integration amahirol. The
leveragingdecentralized control to
accomplish plug-and-play functionality has beenlevgal to

the control of systems powered by these new sadt certain extent through robots with control vahesally

technologies. Both efforts are still very presemd angoing,
with a large variety of Soft Pneumatic ActuatorB4S) to be
found representing the diversity and scope of @#ein the
domain [1]-[6]. While the cornerstone of researnhsoft
robotics will always focus to some extent on depilg new
core technologies, as new fabrication process eveldped
[7], [8], new materials are engineered [8], [9]dadtlifferent
applications become the target of compliant rolsoft0]—
[12], a wider, system-level view of design is beaugn
increasingly necessary in order to facilitate toatool and
integration more complex multi-DoF soft robots. afples

integrated near the actuators [20], [21], and athétich use
the supply line itself to address individual actwatin series
[22]. These ideas touch on the importance of deakred
control as a means to accomplish particular deslijectives,
but do not formalize the concept in a way thatlvaextended
as a design rule to enable other complex, or nd# soft
systems to be rapidly, and easily implemented.theamore
these do not offer solutions or methods for sirgpid the
control strategy for the large-scale soft systems which are
produced.

It is our aim to develop and validate a topologiaad

of such systems have been pursued and successfulbntrol framework for reducing the complexity anesign

implemented, including soft manipulator arms [13p][ and
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functional, multi-DoF soft robotic systems, throughe

investigation of V-SPA Modules. Here we will demtage:
* A plug-and-play reconfigurable, 3-DoF soft robot Pneumatic

actuator module, the V-SPA Module

* PWM control characterization of a V-SPA Module
* A heuristic strategy for simplified control  of

decentralized soft actuator modules

Il. V-SPAMODULE DESCRIPTION

V-SPA Modules enable rapid and robust design a
reconfiguration of soft robots, by consolidatingdwsare in a
A modigle
comprised of two main sections: actuator units,emtedded

more efficient and plug-and-play package.

@ 45 mi Electrical
connector
connector ‘
V-SPA X
. H=45mm
Solenoid Electrical
connector

valves

PCB layer

H=92mm

Fig. 1. The upper half of a V-SPAddule contains three vacu
powered soft actuators, and an interface platsdonl stacking ¢
other modules. The lower half contains a PCB @omttrol valves

control network hardware. The first of these ispoised of | ;5eq to address each actuator independently.

multiple V-SPAs. The second section contains irategt
electrical and pneumatic control hardware key tabéing
modular and reconfigurable functionality. See Ridor the

main components of a V-SPA module.

A. Vacuum-powered Soft Pneumatic Actuators (V-SPAS)

primarily of foam and only a thin layer of silicomabber,
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these actuators are exceptionally lightweightgigen torque
output. Utilizing vacuum for actuation, they aldteofailsafe
operation which prevents over pressurization orlaesipe

failure, and sets a natural saturation limit orcéogeneration
beyond the threshold dictated by ambient presslinese

V-SPAs posess unique attributes useful in many sgi¢tuators are arranged at 120° intervals to foxyliadrical
robotic systems, especially with many-DoF. Beiogwprised V-SPA Module with 3-DoF, corresponding to each loé t
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three actuators utilized (see the inset of Fig. Phe top and

Fig. 2. (a)A cyclic test wa
performed using only ibary
actuation to command a V-
SPA Moduleto each of it
three  primary deflectic
directions sequentiallgnd ai
Inertial Measurement Ut
(IMU) recorded the angul
trajectory shown in greyb)
A  10-cycle test wa
performed on an \&PA
Module with a PWNhM
controlled sweep of ea
actuator from Q00% dut
cycle. The trajectory of ¢
IMU mounted to the modu
is shown in grey. While tt
path is not as repeatable as
binary control method, it do
not devige significantly fron
the primary plane
actuation. Part {cdepicts th
relationship of  control
commandsto angular outpi
for a single actuator a
shows minimal error. Part (d)
shows a similar measurem
taken with two adjacer
actuators activated together
produce motion along t
secondary directions of the V-
SPA Module yielding lowe
angular output and higk
variability. In both (c) and (c
a model was obtained t
fitting an exponential 1
measurements  taken
multiple positions from O-
100% duty cycle.



bottom surfaces of the actuators are attachedami#dhesive
to rigid plates, which are only otherwise supportad a
flexible central silicone tubing conduit to whidhetvacuum
supply is attached. This flexible central condaitts
secondarily as a constraint only to limit verticabtions of
the top and bottom plates of the module, but otrseallows
angular displacement of the plates, forming theéshafsa soft
joint. With three actuators, this joint is capableangular

solenoid valves onboard the V-SPA Modules, usimgsgime
digital protocol developed for controlling light sgilays.
Electrical connectors serve a similar purpose eqitteumatic
connectors, allowing a single signal connectioaddition to
electrical power from an off-board central micrototier
and power supply, respectively, to be passed betwee
adjacent modules and shared.

A large benefit to this design is the current egiem

displacement in any radial direction depending d¢we t ubiquity of the hardware and software, which makesparts

combination and degree of activation of the indist
actuator units [18].
B. Decentralized Control Hardware

The critical components required to facilitate teas of
modularity in V-SPA Modules include solenoid val\gse,

available at very low cost and at very small scdraany
LEDs contain the same circuitbyilt into the diode housing).
While some drawbacks may be found in comparisasther
alternatives using dedicated, embedded microcdetsoin
every module, the simplicity of the settled solatioffers
even more benefit in their place. Among alreadytio@ed

LHDAO531115H), RGB LED driver ICs (WS2811), andadvantages, the RGB driver solution is demonstredtiyst,

mating interface connectors. The integration ofveal
directly in place with the actuator units elimiratie need
for independent supply lines to peripheral contnalinifolds.
Additionally, a single pressure supply line is imgld and
distributed to each actuator through an internaboand
manifold from an off-board pressure source, whiteymatic
connectors at the top and bottom of the V-SPA Medtibw
each to be serially connected to additional modojesimply
joining the shared supply. To compliment the reidmdn the
number of pneumatic supply lines to many actuadaress
many modules, a similar reduction in electrical tcolnlines
was achieved by adopting the use of LED driverttOsnable
communication to all modules over a single eleatrgignal
line. Typically used for independent control otl3annel
LEDs used in large matrix displays, the outputsaith IC are
connected to amplifier circuits capable of thervidg the
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Fig. 3. This heuristic control map translates a-tlimensional virtue
control vector (large purple arrow) into actuatomemands for a \6PA
Module. Each of the three major regions boundedé&wttuator lines
action are subdivided further in half to yield &tiict regions where
the control policy to each actuator unit is unigugea function of tt
control vector. The allocation of control effort in terms of dutycte is
proportionally determined as a function of angplarximity to adjacer
actuators. This model was used to translateaxisjoystick commant
to approximate spherical motion control, as wellfas following &
repeating cyclical trajectory, measured by an IMid &aced out in ligl

grey.

allowing real-time connection and disconnectionmafdular
devices without interruption to communication witther
modules, allowing for trulyplug-and-play actuator modules.

I1l. CONTROLMETHODS

V-SPA Modules enable a unique capability to direethd
independently control each of many active DoFsomglex
soft robotic structures over a single, shared conication
line in either of two possible modes, depending tbe
intended application. For rough positioning task$ast and
highly repeatable method obinary actuation may be
employed. To achieve more high resolution positigniV-
SPA Modules can also be controlled via Pulse Width
Modulation (PWM) of the onboard solenoid valveghEr of
these methods can be adopted by other soft rolbaisndar
or various morphologies, and are not unique tontloelules
developed here.

A. Binary Actuation

The most straightforward and simple method to abrutr
SPA Modules is through the discrete, binary aciivabf
each embedded actuator control valve. In this medeh
valve is either completely ON or OFF, and the risgl
motion of the module is limited to fixed positioras shown
by the three corners of the grey motion trajectdrg module
traced in Fig. 2a. The trajectory shown depicts ahgular
deflection of the V-SPA Module along the two axe$iing
the motion, and not the absolute position of a mathkrough
space. In this way, although the motion of the nieds
spherical in nature, the angular trajectory shomecoenpasses
this information in a 2D format. The differencenraximum
deflection in each primary direction reveals steakiability
between different actuators, which results primgaribm the
non-homogeneous manual fabrication methods employed
their construction. Despite this however, the owtof the
actuators is seen to be repeatable as the shépetodjectory
remains similar for many cycles.

Many other systems have been studied both fodéisegn
of novel binary actuators, and to derive efficier@thods and
algorithms for computing inverse kinematics, ancdthpa
planning [23]-[26]. A particular benefit to thisctenique is
the avoidance of transient nonlinear behavior wlischften



the crux of soft systems control. Only the endpoihthe
actuator needs to be considered, and furthermdre,
selection of configurations of a binary robot, eveth many
DoF is finite, greatly simplifying the effort neediéo control
this type of robot. With three actuators contaiireédach V-
SPA Module, this yields three angular set-pointengl
primary lines of action, corresponding to the activation
only a single actuator at a time. Additionally, #etuators in
a V-SPA Module can be activated in adjacent pgiedding
three set-points alorgpcondary directions, directly opposite
the primary ones.

Fig. 2a and Fig. 2b illustrates these six direiohmotion
resulting from only binary activation which can b#lized
most effectively by incorporating multiple V-SPA Males in
a given system, particularly in serial configuratioln this
arrangement, the combinatory multiplication of fixe
positions yields even greater possibilities for kepace
coverage. In applications where great accuracynas
required this may be sufficient alone, however Haene

to send encoded command updates at high frequenicyd

t32-bit, 48MHz Teensy-LC microcontroller to the wvedv

inside the V-SPA Modules. This method thus alldas
PWM control of the solenoid valves embedded in tavaek
of modules to be independently controlled with vagyduty
factors, in much the same way as they would from

ofndependent, non-shared power lines. The drawbatkis

method, however, is a greatly increased load ordhéroller
itself. To generate the required signal, an infgrihased
timer was implemented which reduced the amountnoé t
available to execute control commands, resulting
interrupted communication to the actuators, anadedarately
unstable output. Fig. 2d shows the resulting trehdiuty
cycle versus angle with higher variability for airpaf
actuators activated simultaneously to produce amgul
deflection along a secondary line of action. Omig actuator
unit in a V-SPA Module was found to perform relialait a
time under PWM control, with minimal noise. Consenly,
this was found to be a leading cause of difficuity

in

modules can be used for intermediate, or continuousplementing fully three-dimensional control. Netheless,

positioning if desired using an alternate mode ativation,
through PWM.

B. Continuous Actuation Using PWM

utilizing more efficient programming methods and a
simplified control scheme, it was possible to destmte
more complex motion profiles.

Continuous, non-discrete, operation of V-SPA ModuleC. Openloop spherical control

may be found useful in applications requiring aecyr

A simple open loop control algorithm was developed

greater than that made possible by discrete aotuatione. approximate spherical motion with a V-SPA Module,
Soft actuators can achieve intermediate positibesyween leveraging the 3D workspace afforded by its mugtipl
entirely at rest and fully inflated, by varying theupply actuators without the need for a complex kinematadel.
pressure. One way to regulate the pressure supfiieh This method maps a two-dimensional unit controlt@eto
actuator is indirectly through the modulation adwil, using the three actuators in a module based on its Virtua
PWM control of high-bandwidth solenoid valves. Bysuperposition over six regions bounded by the nesdul
changing the duty cycle of electrical activatiom fovalve primary and secondary directions of deflectionig(B.) The
connected to an SPA the actuator can be commaraledntagnitude of the control vector is taken to berttaximum
variable positions determined by an often nonlinedicontrol effort” available for allocation as a dutyycle

relationship. This mapping varies with the specifctuator,
valve, and pneumatic components used to connestgiem
together, but can be characterized and fit with adeh to
provide a useful reference for open and closed toyrol.
Fig. 2b shows the trajectory of a V-SPA Module tigh

command prescribed to the two actuators boundia@ttive
region represented by the vector, while the dioectf the
vector determines the proportional distributiontiwdt effort
between the actuators. While the actuator in ctqgeesimity
or direct alignment with the control vector is aated to full

multiple cycles of single actuator under PWM cohtro effort, the proportion of activation for the seccexctuator is

sweeping through a full range of duty cycle inpalues. An
exponential trend was revealed across varying dytle
values relating to the output angle of deflectfonsingle and
paired V-SPA activation, shown in Fig. 2c and Fay,
respectively.

While the method of PWM control of flow and pressis
not novel in the field of soft robotics [27], thaplementation

determined by the angular distance of the virtegtor to its
location. The activation is scaled linearly wittistangular
distance in such a way to achieve 100% of availatdatrol
effort” when the vector is directly between twousdbrs, thus
yielding a deflection along one of the secondanedi of
action, and decreasing to 0% as the vector appesatie
other actuator set to full activation, yielding nastion along
the primary line of action of that actuator.

of this method in the framework of the V-SPA Module

architecture requires an indirect and unique apmrot
achieve the same goal. As the valves are buiti the
modules and networked through a dedicated commitimica
IC over a shared signal line, they cannot be dirgmiwered
from a PWM signal generator, as is typically doimstead,
every channel of the onboard communication IC tressed
using a timed, 24-byte protocol regulated by a redimed
microcontroller and software functions. For thémason, a
custom "soft PWM" signal generator was necessarégated

This heuristic technique provides only a coarselatin
of spherical motion, but nevertheless demonstrttat V-
SPA Modules can be utilized for wider workspace entjje
of applications than allowed by nominal binary cohalone,
and provides a useful representation as the basisnbre
refined control in a closed loop system. Moreowhis
improvement in utility can be achieved without cdexp
kinematic modeling of a generally nonlinear system.



IV. DISCUSSION plug-and-play reconfigurability and facilitation dfigher-
conventionalPOF systems, a corresponding adaptation of costrategies
may be applied to accommodate both increased DdRew
hardware topology. For V-SPA Modules, it has bsleown
here that variable actuation modes and heuristdegfies can
be used to mitigate some of the complexity derifman
scalable, modular soft robotic systems. These ndstban be

The trajectories plotted for different
pneumatic actuator control methods in Figs. 2 rewea
tradeoff between repeatability and workspace ferthSPA
Modules presented here. The simplest method ugininly
binary control does appear to track a wide pattedayg area

apparently equal or greater to that covered by rtiust generalized for use by modules based on similadviene

elaborate control schemes shown here, for apprd&ina 5 cpitecture toward improving the cycle time anficincy
spherical control. The figure does not show howewet . <oft robot design and development.

much of the trajectory plotted is in transiencewsstn the

vertices of each rounded triangular curve, corredpg to
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