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Modeling and Design of Soft, Positive-Pressure Actuated Suction
Cups for Anchoring in Minimally Invasive Surgery
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Abstract—Soft suction cups have been proposed for many
applications, including manipulating soft tissues and measuring
mechanical properties of the skin. Models that can predict
the attachment behavior of such suction cups on their target
substrates can help to enable efficient and systematic design.
In this work, we develop a finite element model that correctly
predicts the attachment behavior of positive-pressure actuated
suction cups on both soft and rigid substrates. The model is used
in an optimization study to determine a suction cup design that
maximizes the attachment force. We propose to use positive-
pressure actuated suction cups for anchoring and stabilizing
flexible surgical tools during minimally invasive surgery. The
optimized suction cup’s ability to resist external forces on rigid
and soft substrates and on live porcine tissues is evaluated. It is
found that the suction cup could resist up to 3.34 N of normal
force and up to 1.59 N of shear force on certain porcine tissues,
demonstrating its potential as an anchoring unit for surgical
applications.

Index Terms—Soft Sensors and Actuators, Soft Robot Mate-
rials and Design, Medical Robots and Systems.

I. INTRODUCTION

Soft suction cups have been proposed for a wide range of
robotic systems, including for wall climbing robots [1], [2],
tissue manipulators [3], and grippers [4], [5], for example.
These suction cup designs can be broadly classified as active
or passive based on the use or lack of actuation mechanism,
respectively [6]. While passive suction cups have relatively
simple designs, they require external forces to attach and
detach from a substrate, making it difficult to control their
adhesion states. In addition, the attachment force provided by
a passive suction cup is difficult to regulate. In contrast, the
adhesion state and attachment force can be easily controlled
in active suction cups, making them more well-suited for
interactions with fragile objects or in sensitive environments,
such as in Minimally Invasive Surgery (MIS). Different
actuation mechanisms, including dielectric elastomers [7],
magnets [3], vacuum pressure [8], [5], [9], and positive
pressure [10], have been explored for actuating soft suction
cups.

Among the several actuation mechanisms, vacuum actua-
tion has been the most heavily explored because these suction
cups are simple in design [11] and can hold large loads [12].
However, vacuum actuated suction cups may pose a challenge
for use in minimally invasive surgeries (MIS) where CO,
insufflation is commonly used to help expand the workspace
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Fig. 1. Schematic showing the cross-section of a positive-pressure actuated
suction cup on rigid and soft substrate before and after positive pneumatic
load is applied to the pneumatic channel.

and provide better visibility during procedures [13], [14],
since a vacuum could result in the loss of insufflation.

In contrast, recently developed positive-pressure actuated
suction cups [10] offer several potential advantages. These
suction cups consist of a pneumatic channel embedded inside
the main body, and a cavity, or vacuum chamber, between the
body and the substrate, as shown in Fig. 1. When positive
pneumatic load is applied, the channel inflates, causing the
body to bend away from the substrate. The increase in volume
in the vacuum chamber results in a pressure difference that
leads to a suctioning effect. Such suction cups operate with-
out drawing in fluid or contamination from the environment.
The switchable adhesion also allows them to easily attach
and detach from the substrates [10]. These advantages make
positive-pressure actuated suction cups good candidates for
use in demanding applications such as surgical procedures.

In addition to recent progress in novel suction cup de-
sign, there has also been developments in modeling their
behavior [15], [16]. Finite Element Analysis (FEA) was
used in [17] to model the deformation of clingfish-inspired
passive suction cups on rigid substrates. Similarly, a sim-
plified analytical model was presented in [10] to model the
adhesion of a positive-pressure actuated suction cup to a rigid
substrate. However, the presented model requires design-
specific parameter identification on a physical prototype, and
therefore cannot be used for large-scale optimization studies.
Moreover, while suction cup designs have been proposed for
applications on soft substrates such as skin and tissues [4],
[18], studies to date have been limited to attachment on
rigid substrates. In order to enable systematic design of
soft suction cups for many of these real-world applications,
including MIS, it is therefore critical to develop an approach
for understanding their interaction with soft substrates.

Authorized licensed use limited to: Universit&eacute; de Montpellier - Sci et Tech. Downloaded on February 03,2023 at 15:36:21 UTC from IEEE Xplore. Restrictions apply.



The contributions of this work are as follows. (1) We
present and experimentally validate a finite element model
that enables the simulation of the behavior of positive-
pressure actuated suction cups on both rigid and soft sub-
strates. This model allows us to estimate the attachment force
of the suction cups and to study the non-intuitive behavior
of a wide range of designs for optimization purposes. (2)
We design a positive-pressure actuated suction cup to anchor
flexible surgical tools to surrounding tissues to help stabilize
them during procedures. We identify a design that provides
maximum attachment force and conduct experimental eval-
uations to characterize its performance on rigid and soft
substrates. Finally, we perform an in-vivo demonstration on
porcine liver and spleen that illustrates the ability of the
suction cup to resist external forces and its potential to be
used as an anchoring unit for surgical tool stabilization.

The paper is structured as follows: we present our model-
ing and optimization approach for positive-pressure actuated
suction cups in Section II. In Section III, we then apply the
proposed approach to the design of a suction cup for use
in MIS. We fabricate and evaluate the performance of the
suction cup with and without external loads on rigid and soft
substrates in Section IV and on live porcine tissues in Sec-
tion V. Finally, we present the conclusion and perspectives
in Section VI.

II. MODELING AND OPTIMIZATION APPROACH

In this section, we present the operating mechanism of
positive-pressure actuated suction cups, and propose an FEA
implementation to model their behavior. The developed
model is then integrated in an optimization approach, which
allows us to select designs based on a desired performance
metric.

A. Operating Mechanism

Positive-pressure actuated suction cups [10] consist of an
embedded pneumatic channel that, when pressurized, causes
the main body of the suction cup to bend away from the
substrate (see Fig. 1). The volume of the vacuum chamber,
which is located beneath the main body, therefore increases
by AV, leading to a pressure difference, AP, between the
vacuum chamber and the environment, as shown in Fig. 2.
As stated by Boyle’s law, this change in pressure is given by

Vs
Ap_ﬂ<(%+Av)_Q’

where P, is the pressure in the environment and V,, is the
initial volume inside the unactuated vacuum chamber. In the
absence of external loads, AP gives rise to an attachment
force, which can be calculated as

ey

F=AP. A, 2)

where A is the base area of the deformed vacuum chamber.
We approximate the base area of the vacuum chamber after
actuation to be equal to that before actuation, which is
a valid assumption provided the base of the suction cup
remains attached to the substrate during actuation, and does
not deform. We ensure that the base remains attached to the
substrate by adding a thin lip at the base of the suction cup
to maintain a proper seal.

B. FEA Modeling

FEA can be accurately used to study the intrinsic nonlinear
behavior exhibited by soft materials [19]. We used COMSOL
Multiphysics (COMSOL, Inc., Burlington, USA) to develop
a finite element model that is used to estimate the achievable
attachment force of a suction cup for a given pneumatic load,
as shown in Fig. 2. We implemented the parameterized suc-
tion cup model illustrated in Fig. 3, with the following design
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Fig. 2. Proposed workflow for calculating the attachment force of a suction cup design. A suction cup is modeled using the provided geometric parameters
and constraints. When a positive pneumatic load is applied in the pneumatic channel, the volume in the vacuum chamber of the suction cup increases from
an initial value, Vj, by an amount, AV. The achieved AV depends on both the magnitude of the applied pneumatic load and on the selected substrate
material, since a soft substrate deforms due to the load generated in the vacuum chamber. The obtained AV is then used to calculate AP, the generated
pressure difference, and F', the attachment force, using Eq.1 and Eq.2 respectively.
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Fig. 3. Top view (top) and cross-sectional view (bottom) of a suction cup
with its geometric parameters.

parameters: aspect ratio (R), which is the ratio between the
major and minor diameters of the main body, spiral channel
width (W), number of revolutions in the spiral channel (N),
base area of the vacuum chamber (A), and thicknesses H1,
H2, H3 and H4. These design parameters are reported in
Fig. 3. The channel that receives the input pneumatic load
was selected to be an Archimedean spiral, similar to previous
work [10], but alternative designs could be incorporated into
the model in future work.

We constrained the bottom surface of the suction cup to be
fixed relative to the substrate, assuming that, in practice, the
seal is maintained and does not deform during actuation, as
described previously. The input pneumatic load, responsible
for the actuation of the suction cup, is applied to the walls of
the embedded channel. The change in volume, AV, generated
in the vacuum chamber during actuation also results in a load
on the encapsulated walls of the vacuum chamber as shown
in Fig. 2, and we have included this resulting load in our
simulation as well.

Finally, the material of the substrate can be selected, in
order to simulate a desired rigid or soft substrate. If the
substrate is soft, it is also subjected to deformations due to
the load resulting from the volume change in the vacuum
chamber. To account for the resultant deformation of the
soft substrate, an accurate material model of the substrate
is required. The resultant deformation of the soft substrate
along with the deformation of the encapsulated walls of
the vacuum chamber result in the corresponding increase in
volume in the vacuum chamber, AV. The attachment force
of the suction cup, F', on both rigid and soft substrates can
then be calculated as shown in Fig. 2.

C. Optimization Approach

Since the formulation of a mechanics-based model to
describe the behavior of suction cups is difficult in the
presence of soft materials, our optimization approach consists

of a systematic evaluation of a wide range of suction cup
designs using the workflow shown in Fig. 2. The suction
cup design with the largest attachment force is determined to
be the optimized suction cup design. In order to formulate
the set of designs to be studied, considerations in terms of
geometry and scale are made with regard to the targeted
application. This approach enables the selection of ranges
for the design parameters, which includes the aspect ratio,
number of revolutions in the spiral channel, base area of the
vacuum chamber, spiral channel width, and thicknesses, as
detailed previously. Each design parameter is then discretized
within its selected range using a chosen step size. The set of
step sizes selected should ensure that there are a sufficiently
high number of designs in order to capture performance
trends, while remaining computationally tractable.

III. APPLICATION FOR MINIMALLY INVASIVE SURGERY

In this section, we use the developed finite element model
and apply our optimization approach in order to obtain the
design parameters of a suction cup for our target application.
We focus here on improving the stabilization of flexible
surgical tools during MIS. Large forces can often be involved
at the distal end of these tools, leading to unintended bending
and deflections of the surgical tool and target tissue that
increase the control difficulty [20], [21]. The goal is to design
a suction cup capable of providing the largest attachment
force, while remaining within the necessary size constraints
of the application. We hypothesize that the suction cup’s
ability to resist external forces is directly correlated to
its attachment force in the absence of external loads. The
attachment force, I, is thus the selected metric considered
for evaluating suction cup performance.

A. Design Requirements and Parameter Selection

Based on the selected application and associated design
constraints, we determined the range of values (see Table III)
for each design parameter as follows.

Area (A): As shown in Eq. (1), the attachment force is
directly proportional to the area A. Thus, area, A, was kept
constant across all our designs to enable a fair comparison. It
was selected to be equal to that of a circle with a diameter of
25 mm. This pre-selected area ensures that the suction cup
is small enough to attach to the surgical tools.

TABLE I
DESIGN PARAMETERS AND THEIR CORRESPONDING DIMENSIONS
CONSIDERED FOR THE FEA OPTIMIZATION STUDY.

Parameter Min Max Step size
A (mm?) 490.87 490.87 -

H1 (mm) 1.00 4.00 0.50
H2 (mm) 1.00 4.00 0.50
H3 (mm) 1.00 4.00 0.50
H4 (mm) 1.00 4.00 0.50
W (mm) 1.00 1.30 0.15
N 2.75 275 -
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Fig. 4. Three representative behaviors observed for the simulated suction
cup designs at the selected pneumatic loads. Design 1 has R = 2.5, HI =
1 mm, H2 = 4 mm, H3 = 1 mm, H4 = 1 mm, and W = 1.3 mm. Design 2
has R =2.5, Hl =4 mm, H2 =1 mm, H3 =1 mm, H4 = 1 mm, and W =
1.3 mm. Design 3 has R = 1, Hl = 2.5 mm, H2 = 2 mm, H3 = 1 mm, H4
= 1.5 mm, and W = 1 mm.

Aspect Ratio (R): Given that slender suction cups are
likely to better conform inside tubular environments, such as
the gastrointestinal tract, compared to circular ones, aspect
ratios of 1, 1.5, 2, and 2.5 were selected for our study.

Thicknesses (H1, H2, H3, H4): The total height of the
suction cup was constrained to be 7 mm to ensure that the
suction cup would easily fit into both ports and tight spaces
in natural orifices while attached to the surgical tools. The
minimum value of layer thickness was selected to be 1 mm,
and the maximum value was defined such that the total
thickness, when combined with the minimum values of all
other height parameters, would equal the total desired height
of the suction cup.

Channel Width (W): Channel widths of 1 mm, 1.15 mm,
and 1.3 mm were investigated. The minimum and maximum
values ensure that both the channel width and wall thickness
between the channels remain within fabrication limits.

Number of revolutions (N): The number of revolutions
of the spiral channel was 2.75 for the entire design set.

Material: The material selected for the suction cup is
Ecoflex 00-30, a soft silicone rubber, which we model using
the hyperelastic Yeoh model with Cy = 17 kPa, Cy =
0.2 kPa, and C3 = 0.023 kPa [22]. We used a Poisson’s ratio
of 0.49 in our simulations to mimic the incompressibility of
the material [23].

Input pneumatic loads of 2 kPa, 9 kPa, and 16 kPa were
selected as representatives for small, medium, and large
applied loads. Larger loads were not considered in order to
prevent ballooning effects [24] caused by large strains. A
total of 1008 suction cup designs were obtained based on
the combination of all design parameters under the defined
constraints. The entire design set was used for the FEA
optimization study on a rigid substrate at the 3 selected
pneumatic loads, for a total of 3024 designs. The time
required to complete the study was 61 hours on an Intel(R)
Core(TM) 17-8700K CPU with 16 GB RAM.

B. Optimization Study Results

The attachment forces generated based on the three dif-
ferent pneumatic loads were analyzed for the set of studied
suction cup designs. We observed three distinct behaviors
(Fig. 4), as illustrated by Design 1, Design 2, and Design 3,
which were later qualitatively confirmed experimentally. For
Design 1, which is also the best performing design, the
attachment force increases with the increase in pneumatic
load. The attachment force produced by Design 2, on the
other hand, decreases with the increase in pneumatic load.
This is due to the fact that for Design 2, the suction cup’s
main body bends in the direction of the substrate, rather than
away from it like for Design 1, resulting in a decrease in the
volume of the vacuum chamber with an increase in pneumatic
load. Finally, the attachment force produced by Design 3
remains relatively unchanged across the three studied pneu-
matic loads because of the inability of applied pneumatic
loads to change the volume of the vacuum chamber. Since it
is desirable for the suction cup to generate a large attachment
force, the designs that behaved similarly to Design 2 and
Design 3 — which generated attachment forces close to or
less than 0 N across all three pneumatic loads — did not meet
the needs of our intended applications. For the designs that
exhibited behavior similar to that of Design 1, the maximum
attachment force was generated at the maximum pneumatic
load, enabling us to select the best design from the simulation
performed at the largest load (16 kPa).

The impact of individual design parameters on the suction
cup’s performance can be inferred from the optimization
study results shown in Fig. 5 for the 1008 designs simulated
with an input pneumatic load of 16 kPa. This plot shows
each design represented by lines connecting the dimensions
of the individual design parameters and the resulting values
of F' (generated attachment force) for that design. The lines
are color coded based on the force generated, where the best
performing design is shown in black, and the green, blue,
and red lines represent high, medium, and low force values,
respectively. It can be seen that the performance improved
with larger H2 values, which corresponds to a larger volume
of the spiral channels. Larger values of H1 led to decreased
performance, possibly due to the fact that larger values of
H1 means it is more difficult for suction cups to bend away
from the substrate given smaller heights of other layers. The
performance also worsened with larger values of H4, and the
effect of H3 is not clearly evident from the results.

The best performing design at a pneumatic load of 16 kPa
had an aspect ratio of 2.5, channel width of 1.3 mm, and
heights of 1 mm, 4 mm, 1 mm, and 1 mm for H1, H2, H3,
and H4, respectively.

IV. EXPERIMENTAL EVALUATIONS

In this section, we start by fabricating the best perform-
ing design obtained from our optimization study. We then
characterize its performance and compare it to results from
our simulations, on both rigid and soft substrates. Finally,
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Fig. 5. Results showing parameter dimensions and generated attachment force for 1008 designs at the pneumatic load of 16 kPa on a rigid substrate. Each
design is represented by lines connecting the dimensions of individual geometric parameters and corresponding values of F'. The lines are color coded
based on the anchoring force (F') generated for the studied designs, where the best performing design is shown in black, designs producing F' between
0.860 N and 0.496 N are shown in green, those producing F' between 0.496 N and 0.133 N are shown in blue, and designs producing F' below 0.133 N

are shown in orange.

we evaluate the capacity of our suction cup to resist external
loads, and demonstrate its use on live porcine tissues.

A. Fabrication

Suction cups are fabricated using Ecoflex 00-30. The two
part liquid mixture is combined with a 1:1 weight ratio,
degassed using a vacuum container, and poured into 3-D
printed molds, as seen in Fig. 6a. The liquid mixture is left to
cure for 3 hours at room temperature before being removed
from the molds. Mold 1 consists of the spiral channel pattern,
and the associated Part 1 consists of a negative spiral space
(Fig. 6b), which will eventually act as the pneumatic channel.
Mold 2 is used to fabricate the base of the suction cup, and
the associated Part 2 consists of the vacuum chamber and a
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- @ Part2
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Fig. 6. The process for fabricating a positive-pressure actuated suction cup
includes (a) pouring Ecoflex 00-30 into the two molds, (b) removing the two
soft parts after they are cured, (c) assembling the two parts together using
Ecoflex 00-30, and (d) attaching a silicone tube used for supplying air to
the pneumatic channel.

thin surrounding lip. The two cured parts are then attached
together with a thin layer of Ecoflex 00-30 (Fig. 6¢) and left
to cure for 3 hours. Finally, a silicone tube for supplying air
to the pneumatic channel is attached using a silicone adhesive
(Smooth-on Sil-poxy), resulting in a final functional suction
cup, as shown in Fig. 6d.
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Fig. 7. (a) Experimental setup for measuring the suction cup behavior and

comparing it to that predicted by the FEA simulations on both rigid and
(b) soft substrates.
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Fig. 8. Suction cup behavior predicted by FEA simulations versus
experimental results for (a) rigid and (b) soft substrates.

B. Model Validation on Rigid and Soft Substrates

Experimental evaluations were conducted using the setup
shown in Fig. 7 in order to measure and compare the perfor-
mance of the selected suction cup with that obtained from the
developed finite element model. Pressure sensors (Adafruit
MRPLS) were used to measure the output pneumatic load
in the vacuum chamber and the input pneumatic load, which
was manually applied using a 12 mL syringe.

This experiment was performed on both a rigid and a
soft substrate. The rigid substrate was made out of a thick
acrylic sheet (Fig. 7a). The soft substrate was designed to
mimic the properties of live tissue and was made from a
120 mm x 120 mm X% 5 mm piece of Ecoflex 00-30 mounted
on an acrylic frame (Fig. 7b). Ecoflex 00-30 was selected
since it has been found to have a similar stress distribution
trend and shear modulus as published values for porcine
muscle [25] and has well-known material properties [22].
The use of live tissues themselves is challenging due to
large variances in their model parameters and unpredictability
between different specimens [26].

Three suction cups with the same selected parameters
were fabricated, and experiments were repeated three times
per substrate for each suction cup. The attachment forces
were then calculated based on the measured pneumatic load
generated using Eq. (1) and Eq. (2). As seen in Fig. 8a

and 8b, behavior of the fabricated suction cups matched
that predicted in the simulation for both the rigid and soft
substrates, respectively. Although there were slight differ-
ences in behavior among the suction cups, which is expected
for structures manually fabricated from soft materials, the
general trends remained consistent. The attachment force
generated increased almost linearly with an increase in the
pneumatic load in the channel until a critical pneumatic
load — approximately 17 kPa and 16 kPa for the rigid and
soft substrate, respectively — was reached. Beyond this load,
there was an exponential increase in the generated force, an
excessive ballooning that could lead to structural damage, and
an increase in the difficulty to control the generated force.

For the same set of initial conditions, we found that the
attachment force generated on the soft substrate was smaller
than that on the rigid substrate. This phenomenon can be
explained by the smaller increase in vacuum chamber volume
(AV) on soft substrates than that on rigid substrates. This
decrease in AV occurs due to the deformation of the soft
substrate during suctioning, as represented in Fig. 1 and
Fig. 2.
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Fig. 9. Experimental setup for measurement of maximum (a) normal forces
and (b) shear forces that the suction cups can resist.
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Fig. 10. Results showing the maximum normal and shear forces resisted

during each trial, along with the mean of these maximum forces, as measured
on (a) a rigid substrate and (b) a soft substrate.

C. Performance Evaluation with External Loads

The goal of this experiment was to measure the maximum
normal and shear forces that the suction cups can resist. As
shown in Fig. 9, a linear actuator consisting of a stepper
motor (Nema 23) and a lead screw was used to pull on the
suction cups in a controlled manner. The suction cups were
mounted horizontally and vertically for normal (Fig. 9a) and
shear (Fig. 9b) force measurement, respectively, on both rigid
and soft substrates. The pull rate was fixed at 4 mm/s, and
the pulling force was measured using a load cell (Makerhawk
digital load cell with HX711 ADC module). A pressure
regulator (QB1X) was used to control the pneumatic load,
which was fixed at 16 kPa. Three experiments for each
suction cup were performed and repeated on both the rigid
and soft substrates.

The results for the maximum normal and shear forces
that the suction cups could resist are shown in Fig. 10. The
average peak normal force that the suction cups could resist
was 1.45 £ 0.28 N and 0.77 £+ 0.10 N for the rigid
and soft substrates, respectively. It was also observed that
the seal between the suction cups and the substrates was
easily disturbed when the suction cups were pulled in the
normal direction, resulting in their premature failure through
detachment.

The shear forces were measured along the direction of the
major axis of the oval suction cup. The average peak shear
forces that the suction cups could resist was 1.93 £ 0.48 N

and 2.73 £ 1.02 N for the rigid and soft substrates,
respectively. The seal between the suction cups and the
substrates was less vulnerable to detachment when under a
shear force due to friction.

When the suction cups are pulled away from the substrate
during the application of external forces (normal and shear),
the volume of the vacuum chamber increases beyond the
change due to the actuation mechanism itself. This increase
in volume continues until the suction cups detach. The larger
change in volume results in the suction cups resisting larger
external forces than predicted by Eq. 2, which gives the
attachment force in the absence of external forces.

V. IN-VIVO DEMONSTRATION

Finally, the selected suction cup design was tested on live
porcine tissues, namely liver and spleen, as a preliminary
demonstration towards more clinically relevant evaluations.
The federal and institutional guidelines for the care and
use of laboratory animals were followed (IACUC protocol:
S06253). A force gauge (Baoshishan Z-50N) was used to
measure the forces (normal and shear) that the suction cup
could resist when actuated on the tissues. As shown in
Fig. 11, when placed on the liver, the suction cup could
resist up to 3.34 N and 1.59 N of normal and shear forces,
respectively, without experiencing the ballooning effect. Sim-
ilarly, when placed on the spleen, it could resist 1.05 N
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Fig. 11. Results showing (a) normal forces and (b) shear forces the suction
cup resisted on porcine tissues.
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and 1.13 N of normal and shear forces, respectively. The
differences in performance between the two tissues may be
due to differences in surface and mechanical properties of
the tested tissues. For example, differences in the amount
of viscous fluid present, the concavity of the tissue, and the
stiffness may all play a role, and further study is required to
fully characterize the possible phenomena. These preliminary
tests on live tissues demonstrate the potential of the proposed
positive-pressure suction cups for anchoring to tissues during
surgical procedures.

VI. CONCLUSION

In this paper, a finite element model that enables the
simulation of the behavior of positive-pressure actuated suc-
tion cups on both rigid and soft substrates was presented.
The geometry of a positive-pressure actuated suction cup
was optimized using the developed model to maximize its
attachment force for use in MIS in order to stabilize flexible
surgical tools. Experiments were conducted to successfully
validate the developed model and to assess the ability of the
selected suction cup design to resist external forces on both
rigid and soft substrates. An in-vivo demonstration on live
porcine tissues was conducted to showcase the applicability
of these suction cups as anchoring units for MIS.

As a continuation of this work, multiple units could be
integrated to create a functional soft system to meet the an-
choring demands of surgery. Future work could also expand
the study to include different channel designs and their effects
on overall performance. The suction cup design can also
be modified to include features, such as micro patterns and
switchable adhesives at the interface between the suction cup
and the tissue, which could increase the maximum attachment
force by improving the seal. The vacuum chamber design
can also be modified to restrict the deformation of soft
substrates in the chamber during actuation. Finally, because
deformation of the soft substrate can be correlated to the
pressure generated in the vacuum chamber, future research
can leverage this ability for studying the material properties
of different soft substrates.
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