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FIGURE 6. Schematic illustration of the fabrication process.

be reduced by optimizing overlap or adaptive power control.
From a circular economy perspective, the self-healing ma-
terial systems and device architecture enable both life-cycle
extension and resource recovery after use. The supramolecular
elastomer matrix supports reprocess ability and autonomous
damage repair, allowing fractured regions to be rejoined
and functionality to be restored. Additionally, the materi-
als can be selectively dissolved, enabling recovery of liquid
metal phase, which can be reused in subsequent ECLME
formulations or as a conductive filler in related systems.
At the device level, the adhesive free integration strategy
facilitates non-destructive detachment of surface-mounted
IC components, allowing their reuse after cleaning. These
features support repair, reuse, and recycling at both the ma-
terial and component level, reducing losses and electronic
waste.
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FIGURE 7. Schematic illustration of the bonding and electrical interfacing
of the RFID IC tag with the radiator.
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FIGURE 8. Optical micrographs of the antennas and RFID IC tags.

B. EXPERIMENTAL SETUP

In this study, the performance and self-healing functionality
of two slot-type RFID elastomeric tags were experimentally
evaluated. A total of 41 tag prototypes were prepared in-
cluding 23 diamond slot- and 18 elliptical slot-type tags. All
measurements were conducted inside the Voyantic Tagfor-
mance Pro RFID measurement system. Fig. 11 shows the
wireless test setup in an anechoic chamber, with the tag under
test positioned in front of a reader antenna.

The tag was oriented to match the reader’s horizontal po-
larization, and planar (XY-plane) measurements confirmed
that the tag’s peak gain occurred along the y-axis. The used
reader antenna was a Voyantic Standard Patch (8 dBi gain,
horizontal linear polarization). The RFID measurement sys-
tem swept frequencies from 800 MHz to 1000 MHz with
adjustable output power up to 30 dBm under software control;
its receiver sensitivity to backscatter signals was approxi-
mately —80 dBm. Initially, the wireless link was calibrated
utilizing a manufacturer-provided reference tag with known
properties.

For each frequency, the minimum continuous transmit
power required to elicit a valid ISO 18000-6C response from
the prototype tag, was recorded and denoted Py. The read
range is determined based on this threshold power, which
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FIGURE 9. 3D-surface topography and line height/roughness for diamond
slot antenna.
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FIGURE 10. 3D-surface topography and line height/roughness for elliptic
slot antenna.

FIGURE 11. (a) Prototyped self-healing slot-type passive UHF RFID tag and
(b) measurement setup in the anechoic chamber.

inherently accounts for the received signal strength through
the link budget, as described by the Friis transmission prin-
ciple. Using this threshold power together with the reference
tag’s measured threshold (Py+), the reference tag’s frequency-
dependent sensitivity constant (A), and the reader’s maximum
allowable (EIRP), the maximum read range of the tag can be
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FIGURE 12. Comparison of measured read ranges (solid lines) with the
simulated results (dashed lines) as a function of frequency for the selected
prototypes: (a) Elliptical slot- and (b) diamond slot- antennas.

computed by [22]:

A |EIRP Py,

E A Pth’

dtag = 3
where A is the free-space wavelength. We first measured
all pristine prototypes of both slot type designs to establish
baseline performance metrics as a reference for post-damage
comparisons and for monitoring the healing process. We then
introduced mechanical damage by making a single, randomly
placed cut that severed one side of the radiator of selected
high-performing tags from each slot design. We evaluated
performance primarily through read range, as it directly re-
flects the functional integrity of passive RFID tags. The
following sections present the performance of the undamaged
prototypes and analyze the recovery after autonomously self-
healing from mechanical damage.

C. WIRELESS PERFORMANCE OF PRISTINE TAGS

From the full set of 41 pristine RFID tag prototypes, two rep-
resentative tags were selected from each slot type design for
further testing based on their stable and maximum read range
at the desired frequency band, to enable a clear comparison
of the self-healing behavior. The remaining samples showed
similar trends in performance and recovery, with variations
mainly attributed to fabrication tolerances. Fig. 12(a) and
(b) present the measured read ranges (solid lines) alongside
simulated results (dashed lines) as a function of frequency
for the selected prototypes. The experimental data closely
match the simulations, particularly within the frequency range
of 880-950 MHz for both antennas, validating sufficient ac-
curacy of the electromagnetic models. The higher measured
read range between ~800-900 MHz is consistent with the ex-
pected wavelength scaling and a small additional link margin



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

POURNOORI ET AL.: SELF-HEALING PASSIVE UHF RFID ELASTOMERIC TAGS BASED ON SLOT-TYPE ANTENNAS

TABLE 1. Comparison of Flexible UHF RFID Tags

Antenna o )
Ref geometry Antenna type Substr‘ate Conduct.1v1ty o Freq. diag Gal.n Tag IC
(mm?) material material (kS/m) | (MHz) (m) (dBi)
[2] 110x12 Loop Polyamide Silver ink N/A 868 5 1.79 100
[5] 130x 49 Loop Paper Graphene ink 30 915 0.42 N/A SLY900A
NXP
[7] 117x 26 Meander line Paper Silver trace N/A 910 N/A -11.87 SL3S1213
UCODE G2iL
Graphene Impinj Monza
[23] 81.5x14 Loop PET assembly film 1600 915 12 -2.5 R6
(GAF)
[24] 75%45 Dipole Polyamide Silver ink N/A 868 1.1 0.661 SL900A
Externally fed
48x46 folded dipole, 0.4 1.240.2,
[25] 41x46 Internally fed PEN Silver ink 5000 915 0.4 -1.140.1, SLY900A
51%20 folded dipole, 0.9 1.15
meander monopoles
[26] | 55x36 Loop Glass PEDOT:PSS 15 900 | 075 | 86 Impmi{ lg/lonza
This | 100x100 Diamond slot self-healing 67 | -138 | NXPUCODE
work | 57.5x38.8 Elliptical slot clastomer ECLME 20 o15 5.8 -1.96 G2iL
(EC7-CNT)

arising from practical implementation effects, most plausibly
chip attachment parasitic and modest frequency dependence
of the effective IC activation threshold, which are not fully
accounted for in the simulation-based link-budget prediction
of read range. In general, the simulations are based on ideal-
ized assumptions, while the measurements include fabrication
tolerances and material nonuniformity, making the measured
results more representative of the actual tag performance. The
elliptical slot prototypes (S; and S;) achieved read ranges
of 6.7 m and 5.3 m at 915 MHz and the diamond slot pro-
totypes (D and D;) reached 5.8 m and 5 m. These results
are consistent with typical UHF RFID performance standards
and highlight the practicality and performance stability of the
proposed self-healing tags. The close alignment between mea-
sured and simulated values confirms the practicability of the
design and the predictable RF performance of ECLME con-
ductor. Despite the self-healing conductor limited electrical o
in comparison to metals, the prototypes achieve practical read
distances (see Table 1), comparable to or exceeding those of
conventional flexible RFID tags. These findings demonstrate
the applicability of the developed self-healing tag platform
for real-world use, particularly in wearable electronics and
mechanically demanding environments.

D. ANTENNA PERFORMANCE AFTER MECHANICAL
DAMAGE AND HEALING CONDITIONS

To evaluate the self-healing performance of the prototypes, we
subjected both diamond- and elliptical slot RFID tag antennas
to controlled mechanical damage. A single straight cut was
manually introduced on each antenna using a sharp metallic
blade, oriented parallel to the antenna’s slot and the attached
RFID tag IC. Fig. 13 shows a photographic sequence of this

Elliptical-slot tag antenna
euuajue bej jojs-puowe|q

(c)

FIGURE 13. Photographs of: (a) Pristine self-healing slot antenna
prototypes, (b) the antenna after being cut, and (c) the antenna following
the self-healing period.

procedure: (a) pristine self-healing slot antennas, (b) the an-
tenna after being cut, and (c) the antenna after the healing
period.

Each mechanically damaged tag was then allowed to self-
heal autonomously under the same ambient conditions. The
tag performance was measured immediately after cutting and
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FIGURE 14. Optical micrographs of the healing process at intervals of
1 min, 5 min, 6 h,12 h, and 24 h.

at fixed intervals after self-healing for 1 min, 5 min, 2 h, and
24 h to quantify functional recovery. The results indicate that
both antenna designs retained partial functionality immedi-
ately after the cut and exhibited rapid performance recovery
over time. As shown in Fig. 13, upon mechanically induced
damage, the confined LMMPs within the 3D supramolecular
elastomer network become exposed at the cut surface, while
polymer chains reversibly dissociate at the damage site. The
applied mechanical force overcomes surface tension which
fragments the exposed LMMP regions into smaller droplets.
Immediately after the damage, the material system minimizes
the free energy of this high-order state through surface ten-
sion driven material flow, resulting in an upward and inward
deformation of the elastomer at the cut interface (Fig. 14,
Video S1). This deformation gives rise to a bright, continu-
ous ridge along the cut direction, which is attributed to the
localized LMMP exposure and rupture of the porous surface
oxide layer at the damage interface (Fig. 14). This rapid
shape recovery brings neighboring LMMP-rich regions into
contact within minutes, enabling early electrical reconnection
across the damaged site even before full morphological self-
healing is achieved. Concurrently, the high Laplace pressure
in smaller LMMP droplets (arising from their high curvature)
drives their re-coalescence into larger droplets, reducing the
total surface area and surface energy. As the damaged area
decreases and surface tension reduces, a transition to entropy-
driven self-healing occurs, where polymer chains interdiffuse
and relax toward equilibrium, facilitated by reversible O-H
and B-O bonds exchange within the dynamic elastomer net-
work. Over longer timescales (Movie S1), this process leads to
surface smoothing, highly localized porous oxide reformation
on some of the re-coalesced LMMPs, and restoration of the
pristine morphology, consistent with the later stages of crack
healing [10].

In preliminary trials with PEDOT:PSS-based elastomers
[12], thinner conductors (e.g., 100 wm) became completely
non-functional after a similar cut, even after extended heal-
ing. In contrast, all prototypes in the present study retained
a degree of functionality immediately after damage, despite
having a conductive path with a thickness of only ~25 pm.
The selected diamond slot tags (D; and D) with initial read
ranges of 5.8 m and 5 m at 915 MHz exhibited an immediate
drop to roughly 0.4 m and 0.3 m after the cut, respectively,
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FIGURE 15. Read range of prototype tags before and after single straight
cut for selected prototypes at 915 MHz.

indicating that the ECLME based conductive network was
partially compromised but not entirely severed. Over the sub-
sequent self-healing periods, the read range of these tags
gradually improved which was consistent with the optical
micrographs (Fig. 14). After self-healing for 24 h, D and D;
recovered to about 5.6 m and 5 m, corresponding to approxi-
mately 96.6% and 100% self-healing efficiency, respectively.
A similar recovery trend was observed for the elliptical slot
tags (S; and S;), which both experienced initial drops in
read ranges to 0.2 m after the damage. Both tags showed
measurable recovery shortly after the cut, with performance
continuing to improve over time with the dynamic reorgani-
zation of ECLME-based conductive network. After 24 hours,
the read ranges of S; and S, approached their respective
initial values, demonstrating complete restoration of the UHF
RFID antenna performance despite complete mechanical bi-
section. This full recovery confirms the material’s ability to
autonomously restore functionality after a controlled unidi-
rectional cut. Both the elliptical- and diamond slot antennas
showed analogous recovery patterns. Fig. 15 illustrates the
measured read ranges of the selected prototypes as a function
of frequency for the pristine state and the recovered state after
various self-healing interval periods. Table 2 summarizes the
read range recovery for each antenna design after the single
straight cut for each self-healing interval times at 915 MHz.
The table also reports the calculated self-healing efficiencies
(Mrag) for each case, defined as the percentage of the tag’s
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TABLE 2. Read Range of Prototype Tags Before and After Single Straight
Cut for Selected Prototypes at 915 MHz

Read range (m) o
- After cutting Neag ()
Pristine 1 5 2 24 1 5 2 24
m® m h¢ h m m h h
Si | 6.7 6.5 | 65| 65 | 6.7 97 97 97 100
S; | 53 51 53|53 |53 962 | 100 100 100
D: | 5.8 54 | 54|56 |56 931|931 96.6 | 96.6
D, | 5 4.7 5 5 5 94 100 100 100
 Selected Prototypes
b Minute
 Hour

post self-healing performance to its initial performance in the
pristine state. The corresponding formula is,

drag (sel f — healed tag)

%) =
Miag (%) drag (pristine)

x 100%.  (4)

These results demonstrate that RFID elastomeric tags can
fully regain their functionality even after significant mechan-
ical damage. This recovery validates the material’s resilience
and highlights its potential for reliable operation in mechan-
ically demanding environments. In this study, the damage
evaluation was limited to a single straight cut to ensure a
controlled and repeatable assessment of the self-healing per-
formance. More complex damage scenarios, such as different
cut orientations, multiple cuts, repeated damage and healing
cycles, will be addressed in our future work.

IV. CONCLUSION

This work demonstrated two self-healing passive UHF RFID
elastomeric tag antennas with diamond- and elliptical slot
geometries, fabricated on an elastomer substrate using a
liquid metal-based conductive blend. By increasing the self-
healing conductor o to ~20 kS/m, improved impedance
matching and stable radiation performance were achieved
across the 860-960 MHz band. The prototypes provided
read ranges of 5-6.7 m, with measurements closely agreeing
with simulations. Post-damage evaluations confirmed rapid
functional restoration, with selected tags achieving 93-100%
self-healing efficiency and, in some cases, outperforming sim-
ulated expectations. These results validate the feasibility of
reliable self-healing RFID antennas for resilient flexible wire-
less systems. Future work will address improved chip—radiator
bonding, long-term stability and durability under repeated
strain. For large area ECLME-based radiator patterns, fu-
ture studies will also focus on optimizing the LMMP size
and volume fraction to minimize the premature aggregation
during deposition and curing, and to maintain the optimal
spatially controlled coalesce during photothermal activation
to achieve similar o than more confined conductive patterns
(> 100 kS/m).
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