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Abstract

Soft pneumatic actuators are used to steer soft growing ‘‘vine”” robots while being flexible enough to undergo
the tip eversion required for growth. In this study, we compared the performance of three types of pneumatic
actuators in terms of their ability to perform eversion, quasi-static bending, dynamic motion, and force output:
the pouch motor, the cylindrical pneumatic artificial muscle (cPAM), and the fabric pneumatic artificial muscle
(fPAM). The pouch motor is advantageous for prototyping owing to its simple manufacturing process. The
cPAM exhibits superior bending behavior and produces the highest forces, whereas the fPAM actuates fastest
and everts at the lowest pressure. We evaluated a range of dimensions for each actuator type. Larger actuators
can produce more significant deformations and forces, but smaller actuators inflate faster and can evert at a
lower pressure. Because vine robots are lightweight, the effect of gravity on the functionality of different
actuators is minimal. We developed a new analytical model that predicts the pressure-to-bending behavior of
vine robot actuators. Using the actuator results, we designed and demonstrated a 4.8 m long vine robot equipped
with highly maneuverable 60 X 60 mm cPAMs in a three-dimensional obstacle course. The vine robot was able
to move around sharp turns, travel through a passage smaller than its diameter, and lift itself against gravity.

Keywords: soft growing robots, pneumatic actuators, modeling

Introduction

TIP-EVERTING SOFT robots can reach and explore envi-
ronments inaccessible by classic, rigid robots. When
faced with a narrow or cluttered environment, such as a pipe
or debris, rigid robots lack the flexibility to cope with unfa-
miliar and unpredictable situations. Soft growing robots,
which extend through an eversion process and thus do not
need to slide relative to their surroundings, have been de-
veloped to navigate these unmapped environments.'~

A soft growing robot, referred to as a ‘“‘vine robot,”” con-
sists of a cylindrical sleeve of thin, flexible material inverted
into itself. It elongates at the tip through eversion when
pressurized pneumatically or hydraulically.** This locomo-
tion principle is frictionless with respect to the environment
because the vine robot’s body does not move relative to its
environment. Variations of vine robots have been tested in
archeological sites,” for search and rescue purposes,” un-
derwater with the potential of handling coral reefs,” for haptic
feedback,® and in medical applications.”®

'CHARM Lab, Department of Mechanical Engineering, Stanford University, Stanford, California, USA.
Autonomous Systems Lab, Department of Mechanical and Process Engineering, ETH Zurich, Zurich, Switzerland.
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In most applications, controlling the vine robot’s path is
essential for navigation or to avoid contacting its environment.
As given in the examples in Figures 1 and 2, steering has been
achieved through rigid internal steering devices,””'” usin
tendons,'®'® and with soft actuators such as pouch motors*"'
and fabric pneumatic artificial muscles (fPAMs).14

There are limited experimental comparisons and models to
guide vine robot designs in actuator selection and optimiza-
tion. Our objective in this study was to provide thorough
experimental characterization and modeling of previous and
new vine robot steering actuators.

The contributions of this article are the following: First, we
establish a benchmark testing procedure and use it to com-
pare three pneumatic actuators: pouch motors, fPAMs, and
cylindrical pneumatic artificial muscles (cPAMs), a new type
of pneumatic actuator.'*'? We defined a set of fixed and
variable design parameters for the three actuator types
(Table 1). The performance of the actuators is compared
using four criteria: eversion pressure, quasi-static bending,
dynamic reaction time, and lateral force. Second, through
exhaustive testing of a range of dimensions of these vine
robot actuators, we establish a design heuristic to select the
appropriate actuator type and its dimensions based on the use
case. Third, we introduce pressure-to-bending models for all
three types of actuators. Fourth, based on the results, we
design an improved 4.8 m long vine robot and demonstrate its
capabilities in an obstacle course.

Background
Internal steering devices

Internal steering has been shown with rigid devices
(Fig. 2A) at the vine robot’s tip using wires™'’ or three-
dimensional (3D)-printed pneumatic actuators.” They can
steer precisely and maneuver heavy payloads but are rigid
and heavy, contradicting some key advantages of vine robots,
such as the lightweight structure and the possibility to move
through holes smaller than the vine robot’s diameter.

Tendon steering

Steering with tendons (Fig. 2B) is achieved by routing
cables through rigid stoppers attached to the surface of a vine
robot.'*!'® As the robot grows, its tip can be steered by pulling

Pneumatic
actuators

Air source for Markers for
Air source actuators tracking
for body 1 ;

Vine robot body

FIG. 1. Pneumatic actuators for vine robots: pouch mo-
tors, cPAMs, and fPAMs. The depicted vine robot uses
cPAMs of width 60 mm and length 40 mm. Its body acts as
an inflated beam: when the actuators contract, the vine robot
bends. cPAM, cylindrical pneumatic artificial muscle;
fPAM, fabric pneumatic artificial muscle.
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on one or several tendons. The rigid stoppers, usually short
sections of a hard plastic tube, provide a controlled limit to
the deformation. Tendons thus provide repeatable, precise,
and reversible shape changes. However, the friction between
tendons and stoppers increases with robot length and limits
the deformation range.

Pneumatic actuators

Pneumatic actuation is usually achieved using one of the
three actuator types: pouch motors, cPAMs, or fPAMs. They
are attached to the exterior of a vine robot and contract upon
pressurization. Two-dimensional steering is achieved by at-
taching two antagonistic sets of actuators to the robot and 3D
steering is achieved by attaching three or more actuator sets.
Pouch motors (Fig. 2D) are short rectangular discrete actu-
ators. They are manufactured by gluing, welding, or heat
sealing rectangles from two layers of inextensible fabric.>'?
When inflated, they contract into a cylinder-like shape.
cPAMs (Fig. 2E) are cut of the same inextensible fabric as
pouch motors, but their additional fold on the sides allows
them to achieve a near-perfect cylinder and higher contrac-
tion ratio than pouch motors.'? They are also welded directly
onto the vine robot’s body, facilitating eversion and reducing
actuator delamination risk.

The foldPAM'? design uses the same folding mechanism as
the cPAM. It is designed as a stand-alone actuator where the
amount of fold can actively be changed. The fPAM (Fig. 2F)
consists of a single cylindrical tube made of anisotropic fabric.
Its axis runs parallel to the vine’s growth axis.'* fPAMs use
the principle of McKibben muscles with an extensible fabric.
Another pneumatic actuator is the sSPAM" (Fig. 2G). Like the
fPAM, it consists of a tube but is divided into several pouches
that inflate to a bulge. In contrast to the fPAM, it uses a nearly
inelastic material. Because of their difficult attachment and
large volume because of the balloon-like shape, they are less
suited for everting vine robots. Abrar et al.'® introduced a
pouch-like actuator with high maneuverability that is directly
integrated into the vine robot body akin to the cPAM
(Fig. 2H). This actuator exhibits bending behavior similar to
the cPAM?® while being simpler to construct.

Shape locking

Tendon and pneumatic steering can be combined with
shape-locking mechanisms to preserve shape change. Jitosho
et al."" and Wang et al.?' used tendon actuation to initiate
bending. Wang et al.*" guided two to three smaller diameter
tip-extending bodies from the base of their main vine robot to
modulate stiffness and lock the deformation of a variable
body length. Jitosho et al."" used velcro straps controlled
through a tip mount to fix multibend shapes (Fig. 2C). Kiibler
et al."? used a tip mount that houses permanent magnets. It
selectively opens valves that connect cPAMs to a pressure
supply line as the valves move through the tip mount during
eversion. After moving through the tip mount, the valves
close again and lock the pressure in the corresponding cPAM.

Modeling of pneumatic actuators for vine robots

When using internal steering devices and tendons to steer a
vine robot, the orientation of the tip can be calculated geo-
metrically. For pneumatic actuators, the relationship between
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FIG. 2. Steering mechanisms for tip everting soft growing robots: (A) Rigid internal steering device from Takahashi
et al.” (B) Tendon steering from Gan et al.'® (C) Tendon steering with shape-locking using velcro from Jitosho et al.''
(D) Pouch motor design from Coad et al.? (E) cPAM design from Kiibler et al.,'? similar to the foldPAM introduced by
Wang et al.'* (F) fPAM design from Naclerio and Hawkes."* (G) SPAM design from Greer et al.'> (H) Integrated pouch
design from Abrar et al.'® The steering mechanisms (D-F) are characterized in this study.

pressure and deformation is less straightforward because it
relies on the contraction through pressure and on complex
geometric changes that vary with actuator type and dimen-
sion. It can either be simulated using finite element modeling
as shown by du Pasquier et al.>° or modeled analytically.

The analytical model for pouch motors is based on the
conservation of energy and the principle of virtual work. Work
is defined as a contraction function, determined by an increase
in volume." The model assumes a completely inextensible
material and an ideal pouch motor without constrained sides. It
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TABLE 1. TESTED DIMENSIONS AND MATERIALS OF VINE RoBOTS WITH PoucH MOTORS, CYLINDRICAL PNEUMATIC
ARTIFICIAL MUSCLES, AND FABRIC PNEUMATIC ARTIFICIAL MUSCLES

Dimensions

(mm) Lyine=420 Lactuator =360 Dyine =80

Actuator type Material Actuator dimensions (mm)

Pouch motor 70 Denier ripstop nylon w 20 20 20 40 40 40 60 60 60
(one-sided TPU coating) Ly 20 40 60 20 40 60 20 40 60

cPAM 70 Denier ripstop nylon w 20 20 20 40 40 40 60 60 60
(one-sided TPU coating) Ly 20 40 60 20 40 606 20 40 60

8 8 16 8 16 24

fPAM 30 Denier ripstop nylon w 20 40 60

(stretchable, two-sided D 12.73 25.46 38.20
silicon coating)

Crossed-out numbers indicate geometrically infeasible dimensions and dimensions that do not create any bending.

TPU, thermoplastic polyurethane.

shows a good force—strain correlation for the linear contraction
of isolated actuators. This model approach can also be used for
cPAMs because they behave similar to an ideal pouch motor.
Naclerio and Hawkes'* presented an analytical model for
fPAM. Using material parameters, they relate an increase in
pressure to the contraction force, based on previous models on
the McKibben muscle. Their model performed well in a
comparison of the force—strain relationship with test data. Both
models only represent the linear contraction of the actuator
itself, not the bending of the vine robot.

Abrar et al.'® used the ideal pouch motor model for a vine
robot with pouches integrated within the vine robot body.
They assumed static equilibrium force conditions to relate the
actuator pressure with the position of the vine robot tip. The
model differed from the experimental data.

In this article, we expand on the linear contraction models
from Naclerio and Hawkes'* and Niiyama et al.'"” and the
static equilibrium force assumption from Abrar et al.'® We
adapt the models to account for the geometric conditions and
varying dimensions of the pouch motor, cPAM, and fPAM.

Fabrication methods

We fabricated vine robots with uniform dimensions for all
three actuator types. To ensure a fair comparison, each vine
robot has a diameter of D,;,. =80 mm because the bending
performance depends on the diameter of the vine robot. The
length of all vine robots was fixed at L, =420 mm and the
actuator line length at L, .yaeq = 360 mm. We manufactured a
vine robot with one actuator line for every actuator type and
dimension. This allows for bending in one plane to one side
only. A second line can achieve full bending in one plane, and
a third line can achieve bending in the three-dimensional
space. For the case of multiple actuator lines, each one can be
investigated independently, and the combined bending can be
calculated as a superposition. Therefore, the following ac-
tuator investigation also holds for the case of multiple actu-
ator lines. Figure 3 provides schematic drawings and Table 1
states the fabricated dimensions.

Pouch motor

The vine robot with pouch motors comprises a sequence of
rectangular pouch motors. Both the vine robot body and the

pouch motors are made of 70 Denier ripstop nylon with one-
sided thermoplastic polyurethane (TPU) coating (Quest
Outfitters, Sarasota, FL). A line of pouch motors is formed by
welding two layers of material together in a rectangular shape
using a Vetron 5064 ultrasonic welder (Vetron Typical
GmbH, Kaiserslautern, Germany). The pouch motors are
connected to the vine robot body using adhesive transfer tape
(3M, St Paul, MN), located at the center of the pouch motor.

Cylindrical pneumatic artificial muscle

The line of cPAMs, made from the same material as the
pouch motor, is integrated directly into the vine robot body,
where the vine robot body functions as the lower layer of the
cPAM. Material is folded on either side to form two addi-
tional layers, enabling the cPAM to adopt the shape of a
cylinder upon inflation. This feature distinguishes the cPAM
from a pouch motor, as the latter is restricted on its sides,
which hinders bending. The fold length f is related to the
diameter D of the cylindrical shape in the inflated state, which
is associated with the length Ly of the cPAM,'?

11
f=5D="L. (1)

Moreover, the fold length cannot exceed half the width of
the cPAM:

f<sw 2

N =

This constraint renders dimensions with a greater length
than width impractical. To simplify the manufacturing pro-
cess, we adopted a standard fold length f of 8 mm per 20 mm
cPAM length Ly. The cPAM is fabricated through ultrasonic
welding over the two and four layers.

Fabric pneumatic artificial muscle

The fPAM is constructed from thin, stretchable 30 Denier
ripstop nylon with a two-sided silicon coating (Rockywoods
Fabrics, Loveland, CO). The actuator comprises a single
cylindrical tube affixed to the vine robot body, made of the
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FIG. 3. Vine robot fabrication and dimensions overview. Top to bottom: Schematic top and front view with main
dimensions, side view of the actuated vine robot. Left to right: Line of welded pouch motors, taped onto the vine robot body.
Line of welded cPAMs, directly welded onto the vine robot body. fPAM, glued using SilPoxy.

same silicon-impregnated ripstop nylon, using SilPoxy ad-
hesive (Reynolds Advanced Materials, Broadview, IL). The
fabrication process follows a similar procedure as described
by Naclerio and Hawkes.'* Prestretching the fPAM before
gluing it onto the vine robot body results in stronger bends by
enabling higher contractions of the actuator. Unlike the
pouch motor and cPAM, only the diameter D of the fPAM
can be modified. It is directly correlated to the width w in the
uninflated state:

D= zw. 3)
T

The fPAM material is stretchable in a 45° configuration,
which is essential for the functionality of the actuation prin-
ciple. For the vine robot body made of the same material, it is
an important design choice whether to use a 0° or a 45° con-
figuration. In the 0° configuration, the vine robot body remains
noncontractible, and the neutral axis opposes the actuator,
similar to the pouch motor and cPAM. The 45° configuration
results in contraction of the vine robot body when pressurized,
thereby reducing the prestretch of the fPAM actuator and
leading to reduced bending. However, it also causes the neutral
axis to shift toward the centerline of the vine robot body,
consequently increasing bending. In our study, we opted for the
45° configuration for both the fPAM actuator and the vine
robot body. We prestretched the fPAM actuator as much as
possible to mitigate potential adverse effects.

Experimental methods

We conducted multiple experiments to assess the perfor-
mance of the three types of actuators with various dimen-
sions. Each test was performed five times to ensure

repeatability. The experimental setup given in Figure 4 is de-
signed to evaluate a fully everted vine robot with a single line
of actuators. The setup uses a Realsense D415 camera (Intel,
Santa Clara, CA) that captures RGB and depth images and is
calibrated using a checkerboard. Markers are placed on the
vine robot to track its shape and movement. Two QB3 pressure
regulators control the pressure: QB3TANKKZP6PSG for the
actuator pressure and QB3TANKKZP10PSG for the vine ro-
bot pressure (Proportion-Air, McCordsville, IN). Two MPX
4250AP pressure sensors (NXP Semiconductors, Eindhoven,
The Netherlands) measure the actual pressure in the vine robot

Pressure
Sensors

Pressure |
regulators  Stereo camera \ 'l‘ Force sensor
Skeleton ‘

FIG. 4. (A) Measurement setup for bending, dynamic
motion, and force tests. A stereo camera, calibrated by the
checkerboard, tracks the deformation of the vine robot using
the markers. The vine robot body is connected to the air
container. Two pressure regulators control the pressure in
the vine robot body and the actuators, two pressure sensors
sense the actual pressure. Everything is connected by a
skeleton made of aluminum profiles to allow for horizontal
and vertical orientation. (B) Detailed view of force sensor.

Air container
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body and the actuators. A Nano-17, 6 degrees-of-freedom
force—torque sensor (ATI Industrial Automation, Apex, NC)
positioned at the tip of the vine robot measures the force out-
put. All setup components are connected using a skeleton made
of aluminum profiles, enabling horizontal and vertical orien-
tations for testing with or without gravity.

Eversion

This test investigates the pressure required for continuous
eversion of the vine robot. The vine robot is turned inside
itself with the actuator attached. We apply a pressure to the
vine robot body, using the air container and pressure regu-
lator, and inspect if the vine robot everts continuously. If the
pressure is not sufficient to achieve eversion, we increase the
pressure inside the vine robot body in steps of 0.1kPa.
Continuous eversion is achieved when the vine robot everts
over its full length without stopping. We performed this test
for uninflated actuators and actuators inflated to 15 kPa.

Quasi-static bending

This experiment establishes a relationship between the
pressure in the actuator and the bending of the vine robot. We
maintained a constant pressure of 1.75kPa inside the vine
robot body. At this pressure, all examined vine robots can
evert with uninflated actuators. To eliminate dynamic effects,
we slowly increased the pressure (0.65 kPa/s) in the actuator
from OkPa until the bending converged; this occurred at a
pressure between 25 and 40 kPa. We measured the bending
per unit length, which is calculated by normalizing the an-
gular deflection between two segments (pairs of markers) by
the initial length of one segment.

The segment length of pouch motors and cPAMs is 2L for
actuators with Lo=20mm and L, for longer actuators. The
segment length of all fPAM actuators is 40 mm. The final
bending per unit length value was obtained by averaging the
values across all segments. The tests were performed in a
horizontal and vertical configuration to investigate the in-
fluence of gravity.

Dynamic motion

This test uses the same experimental configuration as the
quasi-static bending test. But instead of slowly increasing the
pressure, we applied a step input to the pressure regulator,
which aims to pressurize the actuator as quickly as possible.
We inflated the actuators from OkPa to the target pressure
value, waited until the vine robot reached a steady state, and
then commanded the pressure back to 0 kPa. We repeated this
process for 10 different target pressure values for each ac-
tuator, equally distributed in the pressure range of each ac-
tuator. The pressure range is the same as in Quasi-static
bending section. We evaluated the dynamic response of the
actuators by measuring the 10-90% rise time of the bending
per unit length, defined by the time the actuator requires to
rise from 10-90% of the final bending value at a specific
pressure. Again, the tests were performed horizontally and
vertically.

Force output

We measured the force output of actuated vine robots. We
fixed the front of the vine robot to the 6 degrees-of-freedom
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force—torque sensor and set the pressure in the vine robot
body to 1.75 kPa. We measured the force output for 10 dif-
ferent pressure values for each actuator (same pressure values
as in Dynamic motion section). The lateral force (perpen-
dicular to the vine robot’s growing axis) is our primary metric
because its direction is of particular interest for manipulation
and steering purposes.

Modeling methods

We developed static analytical pressure-to-bending mod-
els to predict the bending of each actuator type at specific
pressures. We expanded existing linear contraction pouch
motor'® and fPAM" models. Our models neglect gravity
because of the lightweight vine robot design. Figure 5 pro-
vides the geometries and forces acting on each type of ac-
tuator. The core idea is similar for all actuator types, namely
that the axial force stretching the vine robot body is in
equilibrium with the force produced by the actuator. The
axial force of the vine robot can be calculated using the
pressure in the vine robot py;,. and its diameter Dy;pe:

Fvine = gDeine Pvine- (4)

Including the forces on the side of the vine robot has a

small impact but complicates the model. Therefore, we make

the simplifying assumption that the forces on the side of the

vine robot are equal and cancel each other out, even if the
bending of the vine robot is large:

Fvine, 1= Fvine,Z (5)

The equations vary for the different actuator types because
of the diverse geometric conditions and the different linear
contraction models for different types of actuators.

Pouch motor

This model builds on the linear contraction model for an
ideal pouch motor proposed by Niiyama et al.'® Because the
constrained sides reduce the cross-sectional area of an actual
pouch motor, we introduce the volume multiplier o = % to
account for the decreased volume. The value was derived by
examining different geometries using computer-aided design
(CAD). We then calculate the pouch motor force F,,, fol-
lowing the methodology proposed by Niiyama et al.,'® which
considers the uninflated length L, width w, pressure ppy,, and
deformation state defined as the central angle 0 of the circular
segment of a pouch motor:

cos (0)

0 (6)

Fom = aLowppm

The same model obtains the relationship between the un-
inflated length L and the contracted length L;:

sin (0)

Li=1Ly 9

: )

The axis of contraction passes through the center of the
pouch motor. Because the pouch motor is mounted on top of
the vine robot, as inflation increases, this axis moves away
from the vine robot by the distance A:
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FIG. 5. Modeling of the vine robot’s pressure-to-bending relationship for different actuator types; schematics indicate the
dimensions, applied pressures, and acting forces. (A, B) Pouch motor: (A) Top view of a vine robot segment with an
attached pouch motor. (B) Single pouch motor modeled as an ideal pouch motor with corrected volume. (C, E) cPAM:
(C) Top view of a vine robot segment with an integrated cPAM. (D) Single cPAM modeled as an ideal pouch motor.
(E) Front view of a vine robot with an integrated cPAM and resulting diameter correction. (F, G) fPAM: (F) Top view of a
vine robot segment with an attached fPAM. (G) Different contraction regions of the fPAM actuator with corresponding
pressure (gray) and acting forces (black) from an elastic, pre-stretched state to a fully inflated state with maximal bending.
¢ defines the general contraction of the fPAM, &..c defines the elastic contraction, and &,e,q defines the contraction related
to the bending of the vine robot. ¢=0 indicates the theoretically maximum prestretch, ¢=¢,, the prestretch when integrated
into the vine robot and not inflated, ¢=¢y the contraction without prestretch, and ¢=¢,,,x the maximum contraction. The
pressure curve qualitatively shows the relationship between pressure and contraction.
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n="an <§> . @®)

Considering the bending g of the vine robot relates the
axial vine robot force with the pouch motor force:

Fyine sin (q) = Fpm sin (g) : 9)

We establish a geometric relationship between the uninflated
and contracted lengths and the bending ¢ of the vine robot:

= T Dy + ). (10)
2 tan (%)
Inserting Equations 6, 7, and 8 into Equations 9 and 10, we
input the pouch motor pressure pp, and solve Equations 9 and
10 using MATLAB’s vpasolve routine. The output is the
deformation state 0 of the pouch motor and the bending state
q of the vine robot. The relative bending g/L, is our primary
metric for comparison with experimental data.

Cylindrical pneumatic artificial muscle

For the cPAM, we use the same model as for the pouch
motor proposed by Niiyama et al.'” but without the volume

correction because the cPAM behaves like an ideal pouch
motor with unconstrained sides. In contrast to the pouch
motor, which actuates against the atmospheric pressure p,¢m,
on both sides, the cPAM acts against the atmospheric pres-
sure on the top side and against the vine robot body pressure
Pvine ON the bottom side. Therefore, we take the arithmetic
mean between puu, and pyin. Calculating with relative
pressures simplifies this because pau,=0:

atm T Pvine) COS 0
Fcpam =Low (pcpam - 1%) 0 (11)
Pvine) €OS 0
=Low (pcpam - P ) ) (12)

The contracted length L; is again related to the initial
length L and the deformation state 8 of the cPAM:

in (0
L =1,50 O (13)
0
Owing to the integration of the cPAM into the vine robot
body, the bending axis is lowered by the distance s. It depends
on Dy;,. and the width w of the cPAM:
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457 + w?

D vine = 4s

14

Similar to the pouch motor, we have one equation for the
force equilibrium and one equation for the geometric state.
We input the cPAM pressure pcpam and solve for g:

Fine sin(q) = Fcpam sin (%) (15)
L
Lo= 50 4 q(Dyine — 3). (16)
2 sin (5)

Fabric pneumatic artificial muscle

The fPAM model is based on the linear contraction model
introduced by Naclerio and Hawkes.'* It requires the fPAM
radius r and the parameters o, a, and b. We get the equations
and the maximum contraction &,,, = 0.308 from Naclerio and
Hawkes'*:

r=— 17
i
z _2 max 2 3
og = —asin V nan — 28man +2/ (13)
Emax _1
a=3/tan” a (19)
b=1/sin* . (20

The model’s complexity arises from the prestretch of the
fPAM when attached to the vine robot body. Therefore, the
actuator force Fp,m depends on both a pneumatic Foneumatic
and elastic component Fe,qic (Fig. 5G). When attaching the
fPAM to a vine robot, we can only prestretch it to a certain
amount &,,. The relevant contraction for bending €ypenq can
then be related to the initial Ly and contracted L, length:

—L
€pend = € — Eps = Lo ! . 2D

Ly

We use the general contraction ¢ for calculation. At ¢y the
fPAM has no more prestretch, resulting in the definition of
the elastic contraction &.,ic relevant for Fop,gic:

Eelastic = €0 — €. (22)

We performed a manual model parameter fitting to find the
parameters &ps and &. This resulted in &y=0.275 for all fPAM
actuators. The resulting values for ¢,; were 0.203, 0.198, and
0.207 for fPAM widths of 20, 40, and 60 mm, respectively. In
addition, we determined the product Et of the elasticity
module E and the thickness of the material z. At &, the fPAM
is fully prestretched and not inflated, so the fPAM force
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consists only of its elastic component. By setting this force
equal to the vine robot force F\;,., we can solve for Et:

Fyine = Ffpam(gps) = Felaslic(gps) = anEt(SO - 8ps)- (23)

The resulting values for Et were 3046, 1421, and 1084 N/m
for fPAM widths of 20, 40, and 60 mm, respectively. Using
these values, we can express the fPAM force Fyp,m in terms of
the pneumatic Fppeumatic and the elastic Fj,gic component, as
introduced by Naclerio and Hawkes'*:

Fpneumatic = nrz[a(l - 8)2 - b]pfpam (24)
Fejasic = 27TrEtgelastiC = anEt(SO - 8) (25)

g < € < &

F ic T Felasti
F: _ pneumatic elastic . 26
fpam < g < € < Emax ( )

F pneumatic

Because the fPAM continuously follows the shape of the
vine robot, we equate the forces:

Fvine = Ffpam- (27)
Based on the input pressure pg,am, we calculate the re-

sulting contraction ¢ of the fPAM. Finally, we can relate ¢ to
the relative bending g/L, of the vine robot:

€bend _ (e— gps)
1 1 .
jDvine +r jDvine +r

q/Lo= (28)

Results
Eversion

Table 2 presents the pressure measurements required for
eversion when all pouches are inflated to O and 15kPa. The
fPAM has a much lower eversion pressure. This is because the
fPAM uses a thin and flexible, low-friction, 30D silicon-
coated ripstop nylon, whereas the pouch motor and cPAM
use a stiffer 70D TPU-coated ripstop nylon. When the
actuators are not inflated, the pouch motor and cPAM re-
quire a similar eversion pressure, suggesting that the
eversion pressure mainly depends on the material proper-
ties. The maximum eversion pressure required for any
deflated actuator was 1.76 kPa. When the actuators are in-
flated, actuators with larger dimensions require a higher
eversion pressure. As a result, a vine robot with cPAMs
requires the highest eversion pressure. The maximum
eversion pressure required for any inflated actuator was
3.02 kPa.

Quasi-static bending

Figure 6 provides the quasi-static bending for the largest
dimensions of the three actuator types with and without
gravity. The results are very similar, indicating that gravity
does not influence the bending behavior because of the
lightweight structure of the vine robot. This result holds true
for other dimensions and dynamic bending. However, for
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TABLE 2. EVERSION PRESSURE WITH DEFLATED ACTUATORS (pg) AND WITH ACTUATORS INFLATED TO 15KPA (p;5)

Pressure (kPa)

Actuator type
Po P1s Po Pi1s Po P1s
Pouch motor w (mm) 20 40 60
20 1.30 1.14 1.32 1.32 1.42 1.84
Ly (mm) 40 nb 1.26 1.52 1.54 1.92
60 nb 1.26 1.70 1.76 1.72
cPAM w (mm) 20 40 60
20 1.22 1.62 1.62 2.16 1.56 2.32
Ly (mm) 40 nf 1.56 1.56 1.70 2.74
60 nf nf 1.56 3.02
fPAM w (mm) 20 40 60
0.60 0.66 0.60 1.26 0.66 1.44

‘nf” indicates geometrically infeasible dimensions, ‘nb’ indicates dimensions which do not bend.

longer vine robots or when a tip mount is attached to the front,
bending against gravity will become more difficult. The force
capabilities of the vine robot will then become crucial.
Figure 7 (first row) provides the experimental pressure-to-
bending relationship and the analytical model prediction
without gravity (horizontal configuration). The best bending
performance was achieved by the cPAM, which almost
reaches the theoretical maximum value (2.6°/cm for a vine
robot with 80 mm diameter'?). The integration of the cPAM
into the vine robot body and the folded material that does not
constrain the sides are critical for achieving this performance.
The pouch motor bends slightly more than the fPAM. Larger
dimensions result in higher bending for both the pouch motor
and cPAM, with both the width and the length being essen-
tial. The cPAM significantly outperforms the pouch motor for
large dimensions, but the performance at small dimensions is
similar. This suggests that the fold structure requires a certain

25 :
| —— pouch motor —+
—— pouch motor T
ot cPAM —
| cPAM 1
|——fPAM —
15H fPAM T

e
—

-

Bending Angle per Unit Length (°/cm)

o

10 20 30 40
Pressure (kPa)

o

FIG. 6. Comparison of the quasi-static bending perfor-
mance in horizontal (—, without gravity) and vertical (T,
with gravity) orientation. Dashed lines indicate the mean
over five iterations for the largest dimension of each of the
three actuator types and the experimental standard deviation
is given by the shaded area: W60 X160 mm pouch motor,
W60 xL60 mm cPAM, and W60 mm fPAM.

size to work. The fPAM shows a similar performance for
w=40mm and w=60mm, better than for w=20 mm. This
suggests that the fPAM requires a certain dimension to
achieve higher bends, or that small fPAMs require a much
higher input pressure. Furthermore, the stiffness of the glued
connection and the prestretch has a large impact on the
bending performance.

Analytical pressure-to-bending model

To analyze the pressure-to-bending models, we define the
average normalized error e between the bending predicted by
the analytical model ¢py,0qe1( p;) and the experimental bending
data gqa.( py)- The first data points with very low pressure and
bending are neglected to avoid normalization by values close
to zero:

o— l i |qmode1 (Pi) — Gdaa(Pi)] . (29)

Ly qdaa(Pi)

Figure 7 provides the predicted bending in the first row and
Table 3 reports the error e. The analytical model can distin-
guish between different actuator dimensions. It performs best
for small pouch motors, large cPAMs, and the fPAM. How-
ever, the model fails to predict the convergence for large
pouch motors because the ideal model always converges to
the theoretical maximum. The volume multiplier does not
change the convergence value but only slows the increase
with respect to the actuator pressure. The cPAM model
overpredicts bending for small dimensions. This is likely
because the cPAMs do not fully unfold at small dimensions,
although the model assumes exactly this.

The geometric model does not account for material stiffness,
which can hinder small cPAMs from unfolding. The fPAM
model works well for all dimensions. It requires the calculation
of actuator-specific parameters for each dimension, resulting in
a tuning of the model. The pouch motor and cPAM models
work without any parameter identification or tuning.

Dynamic motion

The second row in Figure 7 provides the dynamic bending
behavior, measured by the rise time resulting from a step
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FIG. 7. Experimental results for the three actuator types with respect to the inflation pressure (x-axis). W indicates the
width and L indicates the length of an actuator. Left to right: Pouch motor, cPAM, and fPAM results. Top to bottom: Quasi-
static bending results characterized by the bending angle per nominal length, dynamic motion capabilities characterized by
the 10-90% rise time, and the resulting lateral force when the tip of the vine robot is constrained. In the first row, the mean
of five experimental measurements is given by dashed lines, the experimental standard deviation is given by the shaded
areas, and the analytical model is given by solid lines. In the second and third rows, dashed lines show the mean over five
iterations and the error bars indicate the corresponding standard deviation.

input to a specific pressure. The fPAM actuates fastest, closely
followed by the pouch motor. The fPAM can actuate quickly
because it is not segmented and therefore does not experience
a constriction in airflow. The pouch motor has segments but a
smaller volume to inflate. The cPAM performs poorly because

TABLE 3. NORMALIZED MODEL ERROR ¢ AS DEFINED
IN ANALYTICAL PRESSURE-TO-BENDING MODEL SECTION
FOR ALL THREE ACTUATOR TYPES AND ALL DIMENSIONS

Pouch motor cPAM fPAM

Size (mm) e Size (mm) e  Size (mm) e

W20xL20 0.177 W20xL20 0.483 W20  0.034
W40xL20  0.205 W40xL20 0.255 w40  0.019
W40xL40 0.196 W40xL40 0.169

W40xL60  0.797

W60xL20  0.132 W60xL20 0.435 w60  0.170
W60xL40  0.199 W60xL40 0.113

W60xL60  0.355 W60xL60 0.102

W indicates the width and L indicates the length of an actuator.
cPAM, cylindrical pneumatic artificial muscle; fPAM, fabric
pneumatic artificial muscle.

it has segments and a large volume because of its folded
structure. The test may not fully showcase the capability of the
fPAM. Naclerio and Hawkes'* showed that the fPAM can
outperform other pneumatic actuators in a frequency response
test. To achieve high-frequency actuation, the fPAM requires
a high-flow pressure supply setup. The QB3 pressure regu-
lators from our setup are restricted in airflow.

Force output

The last row in Figure 7 presents the results of the lateral
force output. The cPAM demonstrates the highest force
output as the force is related to the area of the actuator. In
addition, the welded integration of cPAM with the vine robot
results in a sturdy and robust connection. The pouch motor
can produce a force smaller than the cPAM but larger than the
fPAM. Larger dimensions within an actuator type generate
higher force outputs at the same pressure because of their
larger area. All actuators will generate higher forces if the
pressure is further increased beyond the investigated range.

Demonstration

To showcase the possibilities of a vine robot with im-
proved actuators, specifically an optimized cPAM, we
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B t=150s
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e

FIG. 8. Demonstration of navigating an obstacle course with a 4.8 m long vine robot of 80 mm diameter and three strands
of W60 xL60 mm cPAMs for steering in the three-dimensional space. The vine robot is supported by an improved version
of the supply box shown in Auf der Maur et al.’ (A-C) The vine robot with corresponding time stamps while moving
through the obstacle course. (D) The final state of the vine robot along a right turn, passage under a bridge, left turn, passage
with a shrunken diameter, and a vertical turn. The grid indicates dimensions of 50x50cm. The dimensions of the
demonstrated vine robot are derived from the results of the quasi-static bending experiments.

manufactured a vine robot with a length of 4.8 m to traverse a
tortuous obstacle course (Fig. 8), making the bending ability
of the robot critical for its success. The vine robot has a
diameter of 80 mm and cPAMs with a width and length of
60 mm, which, based on the results in Quasi-static bending
section, produce the most significant bending. The vine robot
has three lines of actuators, allowing for steering in the 3D
space. We used an improved version of the supply box in-
troduced by Auf der Maur et al.” Owing to material avail-
ability, we changed the material from ripstop nylon to pure 70
Denier nylon with a one-sided TPU coating (Extremtextil
e.K., Dresden, Germany). We manufactured the complete
vine robot in 2 days using a high-frequency welding machine
(Walser Kunststoffwerk AG, Biirglen, Switzerland).

The vine robot moved through the obstacle course with an
average speed of 1.5cm/s as commanded by the user. The
robot’s teleoperated movement, using a PlayStation con-
troller, slowed when it had to target a specific obstacle or
opening. However, in free space without the need for precise
steering, the vine robot can move faster. The robot success-
fully navigated around a 90° right turn, passed under a bridge,
and performed a 90° left turn with a bend of ~2.0/cm. The
robot then moved through a tunnel, shrinking its body to 6 cm
in diameter, followed by lifting itself over 15cm to pass
through the final opening.

This test demonstrates the high maneuverability of a
compliant vine robot with improved actuators in a 3D ob-
stacle course.

Conclusion

We compared three commonly used soft pneumatic actu-
ators to guide future vine robot development: the pouch

motor, the cPAM, and the fPAM. These actuators find ap-
plications in soft continuum robots, such as soft growing vine
robots. Our study did not include all possible design choices;
different sets of design parameters could be better for specific
applications. Furthermore, external factors like material
availability, accessibility of manufacturing techniques, or
fabrication time can have an important influence on the de-
sign decision. In addition, we did not test the widest possible
pressure range for each actuator; such a test could be used to
test the bending limits of different actuator geometries and
explore the robustness of different fabrication methods.

We defined design parameters and developed a testing
methodology and setup to measure a set of performance pa-
rameters: eversion, quasi-static bending, dynamic motion,
and force output. The actuators were attached to a vine robot,
and different sizes were tested for each actuator. The pouch
motor is advantageous for prototyping because its simple
rectangular structure enables fast fabrication and attachment
to the vine robot. The cPAM extends the pouch motor con-
cept by adding folded material on the sides, making it behave
like an ideal pouch motor that can inflate to form a complete
cylinder. This improves its bending capability, making it the
best actuator to perform strong bends and navigate tight turns.

Because of its large area and strong connection to the vine
robot, it can generate the highest lateral force. The fPAM
requires the lowest pressure to evert because of its thin and
low-friction material. It can perform dynamic motions best as
it consists of a single tube without separated air chambers.

When comparing different dimensions of the actuators, we
found that larger actuators generate more significant bends
and forces, whereas smaller actuators react faster and require
a lower eversion pressure. Both length and width should be
maximized for large pouch motors and cPAMs.
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The analytical pressure-to-bending models assume a static
force equilibrium between the vine robot and the pneumatic
actuator, accounting for the unique geometric conditions of
each actuator type. They distinguish between actuators of
different dimensions and correctly predict the performance
order. The models predict the bending particularly well for
the fPAM, small pouch motors, and large cPAMs, but over-
predict the bending of large pouch motors and small cPAMs.

The experimental methods and models in this article can be
used to design, test, and optimize future actuators for vine
robots and soft continuum robots. For example, the promising
integrated pouch actuator from Abrar et al.,'® which reduces
the effective width of the eversion robot to enable larger
bending, could also be compared and its pouch sizes opti-
mized using the methods described in this study. More effi-
cient and repeatable fabrication approaches will improve the
vine robot design and performance, and the analytical model
can enhance future control approaches.

Acknowledgment

The authors thank Zhenisbek Zhakypov for help in es-
tablishing the testing setup, and Pascal Auf der Maur and
Patricia Hormann for help in testing the demonstrator.

Author Disclosure Statement

The authors state that there is no conflict of interest.

Funding Information

The project was supported in part by the U.S. Department
of Energy, National Nuclear Security Administration, Office
of Defense Nuclear Nonproliferation Research and Devel-
opment (DNN R&D) under subcontract from Lawrence
Berkeley National Laboratory; the United States Federal
Bureau of Investigation contract 15F06721C0002306; Na-
tional Science Foundation grant 2024247; and the DDPS,
armasuisse S+T, Swiss Drones and Robotics Centre (SDRC).

References

1. Hawkes EW, Blumenschein LH, Greer JD, et al. A soft
robot that navigates its environment through growth. Sci
Robot 2017;2(8):3028.

2. Coad MM, Blumenschein LH, Cutler S, et al. Vine robots:
Design, teleoperation, and deployment for navigation and
exploration. IEEE Robot Automation Mag 2020; 27(3):
120-132.

3. Luong J, Glick P, Ong A, et al. Tolley. Eversion and re-
traction of a soft robot towards the exploration of coral
reefs. IEEE International Conference on Soft Robotics:
Seoul, Korea; pp. 801-807, 2019.

4. Blumenschein LH, Coad MM, Haggerty DA, et al. Design,
modeling, control, and application of everting vine robots.
Front Robot AI 2020;7:153.

5. Pascal Auf der Maur, Betim Djambazi, Yves Haberthur,
et al. RoBoa: Construction and evaluation of a steerable
vine robot for search and rescue applications. IEEE Inter-
national Conference on Soft Robotics: New Haven, CT,
USA; pp. 15-20, 2021.

6. Agharese N, Cloyd T, Blumenschein LH, et al. HapWRAP:
Soft Growing Wearable Haptic Device. IEEE International
Conference on Robotics and Automation: Brisbane, Aus-
tralia; pp. 5466-5472, 2018.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

KUBLER ET AL.

. Hwee J, Lewis A, Bly RA, et al. An everting emergency

airway device. IEEE International Symposium on Medical
Robotics: Atlanta, GA, USA; pp. 1-7, 2021.

. Berthet-Rayne P, Hadi Sadati SM, Petrou G, et al. Mam-

mobot: A miniature steerable soft growing robot for early
breast cancer detection. IEEE Robot Automation Lett 2021;
6(3):5056-5063.

. Takahashi T, Tadakuma K, Watanabe M, et al. Eversion

Robotic Mechanism with Hydraulic Skeletonto Realize
Steering Function. IEEE Robot Automation Lett 2021;6(3):
5413-5420.

Gan LT, Blumenschein LH, Huang Z, et al. 3D electro-
magnetic reconfiguration enabled by soft continuum robots.
IEEE Robot Automation Lett 2020;5(2):1704-1711.
Jitosho R, Simén-Trench S, Okamura AM, et al. Passive
shape locking for multi-bend growing inflated beam robots.
IEEE International Conference on Soft Robotics: Singa-
pore; pp. 1-6, 2023.

Kiibler AM, Rivera SU, Raphael FB, et al. A multi-
segment, soft growing robot with selective steering. IEEE
International Conference on Soft Robotics: Singapore;
pp. 1-7, 2023.

Wang S, Miranda EF, Blumenschein LH. The folded
pneumatic artificial muscle (foldpam): Towards program-
mability and control via end geometry. IEEE Robot Au-
tomation Lett 2023;8(3):1383-1390.

Naclerio ND, Hawkes EW. Simple, low-hysteresis, fold-
able, fabric pneumatic artificial muscle. IEEE Robot Au-
tomation Lett 2020;5(2):3406-3413.

Greer JD, Morimoto TK, Okamura AM, et al. A soft,
steerable continuum robot that grows via tip extension. Soft
Robot 2019;6(1):95-108.

Abrar T, Putzu F, Ataka A, et al. Highly Manoeuvrable
Eversion Robot Based on Fusion of Function with Struc-
ture. IEEE International Conference on Robotics and Au-
tomation: Xi’an, China; pp. 7130-7136, 2021.

Haggerty DA, Naclerio ND, Hawkes EW. Hybrid vine
robot with internal steering-reeling mechanism enhances
system-level capabilities. IEEE Robot Automation Lett
2021;6(3):5437-5444.

Blumenschein LH, Koehler M, Usevitch NS, et al. Geo-
metric Solutions for General Actuator Routing on Inflated-
Beam Soft Growing Robots. IEEE Trans Robot 2022;38(3):
1820-1840.

Niiyama R, Sun X, Sung C, et al. Pouch motors: Printable
soft actuators integrated with computational design. Soft
Robot 2015;2(2):59-70.

Pasquier C, Jeong S, Okamura AM. Finite element mod-
eling of pneumatic bending actuators for inflated-beam
robots. IEEE Robot Automation Lett 2023;8(11):7416—
7423.

Wang S, Zhang R, Haggerty DA, et al. A dexterous tip-
extending robot with variable-length shape-locking. IEEE
International Conference on Robotics and Automation:
Paris, France; pp. 9035-9041, 2020.

Address correspondence to:

Alexander M. Kiibler

CHARM Lab

Department of Mechanical Engineering
Stanford University

Stanford, CA 94305

USA

E-mail: akuebler@ethz.ch



