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Abstract

We introduce a vacuum-powered soft pneumatic ast(atSPA) which leverages a single,
shared vacuum power supply and enables complexamdtic systems with multiple-DoF
and diverse functions. In addition to actuatiomeotutilities enabled by vacuum pressure
include gripping and stiffening through granulardiaejamming, as well as direct suction
adhesion to smooth surfaces, for manipulation oticad fixation. We investigate the
performance of the new actuator through directattarization of a 3-DoF, plug-and-play
V-SPA Module built from multiple V-SPAs, and demtnase the integration of different
vacuum-enabled capabilities with a continuum-stgleot platform outfitted with modular
peripheral mechanisms. We show these differenuwmepowered modules can be
combined to achieve a variety of tasks, includingltimodal locomotion, object
manipulation, and stiffness tuning to illustrate thtility and viability of vacuum as a
singular alternative power source for soft pneuaratbots, and not just a peripheral feature
in itself. Our results highlight the effectivenesisV-SPAs in providing core soft robot
capabilities and facilitating the consolidation pfeviously disparate subsystems for
actuation and various specialized tasks, condutivémproving the compact design
efficiency of larger, more complex multi-functiorsdft robotic systems.

Summary

We introduce a foam-based vacuum powered actuatml exemplary complex,
multifunctional soft robotic system which it enahle

I ntroduction

Robots that operate in highly variable environmemtén close cooperation with humans
require both robustness and adaptability to ensliability and safety. These features can
be accommodated most easily by adding compliance rabotic system, which can be
achieved either actively through impedance comnmethods 1, 2) or passively through
compliant mechanical components and materialspain, the advantage of a materials-
based approach to creating compliant systemsilt@d some of the burden of complexity
in control to morphological and material computafiin a sense, to achieve robust and
adaptable behavioB(4). This latter strategy has been the recent fooaitf the field of
soft robotics, where inherently compliant and fld&imaterials such as silicone rubber are
used to fabricate primary structural and activeot@mmponentss). Various forms of soft
pneumatic actuators (SPAs) powered by pneumatsspre have been developed in this
domain to compliment the nature of these soft ma&grwhich stretch and bend through
inflation or deformation of elastic chambers toguroce useful mechanical wor<16).
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This relatively new approach to robotics has yidldeobile platforms, manipulators, and
other soft structures which are applicable in iashegly complex applications. Rough
terrain locomotion, delicate handling, and humatererction tasks all benefit from the
natural quality of SPA driven systems to conformymid safely to rigid environmental
constraints without sacrificing the functional poase of the devicel{-19). While now
traditional soft pneumatic systems afford theseebenalready utilizing positive pressure,
recent interest imegative pressure systems aims to improve these qualitieheir.
Exploiting the effect of mechanical buckling to geste controlled force, vacuum driven
soft, muscle-like actuators have been successtidiyjonstrated utilizing standard soft
robotic materials and fabrication techniqu2g, 1). This type of actuator offers implicitly
fail-safe operation, being limited by environmenpakssure from actuating beyond a
maximum force and displacement, and directly ersabbmtractile motion, more similar to
biological muscle than the expansion-based motixdmsany positive pressure driven soft
actuators.

Following previous effort40, 21), we introduce a new vacuum-powered Soft Pneumatic
Actuator, the V-SPA, to expand the diversity anititytof this versatile power source for
new soft robots. In comparison to the few existaxgmples of vacuum driven actuators,
this new type of actuator is exceptionally rapidabricate, for proficient iteration through
multiple designs. This is a result of requiringmolds or sacrificial compounds and being
constructed primarily of readily available, manutmed foam sheets. The use of porous
foam structures in soft robotics has recently beeestigated to a limited extent for various
novel benefits. Employing self-manufactured pamett foam, a bioinspired fluid pump
was developed to showcase the utility and simplioft foam-based compliant actuation
(22). Following a similar method to fabricate poro@laoam from a moldable compound
infused with a fugitive salt porogen, highly custeed inflatable structures can be sculpted
in free form for laboratory, art, or classroom eatignal purposes2@). Other work has
explored the use of bicontinuous metal-elastomfeam to achieve variable stiffness and
self-healing propertie2d). While most of these methods have been apptie@rd the
fabrication of SPA devices powered by positive poeized air, the application of vacuum
to foam structures is an approach that combineadiiantages of vacuum power, with some
of those inherited from the properties of foam matetself, including impact resistance,
robustness, and storage-friendly “crushabili®B)( We introduce here a new type of soft
actuator to exploit this combination, enabling dewange of new soft robotic applications,
including safe, lightweight, wearable devices, @iotirative machines, or packable mobile
robots that are space and energy efficient, satkdslremote deployment or even possibly
flight (seeFigurel).
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Fig. 1. V-SPAs blend multiple material and operational domains for diverse potential applications.
Existing work independently explored the use ofutan and foam materials respectively for the devalemt

of soft robotic systems, to leverage the uniquebattes of robustness, safety, and manufacturghiffered

by different fabrication and actuation methodsisMuork explores a new approach which leverages faad
vacuum power simultaneously with an actuator cafledV-SPA, to take advantage of a new construction
technique which enables rapid production of sdffiotac systems using minimal resources, as wellpgno
possibility for fully vacuum powered systems whatable soft robots with expanded capabilities.

Capitalizing on the vacuum supply available foruation, vacuum-based soft robotic
systems can also leverage this source to incoathaer functions and features powered
by negative pressure, without the need for an madit power supply or additional
subsystem infrastructure. Vacuum powered mechanisave been shown to enable
operations useful to soft robots, including grigp{@6), suction 27), and stiffness tuning
(28-31). By adding to this variety of available vacuumvdn mechanisms a new
lightweight alternative for actuation, V-SPAs ogbe opportunity t@xpandhe capability

of soft robots while actuallyminimizing the size and complexity of their design and
implementation. The seamless integration of thesehanisms through a common vacuum
supply not only yields more efficient soft robotsag but subsequently facilitates high-
order soft pneumatic systems with many DoFs, whiehstill relatively scarce in the field
of soft robotics. To demonstrate this facility, esaploy the use of V-SPAs in a typically
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complex and difficult multi-DoF robot morphologyemerally referred to as a continuum
robot. Also known as Hyper-Redundant Robot Manifputa(HRRMS), trunks, tentacles,
or snakes, these narrow structures often consastinéar chain of repeating modular units,
each with single or multiple active DoF. This cgpicenables a high degree of kinematic
maneuverability and flexibility for either maniptitan (32-36), positioning 81, 37), or
locomotion 38-40) tasks, to account for variable environments steay objectives. While
the low-mass of the V-SPAs themselves make sudr@ntecture with many DoF more
feasible, dealing with the practical difficulty imped by cumbersome, overlapping
pneumatic supply lines routed from a central cdrgonirce to many independent actuator
units often limits its realistic execution. To oweme this barrier as well as allow the
consolidation of multiple vacuum-based mechanisnmts the same platform through a
common vacuum supply line, we employed a decem&@dimodular design approach.

This work validates the integration of our new attw in multifunctional vacuum-driven
soft robotic systems by experimental demonstratbnnteraction task versatilityand
mechanical performance tuningf physical properties through the useptiig-and-play
control and design methods. By introducing new @b technology and demonstrating
the combination of different functions made possthrough a negative pressure pneumatic
power supply, we help to establish vacuum-powe agbstantial alternative class of soft
robotics that offers unique and important potental realizing complex and advanced
systems.

Results
Vacuum-power ed Soft Pneumatic Actuator (V-SPA)

We designed and developed a critical robotic corepgrithe V-SPA, which is characterized
by its implicit reliability and safety through thwilization of vacuum power and the robust
properties of a foam core. This new actuator isptémn design, and easy to fabricate
without the need for either an internal or extemmald. It is composed of a laser-cut, off-
the-shelf foam core and thin, brushed-on layesslmbne rubber, and can be manufactured
from scratch, ready to use in less than two hotlile foam core acts as an internal scaffold
over which uncured silicone rubber can be applefibtm a thin, sealing layer around the
open-celled foam as it can be seehigure S1. This creates an enclosed, airtight structure
which is only sparsely filled with soft, porous ma&l. While conventional SPAs or other
vacuum actuator designs feature completely hollover cavities, the use of foam allows
the wall thickness of V-SPAs to be much thinnertagrovides much of the structural
support typically given by a thicker wall neededraintain a nominal actuator shape. This
difference in material wall thickness helps to effthe added mass of the core, yielding an
ultimately lighter weight actuator overall. Uportigation, vacuum is applied to the internal
volume through a supply channel and the entire ¥A-SRucture collapses inward to
produce tensile force that can be used for actuafibe low-density core is easily deformed
and crushed when vacuum is applied, but immedigtelyides elastic return in conjunction
with the elasticity of the outer silicone membrdolkowing actuation to return the actuator
to its original shape. The activation of a circlWaSPA array can be seenihovie S1.

In soft robotics, foam-based vacuum-powered actsadffer a solution to improve the
efficiency of soft systems, by reducing mass iruaitrs, allowing for the integration of
additional mass components onboard to enable &élf+contained systems, including
battery or pressure (or direct vacuum) generaturggs. This reduction in the total system
mass budget also makes room for larger systemsmatie DoF, enabling further complex
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behavior. While vacuum power is not suited for gvapplication, in part due to limited

force production at atmospheric pressure, for usarall scales where this force limit is
perhaps beyond maximum requirements, and wherérthtoffers a unique safety feature
as it prevents actuating beyond the force imposeéxbernal pressure, V-SPAs hold a
unique advantage at significantly low cost in weighaterials, and production effort.

Scalable, reconfigur able soft robot

We developed a robotic platform using V-SPAs to eadwbrid (41) modular units, known
as V-SPA Modules, which contain both soft actuatmd rigid components necessary for
their power and control. This architecture was ena® practically implement V-SPAs in
an example soft robotic system with enhanced avetsié capabilities. The modular design
of the units enables rapid, simplified restructgrimnd control of various robot
configurations for easy testing and validation atwum system extensibility. Specifically,
these modules allow the addition or subtractiomethanical DoF with little or no physical
design effort through standardized pneumatic aactetal network connection ports. Other
peripheral devicenodules with different functionalities can alsodaesily combined with
the actuators in the same way. To eliminate tfatedf developing customized control for
each unique combination of modules in a scalablawtifunctional system, we employ a
standard control scheme that does not change Wwghnumber or type of modules
connected. While high level control planning amdgoamming is still required to achieve
specific tasks, the low-level management of mulbidule integration is automatically taken
care of through this flexible plug-and-play netwarkhitecture utilizing embedded control
circuitry and hardware. Following this design aguio, the resulting reconfigurable soft
robotic system we produced embodies a typicallyllehging morphology, a hyper-
redundant continuum type robot not easily reprodume other existing soft robot design
methods.

V-SPA Module configuration

We produced V-SPA Modules using three actuators,eawenly spaced in a cylindrical
configuration, and connected at the top and botimmgid plates which house or mount
electronics, valves, pneumatic fittings, electricahnectors, and distribution channels
connecting to a centralized vacuum supply line eDttork has leveraged this approach for
more efficient configuration of mobile snake-likebots 42, 43), and use in a surgical
continuum robot comprised of a serial chain of 3Boft actuator modules with miniature
control valves embedded locall4). Our V-SPA Modules similarly exploit the advaneag
of decentralized hardware architecture in ordeetluce complexity, space, and weight of
vacuum powered systems with integrated peripheradtions.

The three V-SPAs comprising each module are ustitt the orientation of a rigid upper
plate (conventional printed circuit board, PCBhatie to one at the bottom. The actuators
are attached to these end plates and contract atiemated, leading to angular deflection
between them in a direction and degree definechbycombination of actuators activated
simultaneously and the magnitude of their activalwy duty-cycle, proportional to length).
Using a purely binary scheme to control the actsaftaly on or off, the module actuators
can be triggered independently or in pairs to peedsix unique directions of motion at a
fixed angle of deflection. The co-activation of #@liree actuators does not produce
significant linear deflection as implemented heithva stiff supply conduit through the
center, but this motion can easily be achievedautht. The motion of a V-SPA Module
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following this simple control method can be seeMiovie S2. More complex activation of
the actuators was not shown here, but can be adistiag using PWM control for each
actuator to achieve variable contraction, expandirey workspace to continuous, 360°
directed bending with variable angle. While the @ag deflection of the module can be
represented as combined rotations along two ax@gsaice, we express this in terms of active
DoF rather than spatial, to define each V-SPA Medak a 3-DoF actuated joint.
Characterization testing of the V-SPA Modules pnése inFigure 2 was performed by
measuring the angular step response of a moduky waded conditions. From the different
response profiles, metrics were obtained relatiogiedaor and module performance to
different loading and supply pressure conditiontie Tmeasured characteristics are
summarized imable 1.
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Fig. 2. V-SPA Module step response char acterization. Three V-SPAs were characterized with a step input
while measuring the angular response with an IMbe Bverage (red curve) step response at maximum
vacuum with no load are shown in (A), and the skeywn profile is shown in (B). A single standard id¢on
is also shown in light grey shading, for 30 cyd#8 cycles for each of 3 actuators) comprisingaherage
response. The metrics found from the average stgmnse for variable loads are shown in (C) aniciviar
pressure in (D), and the trends plotted with adtbider polynomial fit.

Table 1. Physical properties and performance of V-SPA Module. Performance metrics were estimated
from an angular displacement step response testded relative to gravity using an IMU fixed to thpper

stage of the module, and using 86.2 % vacuum supply

Properties

Value

Unit

Size (D x H)

45 x 45

(mm)
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Total module weight 45.0 (9)

V-SPAs (x3) 111 (9)

Solenoid valves (x3) 12.0 (9)

PCBs 8.5 (9)

Acrylic and epoxy layers 8.5 (9)

Central conduit (tubes, connectors, wires) 4.9 (9)
Blocked torque 166.9 (N-mm)
Specific torque (rel. to Actuator mass) 45.3 (N-mm/qg)
Angular velocity,m (no load) 3.5 (°/s)
Step rise timet,. 15 (s)
Step decay time, 2.4 (s)
Bandwidth 0.2 (Hz)
Max. angular strokey (no load) 27.3 ®)
Specific power (rel. to Actuator mass) 5.0 (W/kg)
Specific energy (rel. to Actuator mass) 1.2 (J/kg)

Each V-SPA Module connects in series to anothesuiliin connections on the top and
bottom to a central pneumatic supply line, powet ground lines, and communication bus,
shown inFigure 3A. The overall structure of the resulting netwofknodules can be seen
in Figure 3B with the note that this architecture is not limitedefficiently integrating
actuators alone but is designed to facilitate ramd simple extension of many different
module types for vacuum (or other) pneumatic rabstistems. Commands to individual
actuators in each networked module are relayed @wemmunication signal line using a
robust serial protocol designed initially for lowst RGB LED serial displays. Since each
channel of every module in the network is identifeeequentially and not through a unique
address, this allows modules to be added or subttét a generic way that does not affect
the low-level control programming. While such maghilcould be used in various
combinations, in a multitude of different robot tdpgies, the nominal configuration studied
here in direct linear arrangement allowed for tmdnstration of many interesting features
enabled by V-SPAs and vacuum power alike.
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Exploded view of V-SPA Module
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Fig. 3. Architecture of V-SPA Module and integrated soft modular device network. (A) Each module
contains three main components: actuators (V-SE#)trol valves, and electronic®)(Each actuator in the
module is paired to a valve, and dedicated chasfreelcommunication IC. A common pneumatic suppig li
provides fluid power to every module simultaneousifile a common electrical bus similarly provides
electrical power.€) Control commands are assembled into data pableismain controller, and relayed by
the IC through each module connected in seriesh Baarlule has three independent channels (X, Y,Znd
which can be addressed to control up to three eddzbdalves in open-loop.
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Hyper-redundant soft robot performance

We first tested the operation of a five module ttotmo quantify its performance in the
simplest form, as a soft manipulator arm. The woake and repeatability of the robot’s
three principle directions of motion from an inilyavertical standing orientation were
measured using an external OptiTrack motion cayséem in order to demonstrate the
practical utility of a V-SPA based system. The pmeed end of the robot was fixed to a
stationary base, while three markers were attatthéek distal end to track the 3D trajectory
of their centroid, treated as the robot endpoiRbr this preliminary evaluation, every
module in the robot was synchronized to move thdpeimt virtual marker through three
distinct locations (roughly 0°, 120°, and 240°) negenting the robots principle directions
of motion as shown ifigure 4A. Binary activation signals (on/off) were used thiave
the maximum bend in each of these directions, atthandependent control of each of the
15 total V-SPAs in the robot (three per modulg)assible, and continuous motion of each
actuator or combination of actuators in a singlelud® could also be achieved using PWM
signals to produce motion in any arbitrary angdieagction.
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Fig. 4. Versatility of vacuum-power ed soft hyper-redundant robot. The workspace and repeatability of 5-
module soft hyper-redundant robot is depicteddihdlong with a depiction of the maximum reach fprta

9 modules. To measure the range of motion aloregthrimary directions determined by the actuatoesach
module, three markers were placed on the top ofiigtal module, and a centroid was calculatedaokithe
center of the module as the robot endpoint. A tiegvwof the distal module centroid 3D trajectorysiown
through a ten cycle repeatability test. A varietyrndule types shown irBj can be readily integrated with
the hyper-redundant robot. The configurations @) (ombining various modules are all validated
experimentally in subsequent sections.

The robot endpoint position was measured for tashesythrough each location and a 2D
error ellipse (95% confidence interval) was caltedafor each set of ten points in each of
the three locations (see supplemeMalie S3 for video of a 10-cycle trial test). The length
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of the ellipse major axes, corresponding to thgdst variability in endpoint positioning,
was averaged for all three locations. For a fiedaole robot, the average error recorded
across the three principle locations tested wasdda be + 3.4nm This corresponds to an
average repeatability measure of + Ome@accuracy per module. Individually, the range
of accuracy across each of the three respectieetns differed slightly as a result of
variable construction and individual actuator perfance, with the lowest variability in a
particular direction (actuator 3) measured to b®fimfor the robot as a whole, or £ 0.38
mmper module along that axis. While the path andl fowsition of the robot endpoint in
each direction are seen to be repeatable, devsatiom a purely linear path (from the top
view) between the neutral start point and end gaiah also be seen. In part this is because
the actuators are driven by the inherently unstaidele of buckling of the V-SPA outer
rubber skin, made variable between actuators byumifiormity in their construction and
materials. Despite this variability from manual rightion, however, these measurements
validate the use of V-SPAs for highly repeatabsisacritical for practical robotic systems.

Validation of reconfigurable soft robot capabilities

To complement the mechanical flexibility of the leyedundant robot, a variety of module
types can be easily integrated with it to achiéesignandtaskflexibility. Possibilities for
vacuum driven systems include those showRigure 4B. Three of the modules depicted
are demonstrated in this work, while future modyleisto be implemented are proposed to
further illustrate the capacity and utility of vacu based soft robot design. We validate the
diverse functionalities facilitated by these modulrough demonstration of various
interaction taskdetween the robot and its environment, and an pkawf controllable
mechanicaltuning of dynamic system properties implemented throughlug-and-play
modular design paradigm. Through the use of pergdmeodulesthese abilities extend the
diversity of applications for soft robots, includienhanced mobility and controllability
enabled by the configurations depictedrigure 4C (1-4), highlighting the efficacy and
versatility of V-SPAs and vacuum-based soft robstistems as a whole.

I nteraction task: Suction manipulation

As a first test of the versatility of the vacuumwas supply, a suction manipulator
component was added to the end of the positioning anaintaining a modular design

approach. A snap-fit 3D printed part was attadiodtie distal robot module to provide the
structural basis of the suction module, includingadified off-the-shelf soft suction cup.

The new peripheral module was connected to theedhaacuum power supply, and a
custom networked control valve plugged in seriethooutput electrical interface of the
distal actuator module to be controlled along tmmmon control signal bus. A silicone

tube connected the valve output to the internalima of a soft suction cup through a hole
at the top, enabling it to be actively depressurine vented to the atmosphere for
controllable attachment or detachment to objedts. Soft continuum manipulator arm was
then tested in a simple reaching and manipulatask bf smooth acrylic containers to
demonstrate the performance of combined actuatih suction manipulation. The

multifunctional system was able to successfullya'qgp” and relocate objects from a starting
location to target bins, as shownNtovie $4.
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I nteraction task: Vertical window climbing

Integrating lightweight actuation with other vacunased mechanisms enables capabilities
beyond positioning and manipulation tasks. We detrate further advantages to
combining these mechanisms by reconfiguring V-SPé&dMes and suction cup modules
into a soft robot capable of vertical climbing onath surfaces. Two vital requirements
for this type of robot are readily accommodatedh®yactuator and architecture presented
previously; to provide active motion for climbingdselective attachment and release of
robot footholds while maintaining low enough weidbtnot hinder the effect of those
capabilities. The low-mass foam-core V-SPAs atanafly well-suited to this application,
and the modular, shared vacuum supply architealitbe complete soft robotic system
enables the efficient integration of the activechions necessary for vertical climbing in a
nearly self-contained soft robotic system that saale surfaces such as glass windows.
Using only an open-loop, fixed gait pattern conéoland without optimizing timing
parameters to find maximum speed, demonstratédvgaimeasured to be 2 mm/s, or 0.01
Body Lengths per second (BL/s). While the climbialgot we present here lacks an onboard
electrical power supply and pneumatic vacuum geiogrgource, we verified it is capable
of carrying additional payload up to 70 g, whichyniee useful for accommodating the
remaining components to enable a more autonomdnas o future. Figure 5A shows the
progression of the climbing robot, aMiovie S5 shows testing with increasing external
payload, with an evident corresponding reductioalimbing speed. Although this change
in climbing performance can be attributed in partvariable actuator functionality in
response to load, this can also be a factor afihet design which included a passive degree
of freedom at the lower foot needed for climbing an offset of the payload mass resulting
in a moment which pulled the robot away from thdél wad reduced step size.
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Fig. 5. Diverselocomotion modes of modular continuum robot. A series of frames captured from video is
shown for each of four different gait modes: veticlimbing with suction cup moduleA), wave gait with
5 V-SPA ModulesB), wave gait with 3 V-SPA Module€{, and rolling gait D).

| nteraction task: Multi-modal locomotion

Alternate modes of locomotion were also found tgbssible using the modular vacuum
driven soft continuum robot system suitable foremtial use in diverse and variable
environments. Up to five V-SPA Modules were asseuibh series and programmed to
achieve two distinct gaits following strategiesastigated previously for continuum style
shake robots4b6-47): awave gaitand arolling gait. The first of these is shown with a
sequence of video frameshingure 5B depicting the progression of the forwavdve gait
over a flat, level surface with a measured 5 nanésage speed (0.05 BL/s). As a secondary
but inherited feature of the modular robot struetdine reconfigurability and robustness of
the continuum robot are also exhibitedFigure 5C where locomotion is preserved (and
even improved in terms of average speed, measiingim/s (0.08 BL/s)) after two
modules were removed from the robot, without raggiany changes to the gait controller.
The increase in speed results only from an inhegartge in vacuum supply air flow, which
is restricted more for every module attached. Betésigns could compensate for this by
simply providing a central supply line with largsiameter.

Lateral motion was also accomplished utilizingpling gait, expanding the utility of the
mobile robot to suit different locomotion objectsvelhis gait, shown ifrigure 5D, is
capable of much higher locomotion speeds (60 mu#sage speed or 1.33 BL/s), than the
wave gait of any robot length; however, this is giole only at the cost of a larger
operational workspace (wider body span relativéhéodirection of travel). In practice the
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multi-modal functionality of this type of robot még exploited to achieve fast motion over
generally wide, open terrain using the rolling gattile slower, cautious navigation through
narrow passages, gaps, or obstructions could beagiped using the wave gait, which
operates within a more slender body width. A dertratisn of the continuum robot gaits
described can be found in the supplemeiitavie S6.

Mechanical tuning: Jamming-based stiffening

While our initial workspace testing indicated thenpliance of the arm does not
significantly affect repeatability, manipulatiorsteg of the soft arm, as well as experience
from literature 48), reveals the controllability of such a soft sture to precise locations
remains a challenge. This was apparent from e observations of object
manipulation/relocation tasks, where the objectamasaddition to the inertia of the arm
itself led to oscillatory behavior. While closiniget active control loop to better maintain
positioning and path following is likely needed tbe best results, these tasks would benefit
from other methods of “passive control”, includitige ability to tune mechanical system
parameters of soft robotic devices themselvegalticular, this motivated the design and
integration of a peripheral variable stiffness medwo provide the ability to change the
overall rigidity or passivity of the soft arm.

Distributed across the length of the continuum tadoaon, this module is comprised of
multiple stiffening pillars in parallel with eaclctaator module, and utilizes jamming of
enclosed granular media (ground coffee) drivendiivaly controlled vacuum to vary the
stiffness of the overall structurdzigure 6 shows the resulting stiffness characteristics of
the soft continuum robot fitted with the stiffeningpdule, when force is applied through a
high-strength nylon thread (fishing line) at thetdi module perpendicular to the axis of the
vertically mounted robot. Jamming pillars were sgghin three columns around each V-
SPA Module, and powered together with 88.5 % vacwunen activated. The tested
directions are grouped as either a pull in theativae of a jamming column, toward the
vertex of the triangle formed from a top view oetthree columns, or toward an edge,
between two jamming columns. Five cycles were peréa in each direction, with the
result for each condition provided as an averagbese trials. The measurements indicate
an increase of stiffness in every direction whemrjang is enabled, with the greatest
increase always in the direction of a vertex, aadce the most direct compression of a
single jamming column, with increases of 38.8 %54%, and 31.7 % when vacuum is
applied versus not. In the direction of an ed¢e, stiffness in was only moderately
increased from their activation, by 15.1 %, 31.58¥d 17.3 % for the three edge direction
loading conditions. A diagram of the test setughiswn inFigure S2, along with a depiction

of the fabrication process used to produce theujaafamming units.
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Fig. 6. Granular cellular matrix jamming enables active stiffness tuning of vacuum-driven soft
structures. The addition of a jamming module enables stiffgrofia continuum robot comprised of three V-
SPA Modules A). The stiffness was measured using a vertical miahtesting machine, configured with a
grounded pulley to redirect vertical motion of ableato the horizontal direction. Tensile force and
displacement measured in the vertical directionewilbereby mapped to the direction perpendiculahéo
initially vertical axis of the actuator structuféhe cable was attached at the top of the distaluleo@nd the
assembly was rotated in increments of 60° to $&d fwositions for measurements in multiple radiegctions,
with five loading cycles performed in each posit{@). The measured stiffness shown @) (ncreased in
every direction when the jamming module was aotidatin comparison to its inactive state. Error bars
represent one standard deviation.

The jamming modules in this demonstration are aadipind joined to the same controlled
vacuum input but could equally be included as paimiore advanced actuator modules with
internally integrated, independently controlled jaimg pillars for more selective
mechanical tuning capability of a soft structureldiionally, only granular jamming was
explored for this investigation of mechanical tuigibut stiffening with vacuum can also be
achieved using flexible sheet materials sandwichetiveen air-sealed plastic film to
achieve similar or possibly improved resu3§,(49).

Discussion

The actuators presented here and the combined éxapydications illustrate the versatility
of vacuum-based SPAs constructed from simple nadgéeaind methods. The fabrication
procedure for V-SPAs reduces the time, tools, a¥ required for creating actuators for
soft robots by employing only 2D manufacturing noeth and eliminating conventional
molds, which allows rapid, batch production frornmmal effort in comparison to other
SPA types. Although conventional molding techniqgud®erently produce more uniform
actuator structure and reduced variability betwd#éferent actuators, the accuracy and
repeatability oindividual V-SPAs are not significantly affected as showrehdespite the
non-homogenous wall thickness produced from maapglication of silicone rubber
layers. This improvement in actuator fabricationmves to decrease the design and
development cycle time, leaving more room for foonghe system-level development of
complete and useful soft robots. Toward the saoat, ghe employment of vacuum as a
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primary pneumatic supply source used to power V-$@#ables more efficient integration
of other vacuum-based mechanisms in a single sbibtic system allowing for more
complex and diverse soft robot capability. Thisgmtial was effectively demonstrated
through the use of modular units which allow maaguwum-driven mechanisms, as well as
many redundant actuators to be seamlessly comlanddtested in different soft robot
configurations. Furthermore, unlike most other SP@s16), utilizing a single source of
pneumatic power significantly reduces the overheadt of redundant subsystem
infrastructure needed in comparison to the altereatase, where components, such as
regulators, distribution manifolds, and central @yplines cannot be shared. This
simplification saves weight and design effort.

V-SPAs likewise support the implementation of sgstevith many active DoF, through the
use of lightweight foam material as a central congm, helping to significantly reduce the
weight-cost of additional actuation. In combinatwith plug-and-play architecture, this
enables systems such as those demonstrated hengpad 15 actuators, or with fewer DoF
and available payload capacity to support fututegration of onboard batteries and power
generation. Both of these aspects represent cugoaié and challenges of research in the
soft robotics field, toward real-world applicatiohthe newly forming technologies coming
from within it.

While the advantages of foam V-SPAs are promisimdghe development of a new type of
complex soft robots, they are not without certaindamental and practical limits. First of
all, the capacity of vacuum to produce useful cattle work in an actuator is limited by
the pressure of its external environment. For mainise at standard atmospheric pressure
this serves as an absolute limitation, however anentreative applications such as use in
alternative environments (underwater or exo-playgtdhis “limit” can be treated as a
parameter to be considered in design. In any dase, given setting this coupling to the
environment imposes a boundary on the performahitee@ctuators, and hence the system
as a whole. Beyond this inherent physical linfig specific design implementation of V-
SPAs in soft robotic systems can also be seetimétation, as the actuators do not provide
a consistent mechanical constraint alone to ditketr motion unless used carefully.
Although the 2D manufacturing method employed loemre be adapted to allow for more
complex shapes conducive to directed buckling ¢bedtlike shapes) and actuation, the
most effective method for this is through the suppbexternal constraints, such as reliance
on the stiffness of an attached surface to redtnetbuckling of the actuator along that
interface, allowing it to occur only between two vimg bodies as desired. Additionally,
external structures can help impose constraintsdafitie actuator motion, such as the
stiffness of other coupled actuators or as a wefilkéd joint axis of rotation (sedovie
S1). The rigid upper and lower plates, as well as tbgilfle but non-stretchable central
conduit of the V-SPA Modules produced here seresahpurposes in part, ensuring the
contraction of the actuators results primarilyotational motion.

The simplicity of this V-SPA concept encourages disgelopment of even more creative
techniques and applications for soft actuation.eDthethods of elastic foam production
could be employed in the future to create complExs8uctures, possibly deviating from
the strict use of off-the-shelf materials. Varmldtiffness skin components of either
different thicknesses or material could be usegktterate more complex actuation patterns,
for increasingly advanced V-SPA designs using rralierial 3D printers or other standard
soft robot fabrication tools. Regardless of thelangentation method or application, future
soft robots will benefit from exploring and expiag the benefits of both foam based
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materials and vacuum power as new viable meanshig\dng versatile capabilities for
environmental interaction as well as controlled omlation of mechanical system
performance.

Materials and Methods
Objectives

The objective of this study was to characterize\alilate the performance and integration
of V-SPAs in multifunctional vacuum-based soft rtsthdVe explain the design procedure
and fabrication techniques for the actuators antliboF actuator modules, and describe
test methods for obtaining performance metricefuh.

Actuator design and fabrication

The fabrication process of a V-SPA shownHigure 7 begins with a basic preform
structure, to act as a mount during applicatiothefouter rubber layer and as a mask over
the foam where connection of a vacuum supply tarttexnal actuator cavity is eventually
made. For the actuators produced here the preétsm served to create a smooth flat
surface on the same side as the supply accesswimaskpeeled off, so the actuator will
form a good seal when glued to an equally smoatistipply distribution plate.

V-SPA Assembly @ @ e

v e W -
Paper divider : I35 P-4

Foam core g : o
—_ ¢ %

Glue core Brush-on Ready for use
assembly silicone layers

Mounting :
post T ——F

1|

E—
" -
|

[ ]

Base plate Vent hole

Vent hole Vacuum «——

Fig. 7. Fabrication of V-SPAs. A four step process is shown for V-SPA fabricatid).Cut foam core shapes
and paper divider plates using CNC Q&ser. 2) Assemble actuator cores and dividersiounting post of
preform structure of using cyanoacrylate gel. 3plawo coats of silicone rubber to outer surfatéoam
core assembly including the space between therdttam and baseplate. A vent hole is included thinou
the mounting post and base plate to reduce theafiismof bubbles caused by expanding internalrathe
foam core when a heating oven is used to speedg:ukilow layer cure between coats. 4) Remove dotua
from preform using a razor to separate the attaéderah, or directly attach vacuum line to base pilateugh
the vent hole.

The actuator itself is composed of 2D foam corgpelananufactured from a sheet of open-
celled polyurethane foam (12.7 mm thickness pohhaee foam, McMaster-Carr,
8643K511) and rigid paper dividers. The porousifazores serve as the main actuator
body, while the paper dividers help reduce the bnglon the upper surface of the actuator,
and at intervals along the height to enforce de&tion primarily in the vertical direction.
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A CO: laser was used to cut many foam core and papgtedicomponents from a single
sheet at once, allowing batch production of theatorrs. The foam cores and paper dividers
are assembled in a stack with cyanoacrylate gel, glnd then glued to the preform. After
preparation by mixing and degassing, two coatsLAETOSIL® M 4601 silicone rubber
are spread with brush-like strokes onto all expesetaces of the foam core using a flexible
spreader (thin cardboard), while being cured at GObetween coats. Once cured, the
actuators can be removed from the preform andhath¢o a vacuum supply, or used
directly on the preform by applying vacuum to tlemtvhole through the base.

While the basic construction of V-SPAs is describbdve, many variable parameters affect
actuator performance. One of the leading desigiai@s is geometry, as it pertains to
dimensions which are easy to change, like actusdtape, and to others which are more
difficult to manipulate, like the porosity of the@dm used. As a starting point, we
investigated only minor changes in actuator morpgwltoward a very specific goal, to
create a circular module with 3 actuators and rabthe center to pass wiring and a central
pneumatic supply. This bounded the overall shdpbe actuator to be used, but small
improvements were added in an effort to achieveciBpebehaviors and subjectively
improved performance criteria, in this case maxitiradar deflection. To increase the
directionality of the actuators, a particular getrym&vas selected for the foam core which
would allow inward compression and buckling of sid#s without interference limiting
the downward actuator stroke. This helped to diextuator contraction to the axial
direction, perpendicular to the top plane of thginal foam sheet. Secondly, multiple foam
chambers were created simply by stacking individoain cores to increase the actuator
range-of-motion. To create independent porousmaekiwithin a single actuator, thin 0.2
mm heavy-gauge paper dividers were assembled betwesfoam cores glued together in
a stack to form an internal membrane. The dividergain a 6 mm hole at the center to
allow air flow between chambers while still enfargiseparation. Without this membrane
the overall structure of the two-core actuators iogeld an effectively taller actuator
which for the same given cross sectional area, dvgigld a more horizontal than vertical
mode of collapse upon vacuum activation. Whileemetric study was not conducted to
properly determine an ide’tSPA compression ratid,is plausible an optimal relationship
exists to best select actuator height based ors-m®dional geometry (aspect ratio) for
linear actuation. For planar fabrication methods thtio is the most accessible parameter
to optimize, however an ideal actuator shape wowdrporate geometric contours along
the “walls” of the foam core to increase stressceotrations for uniform buckling, much
in the same way a corrugated bellows collapses iBlpartly achieved by creating multi-
chamber actuators, whose stiff dividers act siryiléw limit the stress along designated
rings around the actuator perimeter. A separattystauld investigate the optimal size and
number of separate foam core chambers needed tonmeadeflection or force using this
design method.

Other factors including foam type and compositfrosity, and elastomer coating material
are expected to greatly affect the performance-8PAs, but the methods for testing these
variations involve greater effort. To begin, difat foam materials and elastomers behave
differently, and not all combinations allow for furing of multi-part elastomers which
chemically interact. Open-cell foam materials dfedient composition and porosity are also
limited as off-the-shelf components, but can balpoed from scratch for testing if desired.
These factors limit the possibility for ready enngat parameterization testing. Perhaps a
more controlled and available approach would seenbd simulating the effect and
performance of actuator deformation using finitene&nt modeling techniques, but this
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proves to be as difficult as it is circular, sinaecurate models of this type require
empirically determined values for material propsti Nevertheless, as data and models
improve over time, this technique will prove to ibgaluable as actuators such as the V-
SPA are adopted for further use.

The use of primarily off-the-shelf materials allottés new type of actuator to be easily
produced with low-resources, partly to extend tbeeasibility and scope of soft robot
construction and research, especially toward takref lower education STEM (Science,
Technology, Engineering, and Mathematics) outrepdgrams. The concept of foam
vacuum actuation however is not exclusively tiedtliese materials and methods of
manufacture. We do capitalize greatly from lasgtheg machines for fabricating 2D foam
core shapes, but this tool is not required andi&ily any method for cutting foam sheets
will suffice. Early prototypes of V-SPAs were inctabuilt from scissor-cut foam cores
attached to the end of wooden dowels (to servenasuent and mask), and could be directly
super-glued to a supply tube with the outer rulskem used to seal the foam and fix the
tube to the actuator in a single step. Alternativébrushing on the outer rubber layer,
dipping might also be employed to coat an entigrfacore for even faster manufacture
time.

V-SPA Module control and characterization

Control of each V-SPA Modules connected in sesexhieved over a single wire interface,
enabled by a low cost and readily available integtaircuit (IC) originally designed for
controlling individual LED pixels in networked disgys (Worldsemi, WS2811). The IC is
repurposed to supply an activation signal to ontbaanplifiers for direct control over three
embedded solenoid valves (Lee, LHDA0531115H) shaalpithe operation of each color
channel of an RGB (Red, Green, Blue) LED. A sigumifit benefit of this IC is that it
tolerates real time reconfiguration of hardwargl#img plug-and-play functionality of the
V-SPA Modules. Robots can therefore be reducedtended fundamentally to any number
of modules on a single bus over relatively largansp with only practical limitations
imposed by RAM and electrical power required. dsstandard microcontrollers, such as
Arduino, hundreds of IC-enabled modular units cancontrolled in a serial network
through a single wire with little additional loc&lectronics hardware, compared to
alternative networking schemes (12C, CAN, directiade which require more local
computational power.Figure 4b depicts the topology of this network architectuvijle

a schematic of the internal electronic connecttonihe LED driver IC can be seen in the
supplementafFigure S3.

To determine the performance characteristics o8P Module, a step response was
empirically measured for multiple values acrosgedént conditions. Each response was
averaged from three different actuators, cycletri®s each. This process was repeated for
10 conditions of varying load, and 10 conditionsatfying input vacuum. Load was applied
by calibrated weights through a cable hung oveulkey and attached to a short level arm
fixed to the module. Vacuum pressure was variedianging the positive supply pressure
to a vacuum ejector module (SMC ZHO05B). The cydtasall three actuators in each
condition were averaged to obtain a single reptasgra step response curve from which
performance metrics were extracted. The maximugulan motion is directly measured,
while the rise time is found from the time betweesponse crossings at 10% and 90% of
the maximum angular deflection. The initial angulafocity is also found in this region,
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from a linear fit to the first half of the actuatorotion (up to 50%), where the response
curve is dominantly linear.

Blocked moment measurements of the V-SPA Modulewebtained using a six-axis force
and torque sensor (Nanol7 SI-25-0.25, ATI Induls&kigomation) mounted to the upper
plate of the module constrained at the base igid test fixture. The reported value was
averaged from individual activation of three diffat actuators, cycled 10 times each. Using
an alternate setup, the average mechanical powputoaf a V-SPA Module was also
estimated through measurements of displacemienand time At, for a known massn
fixed to a cable hung over a pulley (assumed ta benstant force = mg), and driven
by a short arm attached to the module, followihg F - Ah/At. The metrics of torque and
power were normalized by the mass of the moduleedisas the actuator alone to compute
specific torquet;), specific powerR,), and specific energy(). While the latter of these
is relatively low compared to other vacuum poweaetliators Z0), with P,=5 W kg* and
E,=1.2 J k¢!, the value of specific torque is found to be ety high, witht,=45.3 Nm
kgt (45.3 Nmm g1), more than five times that of the modular DC m@wered actuators
designed for a conventional rigid continuum roblog, Unified Snake50).

List of Supplementary Materials

Fig. S1. Anatomy of a V-SPA

Fig. S2. Fabrication and testing of jamming module

Fig. S3. Single wire module networking with seti&D driver IC.

Movie S1. Binary control of 3-DoF V-SPA array wetlt modular interface
Movie S2. Binary workspace of V-SPA Module

Movie S3.Continuum robot repeatability test

Movie S4. Vacuum suction manipulation with continurobot

Movie S5. Vacuum suction climbing with payload

Movie S6. Vacuum robot locomotion
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Fig. S1. Anatomy of a V-SPA. When uncured silicone is applied to the surfacéheffoam
core it penetrates to a depth limited by its viggoand liquid surface tension, and then
remains primarily on the surface of the foam. Thblde-like texture features visible in the
cross section are formed across the open pordgedbam core, while some foam remains
embedded in the skin layer of the actuator. Itlmaiseen that the wall thickness for V-SPAs
is very non-uniform, however this does not sigmifity impede repeatability or robustness
as the actuators perform well, with minimal varidyiin testing over many cycles.
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Fig. S2. Fabrication and testing of jamming module. Jamming units are fabricated by first
creating thin walled silicone tubes using Dragom&0 brushed onto a cylindrical form.
The resulting cured silicone tube is peeled off fthven and a segment is cut to make one
jamming unit A). End caps are attached to each end of the Bipeafter being filled with
fine ground coffee particle€]. To ensure the coffee is not drawn out of theluh® from
the vacuum supply, disc shaped filters are cut feopaper dust masbBj. Before inserting
into the silicone tube, the end caps are fittedh\wggments of vinyl tubing to attach to the
vacuum supplyE) and the paper filters are glued on the insidéaser ). Filling with
coffee is accomplished by first gluing one end taplace to the silicone tube segment,
scooping and packing in a measured amount of ctdfdee open end, and then finally gluing
the other end cap in plac&). Photo H) depicts the actual test set up used to measure the
stiffness of the stacked modules and jamming wviitsa dashed red line superimposed over
the translucent nylon cable. The adjacent illusirashows the setup with an explanation of
important components, as well as the parametersurneé during the stiffness evaluation.
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Fig. S3. Single wire module networ king with serial LED driver | C. Circuitry embedded
within each actuator module contains a three-cHal@ealesigned and widely used for
controlling multi-color Red-Green-Blue (RGB) LED# parallel with the color channels,
these chips can be leveraged to provide three-ehaontrol of solenoid valves through an
amplifier. Each channel is addressed over a swgke interface, using a time-based data
packet structure which is passed to subsequerdrdroonnected in series. Communication
libraries for Arduino based microcontrollers areaidable from Adafruit Industries on
GitHub (51).

Movie Captions

Movie S1. Binary control of 3-DoF V-SPA array without modular interface. A circular
array of V-SPAs are assembled on a distributionifolahwith each actuator connected to a
vacuum supply through a manually triggered solenalde. The actuators are first activated
alone to illustrate the nominal mode of vacuum-getubuckling. The addition of a plate to
the top surface of all actuators with Loctite 4@h@sive prevents buckling of the actuator
top surface and the added constraint of stiffness fthe other unactuated V-SPAs y an
angular deflection of the upper plate. In addit@singular, binary activation of the V-SPAs,
they are also activated in pairs to yield a tof# possible discrete angular positions of the
upper plate, spaced at 60° around the center cirtag.Movie S1.mp4

Movie S2. Binary workspace of V-SPA Module. A 3-DoF V-SPA Module demonstrates
rapid angular deflection as shown in randomize@ddions. Discrete, binary control is
utilized to operate each V-SPA individually to puaé motion in three primary directions at
120° spacing around the central axis of the actu&tthile not shown here, finer, more
continuous control of the direction of deflectionmagnitude of the angle is possible with
this module utilizing PWM vacuum pressure conthbbvie S2.mp4

Movie S3. Continuum robot repeatability test. A ten-cycle trial test was performed under
an OptiTrack motion capture system, which accuyatelcorded the trajectory of the
continuum robot mounted vertically. The repeatpgbibf the robot was evaluated by
analyzing the path of the robot endpoint, whiclhia video is shown to be a single, offset
reflective marker. While the data set for the tsbwn in this video was not recorded
properly, another test was conducted to producddkee shown ifrigure 4, for which three
markers were used to track the calculated centet pbthe distal module. Black tape was
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used to obscure other reflective components omdhet which interfere with the motion
tracking system. The activation pattern that canséen was selected deliberately as a
progression from the most distal module to that tnppeximal to the base with a delay
between each activation to limit the magnitude etiltation caused by the actuator
deflection, and not a direct consequence of tHatioh or manifold dynamics. All actuators
on a side can in fact be activated simultaneoumsly the resulting torque from the sudden
strong movement would result in longer waiting bedw subsequent cycles to allow
dissipation of large oscillationsovie_S3.mp4

Movie $S4. Vacuum suction manipulation with continuum robot. A single active suction
cup module is added to the distal end of a Vacuomeped Continuum Robot comprised of
three V-SPA Modules to serve as an end effectorale connected to the internal volume
of the suction cup connects it to the central vatsupply to enable selective adhesion or
release of smooth, flat objects. The robot denmatest a simple pick-and-place operation
by moving empty acrylic containers from a graviegfsupply rack to target bins on either
side of the robot base. The motion of the robg@ragrammed open-loop and the adhesion
of the particular suction cup used depends is Beado alignment, but could easily be
replaced with a more compliant, auto-aligning \gridesigned more specifically for such
operations. The suction cup used was adapted frixtuae system designed for long-term
adhesion to smooth bathroom til&ovie S4.mp4

Movie Sb. Vacuum suction climbing with payload. The payload capacity of a climbing
robot was estimated using increments of 10 g masghis suspended from a nylon cable.
The largest mass tolerated that did not inhibitigak progress in climbing was found to be
70 g. The next tested increment of 80 g was fawndisrupt the climbing pattern of the
robot, however this may result from the given colhér used for the vertical gait and as a
consequence of additional passive degrees of freeddhe lower “foot” which allows the
robot to briefly fall away from the wall. Beyonhlis threshold, better timing (faster release
of footholds and body actuation) may be used tggmefalling, although previous tests also
found that this would likely yield slower climbirgpeedsM ovie S5.mp4

Movie S6. Vacuum robot locomotion. Three gaits are demonstrated, in four configuration
a vertical climbing gait, with two actuator moduylaad two additional suction cup modules
achieves locomotion at 2 mm/s, or 0.01 Body Lesigiér second (BL/s). A rolling gait and
wave gait pattern are demonstrated with a 5 modldleDoF continuum robot, while the
wave gait is repeated with a 3 module, 9 DoF rofddte shorter 3 module continuum robot
achieves faster forward locomotion of 11 mm/s, ttien5 module version of 5 mm/s, while
the rolling gait achieves the fastest average spe68 mm/s. None of the gaits tested were
optimized for speed, but the variety is shown lstrate the characteristic diversity of the
different locomotion modes. The robots shown argyed from dual pneumatic ports at
each end of the body to compensate for pressuréi@mdlrop in undersized module ports,
although both supplies are connected to a singternal central supply line connected to
every V-SPA in the robot through localized solenaatves.Movie _S6.mp4

This is the author's version of the work. It is feoishere by permission of the AAAS for personal, e for
redistribution. The definitive version was publidria Science Robotics, Vol.2, 30 Aug, 2017, doi:
10.1126/scirobotics.aan6357
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