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Pneumatically-Actuated Liquid Metal-Based Frequency
Reconfigurable Antenna

Yiwen Song,* Aditya Bharambe, Dinesh K. Patel, Barbara Zhuo, Mason Zadan,
Carmel Majidi,* and Swarun Kumar*

Software-defined radios and cognitive radios can switch their operating
frequency across a wide range. Although analog and digital circuits enable
cross-frequency operation of much of the RF frontend, there is a lack of
practical antennas that are frequency-reconfigurable over such a wide range.
Prior rigid antennas are either narrow-band with high radiation efficiency, or
wide-band with low radiation efficiency. This study presents a soft,
stretchable, compact, omnidirectional liquid metal composite antenna system
to enable high radiation efficiency when reconfiguring to different frequencies
across a wide band. On the hardware front, an extendable multi-branch
stretchable liquid metal based antenna geometry is optimized that preserves
high efficiency when switching across a wide range of frequencies. On the
software front, a control algorithm is incorporated that ensures that the
antenna automatically configures to the optimal received signal strength. The
antenna design enables a strain limit of 33% for two independent actuatable
branches, further enabling a switchable operating frequency range across
1–5 GHz. Experimental characterization demonstrates that PASTA reduces
the radiation loss by 10–20 dB over the operating frequency range compared
to state-of-the-art rigid and flexible antennas.
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1. Introduction

Software-defined radios (SDRs) are ra-
dios that can be software-programmed to
operate in a wide range of frequencies,
such as 100–5000 MHz.[1] They have
wide-ranging applications from wireless
systems research,[2,3] education,[4,5] and
various specialized domains including
search-and-rescue,[6] astronomy,[7] and
medicine.[8] SDRs are a critical component
for wireless systems ranging from cognitive
radio,[9,10] RF backscatter[11–13] to wireless
sensing[14,15] and imaging.[16,17] Much of
this work relies on the high degree of
reconfigurability of SDRs, where they allow
the transmission of arbitrary raw complex
wireless signals that can be modulated
at a wide range of carrier frequencies.
However, a key component of SDRs evades
direct programmability – its physical an-
tenna. Although commercial SDRs support
switching across a large range of fre-
quencies, the rigid antennas attached to
them are usually constrained to work in

a limited frequency range. Traditionally, rigid wideband an-
tennas are designed by selecting a physical structure—called
a resonator—that naturally supports standing electromagnetic
(EM) waves at multiple frequencies. These standing waves are
constructed by EM wave reflection within the antenna geometry,
allowing the antenna to efficiently transmit or receive signals over
a wide range of frequencies.[18,19] However, rigid wideband anten-
nas withmoving or electronically-switchable rigid parts have also
been developed, such as telescopic antennas[20,21] and software-
defined antennas.[22] While rigid wideband antennas are bulky
and highly directional, those ones with switchable parts either
use a large motor module to actuate the antennas or have a large
array of antennas, making them unfriendly for ubiquitous appli-
cations.
The development of flexible electronics[23,24] and stretchable

conductors[25,26] has opened opportunities for flexible and re-
configurable antenna designs.[27] To show the potential of uti-
lizing soft materials and electronics into next-generation flex-
ible antennas, past works have replicated traditional narrow-
band antenna geometries into soft, flexible antennas, such as
dipole antennas,[28] patch antennas,[29–31] and slot antennas.[32]

The principle of such antennas is that, by changing the length
of the resonating element, the operating wavelength of the an-
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tennas changes accordingly. However, since soft actuators usu-
ally allow a maximum of 100% (or –50%) strain, the flexible an-
tennas based on traditional geometries only provide limited fre-
quency reconfigurability, e.g., within 1–2 GHz before becoming
unrealistic in size. For example, past papers have evaluated the
performance and shown improvement for multiple microwave
bands spanning from sub-GHz to over 10 GHz[33–37] when com-
pared to traditional rigid antennas. The shape deformation stud-
ied in these works includes bending, stretching, and compres-
sion, with the strain ranging from a few percent to more than
100%.
While these previous efforts in soft antennas for frequency re-

configurability have been promising, several questions remain
to be answered. These include the following key: (i) design-
ing reconfigurable antennas to cover more frequencies at the
same form factor; (ii) packaging the actuator with the antenna
to make it lightweight, soft, and robust; (iii) controlling the an-
tenna to adapt to its operating frequency automatically accord-
ing to signal feedback. This paper introduces Pneumatically Ac-
tuated Software-Tunable Antenna (PASTA), which is an approach
that addresses key challenges the creation of soft, actuatable,
frequency-reconfigurable antennas.
First, PASTA introduces antenna geometry that supports mul-

tiple actuatable parts, allowing the antenna to be configured
across a wider frequency range. PASTA achieves this by introduc-
ing a flexible two-branch monopole antenna structure and an op-
timization method that impedance-matches the antenna toward
the 1–5 GHz wide operating frequency bands. The two branches
of the antenna offer the antenna with a wide range of operating
frequencies with a small form factor of 30×90 mm. PASTA oper-
ates in the range from 1 to 5 GHz, which coversmost frequencies
of typical SDRs and communication systems, including the cellu-
lar (5G), WiFi, and amateur radio frequency bands. The antenna
geometry is also optimized toward better impedance matching
during the actuation process, which translates to higher radia-
tion efficiency. Second, PASTA proposes a lightweight antenna
packaging with soft pneumatic McKibben actuators. We 3D print
the antenna on silicon rubber substrates with highly conduc-
tive, stretchable inks.[38] Since rigid actuators such as stepmotors
and servo-motors are incompatible with the mechanical compli-
ance and elasticity of PASTA, we package the McKibben actua-
tors with the antenna branches to make the antenna fully soft
and ensure fast actuation. McKibben actuators are soft, compact,
cost-efficient, and lightweight, making them suitable for build-
ing ubiquitous soft antenna systems. By selecting McKibben ac-
tuators, we are also able to reach a higher strain in the same
area when compared to other soft actuators such as liquid crys-
talline elastomers,[39–41] shape-memory alloys,[42,43] and dielectric
elastomers.[44–46] Third, PASTA designs a control algorithm that
automatically configures the antenna toward the current oper-
ating frequency according to received signal strength measure-
ments. PASTA is first configured to the working frequency ac-
cording to an offline chart, and then uses a PID algorithm to keep
configuring itself to higher received signal strength. The two-
stage closed-loop actuation control algorithm achieves a real-time
fast configuration within 1 second. In summary, the paper pro-
poses an interdisciplinary systematic design for flexible anten-
nas, which advances past flexible antenna works toward practical
applications in antenna-actuation co-design and system packag-

ing with 3D-printable antenna structures, pneumatic actuators,
and feedback-loop actuation control.

2. Results

PASTA explores the design of a shape-shifting programmable an-
tenna that resonates at desired frequencies. Antennas are tuned
to specific resonating frequencies because standing waves at
such frequencies form on the antenna. The formation of stand-
ing waves is determined by the electrical length of the antenna.
Therefore, a shape change that changes the electrical length of
the antenna influences its operating frequency. To make a large
transition of operating frequency happen on a small form-factor
antenna, this paper combines innovations in three parts: (1) The
antenna design proposes a dual-branch structure for flexible an-
tennas to enable double frequency bandswith a small form factor.
(2) A 3D printing-based fabrication process enables rapid, robust,
and low-cost fabrication. (3) A two-stage control process allows
the antenna to be quickly configured to the desired operating fre-
quency.

2.1. Design and Fabrication of the Reconfigurable Antenna

PASTA proposes a unique antenna design pipeline optimized for
flexible antennas. For antennas, two types of shape changes affect
the operating frequency the most: stretch/compression and curva-
ture. In PASTA, we focus on changing the antenna operating fre-
quency by stretching. We adopt a uni-axial stretching model for
thin films,[47,48] where one axis is actuated to control the oper-
ating frequency of the antenna. The silicone rubber substrate is
treated as a non-compressible material. Assuming that the x axis
is stretched by a factor of 𝜇, i.e., x′ = (1 + 𝜇)x0, it follows from
material incompressibility that the antenna along the y axis is
compressed by a factor of 1/(1 + 𝜇).
We seek a design that allows for greater mechanical com-

pliance and elastic deformability, which lead us to adopt a
single-layer extended monopole antenna design as described in
Figure 1A. Such deformability allows for a larger operating fre-
quency range, in which the frequency can be controlled using a
modest tensile force. This monopole antenna design allows the
antenna to be omnidirectional, which allows the antenna to work
without the requirement of mechanical steering. When stretch-
ing the monopole antennas by a factor of 𝜇, the operating fre-
quency decreases to f ′ = f0/(1 + 𝜇). For a flexible monopole an-
tenna to operate in the 1–5 GHz range, it needs to be stretched
to 5× the original length, which leads to the bulkiness of the flex-
ible system. To tackle the challenge, as shown in Figure 1B, to
enable the flexible antenna system to be reconfigured to work on
a wide range of frequencies, PASTA proposes an extendable dual-
branch antenna design that compliments two independent actu-
ation processes such that the antenna works and configures two
frequencies at the same time. The basic idea of the dual-branch
design is that each branch on the antenna is designed to be re-
sponsible for a different range of frequencies, and therefore, by
selectively actuating each branch, the antenna can be configured
to a wide range of frequencies.
PASTA utilizes a fixed impedance matching element across

frequencies for each branch. Although a floating matching cir-
cuit would theoretically be optimal since the resonating elements
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Figure 1. Design and fabrication of a soft, reconfigurable antenna. A) Two-branch antenna with McKibben actuators that can be configured for a wide
range of frequencies. B) Each branch of the antenna can be actuated to achieve different operating frequencies. C) Impedance matching for dual-branch
antennas. The branch lengths l1 and l2 are changed during actuation. To best impedance-match each component, we design impedance-matching
components by parallel lines controlled by d1, w1, d2, w2. D) Electric field intensity of the antenna branches of 0% strain (55 mm) at two different
frequencies. At a low frequency (1.6 GHz), the resonance appears at both branches. At a high frequency (5.0 GHz), the resonance appears at only the
lower branch. E) Impedance matching. The cross-section of the conductive traces (dashed) inside silicone rubber (grey). wc and hc are restricted by
printing, ϵr represents the relative permittivity of silicone rubber. F) The characteristic impedance Z0 (controlled by w1) and the length of the line d1
can be optimized. Antenna prototype. G) Fabricated antenna with the attached SMA connector. H) Detailed printed trace on the antenna. I) Microscopy
image of a stretched antenna. J) A model of PASTA’s antenna and the direction of strain.

have different impedances when actuated, adding too many elec-
tronically or mechanically controlled lumped elements can cause
the antenna to be bulky and rigid. Moreover, adding lumped ele-
ments to the flexible conductive patterns that construct the an-
tenna reduces robustness due to the lack of stable connection
at the interfaces of rigid and flexible components when large
shape changes occur. Instead, although a fixed impedancematch-
ing element that is achieved by 3D printing conductive traces is
less optimal, it enables low-cost and robust antennas that can be
massively fabricated. Therefore, we optimize parallel transmis-
sion line patterns to improve performance across multiple actua-
tion states. However, the antenna efficiency is not a convex func-
tion with respect to the variables. Therefore, it is computation-
ally hard to find the optimal variable combination to maximize
the antenna efficiency across frequencies by brute force search,
because in each iteration of the optimization, multiple rounds of
frequency sweeps need to be performed to find the entire S11

parameter with regard to all antenna actuation states, which can
take hours. To reduce the computational cost, we design an opti-
mization flow that reduces the number of required rounds for
simulation. We follow a layer-by-layer approach for each com-
ponent. For each layer, we first use a model-based approach to
find a set of parameters that match the antenna impedance,
which is simulation-free. We then combine the parameters and
use gradient-based refinement to optimize the result, which only
requires a few simulation iterations to find the optimal result,
since the parameter search space is narrowed by the model
computation. Figure 1C shows the optimization flow for our
2-branch antenna. It can be extended to antennas with more
layers. Figure 1D shows when operating at higher frequencies,
the lower branch provides higher resonance. When operating at
lower frequencies, as a larger electrical length is required, both
branches are resonant, thus providing twice the length of a single
branch.
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The impedance matching process is performed top-down. We
start from the first layer of the resonating element. A parallel line
is used for the impedance matching via the control of spacing
w1 and length d1. Figure 1E shows the cross-section of the paral-
lel line, where two conductive traces separated by w1 are buried
inside a silicone rubber substrate of relative permittivity ϵr. The
width of the printed line is limited by fabrication, which we set at
0.5 mm. The characteristic impedance Z0 can be approximated
as follows[49]

Z0 =
87√

𝜖r + 1.41 ln
[

5.98w1
0.8hc+wc

] . (1)

After approximating the characteristic impedance of the paral-
lel line, we can alter the length of the parallel line to control the
input impedance relative to the load of the resonating element
ZL, as shown in Figure 1F. The impedance matching problem of
a single frequency can be formulated as follows:

min
w1 ,d1

|||||50Ω − Z0

(
ZL + jZ0 tan(𝛽d1)
Z0 + jZL tan(𝛽d1)

)|||||
2

. (2)

However, solving Eq. (2) can not give the optimalmatching result.
The resonating element is actuated and its operating frequency
and impedance change correspondingly. Therefore, we solve the
matching problem to find a set of parameter values that optimize
the impedance matching throughout the overall actuation pro-
cess.
We first evaluate the change in impedanceZL when the length l

is stretched from l0 to (1 + 𝜇)l0 by simulation.Nmultiple stretch-
ing factors are sampled uniformly and their corresponding fre-
quencies and impedances are recorded, denoted by f1, f2, ⋅⋅⋅, fN
and Z1, Z2, ⋅⋅⋅, ZN. We calculate the impedance matching param-
eter w1, d1 that best matches all the possible impedance values.
The problem can be formulated as:

min
w1 ,d1

N∑
n=1

|||||50Ω − Z0

(
Zn + jZ0 tan(𝛽d1)
Z0 + jZn tan(𝛽d1)

)|||||
2

(3)

The optimization problem is non-convex. We approximate the
solution by performing gradient descent from multiple random
initial points. As the number of initial points is large enough,
the gradient descent algorithm is likely to provide the optimal
solution.[50] Since solving the optimization problem is quick with
two variables, we use 100 starting points uniformly sampled be-
tween the search space of w1 and d1. The second-layer impedance
matching can be solved similarly by simulating the impedance of
the second layer.
Despite the result provided by the optimization, several fac-

tors can lead to an error. First, Eq. (1) considers a microstrip
line, while we consider the impedance of two parallel strip lines.
Moreover, the formula is acquired through fitting the experimen-
tal results, which are not theoretically proven under all frequen-
cies. These two factors can cause Eq. (1) to incur errors during
impedance estimation.
Considering the errors from the optimization process, we need

to refine the impedance matching. To this end, note that S11 val-
ues represent the amount of power that is reflected back from

the input port. The lower the S11 values are, the better the an-
tenna efficiency is. We therefore aim to minimize the maximum
S11 value at the input port of the antenna at uniformly sampled
actuation points 𝜇1, 𝜇2, ⋅⋅⋅, μM where 0 = 𝜇1 < 𝜇2 < ⋅⋅⋅ < μM =
μmax . We take the S11 values at their working frequencies fw. The
working frequencies are defined as the peak of the convex S11
function with regard to frequency, which is the minimum S11
point at this actuation state, i.e.,

fw(𝜇) = argmin
f

S11(f,𝜇) . (4)

During the refinement phase, we simultaneously optimize the
four parameters w1, d1, w2, d2 shown in Figure 1E, which can be
formulated as follows

min
w1 ,d1 ,w2 ,d2

max
1≤m≤M min

fmin≤f ≤fmax

S11(f,𝜇m). (5)

During the optimization phase, we set a small search space as
±10% offset from the initial point. The reason why we set a small
search space is due to the unpreventable fabrication offset and to
reduce the computational cost. Through the two-step optimiza-
tion, the computationally hard impedance matching problem
across a large frequency range and a large actuation range is sim-
plified. Figure 1G–I shows a fabricated prototype of PASTA,while
Figure 2 shows the fabrication process. Liquidmetal droplets can
be seen at the top layer of the printed conductive pattern. The liq-
uid metal droplets maintain the trace conductivity even when it
is stretched by over 100%.[38]

With the fabricated antenna prototype, we demonstrate that
PASTA’s antenna is of small and compact form factor. Table 1
compares the form factor and the corresponding operating fre-
quency range with the common state-of-the-art antennas. It can
be seen that PASTA has a good balance between form factor and
operating frequency range. Compared with state-of-the-art flexi-
ble antennas, PASTA achieves a similar form factor but 2× fre-
quency range. Compared with rigid antennas, PASTA achieves a
smaller frequency range, but a much smaller form factor (0.2×).
We also compare the mass of the listed antenna systems to show
the advantage of PASTA to be lightweight. First, when compar-
ing the bulk mass of the antenna itself, the mass of PASTA’s
antenna is only 10 grams. A flexible patch antenna requires a
thicker substrate and two-layered liquid metal, which increases
the antenna mass to 35 grams. Rigid antennas such as Vivaldi
antennas and horn antennas are as heavy as 130–1300 grams.
To compare the overall mass, when adding the mass of the an-
tenna to the pneumatic actuation system, including the actuator,
a pump, and valves, the overall system mass of PASTA goes to
around 100 grams, which is still lightweight and comparable to
rigid antennas. Finally, when it comes to a rough estimation of
antenna performance, we characterize the performance in return
loss. PASTA achieves larger than 10 dB return loss in almost all
frequencies when properly configured, within the 1-5 GHz de-
signed operation range. It is comparable to or superior to other
soft antennas, while increasing the overall reconfigurable band-
width. It is also comparable to or superior to rigid antenna sys-
tems. PASTA’s design is also extendable to achieve a larger op-
erating frequency range if needed by adding more branches and
corresponding impedance layers.
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Figure 2. Fabrication of PASTA. A) Molded silicone rubber substrate. B) The substrate is then plasma-treated to clean and increase adhesion to the
conductive layer. C) We 3D printed the antenna on the substrate using Ag-EGaIn-SIS ink. D) An SMA connector is added to the antenna with a sealing
layer of silicone elastomer cured on top. E) The antenna is cut and adhered to the McKibben actuator.

Table 1. Form factor comparison of state-of-the-art flexible antennas, wideband antennas, and PASTA. (F) refers to flexible antenna, (R) refers to rigid
antenna. (A) refers to mass of only the antenna. (S) refers to mass of the antenna plus the actuator and actuation system (only applies for flexible
antennas).

Antenna R/F Freq [GHz] H×W×T [mm] Mass [A] [grams] Mass [S] [grams] Return Loss [dB] Refs.

Dipole F 0.75 – 2 (40 – 148) × ∼20 × ∼20a) ∼10 – 100a) ∼100 – 200a) >10 dB [28]

Patch F 3 – 5b) 40 × (40 – 80) × 6b) 35b) 125b) >7.5 dBb) [51]

Vivaldi R 0.9 – 12 165 × 230× 3 130 N/A >7.5 dB [52]

Horn R 5 – 6 261 × 214 × 217 1300 N/A >20 dB [53]

PASTA F 1 – 5 30 × (55 – 90) × 6 10 100 >10 dB This work

a)Estimation is acquired through figures and Supporting Information of paper. b)The result is reproduced using the same method as in the paper, the number is measured
without the actuator.

2.2. Antenna Packaging

The actuation performance of the antenna is critical to provid-
ing a high frequency-tuning range, rapid configuration, and ac-
curate control. We aim to find soft, low-cost, and endurable ac-
tuators so that the antenna can be applied to a broad range
of use cases without introducing bulk or rigidity. Traditional
actuators such as step motors and servo motors are accurate,
but are hard-cased and can be bulky. Therefore, we choose
soft actuators that can be integrated with the antenna and
distributed over the two branches to achieve decoupled mo-
tion. These include shape-memory alloys,[42,43] thermally respon-
sive liquid crystal elastomers,[39–41] pneumatic artificial mus-
cle (PAM) actuators,[54–56] voltage-controlled dielectric elastomer
actuator,[44–46] and chemo-mechanical actuators that are actuated
by chemical reactions.[57–59] One candidate that we considered is
heat-based actuators like shape-memory alloys (SMAs) and liq-
uid crystalline elastomers (LCEs), which respond to changes in
temperature.[38,60–63] Although they have a good contraction ra-
tio and small form factor, the actuation and relaxation speed of
these actuators is very slow due to the bad thermal conduction
between the actuator and air. Moreover, they need a consistent
power supply to keep a contracting state, which makes them
power-inefficient as they consume much more power than the
antenna itself. Dielectric elastomer actuators are a promising al-
ternative that uses high voltage to induce contraction through
electrostatic attraction.[64–67] However, the contraction ratio for
dielectric actuators is small, thus limiting the maximum defor-
mation and allowable frequency range for the antenna. Further-
more, the conductive layers in the dielectric actuator cause in-
terference with the antenna as it changes shape, and can lead to

performance degradation. Finally, ferromagnetic actuators are a
popular approach in soft robotics. However, actuation depends
on the use of a high-power electric magnet, which can be power-
hungry and interfere with antenna transmission.
These so-called “McKibben actuators” expand and contract

when inflated, and have a 1:3 contraction ratio when fully actu-
ated. For PASTA, we selected McKibben actuators, which are a
type of pneumatic artificial muscle that provides a good tradeoff
between our various requirements. Not only are McKibben actu-
ators entirely soft, but they also have a relatively large contrac-
tion ratio (∼40%) which provides a high frequency-tuning range.
Their actuation is fast even with a low-power pump (∼5 seconds),
and when a valve is closed, the actuator can remain in a stable po-
sition for a long time. The speed of relaxation is controlled by re-
moving compressed air using a release valve, a process that can
be as fast or faster than actuation. McKibben actuators can be
made at low cost using commercial off-the-shelf materials, in-
cluding balloons, sleeves, rubber bands, end caps, and zip ties.
The pump and valve, which control the actuation of the McK-
ibben actuator, can be precisely controlled by an embedded device
such as an Arduino. These properties make McKibben actuators
suitable as the actuation mechanism for PASTA.
PASTA’s antenna branches and the McKibben actuators work

collaboratively to achieve efficient actuation. Therefore, the me-
chanical performance of the two parts needs to correspond.
Figure 3A shows when the antenna branch is tested for 16 cy-
cles with the extension from 0 to 40 mm, the tension increases
nearly linearly from 0 N to 0.8 N. Figure 3B shows a McKibben
actuator that is originally 90 mm long. After actuation, the length
of the actuator decreases to 60 mm. Figure 3C shows the actua-
tion speed of the actuator for the length to decrease from 90 to
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Figure 3. Material Characterization. A) The antenna branch shows a 0.8 N maximum force output for one antenna branch at 40 mm for 16 cycles. B)
Actuation speed of the McKibben actuator at zero load. C) Force output of the McKibben actuator at zero strain. D) Resistance and calculated resistivity
of the Ag-EGaIn-SIS trace of length 30 mm, thickness 0.08 mm, and width 0.5 mm. E) Confocal microscopy image of the embedded Ag-EGaIn-SIS trace
inside silicone rubber, when no strain is applied. F) Confocal microscopy image of the embedded Ag-EGaIn-SIS trace inside silicone rubber, when 50%
strain is applied. G) Confocal microscopy image of the embedded Ag-EGaIn-SIS trace inside silicone rubber, when 100% strain is applied.

60 mm is at a maximum of 5 seconds. The force output of the
McKibben actuator is around 70 N, which is far stronger than the
tension produced by the antenna. Therefore, a single actuator can
quickly actuate the antenna to a contracted length of 30 mm.
To enable a high antenna efficiency during frequency recon-

figuration over significant shape deformation, we select a con-
ductive trace from a mixture of Silver powder (Ag SF91), eutec-
tic Gallium–Indium alloy (EGaIn), and copolymer polystyrene-
block-polyisoprene-block-polystyrene (SIS), shortened as Ag-
EGaIn-SIS trace.[68] We adapt the Ag-EGaIn-SIS trace instead of
bulk EGaIn for three reasons. First, although EGaIn has a high
fluidity, it has a high surface tension that can resist printing and
wetting, making it difficult to infiltrate, bind tightly, or flow freely
on a silicone rubber surface. At high strain, the EGaIn trace on
a surface can easily get disconnected into islands where EGaIn
droplets form. In contrast, the Ag-EGaIn-SIS trace is reported
to remain robustly connected during as high strain as 500%,
which meets our need in antenna reconfiguration.[68] Second,
Ag-EGaIn-SIS trace is a solid trace, which exhibits higher me-
chanical robustness compared to liquid EGaIn. Ag-EGaIn-SIS is
reported to have the capability to self-heal after experiencing high
strain.[69] In comparison, the flowing nature of EGaIn does not
guarantee adequatemechanical robustness at high strain and has
the risk of leaking and contamination once the seal experiences
material defects or damages. Third, Ag-EGaIn-SIS traces are eas-
ier to fabricate using 3D printing, while EGaIn traces need to
be constructed through micro-tubing inside silicone rubber sub-
strates. The ease of fabrication gives the antenna produced with
Ag-EGaIn-SIS traces the potential to scale in production.

We then characterize the resistance and resistivity change of
the Ag-EGaIn-SIS trace we use on the antenna. Figure 3D shows
the change of resistance and resistivity when a strain is ap-
plied from 0% to 100%. The resistance increases from 0.74 Ω to
1.16 Ω when the trace length increases from 30 mm to 60 mm,
with the calculated resistivity decreasing from 5× 10−5 Ω ·m to
2× 10−5 Ω ·m. We investigate the decrease in resistivity in mi-
croscopy images shown in Figures 3E-G, where the figures show
amicroscopy image of the conductive trace at 0%, 50%, and 100%
strain, respectively. It can be seen in Figure 3E that small silver
flakes are visible at 0% strain while in Figure 3G, the silver flakes
are shown to be fully infiltrated andwrapped by the EGaIn. Better
infiltration can cause a decrease in the resistance between silver
and EGaIn interfaces, which results in a decrease of resistivity
globally. The overall decrease in resistivity also aligns with previ-
ous reports.[68] The small change of resistance enables a smaller
dissipation loss of the antenna when configured at different fre-
quencies.

2.3. Frequency Reconfiguration

We evaluate the frequency response of PASTA when different
branches are stretched. To compare the performance of PASTA,
we take a baseline of a flexible patch antenna made according to
the same technique in.[51] We first characterize the return loss of
the antenna, which is an efficiency indicator of a single antenna.
We further compare the efficiency of the antenna when operating
as a part of radio-frequency (RF) chain by comparing the S21 and
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received signal strength (RSS) when the antenna is configured to
different frequencies.
We first characterize the frequency response of the antenna,

showing that by shape deformation, the antenna can be recon-
figured to efficiently operate at a wide range of different frequen-
cies, spanning from 1 to 5 GHz. Return loss characterizes how
efficiently an antenna transmits the signal. The larger the return
loss is, the greater the percentage of input power is transmitted
out by an antenna at a specific frequency. Figure 4A,B shows the
simulated return loss of the antenna when the upper and lower
branch is stretched from 0% strain to 75% strain. As designed,
during reconfiguration, the lower branch is designed to tune the
operating frequency between 1.75 GHz to 5 GHz, and the up-
per branch is designed to tune the operating frequency between
1 and 1.75 GHz. Simulation results show that the antenna effi-
ciency remains high, where the return loss is larger than 10 dB at
the operating frequency during the reconfiguration process. We
compare the simulation result with that of a flexible patch an-
tenna shown in Figure 4C. When the patch antenna is stretched,
the operating frequency only ranges between 4.5 and 5 GHz and
3 and 4 GHz, which only provides a 1.5 GHz operating frequency
range during the reconfiguration process. It can therefore be in-
ferred that PASTA provides 2.5 GHz more frequency coverage
than a patch antenna.
Figure 4D–F shows the measured return loss of the lower

branch, upper branch, and both branches of the antenna are actu-
ated. Figure 4G shows the measured operating frequency range
of the antenna at different actuation states. The operating fre-
quency range is determined by the frequency at which the return
loss is larger than 10 dB. To better depict the change in operating
frequency, we name the three bands of our antenna cover simul-
taneously at the initial state (0% strain for both branches) as band
A (1.75–2.25 GHz), band B (3.1–3.6 GHz), and band C (3.9–4.5
GHz), respectively.
When stretching the lower branch from 0% strain to 75%

strain, band A first expands to 1.15–2 GHz, and then diminishes,
while band B decreases and expands from 3.1–3.6 GHz to 1.6–
2.5 GHz, and band C increases and expands from 3.9–4.5 GHz to
4–5.5 GHz. The observation also fits the trend we observe in the
simulation shown in Figure 4A, where the band B around 3 GHz
decreases and vanishes, and band C around 4.1 GHz increases
to beyond 5 GHz.
When stretching the upper branch of the antenna from 0%

strain to 75% strain, band B and band C remain almost the same,
while band A slowly decreases from 1.75–2.25 GHz to 1.25–
1.8 GHz. The decreasing trend also fits our observation from the
simulation result in Figure 4B.
Finally, we characterize the change in operating frequency of

the antenna when both branches are stretched from 0% strain to
75% strain. It can be seen that, similar to the phenomenonwe ob-
served for the lower branch, bandAfirst expands to 0.8–1.48GHz
and then vanishes, while band B expands and decreases to 1.8–
2.5 GHz, and band C expands and increases to 4.05–5.1 GHz. By
combining the operating frequency we observed in Figure 4G,
we reach a conclusion that our proposed antenna prototype cov-
ers the operating frequency from 900 MHz to 5 GHz as desired,
which meets the operating frequency of radio frequency bands
including cellular, WiFi, and Bluetooth.

One may note that although the overall trend of operating fre-
quency change of the antenna fits between simulation and mea-
surement, there are differences in the exact resonant frequency
(where the return loss reaches a local maximum) and the return
loss values. Multiple factors explain the difference. First, to mea-
sure the antenna return loss, we use the pneumatic actuator to
reconfigure the antenna and measure the return loss when the
pneumatic actuator is actuated at different states. However, it
is worth noting that although the actuators are made of electri-
cally insulating material, they still affect the S11 response as they
can be viewed as a composite of the antenna substrate. Second,
when the liquid metal-based traces deform, their width, thick-
ness, and resistivity change, which causes an impedance change
in the traces. The change is difficult to capture exactly through
theoretical computations and in simulation, and thus causes an
offset between simulation and measurement. We hope that fu-
ture research on the properties of liquid metal and liquid-metal-
based conductive materials will improve our understanding of
such materials and improve the accuracy of simulations. Third,
3D printing does not create an ideal trace that is homogeneous,
flat, and smooth, which is modeled in the simulation software.
Therefore, the microstructure of the traces that make up the an-
tenna effects the S11 response, either changing the operating fre-
quency due to a change in effective electrical length or chang-
ing the S11 values due to the difference in electrical impedance.
Fourth, the antenna-to-SMA interface is an interface that con-
nects flexible traces and rigid components. We use thin copper
wires as the interface, with one side wrapped inside the flexible
traces and strengthened via Silver-epoxy, and the other side sol-
dered on the SMA connector. While the interface is stable and
well-connected when the antenna is fabricated, when the shape
of the antenna deforms, the interface between the flexible traces
and the SMA connector changes, changing its reflection coeffi-
cient, which further affects the S11 readings.
We then show the radiation pattern of PASTA’s antenna.

Figure 4H shows the simulated directivity of the PASTA antenna,
where it shows a radiation pattern similar to that of a monopole
antenna. Further, we measure the antenna gain in the 𝜃 and ϕ

direction in an anechoic chamber. Figure 4I shows the radia-
tion pattern on the xOy plane, and Figure 4J shows the radiation
pattern on the xOz plane. The measured radiation patterns also
show that PASTA’s antenna is an omni-directional antenna sim-
ilar to dipole and whip antennas.
To quickly adapt to different configurations when the op-

erating frequency changes, PASTA achieves self-configuration
through a two-staged algorithm. The first stage can be achieved
offline, where a table is established to measure the antenna’s
performance across all frequencies at different actuation stages
(time of actuation). When the antenna is configured to the fre-
quency, it first configures to the actuation stage. The antenna fur-
ther uses a second stage PID algorithm to fine-tune andmaintain
its actuation stage to achieve higher RSS. This is achieved by us-
ing a PID algorithm and target at higher RSS than the current
measurement, while controlling the open and close of the valve
and air pump. Figure 5A shows the control circuit diagram, and
Figure 5B shows a diagram for the air flow’s direction.
To study its self-configuration capabilities, PASTA is tested as a

receiver, and we evaluate the performance of PASTA with a rigid
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Figure 4. Antenna characterization. A) Simulated frequency when stretching the lower branch. B) Simulated frequency when stretching the upper branch.
C) Simulated frequency when stretching the patch antenna. D) Measured frequency when stretching the lower branch, E) Measured frequency when
stretching the upper branch. F) Measured frequency when stretching both branches. G) Effective operating frequency (with return loss < 10 dB) at each
actuation state. H) Simulated 3D beam pattern, where each branch essentially acts as a dipole antenna and has a similar radiation pattern to dipole
antennas. I) Measured radiation pattern on the xOz plane. J) Measured radiation pattern on the yOz plane.
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Figure 5. Self configuration of PASTA. A) The pump and valve are controlled through P-MOS connected to an Arduino controller. A laptop sends control
signals to control the on-off of the valve and pump by the current received signal strength (RSS) values. B) Air flow diagram shows that the pump
controls if air intake is enabled for the system, and valve controls whether the actuator is connected to the outside or the pump. Therefore, three modes
are enabled. Actuation mode: actuator is connected to the pump and pump is on. Hold mode: actuator is connected to the pump and pump is off.
Release mode: actuator is connected to the outside. C) Experiment setup where the transmitter and receiver are 1.5 m apart. D) Received signal with
regard to time during the auto-configuration process of PASTA. E) Received signal strength with regard to time during the auto-configuration. F) Standard
deviation (STD) of received signal strength in dB collected across three different samples.

Vivaldi antenna and a flexible patch antenna. Figure 5C shows
our testing setup. We use three samples for PASTA to average
the result. The Tx and Rx antennas are placed 1.5 m apart in an
office environment with a rich multipath and a relatively open
lab environment to mimic an actual use case. Since we use a di-
rectional antenna as Tx, the multipath poses a similar effect on
all receivers.
Figure 5D,E shows the received modulated signal and the cor-

responding received signal strength with regard to the timewhen
the antenna experiences the two stages of the antenna configura-
tion at 3 GHz. In the first step, the antenna goes through the con-
figuration initialization step, where the first two inflation steps
take 5 seconds each and the two deflation steps take 2 seconds
each. Then the antennamaintains a high RSS by the second step,
where RSS first quickly rises to a high value, then slowly rises in
the refinement step and achieves maximum.
The repeatability of PASTA is shown by demonstrating the

variance of RSS between the three antenna samples being tested.
Figure 5G shows the variance of RSS across different frequencies
for the three antenna samples. It can be seen that with our 3D-
printing-based fabrication method, the quality and functionality
of the soft antenna stay stable across multiple samples, with the
average variance staying below 3 dB and the maximum variance
staying below 6 dB.
We characterize the efficiency of PASTA over two baseline an-

tennas: the Vivaldi antenna[52] and a flexible patch antenna. In
the test, we use a Vivaldi antenna as a transmitter, and compare
themetrics of the radio-frequency chain when three antennas are
used as the receiver respectively. First, we take the S21 measure-
ment inside an anechoic chamber, with the transmitter and re-
ceiver are placed 1.5 m apart, and the receiver and transmitter
are aligned at the direction where directional gain is maximized.

Figure 6A shows the raw S21 measurement obtained when com-
paring the three antennas. It shows a reduction of S21 from lower
frequencies and higher frequencies, where the bumps show the a
frequency-dependent performance change. The overall decreas-
ing trend is likely due to the performance loss in both the Vi-
valdi antenna when moving from lower frequencies to higher
frequencies, and the loss of the measurement hardware, such
as the loss in the transmission lines and digital signal process-
ing pipeline. To compare the radiation efficiency, we further sub-
tract the directional gain of the antennas from the S21 values,
and produce Figure 6B. It can be seen that PASTA provides a
comparable S21 output with the Vivaldi antennas within the 1–
4 GHz range and has a better performance in the 4–5 GHz range.
PASTA surpasses the flexible patch antenna, which is designed
at 3–5 GHz. Figure 6C shows the improvement of S21 of PASTA
over Vivaldi and flexible patch antenna when the directional gain
is reduced. It can be seen that in the 1–5 GHz designed operating
range of PASTA, it has a 2 dB improvement in average reduced-
directivity S21 readings over Vivaldi antennas, and a 7.5 dB av-
erage improvement when compared to a flexible patch. This is
because the flexible patch antenna is not designed to work in the
1-4 GHz range.
In the second test, we record the received signal strength (RSS)

of the transceiver pair, when the transceiver is placed inside a
complex indoor environment with line-of-sight path and non-
line-of-sight paths. A number of non-line-of-sight paths may af-
fect the RSS readings at different frequencies due to fading ef-
fects. It is worth noting that in different environments, the exact
readings at different frequencies can be different, while the over-
all trend should remain similar. Figure 6D shows theRSS reading
when the three antennas are used as the receiver separately. The
RSS reading from Vivaldi antenna surpasses the other two due
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Figure 6. Performance of PASTA when working as a radio receiver. A) S21 Measurements with a Vivaldi antenna as the transmitter, and other antennas
as receivers. B) By subtracting the S21 values from the directional gain, we obtain reduced-gain S21 values which can be used to compare the radiation
efficiency between three different receiver antennas. C) The improvement of PASTA over two baseline antennas in reduced-gain S21. D) When using
the transceiver chain inside a multipath-rich indoor environment, we can mimic the received signal strength (RSS) by different antennas at different
frequencies. E) The RSS is subtracted by the directional gain to show the overall antenna efficiency when applying to a practical-mimicing environment.
F) The RSS improvement of PASTA over two baseline antennas is approximately double the value of S21 improvement, since RSS is a power measure
and S21 is a voltage measure.

to a higher directional gain. After subtracting the directional gain
from the RSS readings, we obtain Figure 6E. Similar to the S21
result, the reduced-gain RSS shows that PASTA is comparable
to Vivaldi antennas in the 1–4 GHz range and surpasses Vivaldi
antennas in the 4–5 GHz range. We observe an improvement in
the reduced-gain RSS of PASTA over Vivaldi to be 2.5 dB and over
flexible patch antenna to be 13 dB, which is approximately double
the value of the improvement of reduced-gain S21.
Since the radiation efficiency is hard to measure directly, es-

pecially when a flexible antenna experiences multiple stages of
reconfiguration, the metrics we use can be a reference for the an-
tenna’s radiation efficiency. These tests are intended to show that
PASTA’s efficiency toward practical use is comparable to state-
of-the-art rigid wideband antennas. However, several limitations
still exist in our metric. First, return loss does not link directly
with the radiation efficiency, as other loss such as dielectric loss
and surface-wave loss exists, especially for rigid wideband anten-
nas. Second, the antenna’s directional gain changeswith frequen-

cies. It can only be approximated, but can not bemeasured exactly
at each frequency. Therefore, subtracting the S21 and RSS values
by the directional gain may not provide exact radiation efficiency
comparisons. Finally, the mismatch between the polarization di-
rection ofmultiple antennas can affect the radiation performance
between a radio-frequency link, which further affects the S21 and
RSS values.
PASTA is designed to function under long-term usage.We per-

form cycle tests on 5 antenna samples. Each sample experiences
400 configuration cycles, where the antenna starts from config-
uration initialization, including two fully actuation and two fully
de-actuation steps, and then experiences a refinement procedure
and a 10-second position hold (Algorithm 2). The cycle test is
done in an indoor environment with 40% humidity and 23°C
room temperature. Among the 10 branches in the 5 samples, one
balloon of two of the samples is damaged and causes leakage after
300 configuration cycles. The other 8 balloons remainworking af-
ter the 400 cycles. Therefore, the mean time to failure (MTTF) is
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at least 380 cycles for a single actuator-branch pair, and 360 cycles
for a single antenna.Meanwhile, it is at low overhead to repair the
damaged actuator. The damaged actuator can be removed and a
new actuator can be attached to the branches using Silpoxy. Since
the McKibben actuator has a simple construction, the mean time
to repair (MTTR) of PASTA is low. Therefore, PASTA is robust to
daily usage much like garments or other soft goods.

3. Discussion and Conclusion

This paper introduces PASTA, a pneumatically-actuated,
frequency-tunable, flexible antenna that achieves 1–5 GHz
operating frequency range through a multi-branch antenna
design. PASTA proposes impedance matching optimization
to maximize overall antenna efficiency across a wide range of
frequencies. A 3D-printing-based fabrication process is proposed
for PASTA. Moreover, it utilizes a two-stage configuration and
control algorithm tomaximize the antenna performance. Results
show a 10 dB increment in average efficiency compared to a
wideband antenna and a flexible patch antenna in the 1–5 GHz
operating range, which corresponds to a 10 dB improvement in
RSS and a 16 dB improvement when beamforming is applied.
It should be noted that PASTA is not aimed at substituting

rigid antennas as many applications are well suited for this kind
of traditional design. For instance, UWB antennas operate at a
large range. Although they are not as efficient as PASTA, UWB
usually sends a pulse where the antenna needs to work at a large
bandwidth. In contrast, PASTA is a bandwidth-limited antenna
that is frequency tunable. Separately, PASTA is suitable for SDRs
and wireless base stations where there is a stable power source
and enough space for the antenna to be actuated. But for in-
stances in which space is confined, e.g., a cellphone, since the
working frequency bands are known, we can design a rigid an-
tenna that matches well in these bands.
What this work unlocks is antenna designs that are

lightweight, soft, and can operate over large frequencies which,
in the future can be integrated well with soft robotic and wear-
able systems. More generally, the framework introduced here
is generalizable for a whole host of other antenna designs and
applications. In particular, this paper introduces stretchable two-
branch monopole antennas. There are other forms of antennas
that act differently from microstrip antennas, e.g., waveguide
antennas, coil antennas, etc. Future work can focus on gener-
alizing this approach with different optimization methods to
optimize frequency-reconfigurable antennas of these different
types. The concept of pneumatic actuation is also generalizable
to other forms of flexible antennas. In this paper, as the baseline,
we have explored combining pneumatic McKibben actuators
with flexible patch antennas and measuring their performance.
A similar process can be carried out for antennas that support
frequency reconfiguration through linear shape deformation,
including dipole and monopole antennas, Yagi–Uda antennas,
and Helical antennas. The antennas can be reconfigurable
using flexible circuits and substrates and attaching a pneumatic
actuator along the direction where the strain occurs. In parallel,
different actuation methods can be introduced to fit different
antenna types. For example, aside from linear actuation, bending
can also affect PASTA’s frequency response and directivity. By

combining linear actuation and bending, more complex antenna
configurations are possible.

4. Experimental Section
Antenna Optimization Implementation: Optimization using Eq. (3) is

computationally inexpensive. We solve the problem by setting a large set
of initial points. Our fabrication capability constrains the search space,
e.g., the spacing and line width. We first use a non-linear optimization
heuristic (fmincon from Matlab) to find a parameter set. We then use
the integrated gradient descent function in Ansys HFSS R2023 simulation
software to find the refined result using Eq. (5).

Antenna Substrate and Conductive Traces Fabrication: PASTA’s antenna
substrate is fabricated using Smooth-On EcoFlex 00-10 Silicone rubber
due to its small Young’s modules and shape-deformable feature. This al-
lows rapid actuation of the antenna with a small amount of force. The
substrate is fabricated into 100 mm × 100 mm × 0.5 mm thin films using
molding. The mold is fabricated using laser-cut Acrylic sheets of thickness
0.5mm. EcoFlex 00-10 Part A and Part B aremixed in a 1:1 ratio and stirred
thoroughly. It is then poured into the mold and degassed for 3 minutes.
The silicone rubber cures at room temperature for 12 hours.

PASTA adapts a conductive elastic trace[38,63,70] that serves as the
stretchable antenna. The conductive trace remains conductive at a max-
imum stretch of 1000%, which corresponds to the breaking point of the
silicone rubber, making our antenna extendable to a maximum of 10× fre-
quency change for a single branch. The conductive elastic trace is fab-
ricated by mixing 1.24 grams of SF91 Silver Flake (Ames–Goldsmith),
3 grams of EGaIn[71,72] (fabricated by heating Gallium 75%:25% In-
dium wt. at 200 degrees for 12 hours), and 1 gram of SIS (Copolymer
polystyrene-block-polyisoprene-block-polystyrene.)-Toluene solution (SIS
15%:85% Toluene wt., Sigma-Aldrich). The solution is then mixed by a
planetary centrifugal mixer (AR-100; Thinky Corporation) at 3000 rpm for
3 minutes. It is then 3D printed on the silicone rubber substrate using a
DIW 3D printer (System 30M Hyrel 3D) with a 25 Gauge Luer tip on a
5 mL syringe.

The conductive ink does not naturally bondwith the silicone rubber sub-
strate. To improve bonding, we select SF91 as the size of the Silver Flakes
mixed inside the ink, as it may correspond to the surface roughness of the
silicone rubber, and thus improve the bonding behavior.[73] However, the
conductive trace is still easy to peel off the silicone rubber surface. There-
fore, we plasma treat the silicone rubber substrate at 1 atm Oxygen for 60
seconds (SPI Plasma Prep III). This allows negative ions to form on the
surface of the silicone rubber substrate. When the ink is printed onto the
surface while the ions are still present, the SIS is bonded to the surface by
electrostatic force.[74,75] With such a treatment, the conductive traces ad-
here to the surface without being detached when the antenna is stretched.

We then add connectors to the antenna to enable a universal SMA con-
nection. The insulation layers of 20 mm 30 Gauage copper wires are re-
moved by scratching. They are then inserted into the designed ports on
the printed ink pattern with the other ends staying outside. When the an-
tenna is stretched, the copper forms an alloy with silver and EGaIn inside
the conductive ink, which provides a low contact resistance.[76] The an-
tenna is put inside a fume hood at room temperature for 24 hours for
the Toluene inside the conductive ink to evaporate. Finally, a 5 mm layer
EcoFlex 00-10 layer is deposited on top of the antenna to seal it. A small
amount of Smooth-On Silpoxy (a type of silicone rubber glue) is added to
the contact points of the copper wires to strengthen them. The system is
then set at room temperature for another 12 hours for the silicone rubbers
to cure. The SMA connectors are soldered onto the copper wires outside
to enable connection. We also use a small amount of Silpoxy to fix the SMA
connectors on the antenna surface to prevent it from pulling the copper
wires from the conductive traces.

Pneumatic Actuators: The Mckibben actuators are fabricated using
balloons and plastic sleeves. They are constructed by cutting a piece of
nylon mesh (Flexo Fluorescent 3/8″) and a party balloon (Kuulbela), each
between 10 and 13 cm in length. The balloon is carefully inserted into the
nylon mesh. One end of this assembly is secured to a barbed end cap us-
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ing a rubber band and a zip tie to ensure a tight seal. The opposite end is
similarly attached to a barbed connector, again using a rubber band and a
zip tie, to facilitate the passage of air.

System Packaging: In order to make a minimized antenna, instead of
using actuators on the side pulling the antenna branches, we pre-stretch
the antenna branches and attach them to the actuators. For attachment,
the excess substrate is cut out, leaving only thin branches. This can re-
duce the tension force produced by the stretched branches so that they
do not bend the McKibben actuators. The branches are then stretched
to 175%, which corresponds to the contraction ratio of the actuators.
Next, the edges of the branches are fixed to the edges of the actuators
by Silpoxy. During the curing process of Silpoxy, a rubber band is used
to fix the stretching state of the branches. The Silpoxy is cured for 12
hours and the rubber bands are cut off before the antenna is ready to
use.

Frequency Measurements: Simulated results are acquired using Ansys
HFSS 2022 simulation. Measured results are acquired by actuating the
actuator to different states and return loss values are measured by a VNA
(Keysight N9916AMicrowave Analyzer). The experiment is done inside an
anechoic chamber (Sub 6 GHz).

Directivity Measurements: Directivity is measured by an antenna mea-
surement system (DAMS X100 Antenna Measurement System, Anritsu
MS2028C Vector Network Analyzer) inside an anechoic chamber (Sub
6 GHz).

Form Factor Measurements: Form factor is measured by a caliper.
Other form factors are acquired through data sheets and paper
descriptions.[28,51–53] PASTA’s form factor is similar to a flexible dipole
antenna or patch antenna, and much smaller than common wideband an-
tennas.

Mechanical Evaluation: Two sides of the antenna branch or the actua-
tor are clamped on two ends of a material testing machine (Instron Model
5969). For a stretch test, the antenna branch is stretched at rate 0.5 mm
s−1 until a total extension of 40 mm. For a iso-strain test, the actuator
is fixed at position and pumped with a ZR370-02PM air pump with 5 V
input voltage.

Resistance and Resistivity Measurements: Resistance and resistivity of
a conductive trace of initially 30 mm length, 0.4 mm thickness, and 5 mm
width. The resistance is measured through a DC power supply (Rigol
DP832A) with integrated high-precision voltage and current meters. The
voltage is set to 0.5 V and current is recorded for different strain. Resis-
tance is calculated through dividing the voltage by the current. Resistivity
is calculated by assuming the volume does not change for the conductive
trace, where for each strain, cross-sectional area is calculated by dividing
the volume by the length. Resistivity is calculated by dividing the resistance
by the length times the cross-sectional area.

Confocal Microscope Imaging: Optical images were acquired using a
confocal microscope (Zeiss LSM 900) equipped with a 10X objective.

Self-Configuration Test: To study its self-configuration capabilities,
PASTA is tested as a receiver. The transmitter is a Vivaldi wideband
antenna.[52] All antennas tested are aligned with the maximum direc-
tional gain. We use a USRP X310 SDR to generate single-tone waves of
<100 kHz bandwidth at uniformly sampled 401 frequency points from
1 GHz to 5 GHz.

S21 Measurements: S21 are measured inside anechoic chamber with
a LibreVNA connected to a laptop with automated recording scripts. The
transceiver pair is placed 1.5 meters apart, line-of-sight, adjusted to the
maximum directional gain.

RSS Measurements: Received signal strength (RSS) is calculated by
taking the raw signal in a time window, take the average (denoted by V̄,
and calculate by RSS = 20 log10(V̄).

Beamforming: To enable beamforming, we use two identical PASTA
samples that are separated apart by 15 cm, which is half of the wave-
length of the 1 GHz wave. Then then use the same configuration as the
self-configuration test to acquire the signals and calculate RSS.

Control Circuit: PASTA is able to automatically adjust its configuration
to the operating frequency. The signal quality is evaluated by the received
signal strength (RSS), which can be continuously monitored by the re-
ceiver. To quickly achieve the desired actuation state, we develop a two-

stage optimization process. The first stage is a pre-configuration step done
offline. In the first stage, a sub-optimal actuation state for each frequency
is explored. The result is universal for all the antennas and can be done
offline. The small individual differences of each antenna in fabrication and
the environment such as air pressure and temperature can cause a devi-
ation from the optimal configuration. Therefore, in the second stage, an
online refinement algorithm is proposed to tune the antenna performance
through the RSS feedback.

The two branches of the antenna are designed to be responsible for dif-
ferent frequency ranges. Meanwhile, the two branches also couple with
each other which affects the overall input impedance of the antenna.
Therefore, to achieve optimal efficiency at each operating frequency, we
use two separate actuation chains for both actuators. The control circuit
(Figure 5A) is composed of four P-MOSFETs (IRF9530) control pumps
(ZR370-02PM) and valves (FA0520E). The ON/OFF status of the pumps
and the OPEN/CLOSE status of the valves are determined by their input
voltage. The airflow diagram (Figure 5B) shows that when the voltage sup-
ply for the valve is high, airflow a is enabled and airflow b is disabled, caus-
ing the air to flow out of the actuator. We mark it as OPEN. On the other
hand, when the voltage supply is low, airflow a is disabled, and airflow b

is enabled, causing the air to flow inside the actuator from the pump. We
mark it as CLOSED. Note that when the valve is CLOSED, air will not flow
out of the actuator even when the pump is OFF, because the pump only en-
ables single-direction airflow. This enables our system to stay at a specific
actuation status without a consistent power supply.

Offline Configuration Initialization: When the antenna system starts for
the first time, the system leverages a one-time configuration that uses an
actuation state sweep to find an optimal actuation range. The result of the
one-time configuration for each frequency point can be saved for future
use. We uniformly sample 401 frequency points from 1 to 5 GHz. Since
there are two actuators, the search space for the possible actuation com-
binations is too large, where we need to maintain one actuator at each
actuation state and fully actuate the other actuator, which can take tens of
rounds for each possible frequency. Therefore, it is impossible to attempt
all actuation configurations. Moreover, even if we iterate over all actua-
tion configurations offline, the offset in the antennas and the operation
environment would require further online refinement as well. Instead, we
leverage an observation that separate branches dominate the response
at different frequency ranges. In such a process, for each frequency, the
optimization can be simplified to finding the configuration of the branch
that mainly decides the frequency response. Meanwhile, the other branch
which only affects the impedance, will only be tuned in the online refine-
ment step. Therefore, we separately actuate two branches to find the op-
timal actuation configuration. The process includes four stages described
in Algorithm 1. The flow of the four stages covers the situations when one
branch actuates from zero to maximum, while the other branch stays at
zero or maximum actuation.

At the beginning of initialization, we turn all valves open and all pumps
off to release the air inside the system (Lines 1). In each actuation stage, we
record the RSS collected throughout different actuation states, aggregate
the results, and aim to find the best actuation state among the states. In
the first stage, antenna 1 is actuated to the maximum in 6 seconds, while
antenna 2 remains unactuated (Lines 5). In the second stage, antenna 2
is actuated to the maximum in 6 seconds, while antenna 1 remains fully
actuated (Lines 7). At the end of the second stage, antennas 1 and 2 are
both fully actuated. Antenna 1 is then deactuated in 2 seconds (Lines 9).
Finally, in the fourth stage, antenna 2 is deactuated (Lines 11). A thread is
opened to record the RSS during the process (Line 3). At the end of each
stage, we take the average RSS of a 10 millisecond time window (Lines 14-
17).We then find the actuation point according to themaximumwindowed
RSS values (Line 18). The actuation state refers to the duration at which
the pump needs to be kept on (Line 19). Finally, we compare the RSS from
the four stages, and record the configuration that provides the best RSS
values (Line 21). It provides an estimate for the optimal configuration,
which we can then tune for the next refinement step.

Refining Optimal Configuration: We configure the antenna to the op-
timal performance with two branches. one branch (denoted as the main
branch) controls the resonate frequency, and the other branch (denoted
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Algorithm 1 Configuration Initialization.

1: Valve1, 2 ←OPEN, Pump1, 2 ←OFF

2: for Stage = 1; Stage ⩽ 4; Stage++ do

3: Thread 1: Record RSS of length N in vector R.

4: if Stage == 1 then

5: Thread 2: Valve1 ←CLOSED, Pump1 ←ON;

6: else if Stage == 2 then

7: Thread 2: Valve2 ←CLOSED, Pump2 ←ON;

8: else if Stage == 3 then

9: Thread 2: Valve1 ←OPEN, Pump1 ←OFF;

10: else if Stage == 4 then

11: Thread 2: Valve2 ←OPEN, Pump2 ←OFF;

12: end if

13: join Thread 1, Thread 2

14: // average RSS in a time window

15: for w = 1; w < wmax ; w + + do

16: R[w] ← mean
{
R[(w − 1) N

wmax
+ 1 : w N

wmax
]
}

17: end for

18: wo[Stage]← argmaxR

19: Actuation[Stage]←Time according to wo.

20: end for

21: So ← argmaxwo

22: set system to Actuation[So]

Algorithm 2 PID actuation fine tuning.

1: p ← 5%, 𝜈 ← 0.5

2: Thread 1: Listening RSS consistently.

3: for (i = 0; i < 5; i + +) do

4: R(t) ← RSS measurement

5: w ← (1 + p𝜈 i)R(t)

6: while t < 1 second do

7: R(t) ← RSS measurement

8: A(t) ← PID(R(t) − w)

9: Actuate according to A(t).

10: end while

11: end for

12: while t < 1 second do

13: R(t) ← RSS measurement

14: A(t) ← PID(R(t) − w)

15: Actuate according to A(t).

16: end while

as the side branch) affects the impedance, which also affects the an-
tenna efficiency. In the initial configuration step, we have configured the
main branch. In the refinement step, we tune the branches to improve
impedance matching and compensate for antenna fabrication differences
and environmental differences. Since the RSS values are always available
during transmission, we use an online feedback control loop. The search
space for the main branch is confined around the result provided by the
initialization step.

We use a proportional-integral-derivative (PID) auto-configuring algo-
rithm that refines the configuration to a higher RSS, described in Algo-
rithm 2. The PID-based optimization is based on the observation that the
response frequency and impedance change are linear to the actuation state

of the branches. Therefore, to set an RSS value that is higher than the
current RSS value, the PID controller automatically tunes the system to a
better configuration so that the higher RSS value is achieved at the best
attempt. The PID controller has three parameters, KP, KI, KD, correspond-
ing to the coefficients of PID terms respectively. The PID controller can be
formally expressed as follows:

A(t) = KPRe(t) + KI ∫
t

0
Re(𝜏)d𝜏 + KD

dRe(t)
dt

, (6)

whereA(t) is a 2D vector that corresponds to two actuators, andRe(t) is the
difference between the current RSS and the target RSS per time frame. A(t)
> A0 symbolizes actuation, and A(t) < −A0 symbolizes de-actuation. The
parameter A0 is a threshold that we set as no action to prevent overshoot.

We set two parameters, RSS per-step improvement p and decaying rate
𝜈 (Line 1). A thread listens to the RSS during communication (Line 2). The
PID controller optimization is done 10 recurrent times, each time the ob-
jective decays with a decaying rate 𝜈. Here, we denote the optimal RSS we
can get at step i with the value wi. Then in step i + 1, we aim at improving
wi to wi × p × 𝜈i as the best effort (Line 5). We then use the PID controller
to try to get an improved actuation result according to the new RSS target
(Lines 6-10). The PID controller may produce unusual actuation orders
for unachievable. In such a case, we reduce the target RSS, represented by
the decaying factor. The process is done in 5 iterations. A PID algorithm
is then used to maintain the optimal RSS to avoid small air leakage from
the system. To save power, the PID is tuned only occasionally, and during
rest time, the valve remains closed.

PID Parameter Tuning: Tuning the parameter for the PID controller is
critical for its performance. A large K parameter set can cause overshoot
which destroys the stability of control. If the K parameters are too small,
the convergence can be too slow. Note that with different input power,
actuators, and antenna lengths, the K parameters can be set differently.
We adjust the parameters by hand according to the previous observations,
setting a lower K parameter from the beginning, and slowly increasing K
until we observe oscillation happens in the system. We then decrease K to
which the oscillation is removed in the 1-second time window.

Control Implementation: The control signal is provided by the PC to
the Arduino, which further transmits high/low voltage to the PMOS which
regulates the ON/OFF behavior of the pumps and valves. On the PC side,
a main program talks to the Arduino program using serial UART. Themain
program is written in C++. RSS signal is acquired through a USRP SDR
(X310) with two UBX daughterboards responsible for Tx and Rx respec-
tively.

Statistical Analysis: Simulation data are produced by one-time run in
the simulation software. Experiments, if not specified otherwise, are tested
and averaged on three independent samples. The red line in box plot
shows average value, blue box shows 25-75% confidence interval, dashed
line shows 5-95% confidence interval, and red markers show outliers. No
pre-processing of the results are included.
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