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As sixth-generation (6G) wireless communications push edge nodes toward higher densities and multi-
task collaboration, environment-responsive reconfigurable antennas that operate without auxiliary con-
trol circuitry can simultaneously provide sensing, communications, and lower node-level power budgets, 
offering a viable route to overcoming front-end bottlenecks. Here, we integrate an environment-
responsive passive actuator that is sensitive to multiple ambient factors into the antenna architecture 
and demonstrate a prototype whose geometry, operating frequency, and radiation pattern can all be 
dynamically reconfigured. A layered actuator comprising an ultrathin electrodeposited nickel (Ni)–aurum 
(Au) substrate and a cobalt (Co)-doped birnessite-type manganese dioxide (d-MnO2) actuating transition 
metal oxide (TMO) delivers large strain, rapid response, and straightforward fabrication. The Ni–Au sub-
strate functions as the antenna radiator, while the actuating layer generates reversible stress under ambi-
ent stimuli that reshapes the radiation structure, unifying actuation and radiation within a single
structure. Systematic studies of actuation behaviors, material properties, radiation performance, and
energy harvesting application show that the actuator is well suited to adaptive communications and to
electromagnetic devices that can sense environmental factors, as envisioned for edge nodes. The pro-
posed strategy can be extended to a broad range of antenna topologies and even to metasurfaces.
These findings demonstrate the potential of TMO-based actuators in the development of next-
generation intelligent antennas for adaptive wireless communication systems.

© 2026 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

The worldwide rollout of fifth-generation (5G) wireless com-
munications has spurred an unprecedented expansion of con-
nected devices, creating an intelligent, highly networked
environment ripe with opportunity [1]. Looking ahead, sixth-
generation (6G) systems will impose even more stringent perfor-
mance targets, intensifying the need for antennas that are inher-
ently adaptive and readily reconfigurable [2]. However, 
traditional antennas typically have fixed configurations and fre-
quencies that limit their application in dynamic environments,
particularly when operating conditions and communication fre-
quencies vary [1]. This limitation has driven the development of 
a range of antennas with reconfigurable capabilities that can
dynamically adjust their beam-scanning status [2–4], frequency 
selection [5–7], and polarization transformation [8–10] in response 
to external stimuli, thereby offering significant advantages in
terms of performance and multifunctionality [11–13]. Reconfig-
urable antennas achieve their functionality by altering the radiated
field of their effective aperture [14,15]. When the antenna and fil-
ter are integrated, not only can the antenna’s frequency selectivity 
be dynamically adjusted, but its radiation parameters can also be
flexibly reconfigured through external control mechanisms [16]. 
On this basis, the incorporation of array design can significantly 
enhance the dimensionality of reconfigurability, endowing recon-
figurable antennas with superior spatial control, functional inte-
gration, and intelligent adaptive capabilities [17]. Even in the 
high-frequency domain, reconfigurable antennas that support 
multi-band, multi-mode, and multi-polarization operation offer 
significant advantages, and their miniaturized integration further
expands the scope of intelligent applications [18]. For example, 
in millimeter-wave 5G/6G base stations, reconfigurable array
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antennas can dynamically adjust the coverage area, number of 
served users, and main beam direction, enabling high-density
and high-capacity access [19]. Even for satellite communications 
and ground stations, reconfigurable antennas can adapt to multiple 
frequency bands and polarizations, increasing multi-task parallel 
processing efficiency and improving signal quality. These antennas 
must exhibit reliable, stable, and clearly discernible driving
effects, coupled with a stimulus-responsive reconfiguration func-
tion, to meet the rigorous requirements of such environments. In
the high-frequency range, the potential applications are even
broader [20].

In recent years, there has been keen interest in studying the use 
of smart material actuators to drive reconfigurable antennas. A
notable example is the monopole directional pattern reconfig-
urable antenna developed by Mahanfar et al. [21], who used an 
electroactive polymer (EAP) to achieve a 67° angular deformation 
under a 3 V direct current (DC) drive. In reconfigurable antennas,
precise control over shape and size is essential for the dynamic
tuning of performance [21–23], and Daheshpour et al. [22] 
designed a dielectric EAP actuating hinge that simultaneously pro-
vided feed to both the fixed ground plane and a rotating monopole 
with a maximum rotation angle of 60°. Under an electric field of 
10 kV mm−1 , the actuator body rotated about the hinge center,
and the angle between the parasitic element and the ground plane
changed with a maximum rotation of 40°. An axial-mode reconfig-
urable helical antenna was designed by Mazlouman et al. [24] 
using a shape memory alloy (SMA), where a DC applied to the 
SMA spring caused the latter to contract; this exerted a downward 
force on the radiating helical spring to alter the height and pitch
angle of the antenna, enabling directional pattern reconfiguration.
As for frequency-reconfigurable function, Aljonubi et al. [25] 
designed a planar inverted-F antenna (PIFA) with frequency recon-
figurability. By attaching copper pieces of varying sizes and quan-
tities to the antenna surface and coupling them with lead–
zirconate–titanate (PZT) piezoelectric ceramics, the researchers
designed an antenna capable of frequency reconfiguration from
1.15 to 1.23 GHz.

However, the actuating materials used in the above investiga-
tions all have certain limitations. EAPs require a high electric field 
to achieve a limited angle of actuation, SMAs can achieve more sig-
nificant displacement but with slower response and higher energy
consumption, and PZT can achieve high precision and fast response
in frequency reconstruction, but its frequency coordination range
is limited [25,26]. Thus, new intelligent actuating materials with 
electric field-/temperature-induced phase transition, a giant elec-
trostriction effect, and multi-physical field coupling response char-
acteristics may be more promising as smart antenna actuating 
materials. Actuating transition metal oxides (TMOs) are a special
class of such newmaterials that can convert various types of exter-
nal stimulus signals such as temperature, light, and electrical fields
into mechanical energy [27–29]. They offer several advantages, 
including low input requirements, simple preparati on, low cost,
fast response, and high driving strain levels [30–35]. Typical actu-
ating TMOs including NiCoOx(OH)y and birnessite-type manganese 
dioxide (d-MnO2) have shown significant potential in various 
applications due to their favorable properties. Given their high
mechanical strain, TMOs can be particularly suitable for driving
dynamic and adaptable antenna systems.

Here, for the first time, we employ a cobalt (Co)-doped d-MnO2 

actuator in the development of an environment-responsive recon-
figurable smart antenna. Using a dipole antenna as the verification 
prototype, we exploit the light-stimuli actuation properties of the 
actuating TMO material to dynamically modulate the antenna’s
physical dimensions and shape. This enables frequency reconfigu-
ration and increases the antenna’s adaptability to diverse operating
environments. First, we used a masking technique to successfully
170
fabricate TMO actuators with various shapes and sizes. We inves-
tigated the relationship between light intensity and the bending 
behavior of different types of actuators and comprehensively char-
acterized the material structure and electromagnetic properties of 
each TMO actuator component. Second, using the COMSOL radio 
frequency (RF) module and CST Studio Suite, we successfully estab-
lished a dipole antenna simulation model based on the TMO actu-
ator. This allowed us to study the scattering parameter 11 (S11) 
curves and radiation patterns of the antenna under different actu-
ator bending states, thereby systematically establishing the corre-
lation between optical stimulus intensity, antenna design 
(including shape and assembly configuration), and far-field radia-
tion performance. Subsequently, after experimentally fabricating 
and assembling the antennas, we investigated the effect of light
irradiation direction on the actuator’s bending behavior, demon-
strating the superior adaptability of this smart antenna in multi-
modal environments. Finally, we measured the S11 curves and
radiation patterns of the antenna and further explored its applica-
tion in energy harvesting. Notably, the TMO bow tie antenna
achieved frequency reconfiguration from 2.31 to 6.81 GHz, and
the consistency between simulation and experimental results
was confirmed. The results demonstrate that the integration of
the TMO actuator with the dipole antenna opens new avenues
for developing intelligent antennas that can autonomously adapt
to environmental conditions.
2. Co-doped d-MnO2 TMO stimuli-actuation performance and
material characterization

Co-doped d-MnO2 has been established as a promising multi-
stimuli-responsive material for actuation [36]. Building upon this 
basis, we developed a tailored electrodeposition protocol for fabri-
cating layered films for use as light-responsive actuators for mak-
ing antennas reconfigurable. The preparation process of the Co-
doped d-MnO2 actuator is shown in Fig. 1. The solution bath for 
electrodepositing the nickel (Ni) substrate was obtained from Cas-
well, Inc. (China). For the aurum (Au) layer, the electrodepositing 
solution consisted of 1.7 mol L−1 Na2SO3 mixed with a commercial 
Au solution (Oromerse SO Part B, Technic Inc., USA) in a 9:1 volume 
ratio. The chemicals used for the electrodeposition of the d-MnO2 

active layer were sourced from Sigma–Aldrich (USA) and used as 
received. The electrodeposition solution contained 0.025 mol L−1 

cobalt(II) sulfate (CoSO4), sodium acetate (NaOAc), 0.125 mol L−1 

manganese(II) acetate (MnOAc), and 0.15 mol L−1 sodium sulfate 
(Na2SO4). All solutions were prepared with deionized (DI) water 
(resistivity ∼18 MX cm), which was also used for rinsing. Ni thin 
films served as substrates for TMO deposition. First, Ni was elec-
trodeposited onto a fluorine-doped tin oxide (FTO)-coated glass 
slide (∼10 X per square (X sq−1 ); Sigma–Aldrich), which was 
masked using chemically resistant stickers (CM-200E, Max Bepop, 
Japan) featuring a rectangular opening (typically 22 mm × 2 mm). 
Electrodeposition was performed in a two-electrode cell by apply-
ing a constant cathodic current density of −15 mA cm−2 to the FTO
immersed in the Ni solution bath, using a Ni metal foil as the coun-
ter electrode, for 5 min. To improve adhesion of the TMO onto the
Ni, a thin Au layer was subsequently electrodeposited onto the Ni
by applying a current density of −0.1 mA cm−2 in the Au solution
bath, using a platinum (Pt) mesh counter electrode. Finally, in a
three-electrode configuration, Co-doped d-MnO2 (the actuating
layer) was electrodeposited at current densities ranging from
0.545 to 0.735 mA cm−2, using a saturated calomel electrode
(SCE) as the reference and Pt mesh as the counter electrode, under
vigorous stirring. The deposition time for the TMO varied from 15
to 35 min. After electrodeposition, the actuator comprising the
TMO, Au, and Ni layers was detached from the FTO substrate with
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Fig. 1. Fabrication process for the Co-doped d -MnO2 actuators. FTO: fluorine-doped tin oxide.
tweezers and mounted onto copper tape (3 mol L−1 ) for actuation
after sodium hydroxide (NaOH) immersion.

The actuating tests were conducted in a semi-enclosed cham-
ber. The light source was a xenon arc lamp (HPS-500XA, Zolix, 
China) able to generate visible light or flash white laser light 
(L10, Nextorch, China). When studying the actuation behavior 
and long-term reliability of the actuator, a more stable xenon arc 
lamp was employed; for the practical measurement of antenna 
performance, a flashlight was used as a more convenient handheld 
light source for the vector network analyzer (VNA) and microwave 
anechoic chamber. In either case, the light intensity on the sample 
surface was calibrated prior to each experiment using a standard 
optical power meter (TES-1333 solar power meter, TES Electrical 
Electronic Corp., China). Before the test, the optical power meter 
was placed parallel to the sample; by adjusting the different light 
intensity settings of the xenon or hand-held lamp, the light inten-
sity was made consistent for each test. Actuators with different
shapes, structures, and electrochemical deposition processes were
prepared. To maintain a high-humidity environment, a water-
saturated sponge was placed inside the chamber as a humidity
source. The relative humidity (RH) was continuously monitored
with a digital hygrometer and was consistently maintained above
80% throughout all the tests. The actuator was suspended by a can-
tilever device; after the actuator was stabilized, the light source
was turned on, and the driving process of the actuator was
recorded using a Nikon camera. The curvature radius of the actua-
tor’s bending was measured using the Tracker software, which
analyzed the optimal fitting circle of the actuators at different time
frames in Appendix A Videos S1–S5. 

By adhering masks of different shapes to the surface of the FTO, 
actuators of different shapes and sizes were fabricated, and recon-
figurable antennas for different application scenarios were assem-
bled. The antenna designs studied included ① a simple dipole
antenna composed of a pair of rectangular radiating units placed
symmetrically, ② a bow tie antenna with dipole radiating units
171
in a tapered shape, and ③ a Vivaldi antenna. In the remainder of 
this paper, the dipole antenna design, which has the simplest 
geometry, is used to illustrate the various issues encountered in
the study and the electromagnetic simulation; however, the bow
tie antenna was chosen for the application demonstration due to
its better reconfiguration capability, which will become apparent
below.

In the as-fabricated state, the actuators made from the elec-
trodeposition process all exhibited a certain degree of initial curva-
ture due to the release of residual stress during the peeling-off 
process, which would limit the subsequent actuation behavior 
upon light stimulation. For a rectangular actuator clamped at one 
end for actuation testing, the initial curling about the short axis 
was hampered by a large curvature about the long axis, and the 
curvature about the long axis was more severe if the width at 
the clamped end was smaller. Hence, a narrower rectangular actu-
ator clamped at one end curled less about the short axis in the
unstimulated state. To understand how the actuation was affected
by the width of the design, rectangular Co-doped d-MnO2 actuators
with different widths and a common length of 25 mm were fabri-
cated with a current density of 0.545 mA cm−2 and a deposition
time of 15 min, and then their bending was measured under the
same light intensity range. Upon light stimulation, the actuators
bent toward the side of the driving layer, in agreement with the
known mechanism of photothermally triggered deintercalation of
water from the TMO causing it to shrink [30,36–42]. As shown in
Fig. 2(a), the bending curvature radius of the actuator with a width 
of 5 mm changed significantly with an increase in light stimuli 
intensity, while the changes in the actuators with widths of 7.5 
and 10.0 mm were limited. This result is consistent with the above-
mentioned effect of the clamped width on the actuator bending
behavior—that is, the smaller the clamped width, the greater the
curvature about the long axis to suppress the initial curvature
about the short axis. Hence, the actuator was made flatter initially
to allow it to actuate more upon light stimulation. Accordingly, for
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Fig. 2. Relationship between actuator design and actuating behavior under varying light stimuli intensities. (a) Bending curvature radius of rectangular actuators with 
different widths. (b) Bending curvature radius of actuators with different shapes. (c–f) Long-term reliability test of the TMO actuator. (c) The 5 mm-wide rectangle-shaped 
actuator tested for 0–2500 cycles; (d) statistics of the mean value of curvature variation in the initial and actuated states for three types of TMO actuators at different cycle
numbers; (e) measured mean value of curvature variation and its nonlinear fitting for the 5 mm-wide rectangle-shaped actuator; (f) comparison of actuation time and
recovery time among the three TMO actuators.
the 5 mm-wide actuator, the number of full bends at the free end 
of the actuator increased from less than one initially to four or five
172
upon light stimulation, causing the axial length to shrink from 
25 mm to 1/5 of its original length. Meanwhile, the actuator with
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a width of 5 mm exhibited a change in curvature radius of approx-
imately 56 mm as the light intensity increased from 0 to
620 W m−2.

This clamped-width effect had important repercussions on the 
performance of actuators of different shapes. Fig. 2(b) shows the 
bending characteristics of rectangular, bow tie, and Vivaldi actua-
tors of the same length (25 mm) and width (10 mm), made via 
the same process with a current density of 0.545 mA cm−2 and 
deposition time of 15 min. As discussed earlier, all three actuators 
exhibited an initial curvature in their unactuated state, with the 
bow tie actuator having a flatter initial shape than the other two 
actuators because it had the narrowest clamped width due to its 
tapered shape. For this reason, the bow tie actuator exhibited the 
most noticeable decrease in curvature radius, which decreased
by 2 mm for every 100 W m−2 increase in the light intensity. In
comparison, the rectangular actuator, which had a larger clamped
width, showed significant bending only when the light intensity
exceeded 492 W m−2. The Vivaldi actuator, whose constraint was
located at the center, had a reduced axial length for free bending
on both sides of the constraint; thus, within the light intensity
range under study, the change in curvature radius under light stim-
ulation was minimal. Video S1 demonstrates the dynamic bending
process.

To characterize the long-term stability of the TMO actuator 
under repetitive optical stimulation, we employed an Arduino 
board connected to a motor to create a mechanism capable of 
reciprocating rotation at a fixed angle. By attaching a lightweight 
light-blocking plate to the motor, a cyclic testing setup was estab-
lished. The illumination and shading durations were programmed 
and controlled via the Arduino Integrated Development Environ-
ment (IDE). When the actuator is used in an antenna, the curling 
behavior of the actuator directly affects the antenna’s effective 
electrical length. Since the actuation process involves a gradual
decrease in bending curvature, the change in curvature intuitively
reflects the frequency reconfiguration range of the antenna. There-
fore, to investigate the reconfiguration performance of the actuator
over multiple cycles, curvature variation measurements were sam-
pled five times at intervals of every 500 cycles during testing. The
mean value of curvature variation was then calculated, and the
relationship between this average curvature change and the num-
ber of cycles was analyzed. The long-term reliability test results are
shown in Figs. 2(c)–(f). 

The results indicated that the TMO actuator showed no signifi-
cant performance decay within the first 1500 cycles. Fig. 2(c) dis-
plays the actuator’s initial and actuated states at different cycle 
numbers. It can be observed that, as the cycle count increased from 
500 to 2500, the actuator in its initial state gradually became more 
bent, while the curled state after actuation tended to stabilize. Two 
possible reasons are proposed: First, to rapidly obtain long-term 
service results, a high-frequency stimulation drive state (2 s illumi-
nation, 4 s no illumination, and 2 s illumination) was used, unlike
the likely low-frequency stimulus reconfiguration scenarios in
practical applications. This may have led to slight heat accumula-
tion between consecutive cycles, which amplified with increasing
cycles, causing the actuator’s initial state to become more curled.
Second, irreversible micro-plastic strain may have accumulated
within the material over thousands of cyclic deformations, with a
small amount from each cycle, manifesting macroscopically as
the initial bending.

Both the initial and the actuated curvature kept changing with
the number of cycles. Fig. 2(d) plots the mean value of curvature 
variation before and after actuation for rectangular actuators with 
widths of 7.5 and 5.0 mm and for a bow-tie-shaped actuator, 
against the cycle number. Tests were repeated five times to deter-
mine the measurement error. The results showed that the 5 mm-
wide rectangular actuator achieved a more significant mean value
173
of curvature variation and therefore higher actuation. When the 
actuator served as a dipole, this would allow for a greater change 
in the antenna’s effective electrical length, thereby enabling a
wider range of frequency reconfiguration. As shown in Fig. 2(e), 
the 5 mm-wide rectangular actuator exhibited an exponential 
decay trend that tended to stabilize at the end of the cyclic test.
Fig. 2(f) compares the actuation and recovery times for the three 
aforementioned actuators. The results show that the actuation 
time for all actuators was significantly shorter than the recovery 
time. The 5 mm-wid e rectangular actuator exhibited a lower
recovery time and achieved a higher cycle count. These results
demonstrate that our proposed TMO actuator possesses excellent
mechanical reversibility and long-term operational reliability.

To understand the microstructure of the Co-doped d-MnO2 

actuating material, cross-sectional transmission electron micro-
scopy (TEM) was performed on a fabricated TMO actuator, as
shown in Fig. 3. After the actuator was fabricated through electro-
chemical deposition, instead of peeling it off from the FTO glass 
substrate, the entire FTO glass was placed in a focused ion-beam 
(FIB) system for ion-beam cutting to obtain a smooth cross-
section. A rough TEM sample was lifted, further thinned to electron
transparency, and observed under high-resolution TEM. The scan-
ning electron microscopy (SEM) and TEM images in Fig. 3(a) reveal 
that the fabricated film is dense and contains orientationally com-
plex stripes. The electron diffraction pattern shows symmetric
rings corresponding to the {200}, {400}, and {020} planes of d-
MnO2 [43–46], indicating the nanocrystalline nature and tetrago-
nal symmetry of the material. The atomic force microscopy
(AFM) image in Fig. 3(b) shows the surface topography of the Co-
doped d-MnO2, which has a surface roughness average (Ra) of
332.45 lm. Energy dispersive spectroscopy (EDS) analysis (Fig. 3 
(c)) confirmed that manganese (Mn) and oxygen (O) were the main 
elements, arranged in a uniform distribution. Due to the low con-
tent of the doped Co element, its distribution was not significantly
reflected in the EDS results.

As shown in the X-ray photoelectron spectroscopy (XPS) results
in Fig. 3, the peaks of Co 2p identified in Fig. 3(d) indicate the suc-
cessful incorporation of Co into the material. Fig. 3(e) reveals that 
the binding energies for Mn 2p3/2 and Mn 2p1/2 are 642.50 and 
654.10 eV, respectively, with a spin-energy separation of
11.60 eV, which aligns well with the reported values for d-MnO2

[47–49]. Specifically, the peaks at binding energies of 642.09 and
642.74 eV correspond to Mn3+ [50] and Mn 4+ [51], respectively, 
confirming that Mn exists in a mixed-valence state of Mn3+ and 
Mn4+ . A quantitative analysis based on the deconvoluted peak
areas showed that the amounts of Mn4+ and Mn3+ are 69.44% and
30.56%, respectively. Fig. 3(f) displays the O 1s spectrum, where 
the O-I peak (lattice oxygen) at 530.01 eV is attributed to Mn/ 
Co—O bonds, and the O-II peak (surface defect oxygen) at 
531.38 eV is ascribed to surface hydroxyl groups, oxygen vacancies
(OVs), and adsorbed water. The calculated O-II/O-I area ratio of
0.86 is notably high, suggesting an abundance of active defect spe-
cies on the material surface. Fig. 3(g) presents the Co 2p spectrum, 
where the main peak at 780.66 eV is characteristic of Co3+ . The 
accompanying distinct satellite peak at 782.86 eV serves as clear 
evidence of the presence of Co2+ . Therefore, the incorporated Co 
ions exist in a Co2+ /Co3+ mixed state (evidenced by the Co 2p satel-
lite peak), while Mn exhibits a Mn3+ /Mn4+ mixed valence. This 
finding indicates that Co2+ substitution for Mn4+ sites triggers a
charge compensation effect, reducing adjacent Mn4+ to Mn3+. The
resulting mixed-valence states (Co2+/Co3+ and Mn3+/Mn4+) enhance
electron hopping and bulk electrical conductivity. This enhance-
ment potentially facilitates a more uniform and thorough interca-
lation of hydronium ions (H3O+) by enabling instantaneous charge
balance, contributing to more remarkable actuation and a faster
response.
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Fig. 3. Microstructural features of the d-MnO2 TMO. (a) Cross-sectional scanning electron microscopy (SEM) image of the d-MnO2 actuator after focused ion-beam (FIB) 
cutting and TEM image of d-MnO2. (b) Atomic force microscopy (AFM) image of the surface morphology of d-MnO2. (c) Energy dispersive spectroscopy (EDS) elements maps 
of d-MnO2. (d–g) X-ray photoelectron spectroscopy (XPS) survey scan and narrow-scan analysis of the TMO actuator: (d) survey, (e) Mn 2p, (f) O 1s, and (g) Co 2p. (h) 
Substrate and TMO magnetic hysteresis (MH) curves under vibrating sample magnetometer (VSM) testing. MsA : the saturation magnetization of the actuating and substrate
layers; MsS: the saturation magnetization of the substrate layer; MrA: the remanent magnetization of the actuating and substrate layers; MrS: the remanent magnetization of
the substrate layer; HcA: the coercivity of the actuating and substrate layers; HcS: the coercivity of the substrate layer; 1 emu g−1 = 10−3 A m2 g−1; 1 Oe = 103/(4p) A m−1.

Table 1 
Characteristic parameters derived from the magnetic-hysteresis curve analysis.

Item Characteristic parameters 

(emu g−1 ) 
Ms

(emu g−1 ) 
Mr (Oe)Hc (×10–6 H m−1 )l

Substrate 49.42 11.98 32.71 1.87 
Actuator with TMO 53.63 24.96 37.38 2.97 

Ms: the saturation magnetization; Mr: the remanent magnetization; Hc: the coer-
civity; l: the magnetic permeability.
Meanwhile, the charge imbalance introduced by the low-valent 
Co2+ is further compensated by the formation of OVs. This is 
strongly evidenced by the deconvolution of the O 1s spectrum, 
which shows an exceptionally high ratio of surface defect oxygen 
(O-II, from hydroxyl groups/Vo/adsorbed water) to lattice oxygen 
(O-I) of 0.86, quantifying an abundantly active, defect-rich surface. 
These surface hydroxyl groups and vacancies are pivotal for the 
reversible hydration/dehydration process that drives our actuator,
as they serve as active sites for water molecule interaction. In sum-
mary, Co doping can play an important role in valence-state engi-
neering by systematically modifying the electronic structure and
creating a defect-rich surface chemistry. This modulation directly
underpins the material’s excellent actuation performance and cyc-
lic stability, as reported in our work.

Electromagnetic performance tests were conducted on the sub-
strate layer and actuating layer. The sample was placed in a vibrat-
ing sample magnetometer (VSM; Lake Shore 7404, Lake Shore 
Cryotronics, Inc., USA) and set to vibrate at a certain frequency in 
a uniform magnetic field. The induced electromotive force on the 
sample, which is proportional to the magnetization of the sample, 
was measured to obtain the relationship between the magnetiza-
tion and the applied magnetic field—that is, the magnetic hystere-
sis (MH) curve. Conductivity tests were carried out using the four-
probe method at five random positions on the sample, and the
measured data were taken as the average value for calculation.
The conductivity results indicated that the Ni substrate had a con-
ductivity of 1.47 × 107 S m−1. Upon the addition of a Co-doped d-
MnO2 layer, the overall conductivity of the actuator was reduced
174
to 6.51 × 106 S m−1 , indicating that the TMO weakened the electri-
cal conductivity of the actuator. The MH curves obtained from the
VSM testing, shown in Fig. 3(h), indicate that the actuator with the 
TMO exhibits superparamagnetism. As shown in Table 1, com-
pared with the Ni substrate, the addition of the TMO layer 
increased the maximum magnetic induction intensity from 49.42 
to 53.63 emu g−1 (1 emu g−1 =  10−3 A m2 g−1 ), indicating that 
higher magnetization levels can be achieved under smaller exter-
nal magnetic fields. This can reduce hysteresis and eddy current 
losses, thereby improving the electrical energy conversion effi-
ciency and showing potential for improving the high-frequency 
performance. The TMO also increased the remanence of the sub-
strate from 11.98 to 24.96 emu g−1, increasing the magnetic reten-
tion capability of the material. Moreover, the TMO increased the
magnetic permeability of the original substrate from 1.87 × 10–6

to 2.97 × 10–6 H m−1, indicating an improved ability to propagate
magnetic fields. The coercivity values were 32.71 and 37.38 Oe
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(1 Oe = 103 /(4p)  A  m−1 ), respectively, suggesting that this material 
falls within the category of soft magnets, making it suitable for
applications requiring a rapid response.

3. Electromagnetic simulation of the antenna design and
reconfigurable performance

To pave the way for practical device applications, the perfor-
mance of the antenna designs was simulated by means of the 
COMSOL multiphysics RF module, using the adaptive frequency 
scanning calculation mode in the frequency domain. The electro-
magnetic simulation made use of the asymptotic waveform evalu-
ation (AWE) algorithm, which is a model-order reduction
technique for accelerating frequency-domain analysis, especially
for the fast simulation of wide-band antennas [52]. In this algo-
rithm, a perfect matching layer was used to simplify an infinite 
radiation domain model into a reasonably computable model. 
The simulation results for the antenna electromagnetic radiation, 
including the S11 curve and two-dimensional (2D) and three-
dimensional (3D) far-field gain, were obtained by means of the
software’s built-in post-processing tool. Here, the parameter S11
is the ratio of power reflected by the antenna to the total electro-
magnetic input. The core parameters and values used in the elec-
tromagnetic simulation are given in Appendix A Table S1. 
Besides, Appendix A includes Fig. S1 presenting the model valida-
tion results, Fig. S2 showing the simulation results of dipole anten-
nas with different lengths and widths, and Fig. S3 (based on 
Table S2) providing the simulation results of patch antennas with
various dielectric-layer parameters.

Having confirmed the reliability of the electromagnetic simula-
tion for a dipole antenna with flat radiating units, the radiation
characteristics of a reconfigurable dipole antenna with radiating
Fig. 4. Electromagnetic simulation results of the reconfigurable characteristics of the d
modeling of the TMO actuator under different light intensities. (b) Reconfigurable S11 ch
field gain electric field (E-plane) patterns under different light intensity stimulations. (d
Comparison of the S11 antenna radiation performance for different TMO actuator bendin
TMO actuator bending directions. LH: left handed; RH: right handed.
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units curled to different curvatures were simulated. Fig. 4(a) shows 
the actual shapes of an experimental rectangular actuator illumi-
nated by visible light of different intensities and their theoretical 
replicas in the dipole antenna model. At ambient light intensity, 
the real actuator exhibited some initial curvature (a bending angle 
of 214°) with respect to an axis oblique to the long axis due to 
residual stress effects. Upon exposure to light illumination, the
actuator bent further about this axis. When the light intensity
reached 492 W m−2, the bending curvature diameter was approx-
imately 2.9 mm, with the bending angle increasing to 578.4°. The
corresponding antenna configurations of different bending angles
were simulated by COMSOL, and the simulated S11 curves are
shown in Fig. 4(b). The results indicate that the antenna’s resonant 
frequency increased from 2.70 to 2.88 GHz under increasing light 
stimulation; when the bending angle exceeds 520°, multiple reso-
nant frequencies ranging from 1 to 5 GHz appear on the S11 curve. 
As the bending angle increases, the sub-resonant frequency 
approaches the main resonant frequency, which is advantageous 
for multi-band antenna design. The polarization state of the recon-
figured antenna may shift as the actuator bends, improving the
performance in multipath propagation environments where reflec-
tions and scattering have less impact. The far-field gains at differ-
ent bending angles remained essentially the same; however, the
electric field (E-plane) in the 2D far-field gain diagram rotated as
the actuator bent (Fig. 4(c)). As the bending angle increased from 
214° to 578.4°, the E-plane axis rotated by 14.4°. The above analy-
sis demonstrates that the reconfigurable dipole antenna, utilizing 
the stimulus-responsive TMO actuator, can achieve significant fre-
quency reconfiguration and provide a certain degree of directional
reconfiguration in the antenna radiation direction.

Next, the effect of the curling status of the actuators (left 
handed (LH) or right handed (RH)) on the antenna performance
ipole antenna based on the TMO actuator design. (a) Bending characteristics and 
aracteristics under different light intensity stimulations. (c) Comparison of 2D far-
) Different antenna designs based on the bending direction of the TMO actuator. (e)
g directions. (f) Comparison of the 2D far-field performance (E-plane) for different
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was investigated. As shown in Fig. 4(d), three structural designs 
were examined—namely, central symmetry, mirror symmetry-
reverse, and mirror symmetry—with all bending angles reaching
a maximum of 578.4°. The S11 curves (Fig. 4(e)) reveal that the 
main resonant frequencies of the antennas under the three config-
urations are nearly identical. However, the sub-resonant frequen-
cies under the mirror symmetry design appear as two distinct 
peaks that are closer to the main resonant frequency. This behavior 
can be attributed to the fact that the monopoles on either side of 
the antenna exhibit opposite circular polarization directions—LH
and RH, respectively. Since LH and RH are nearly orthogonal to
one another, the efficiency of an LH antenna in receiving RH sig-
nals, and vice versa, is extremely low. Consequently, the LH + RH
configuration is more conducive to multipath and multi-mode
transmission. As shown in Fig. 4(f), the 2D far-field gain analysis 
indicates that only the direction map of the central symmetry 
design undergoes rotation, while those of the two mirror symme-
try configurations are the same.

The last set of electromagnetic simulations concerned anten-
nas of different shapes, as shown in Fig. 5(a)—that is, rectangular 
(simple dipole), triangular (bow tie), and sickle (Vivaldi)—while 
the lengths of all three structures were identical. Furthermore, 
the antennas bent in response to stimulation were modeled
according to the actuation characteristics of their respective actu-
ators. The S11 curves (Fig. 5(b)) indicate that, for the same length,
Fig. 5. Electromagnetic simulation results of the dipole antenna with different TMO act
states. (b) Comparison of S11 simulation results for the antenna with different TMO actu
antenna with different TMO actuator shapes (rectangle and bow tie).
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the main resonant frequency of the rectangular dipole antenna is 
2.65 GHz with a minimum S11 value of −13.5 dB, that of the bow 
tie antenna is 2.19 GHz with a minimum S11 value of −25.8 dB, 
and that of the Vivaldi antenna is 6.765 GHz with a minimum S11 

value of −9.6 dB. It can also be observed that the frequency 
reconfiguration ranges of dipole antennas based on actuators 
with different shapes vary. According to the degree of bending 
in the model, the reconfiguration ranges of the rectangular and
Vivaldi dipole antennas are 0.23 and 0.42 GHz, respectively,
while the bow tie antenna achieves a frequency reconfiguration
range of 1.73 GHz. This significant improvement is attributed
to the bow tie structure, in which the bending behavior induced
by stimulation is less constrained in the width direction; as a
result, the curling direction approaches axial bending, substan-
tially altering the effective length of the radiating element. The
2D radiation patterns in Fig. 5(c) show that both the rectangular 
and bow tie antennas are omnidirectional. The E-plane radiation 
pattern of the rectangular dipole antenna exhibits significant 
rotation, whereas the bow tie antenna shows little variation. This 
is because, when the curling direction forms an angle with the 
absolute axial direction, beam shaping is induced. Based on these
results, a reconfigurable antenna with a resonant frequency
range from 2.65 to 6.765 GHz can be designed by modifying
the shape, offering multi-band adaptability while maintaining a
constant length.
uator shapes. (a) Different TMO actuator shape designs in the original and bending 
ator shapes. (c) Comparison of the 2D far-field simulation results (E-plane) for the

move_f0025


C. Zou, F. Deng, B. Xiang et al. Engineering 64 (2026) 169–182
4. Measurement and energy harvesting application of a 
reconfigurable bow tie antenna based on the stimuli-responsive
actuating TMO

In this section, an experimental implementation and applica-
tions of reconfigurable antennas based on the Co-doped d-MnO2 

TMO actuator are demonstrated. Of the three antenna shapes sim-
ulated by COMSOL, the bow tie configuration was selected here for 
two reasons: First, the bow tie antenna is well known for its wide-
band characteristics, good radiation pattern, wide operating fre-
quency band, and suitability for applications requiring wide
frequency coverage. Second, the results in Fig. 2(b) show that the 
bow tie antenna has the best actuation responsiveness to light 
stimulation, giving it the highest reconfigurability among the three
antenna types studied herein.

After the preparation and testing of the TMO actuators shown in
Figs. 1 and 2, the assembly of a bow tie antenna was carried out. As
Fig. 6(a) shows, the dipole antenna consisted of two TMO actuators 
symmetrically bonded to the surface of a printed circuit board 
(PCB) using nano silver paste. The feed lines for the antenna had 
widths of 2 mm (bow tie-narrow, referred to as BT-N) and 6 mm 
(bow tie-wide, referred to as BT-W), with the 6 mm feed line posi-
tioned at the edge of the PCB. To accommodate the surface-
mounting of the TMO actuators on both the front and rear sides
of the PCB, vias were designed at the edge of the 6 mm feed line.
This design ensured that the TMO actuators could be properly
Fig. 6. Relationship between the bending curvature radius of the bow tie antenna and
antenna assembly and definition of stimulation directions. (b, c) Relationship between th
surface and (c) side-direction stimulation. (d–f) Relationship between the antenna’s
stimulation for actuators made with different electrodeposition times: (d) t = 15 min, (e)
bow tie-narrow; N-CR: narrow-curvature radius; W-CR: wide-curvature radius.
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mounted and connected to the PCB, enabling the antenna’s recon-
figurability and allowing for dynamic adjustments in its radiation 
characteristics through the actuation process. Three stimulation
directions of the light source were investigated (Fig. 6(a)): ① per-
pendicular to the top surface of the TMO (the negative direction of 
the Z-axis), ② parallel to the direction of the line connecting BT-W
and BT-N (the X-axis), and ③ perpendicular to the direction of the
line connecting BT-W and BT-N (the X-axis).

Video S2 and Figs. 6(b)–(d) present the relationships between 
the bending radius of the antenna and the light stimulation inten-
sity under the three different stimulation directions. The results 
indicate that the bending radius of the antenna decreased with 
increasing light intensity in all cases. Among them, the top surface 
stimulation exhibited the greatest change in the bending radius, 
with a maximum of 250 mm; however, once the light intensity 
reached saturation, the deformation of the antenna consistently 
fluctuated within a range of 20 mm. For side-direction stimulation 
and axial-direction stimulation, the bending radii were 45 and
40 mm, respectively. This is because the incident angle of the light
with respect to the driving layer was significantly reduced, result-
ing in a smaller effective area participating in actuation. Compared
with the axial and lateral stimulations, which failed to fully acti-
vate the TMO actuators, top stimulation offered the best advantage
of enabling more uniform shape adjustment. It allowed for satura-
tion stimulation, activating the majority of the TMOmaterial in the
actuator to achieve the antenna’s reconfigurable functionality.
 the intensity and direction of light stimulation. (a) Schematic diagram of bow tie 
e antenna’s bending curvature radius and light stimulation intensity under (b) top-
bending curvature radius and light stimulation intensity under axial-direction

t = 20 min, and (f) t = 25 min. PCB: printed circuit board; BT-W: bow tie-wide; BT-N:
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These results demonstrate that the reconfiguration amplitude of 
the bow tie antenna is approximately proportio nal to the illumi-
nated area of the TMO by the light source.

As shown in Figs. 6(d)–(f), the impact of different electrochem-
ical deposition times on the bending curvature radius under axial 
stimulation was significant. As the deposition time increased from 
15 to 25 min, the maximum change in the bending curvature 
radius decreased sharply from 40 to 18 mm. This occurred because, 
as the deposition time increased, the thickness of the driving layer
significantly increased. Although more channels for water mole-
cule and ion diffusion are created in a thicker TMO, the elastic stiff-
ness of the driving layer also increases, which reduces the bending
curvature at the same light intensity and decreases the sensitivity
to light intensity variations.

The S-parameters of the bow tie antenna based on the Co-doped 
d-MnO2 actuator were measured using a VNA. The antenna was 
connected to the VNA through the feed lines, with the outer con-
ductor of the antenna grounded and the inner conductor connected 
to the signal source of the VNA. The signal source injected electro-
magnetic power into the antenna, part of which was radiated out 
by the antenna, while the remainder was reflected. The parameter 
S11—that is, the ratio of reflected power to total electromagnetic 
input—was measured as a function of the frequency, and the fre-
quency corresponding to the lowest point of the S11 curve (below
−10 dB) was considered the characteristic frequency of the
antenna. Next, the frequency reconfigurability of the antenna
was tested by adjusting the working parameters of the TMO actu-
ator. In this process, the VNA not only recorded the variations in
the S11 curve under different excitation conditions but also further
analyzed the frequency response changes of the antenna under
various stimulus conditions, enabling dynamic adjustment and
optimization of the antenna’s performance. The bow tie antenna
with the actual structure was also simulated in CST.

As shown in Fig. 7(a), the bow tie antenna achieved frequency 
reconfiguration in three statuses under light stimulation: both
Fig. 7. S11 curve results for the bow tie antenna under different reconfiguration statuse
results for the three reconfiguration statuses 1, 2, and 3, respectively.
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sides open, one side open, and both sides closed. The most striking 
effect of the antenna’s reconfigurability was offered by the open/ 
closed states of the two radiating units, which permitted switcha-
bility of the antenna’s radiation frequency between three values
(Figs. 7(b)–(d))—2.31, 4.11, and 6.81 GHz—with the maximum 
reconfigurability being 6.81 GHz, which represents a 195% increase 
compared with the initial frequency of 2.31 GHz. The reconfig-
urable process of the bow tie antenna under optical stimulation
is demonstrated in Video S3. 

As illustrated in Figs. 7(b)–(d), the experimental measurements 
exhibit good agreement with the full-wave simulations, particu-
larly regarding the fundamental resonant modes and reconfigura-
tion trends. Specifically, for the initial state (status 1) and the 
one-side actuation status (status 2), the measured resonant fre-
quencies of 2.31 and 4.11 GHz align remarkably well with the sim-
ulated predictions of 2.37 and 4.14 GHz, respectively. This 
quantitative agreement confirms that our simulation model, based 
on the constant-curvature approximation, accurately captures the 
electromagnetic behavior of the antenna under moderate deforma-
tion. Regarding the fully actuated state (status 3), while both the 
simulation and experiment confirmed a significant upward fre-
quency shift, we observed that the measured resonant frequency 
(6.81 GHz) was slightly higher than the simulated value 
(6.26 GHz). This deviation is primarily attributed to geometric
nuances at large deformations; the actual TMO actuator likely
undergoes tighter physical curling at the tips than the idealized cir-
cular arc modeled in COMSOL or CST, resulting in a shorter effec-
tive electrical length and thus a higher resonant frequency.
Furthermore, the minor ripples and slight impedance discrepancies
observed in the measured spectrum can be ascribed to parasitic
effects introduced by the manual nano-silver paste bonding and
the non-ideal subminiature version-A connector transitions, as
well as the complex permittivity of the porous, electrodeposited
TMO material, which cannot be perfectly represented by a homo-
geneous block in the simulations. Despite these inevitable
s. (a) Schematic diagrams of the three reconfiguration statuses. (b–d) Measured S11
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Table 2 
Reconfigurable functionality of antennas made from different smart actuating materials.

Reconfigurable 
types 

Antenna type Material function Material type Actuating threshold Reconfigurable ranges 

Monopole [21] Pattern RF component EAP 3 V DC voltage 67° angular deformation
Monopole [22] Pattern Flexible hinge EAP — Rotation angle 60 °

TC5005 silicone
elastomer

Monopole [22] Pattern Hinge 10 kV mm−1 Maximum rotation 40 °

SMA elongates or 
contracts with
temperature

Helix antenna [24] Pattern SMAs 100–200 mA DC Frequency: 4.4–4.7 GHz

PIFA [25] Frequency — PZT — Frequency: 1.15–1.23 GHz
Bow tie [53] Frequency Hinge VO2 68 °C Frequency: 4.55–4.65 GHz

TC5005 silicone
elastomer

Patch [54] Frequency RF component — Frequency: 1.3–3.0 GHz

Pattern and
frequency

Patch [55] Changes the gap 
between the radiation 
plane and ground plane

Dielectric elastomer 0–8 V lm−1 Pattern: variation 
Frequency: 1.56–1.57 GHz

Pattern and
frequency

Dielectric resonator antenna [56] Applies an external 
bias to change its
dielectric constant

Ba0.7Sr0.3TiO3 — Frequency: 5.60–6.15 GHz

Millimeter-wave tri-band antenna
[57] 

Pattern and
frequency

Phase transition
temperature

State 1: 27.7–29.8 and 38.8– 
40.0 GHz 
State 2: 21.1–21.6 and 38.6–
40.0 GHz

Temperature changes 
cause material phase 
transitions, enabling 
the transformation
from insulating state to
metallic state

VO2 

Pattern and
frequency

Millimeter-wave reconfigurable 
antenna [58] 

— — — State 1: 24.9–27.1 GHz 
State 2: 27.6–31.8 GHz

Pattern and
frequency

Germanium doping 
successfully changes 
the transition 
temperature of the
material

Phase transition
temperature

Single-switch antenna [59] Ge-doped VO2 State 1: 1.33 and 5.5 GHz 
State 2: 3.93 and 5.5 GHz

Pattern and
frequency

Doping concentration
control

Dielectric resonator antenna [60] Dopants of transition 
metals affect the
dielectric properties

(Sm1–xCax) 
(Nb1–xMox)O4 

(x = 0.15–0.7)

Frequency: 7.75–7.76 GHz

Pattern and
frequency

Dipole 
(present work)

RF component Co-doped d-MnO2 Stimuli light intensity ≥ 
176 W m−2

Frequency: 2.31–6.81 GHz
fabrication-related uncertainties, the simulation successfully vali-
dates the proposed geometry-driven frequency tuning mechanism.

Table 2 [21,22,24,25,53–60] summarizes the reported perfor-
mance of reconfigurable antennas prepared with different materi-
als. While the cited works primarily leverage changes in dielectric 
properties or phase transitions to achieve frequency/state reconfig-
urability, our system integrates a passive actuator (Co-doped d-
MnO2 on Ni–Au) that directly induces geometric reconfiguration 
of the antenna by generating reversible mechanical stress under 
ambient stimuli (e.g., light), thereby simultaneously modulating 
the operating frequency and radiation pattern. In addition, our pro-
totype unifies actuation and radiation within a single structure, 
enabling the antenna to respond to multiple ambient factors with-
out auxiliary control circuitry, which is not achieved in most previ-
ous works. Also, the layered actuator design with ultrathin
electrodeposited Ni–Au and Co-doped d-MnO2 offers large strain,
rapid response, and convenient fabrication, distinguishing it from
other actuating systems that rely on external biasing or thermal
control. Therefore, a comparison of the research results of this
work with those of previous studies indicates that the present pro-
posed antenna is especially suited for energy harvesting and adap-
tive communication at edge nodes, advancing the concept of
intelligent, environment-responsive antennas for next-generation
wireless networks.

To demonstrate a broader application for energy harvesting, the 
antenna was connected to a rectification module for converting an 
alternating current (AC) electrical signal sent by a horn and
received by the antenna into a DC electrical signal. As shown in
Fig. 8, a small light-emitting diode (LED) light was connected to 
the rectification circuit, which had a fixed rectification frequency
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of 2.45 GHz. When the light intensity and humidity of the environ-
ment in which the TMO-based antenna was located changed, the 
curling or stretching of the antenna caused the LED to turn on or 
off, demonstrating the functionality of environmental signal detec-
tion. The rectenna system demonstrates that TMO-induced geo-
metric reconfiguration can directly couple environmental stimuli
to energy harvesting and autonomous decision-making, as shown
in Fig. 8(a). The system comprises a TMO bow tie antenna inter-
faced with an e-peas AEM30940 2.4 GHz evaluation board, which 
integrates dual on-board matching networks and rectification 
stages for 50 X single-ended inputs and exposes multiple configu-
ration and status pins via header connectors. This arrangement 
eliminates the need for custom RF circuitry, greatly simplifying 
the proof-of-concept assembly. In our configuration, the high volt-
age was set to deliver 3.3 V and the low voltage to 1.8 V, with the
board’s preset storage-protection and regulation statuses enabled.
The maximum power point tracker (MPPT) was fixed at the recom-
mended 50% open-circuit voltage for the implemented 2.4 GHz
matching network, ensuring optimal RF-to-DC conversion effi-
ciency under our experimental conditions. For direct visualization,
as shown in Fig. 8(b), a miniature LED load was connected to the
board.

As shown in Appendix A Videos S4 and S5, the signal was gen-
erated by a generator (E4433B, Agilent Technologies, USA) during 
the demonstration, and the rectenna was continuously illuminated 
by a 2.45 GHz horn transmitter, with the TMO actuator driven 
solely by ambient light and humidity, without any electrical con-
trol input. In the ‘‘open” configuration of the radiating elements,
the antenna resonance was near 2.4 GHz, closely matching the
rectifier’s operational band. In this state, the AEM30940 rapidly
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Fig. 8. Applications in energy harvesting. (a) A rectenna system based on a TMO bow tie antenna. (b) Demonstration of energy-harvesting performance under light 
stimulation and the subsequent recovery process using an LED. The antenna resonance was near 2.4 GHz in the initial configuration without light stimulation, closely 
matching the rectifier’s operational band to cause the AEM30940 to keep the LED lit. Under light stimulation for 1.15 s, the antenna reconfigured to shift the resonance to
6.81 GHz, severely detuning the antenna from the rectifier band and causing the LED to extinguish. Turning off the light illumination caused the antenna to recover and the
LED to light up again after 2.75 s.
cold-started, charged the storage element, and sustained the 3.3 V 
rail to keep the LED lit. In contrast, under high-illumination or low-
humidity conditions, after 1.15 s, the elements ‘‘closed,” shifting 
the resonance to 6.81 GHz and severely detuning the antenna from 
the rectifier band. The harvested power dropped sharply, the stor-
age voltage fell below the protection threshold, and the LED extin-
guished. When the illumination stimulus was removed or the
ambient humidity of the antenna was increased, the elements ‘‘re-
opened” after 2.75 s and the resonance frequency returned to near
the rectification frequency, causing the LED to light up again. The
cold-start, power-down, and pin responses correlated precisely
with the predicted spectral detuning, confirming the
environment-triggered frequency-tuning mechanism.

This setup constitutes a passive ‘‘wake-on-environment” rec-
tenna architecture, in which ambient stimuli reshape the radiator 
geometry, thereby altering the impedance match at 2.45 GHz and 
driving the energy subsystem across its internal turn-on/off 
thresholds—without any control wiring, biasing, or microcontroller
intervention. Leveraging the configurability of the evaluation
board, the same approach can be seamlessly extended to diverse
storage elements such as batteries and supercapacitors, as well
as to ultra-low-power sensor platforms. Fig. 8 presents the com-
plete chain from stimulus to load actuation: the 2.45 GHz excita-
tion source, the TMO frequency-tunable antenna, the rectifier 
operating at its 50% MPPT point, and the LED switching events,
which exhibit close agreement with the predicted spectral detun-
ing, thus closing the loop between materials actuation, antenna
physics, and power-management logic.

5. Discussion 

The core reconfiguration mechanism of the TMO antenna is fun-
damentally linear and quasi-static. The frequency shift is achieved 
through a reversible mechanical deformation of the antenna struc-
ture, driven by the TMO actuator’s response to light. This process 
does not involve nonlinear electronic components (e.g., diodes or
varactors). At any fixed actuated state, the antenna operates as a
passive, linear radiator. Any potential nonlinearity would be mini-
mal and extrinsic to the actuation principle, and could theoretically
arise from material interfaces at extremely high, non-operational
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RF power levels or minor hysteretic effects in the TMO’s mechani-
cal response cycle. For the targeted low-power, narrowband appli-
cations (e.g., Internet of Things (IoT) edge nodes), these effects are 
negligible. Crucially, harmonic generation and intermodulation 
distortion (IMD) are not expected to occur under normal operating
conditions, as the reconfiguration is not RF-triggered. Therefore,
our antenna does not pose the interference risks associated with
conventional electrically reconfigurable designs.

Combining the antenna simulation and measurement results in
Fig. 7, it can be observed that multiple secondary resonance peaks 
appear. However, the simulation in Appendix A Fig. S4 (using the 
dielectric property data from Appendix A Tables S3 and S4) indi-
cates that the dielectric properties of the driving layer do not affect 
the radiation performance of the dipole antenna within the current 
frequency range and do not generate additional secondary reso-
nance peaks. This finding leads to a more refined explanation: 
The experimental sub-resonance likely originates from parasitic 
effects due to practical, non-ideal interfaces and assembly, which 
are challenging to model with perfect fidelity. Potential sources 
include microscale gaps or contact resistances at the TMO/Ni–Au 
junction, stray coupling from electrical connections or the test fix-
ture, and localized inhomogeneities in the electrodeposited film. 
Notably, the manual peeling of the actuator from the FTO substrate
post-electrodeposition may introduce microscale edge roughness
and stochastic geometric variations (e.g., local curling or thickness
fluctuations). At microwave frequencies, such imperfections can
act as parasitic scattering centers, perturbing the surface current
distribution and exciting localized modes, which may account for
the measured S11 sub-resonance. This underscores the sensitivity
of the antenna’s electromagnetic response to mechanical integrity
and highlights a key focus for future process optimization. Regard-
ing the radiation efficiency and polarization characteristics of the
antenna, as shown in Appendix A Figs. S5 and S6, the simulation 
results demonstrate that the antenna maintains high radiation effi-
ciency and stable linear polarization in all reconfigured statues.

The TMO actuator does require a threshold optical intensity to 
initiate a measurable response. In our experiments, effective and 
reversible actuation was achieved at intensities on the order of
176–620 W m−2, which is within the output range of natural illu-
mination. Although it is not weak ambient light, this requirement
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is compatible with directed, purposeful stimulation for device con-
trol. A primary trade-off exists between intensity and response 
speed: Higher intensities lead to faster actuation, while lower 
intensities or intermittent illumination can achieve the same 
deformation over a longer period, which may be suitable for appli-
cations prioritizing energy efficiency over speed. At the same time, 
as the TMO actuator contains a humidity-sensitive material, the 
actuation performance is inherently coupled to the ambient envi-
ronment. Performance can vary under extremely dry conditions.
Our long-term reliability tests demonstrated robust cyclic stability
in a controlled, high-humidity environment, confirming the
mechanical reversibility of the hydration/dehydration process.
However, like many responsive materials, long-term exposure to
extreme conditions or certain chemical environments could
degrade performance, highlighting the need for potential encapsu-
lation strategies in future practical deployments.

Looking forward, a paramount challenge for the future—as high-
lighted by the need for advantageous reconfiguration—is to evolve 
these devices from being merely responsive to being intelligent. 
While this prototype demonstrates passive reconfiguration, its 
response can be engineered for strategic benefit. Future efforts will 
focus on programming the antenna’s behavior through several ave-
nues: ① material-level programming, by selecting stimuli-
responsive actuating materials with activation thresholds that 
align with specific system needs (e.g., shifting to a lower-loss fre-
quency band when humidity indicates impending rain); ②
mechanically biasing the structure to favor stable, predetermined
resonant states; and ③ hybrid approaches, in which an ultra-
low-power sensor node uses minimal logic to trigger the antenna’s
reconfiguration only when it would improve link reliability or
energy-harvesting efficiency. Thus, the platform demonstrated
here provides the foundational material-to-electromagnetic trans-
ducer for a new class of cognitively adaptive edge devices.
6. Conclusion s

A frequency-reconfigurable dipole antenna based on a Co-
doped d-MnO2 TMO actuator was proposed and demonstrated in 
this paper via both numerical simulations and experimental inves-
tigations. Frequency tuning of the antenna was achieved by the 
actuating TMO driving the bending of the antenna’s radiating ele-
ments under light stimulation, and multi-level reversible regula-
tion was realized by adjusting the intensity of the light stimulus. 
Simulations compared the effects of antenna shape and size design 
on radiation performance and investigated the changes in the S11 

curve at different bending degrees. Experiments compared the
relationship between the bending radius of the antenna and the
intensity and direction of light stimulation. The results showed
that the frequency reconfiguration range of the bow tie antenna
fabricated with this TMO material was 2.31–6.81 GHz, represent-
ing a 195% increase compared with the initial operating frequency.
This result indicates that the actuator prepared with Co-doped d-
MnO2 TMO has good application potential in new-generation
adaptive wireless communication smart antennas.
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