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Abstract

A stable environment is critical for preserving product quality in
industries such as pharmaceuticals and perishable goods logistics.
While current RFID-based sensors enable wireless monitoring of
temperature and moisture, they lack the ability to record threshold
violations without continuous reader power or battery-supported
logging. This paper presents AntSense, a battery-free RFID sensor
that leverages stimuli-responsive structures to physically record
environment violation events during the transit even when there
is no reader available. When exposed to temperature or moisture
beyond thresholds, memory alloy or solvable materials undergo ir-
reversible geometric deformation, altering the integrated antenna’s
characteristics. These changes remain detectable via standard RFID
readers even after environment conditions normalize, enabling veri-
fication of transit integrity. Our prototype evaluations demonstrate
reliable detection of threshold violations in real-world scenarios.
By combining passive operation with persistent event recording,
AntSense offers a scalable solution for supply chain monitoring
without compromising the maintenance-free advantages of RFID
technology.

CCS Concepts

« Hardware — Sensors and actuators; Wireless integrated
network sensors.
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1 Introduction

Monitoring environmental conditions such as temperature and
moisture is critical, as even brief exposure to unfavorable conditions
can degrade product quality or safety [1, 21, 22, 25, 42]. In many
applications, detecting whether a threshold violation occurred is
essential [11, 36, 56]. For example, perishable foods must not be
exposed to freezing temperatures or contaminants, and pharmaceu-
ticals can become ineffective or harmful after a single excursion
beyond prescribed temperature or humidity limits [36]. While the
logistics industry invests heavily in infrastructure and procedures
to maintain stable conditions during the transit [14, 27], internal
environments often remain not guaranteed, requiring collabora-
tion between multiple parties for data handling and continuous
monitoring [10, 46, 54]. Therefore, a self-contained solution that
can verify whether a shipment remained within safe limits (i.e.,
no deviation from permitted temperature or dryness ) throughout
transit is essential and highly desirable. While active solutions
powered by batteries are available, a passive solution without any
battery is very valuable since batteries are not environmentally
sustainable and raise safety concerns.

Traditional passive solutions rely on visual indicators that
change color or properties upon exposure to environmental stim-
uli [8]. However, these require line-of-sight inspection, limiting
scalability and throughput in large logistics operations. Wireless so-
lutions, particularly Radio Frequency IDentification (RFID) based,
offer significant advantages for supply chain monitoring [17, 24,
37]. For example, passive RFID-based sensing has been explored
for detecting temperature, moisture, displacement, and material
changes [12, 15, 26, 34, 41, 43, 45, 52, 53]. However, these techniques
only provide instantaneous measurements. Once the power is re-
moved (i.e., no reader is close by), measurements are not possible,
making it impossible to determine whether a threshold violation
occurred during transit.

One approach to solve this is to deploy RFID readers inside every
transport vehicle, but this is costly and impractical. Another option
is to use battery-powered active radios or integrate a battery into
each RFID tag, allowing it to monitor continuously and log events
internally. However, this compromises the passive nature of the
system and introduces high initial and maintenance costs. We aim
to answer the question: How to develop a scalable, low-cost, passive
approach to detect the threshold violation event during the transit?

This paper presents AntSense, a persistent batteryless sensor us-
ing RFID and stimuli-responsive materials. Stimuli-responsive ma-
terials undergo permanent or semi-permanent deformation when
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Figure 1: AntSense Threshold-Violation Event Detection. The
figure shows the end-to-end system for AntSense. (a) An example
application where a shipping box (containing food or medicine) is
exposed to moisture/high temperature on Day 5 but later dries/cools
down. (b) The instantaneous deformation of AntSense tag’s antenna
caused by moisture/high temperature, preserving a record of the
threshold-violation event. (c) An RFID reader detects and decodes
the tag’s deformation, retrieving the stored information about past
environmental conditions.

exposed to environmental triggers such as temperature or mois-
ture. Hence, by integrating an antenna and an RFID chip into these
materials, their deformations can be detected wirelessly with a
commercial RFID reader. Specifically, the deformation impacts the
impedance of the antenna, which causes the RFID chip to automat-
ically adjust its impedance to maximize power transfer efficiency.
This change is stored in an RFID tag’s register, which can be read
by commercial RFID readers. Unlike traditional RFID-based sensors,
AntSense retains records of threshold violations without requiring
batteries or continuous reader presence. Finally, it worth mention-
ing that although some past work has integrated stimuli-responsive
materiel into the antenna design of an RFID tag, they either do not
provide persistent sensing without power (i.e. their antenna does
not deform, and hence lack passive memory) [32, 39, 43], or/and
they do not work seamlessly with commercial RFID readers and
EPC protocol [5, 13, 18, 31]. In contrast, we introduce the first
single-chip persistent batteryless sensor that uses the impedance
matching code accessible in commercial RFID readers and chips.
Our sensor is capable of detecting if a temperature has exceeded a
threshold or if the sensor has been exposed to moisture.

We design and prototype an end-to-end prototype of AntSense,
using shape memory alloy and solvable material and commercial

RFID chips and reader. Experimental results demonstrate that AntSense

is able to successfully record and report different predefined tem-
perature threshold and moisture violations, while maintaining
high robustness across varying reading angles, distances, mobility,
and surrounding materials.

To summarize, this paper makes the following contributions:

e We introduce AntSense, a persistent passive RFID sensor
that uses stimuli-responsive materials to physically record
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environmental changes even when there is no reader avail-
able.

e We design and fabricate structures using stimuli-responsive
materials and integrate a single standard EPC RFID chip and
antenna into the structure.

e We propose a new mechanism to enable RFID reader to sense
the tag’s antenna deformation, and compare our approach
with RSS-based, phase-based sensing through both simula-
tion and real-world measurements.

e We evaluated the performance of AntSense empirically in
detecting temperature changes and moisture contact
We also show its robustness in dynamic environments and
various other adverse scenarios.

2 Background

2.1 RFID Overview

A UHF RFID system operates as a passive backscattering system.
It consists of an active participant, the reader, and one or multiple
passive participants, the tags. Backscatter communication trans-
mits data from the tags to the reader. The tag selectively reflects
the continuous carrier wave transmitted by the reader. The two
different states of reflected signal represent data bits. This design
simplifies the tag hardware, requiring only an RF switch for modu-
lation, allowing the tag to remain fully passive and operate without
external power sources.

To adapt RFID for sensing applications, it is essential to under-
stand the entire communication chain. We follow the energy flow
from the reader to the tag and back to the reader to model the
process comprehensively. In this model, abbreviations are used as
follows: RD for reader, TG for tag, RX for receiving, and TX for
transmitting. Symbols used include P for power, G for antenna gain,
and h for complex channel response.

The wireless transmission over the air is modeled as follows:

TG RD RD 2 TG
PR = PRR . GRD |42 . g

)
PRY =P1$-GTO -0 GRP

where PIIS)D( and PJT.)C; represent the transmitted power from the
reader and tag, GRP and GTC denote the antenna gains of the reader
and tag. The amplitude of complex channel response h depicts the
energy loss in air channel. The power received at the tag powers
the tag circuitry and carries backscatter transmission, while the
signal received back at the reader is used to decode the tag’s data.
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2.2 RFID Tag Equivalent Circuit

Here we take a close look at the tag, where sensing will take place.
The tag’s chip load is complex, denoted as ZT¢ = RTC 4 jxTC,
Similarly, the antenna has a complex radiation impedance ZANT =
RANT 4 jXANT Dyring energy harvesting, when energy flows from
the antenna to the chip, the power absorbed (higher is better) by
the chip is given by [38]:

Pl = PRy - (1= [TMPPR) @
where I'"? s the complex power reflection coefficient (lower
amplitude is better) between the chip and the antenna [47], defined

as:

TG _ 7ANT
rchip — Z 4 (3)
7TG 4 7ANT

From Equation 2, we observe that the power absorbed by the
chip is maximized when the reflection coefficient is zero. According

to Equation 3, this occurs when Z7C = ZANT meaning the chip
impedance is the complex conjugate of the antenna impedance. This
principle, known as impedance matching, is a key consideration in
any tag design.

The phase of the radio wave follows a similar structure to Equa-
tion 1. In free space, it mirrors the same equations, with power
terms replaced by phase angles and products replaced by summa-
tions. Within the tag, the phase delay corresponds to the angle of
the reflection coefficient [/P,

By playing with all these parameters, we can propose many
different schemes to detect the change remotely. They will be ex-
amined in the feature selection section.

3 AntSense Overview

We present AntSense, a novel battery-free sensing system that
retains the record of threshold-violation events. Figure 3 illustrates
our sensing scheme.

The core idea behind AntSense is to leverage stimulus-responsive
materials that undergo permanent deformation when exposed to
environmental stimulus. Here permanent deformation means that it
will remain at the same shape even when the temperature or mois-
ture level returns to normal. Therefore, this deformation effectively
records the occurrence of an event in the past.

To enable large-scale, wireless detection, we integrate these ma-
terials with an RFID chip and antenna. Our design follows two
approaches in parallel: the temperature one uses the stimulus-
responsive material as the antenna itself and the moisture one
embeds an antenna within a deformable structure. When the ma-
terial deforms, it alters key antenna properties. An RFID chip con-
nected to the antenna captures these changes, allowing a standard
RFID reader to wirelessly detect variations in the antenna. By ana-
lyzing these responses, we can infer whether a threshold violation
occurred, providing a simple and scalable sensing solution for mon-
itoring conditions during transit.

The rest of the paper details our design methodology. In Section 4,
we describe the selection and fabrication of stimulus-responsive
structures. Section 5 explains how the antenna is integrated into
the system. Section 6 covers the connection between the antenna
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Figure 3: AntSense’s Sensing Scheme. The principle of AntSense
is to integrate stimulus-responsive materials with an RF antenna,
either by using the material as the antenna itself or embedding
an antenna within a deformable structure. When exposed to en-
vironmental stimuli, the material deforms, altering the antenna’s
properties. These changes can be detected through RFID responses,
enabling large-scale, wireless measurement of deformation.

and the RFID chip to enable wireless sensing. Finally, we evaluate
the system’s performance in Section 7.

4 Stimuli-Responsive Structure Design

In this paper, we focus on detecting temperature and moisture viola-
tions, two of the most common environmental risks in the shipping
industry [1]. To achieve this, the tag structures meet two key re-
quirements: (a) They must change shape in response to temperature
or moisture, effectively recording whether a violation has occurred.
(b) They must accommodate antenna and RFID chip integration,
allowing an RFID reader to wirelessly detect these changes.

To meet these requirements, we leverage two types of stimuli-
responsive materials: shape memory alloys (SMAs) for temperature
sensing and water-soluble materials for moisture sensing. By care-
fully designing these materials into special structures, we ensure
both reliable stimulus response and seamless antenna integration.

4.1 Temperature

Shape Deformation in Response to Temperature: Among vari-
ous stimuli-responsive materials, Shape Memory Alloys (SMAs) are
particularly well-suited for temperature sensing due to their low
cost (1 dollar per foot for retail), high sensitivity, and ability to retain
deformations. SMAs exhibit a thermal shape memory effect, mean-
ing they can switch between two stable solid phases depending on
temperature. Specifically:
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Figure 4: The State Transition of SMA Materials. When tem-
perature is low, SMA exists in the BCT martensite phase, and can be
reshaped through stress. When the temperature is higher than the
transformation threshold, the SMA transits to the FCC austenite
phase and remain in that shape even after cooling down.
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Figure 5: The Deformation of the Temperature Tag. The de-
formed tag (austenite state) is 0.5x24.5 cm? and 1.24 g

o At low temperatures, SMAs exist in the martensite phase, where
the material has a body-centered tetragonal (BCT) crystal struc-
ture. In this phase, the material is highly deformable, allowing it
to be reshaped through stress. This reshape is called de-twinning.

e At high temperatures, SMAs transition to the austenite phase,
characterized by a face-centered cubic (FCC) crystal structure.
When heated above the transformation temperature, the material
returns to its preset austenite shape and remains in that shape
even after cooling below the transformation temperature.

Figure 4 exemplifies these transitions. This transformation allows
SMA-based structures to function as event recorders. If the ma-
terial has deformed into its austenite shape, it indicates that the
temperature threshold was exceeded. By selecting an appropriate
transformation temperature, we can determine whether a tempera-
ture violation occurred during transit.

Integration with an Antenna: SMA nickel titanium (nitinol)
wire possesses electrical properties that are comparable to a copper
antenna, which makes it possible to function as the dipole antenna
itself. Specifically, we choose nitinol straight wire with a diameter of
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Figure 6: The Deformation of the Moisture Tag. The deformed
moisture tag is 7.8x11.3 cm? and 14.50 g

@1.0 mm, as it is still lightweight and provides enough mechanical
strength.

To create a temperature-sensitive tag, we use an SMA wire which
is a straight wire in the austenite phase (FCC structure), and bend
it into a deformed shape while in its low-temperature martensite
phase (BCT structure), as shown in Figure 5(a).

When exposed to temperatures above the transformation thresh-
old, the SMA wire returns to its original straight shape in the austen-
ite phase (FCC structure), as shown in Figure 5(b), which is now
functioning as a common dipole antenna. Since the wire itself
functions as the antenna, its deformation naturally alters its elec-
tromagnetic properties, which can be detected wirelessly through
RFID interrogation.

Current commercially available SMA covers a trigger tempera-
ture ranging from -30 °C to 80 °C. In our application scenario, we
experiment with transformation temperatures of 40°C, 50°C, and
80°C. Different critical temperatures can be achieved by selecting
alternative SMA compositions, making this approach adaptable for
applications for frozen and refrigerated goods storage. We choose
this SMA implementation for its simplicity, low-cost and its po-
tential of using partial deformation to record temperature in finer
granularity.

4.2 Moisture

Shape Deformation in Response to Moisture: Unlike temperature-
sensitive materials, no existing material directly changes shape
upon water exposure while maintaining both sufficient mechanical
strength and suitable antenna properties. To address this, we de-
sign a compliant mechanism combined with water-soluble materials,
allowing structural deformation after moisture exposure while en-
suring compatibility with antenna integration. Our design consists
of four compliant beams, a fuse link, and two fuse link holders, as
shown in Figure 6. The fuse link, made of a water-soluble material,
is secured by the two fuse link holders and maintains tension in the
closed position. When exposed to moisture, the fuse link dissolves,
releasing tension and triggering structural deformation.

Material Selection and Fabrication: For reliable moisture
sensing, the fuse link must dissolve predictably upon exposure to
water while maintaining mechanical integrity in dry conditions.
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We use polyvinyl alcohol (PVA) due to its water solubility, tunable
dissolution rate, and strong mechanical properties. PVA’s hydroxyl
(-OH) groups enable strong hydrogen bonding with water, accel-
erating dissolution upon exposure. One key factor in PVA’s per-
formance is its concentration, which affects both strength and sol-
ubility. Higher concentrations increase durability but slow down
dissolution. Lower concentrations dissolve quickly but may be too
fragile for prolonged operation. We use a concentration of 0.5M
that provides an optimal balance of strength and dissolution rate,
making it the preferred choice for our application.

We fabricate the compliant mechanism and fuse link holders
using 3D-printed FormLabs Tough 1500 resin, which provides both
durability and flexibility. To create the fuse link, PVA is dissolved in
deionized water at 80-90°C while stirring continuously for 30-60
minutes to ensure uniformity. The solution is then cast into thin
films within the fuse link holders and allowed to dry. We evaluate
these films based on dissolution rate and tensile strength, ensuring
stability under dry conditions while allowing controlled degrada-
tion when exposed to water.

Our current design aim at sensitivity to moisture in liquid form.
This is done by using water soluble PVA for fuse links. However, it
can be extended to sensing humidity in the surrounding air via dif-
ferent material selection that lose mechanical strength with exposed
to water vapor in the air like polymers.

Integration with an Antenna: Our design enables seamless
RF antenna integration. We add an antenna substrate to the tag,
where a 3.8mm-wide copper tape with adhesive backing is attached
to form a loop antenna. In normal conditions (Figure 6(a)), the
PVA fuse link holds the structure in a closed state, maintaining the
antenna’s original shape and properties. When exposed to water,
the fuse link dissolves, breaking the structural tension and allowing
the compliant mechanism to open (Figure 6(b)). This deformation
alters the loop antenna’s geometry, changing its electromagnetic
properties. The RFID reader detects this change through RFID’s
response, providing a wireless and scalable method for detecting
moisture exposure.

5 Antenna Deformation as a Sensor

The deformation of the material records the stimuli from the envi-
ronment. To enable remote and large-scale reading, we couple the
deformation to the antenna properties, and integrate an RFID chip
to reveal the antenna properties wirelessly. In this section, we focus
on coupling the deformation to the antenna properties. Specifically,
we first simulate how the antenna properties are affected after de-
formation, and then elaborate the antenna design principle for our
sensing applications.

5.1 Simulation Setup

We start with the simulation on how the deformation would change
the properties of two common types of antennas: a dipole (Figure 8a)
and a loop (Figure 8b). We use Ansys HFSS to simulate the how
the antenna properties changes with deformation. The frequency
was set to 915Mhz, center of the RFID band in the United States.
We conduct the simulation where the dipole antenna is bent from
a common dipole antenna to a fully bent one when the two sides
are on top of each other. Similarly, the loop antenna is bent from
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a rectangle 40 X 140 mm? loop to a ¥ shape, with the two long
edges bent inward. We place a chip in the center of the dipole and
in the center of one 40 mm edge of the loop antenna, respectively,
assuming a chip load of 2073Q || 2.4 pF. During the deformation,
we record the antenna peak gains, complex impedance, and the
reflection coefficients.

5.2 Gain and Impedance Responses to
Deformation

Gain and impedance are critical parameters defining antenna per-
formance, as shown in Equation 1 and Equation 3. Our simulations
reveal:

For dipole antennas (Figure 7a, Figure 7b):

e Impedance: Both real and imaginary parts decrease with
deformation

o Efficiency: Decrease monotonically due to mismatched chip
impedance

e Gain: Remain constant until almost full deformation, then
decreased

For loop antennas (Figure 7c, Figure 7d):

e Impedance: Real part decrease while and imaginary part
increase when deviating from a rectangle loop

o Efficiency: Decrease as the loop bent

¢ Gain: Remain stable throughout deformation

These results suggest that maintaining good communication
performance during sensing requires dynamic adjustment of chip
impedance. Change in gain can be used easily by observing re-
ceived signal strength indicator (RSSI). Changes in impedance can
be leveraged as a sensing mechanism, particularly for dipole anten-
nas before extreme deformation occurs.

The readout mechanism will be designed corresponding to the
antenna property of interest. A gain change can be read by RSSI
or minimal response power to read the tag. An impedance change
can be read by observing RSSI and phase over frequency, or read
back the chip internal turning capacitor value.

6 Detecting Antenna Deformation using RFID

Thus far, we have described how our sensor structure deforms in
response to environmental stimuli and how this deformation can
alter an antenna’s properties. In this section, we explain how we
integrate an RFID chip into the system to remotely measure these
changes and infer deformation events.

6.1 TFeature selection

To ensure compatibility with existing RFID infrastructure, we ana-
lyze the features provided by commercial RFID systems and identify
the most suitable ones for sensing deformation. The key features
available include:

e Received Signal Strength Indicator (RSSI) Measures sig-
nal power received from the tag, influenced by both channel
conditions and tag deformation.

o Phase Captures effective length changes in the transmission
path but is sensitive to multipath effects.

e Matching Capacitance Available in modern RFID chips,
this feature allows the chip to adaptively tune its impedance
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Figure 8: Visualization of undeformed and deformed (a)
dipole and (b) loop antenna studied in the simulation

to optimize power transfer, revealing changes in antenna
properties.

For RSSI and phase, they are widely available for RFID readers
and we captured them with an Impinj R420 reader [19]. For match-
ing capacitance, we use Magnus-S3 RFID chips [3], which provide
512 tuning levels (9-bit resolution) for matching capacitance adjust-
ments. The 9-bit value is named sensor code. By monitoring this
value, we can infer the level of deformation. Additionally, the chips
offer an internal power indicator, which helps dynamically adjust
reading power, preventing excessive amount of available energy
causing the chip to de-tune itself as a protection.

To assess the sensitivity and stability of these features, we con-
ducted preliminary experiments, evaluating how deformation af-
fects each parameter and how robust they remain under varying
conditions. Sensitivity was evaluated by folding commercial off-the-
shelf tags with dipole antennas (onsemi SPS1T001PET) to various
levels. For stability, we evaluated the tag at different distances and
receiving power levels and with objects moving in vicinity.

Sensitivity: Figure 9 concludes the preliminary experiments on
how deformation affects every of the three available RFID features.
Figure 9a shows RSSI decreased steadily with more deformation,
with a total 7.5 dB loss from minimal to maximum deformation
tested. This 7.5 dB loss is equivalent to the loss caused by a 50% in-
crease in distance, which will affect the readable range considerably.
Figure 9b shows phase changed non-monotonically with deforma-
tion, making it hard to interpret data unambiguously. Figure 9c

shows matching capacitance dropped with more deformation, with
more sensitivity in the high-deformation region.

Both RSSI and sensing code make good candidates as they change
significantly and monotonically in response to deformation. We
continue to test their robustness against different cases of mobility.

Stability: We evaluated distance and mobility stability by vary-
ing the tag-reader distance and by moving a human tester near
the stationary reader and tag. The results are shown in Figure 10,
where the left column shows influence of moving object and right
column showing influence of moving tag distances.

As distance increases, RSSI drops as the channel experiences
more path loss. Phase suffered significant variations due to the
extra phase delay. The sensing code changes only significantly at
close distance, and stays almost constant at farther distance. At
close distance, too much power is available to the chip, which might
damage the chip. The change in sensor code can be explained as
it slightly de-tunes itself to prevent damages. Therefore, to allow
reliable reading in close range, lowering the transmission power is
necessary.

Variations with environment with moving objects are signifi-
cant for RSSI (Figure 10a) and phase (Figure 10c). With a standard
deviation of 0.87 dB for RSSI and 11.12 degrees for phase, the two
features show slightly deteriorated performance when operating in
environment with mobility. The sensor code distribution is shown
in Figure 10e , with a standard deviation of 2.94.

The susceptibilities of RSSI and phase are explained by the extra
distance and multipath during the transmission path. One miti-
gation is to put a another reference in close vicinity to capture
all those changes, therefore separate the real change in antenna
property. Previous works [4, 49] used two separate tags or two tag
chips with a shared antenna to do differential reading. However,
we observe that the tag’s sensitivity to its received power creates
another layer of difficulty for reading.

Based on simulation results and preliminary testing, we find
sensor code from internal auto impedance matching capacitance is
reliably altered by antenna deformation yet robust to many types
of interference. Thus, we focus our work on using the tag internal
sensor code exclusively.
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Figure 10: Impact of changes in distance and moving objects
nearby on different sensing features. Our results show that
sensor code is much more robust than RSSI and phase.

6.2 Mitigating Effects of Excessive Receiving
Power

Ideally, a sensor’s reading is stable in dynamic environments and
during mobility. The most influential mobility case is when the
distance between reader and tag changes, as found in our feature
selection experiments. It changes the radio channel drastically,
especially the path loss. A lower path loss with a high reader output
power will deliver too much power, causing nonlinearity and even
damage.

To verify the claim that excessive receiving power can change
sensing feature, we altered reader output power while fixing all
other settings. The results are concluded in Figure 11a. The sensor
code levels stay reliable for the lower power regime before chang-
ing violently at extremely high power. This is probably caused by
internal nonlinearity of the chip. Since we require high power to
achieve range and low power to read nearby tags, suitable read-
ing power levels should be estimated and employed for different
distances.

To mitigate the unwanted effects of different received power
levels, we implemented a feedback loop to control the power level.
It makes use of the Magnus S3’s internal receiving signal strength
indicator to detect the amount of power it receives. If it is beyond
or below the desired range, the reader adjusts the power level to
achieve the desired power level. We observe that the system is
capable of reaching the desired power in a few reading cycles (~ 10
ms per cycle), and can achieve the desired receiving power level in
cases with mobility.

We deployed the system and moved the tag from 4m to 1m.
The distribution of resulting sensor code is concluded in Figure 11.
The results with feedback control are much better than Figure 10f,
where the distances varied while reader power was not dynami-
cally adjusted. The feedback control system allows operation under
different distances.

7 Evaluation

We built multiple AntSense tags with an array of configurations.
They are evaluated in this section. We first evaluated the perfor-
mance of the proposed system in a controlled lab environment, and
then evaluated its robustness under various challenging conditions.
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Figure 11: Sensor code with feedback control algorithm dur-
ing tag mobility. Our algorithm makes sensor code robust and
stable even in short ranges.

7.1 Experiment Setup

Temperature sensors: Using shape memory alloy (SMA) mate-
rial with different transition temperatures, we fabricated sensors
with thresholds of 40°C, 50°C and 80°C. Other critical temperatures
can be achieved with other shape memory alloy to operate in frozen
and refrigerated applications.

Moisture sensors: We built multiple samples of the same mois-
ture sensor design, with different moisture sensitivity. One moisture
sensor comprises two individually built parts: a compliant mech-
anism and a moisture-sensitive fuse link. Compliant mechanisms
were 3D-printed with FormLabs Tough 1500 resin to provide consis-
tency. Fuse links were built with different thicknesses of the same
hydro-sensitive polyvinyl alcohol (PVA) material to enable variable
reaction time to moisture contact.

Weight, Size, and Cost: The complete temperature and mois-
ture sensors weigh 1.24 and 14.5 grams, and both actuate in a 2D
plane with a size of 0.5x24.5 cm? and 7.8x11.3 cm?, respectively.
For reference, a general-purpose RFID tag without sensing capabil-
ity weighs about 1 gram with a size of less than 10x2 cm?, while
a battery-assisted temperature logging tag like CAEN A927Z can
weigh 35 grams with a size of 13x2.3 cm?. Traditional Bluetooth
tag like LYWSDO03MMC weighs 21 grams with a size of 4.3x4.3
cm?. The per-unit cost of our prototype is $3.2 for temperature and
$4.56 for moisture tag. Detailed break down of the cost is included
in Appendix. Notably, these costs will be significantly lowered in
mass production.

RFID setup: We used an off-the-shelf Impinj R420 RFID reader
with an 11 dBi gain antenna filtered at 920 Mhz. The host is a
laptop with an Intel Core i7-1165G7 processor. The host program
controlling the reader is implemented with C# version of Impinj Oc-
taneSDK. We only make use of this application-level programming
framework with the standard EPC Gen 2 protocol. No firmware-
level change is necessary, and a similar program can be easily
developed for other RFID readers with respective application-level
development tools. The program is responsible for decoding the
read results, filtering the single tag and single operation frequency
of interest, and feedback control of the reader transmit power. The
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PCB costs 40 cents each for our small batch prototyping, plus a neg-
ligible cost for the inductor, which will be unnecessary for printed
trace based impedance matching in commercial tags.

Evaluation metrics: In each experiment, we record the time
series reading of each sensor condition for at least 10 seconds. With
more than 10 readings per second, this collects more than 100 data
points for each sensor condition. Results presented in tables show
average of these values, while results shown in line plot demonstrate
means and standard deviations of them. Finally, the results shown
in box plots or cumulative distribution functions (CDFs) show the
distributions of the values. We evaluate our system performance in
end-to-end sensing settings and various challenging environments
that the system may face in real-world.

7.2 Microbenchmark

Prior to evaluating the complete system performance, we conduct
several micro-benchmarks to better understand system operation
characteristics. For the temperature sensor, we sweep the tempera-
ture to find out their deforming temperature. We also measure the
latency between temperature exposure and sensor activation. This
helps understand the dynamic performance of our sensor and the
minimal duration of temperature excursion it can detect. For the
moisture, we measure their response time between water contact
and sensor activation. No RFID reading is in this subsection.

Threshold temperature: We measure the threshold for the
temperature sensor with a few repeated heating cycles. This helps
determine if the temperature sensing materials are behaving as
expected and help conducting future experiments by knowing in
advance correct temperature to use. We set up a heating bath with
a thermostat and place the temperature sensor into that. Then we
continuously heat them from room temperature (~20°C), record the
temperature when deformation happens, until they all completely
deform.

We report the threshold temperature in Table 1. For the thresh-
olds of 40°C and 50°C, there temperature transitions are sharp and
full deformation completed within 3°C from nominal threshold.
For the 80°C one, its deformation is gradual, but full deformation
is indeed achieved at its nominal temperature. Furthermore, the
deformation cycle is repeated 50 times for the 50°C sensor, after
which the response characteristic is consistent.

Temperature response latency: To test the response latency,
we start with heating water to the threshold temperature we de-
termined before, and then submerge our sensor into the hot water
and record the video to measure the time between submersion and
deformation.

The results are shown in Figure 12. We start tick at the moment
the deforming region is submerged (0.0s). After half a second, the
deformation is already significant (0.5s). It only takes another 2
seconds for full deformation (no more deformation from 2.0s to 2.5s).
The total deformation happens within 2.5 seconds. We show the
actuation latency is small enough. The actuation of the sensor itself
is fast enough. For sensing air temperature change, the speed of heat
transfer between tag and surrounding air will be the bottleneck.
We stick to the water-bath method throughout the evaluation for
its temperature consistency.
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Figure 12: Responsive Time of the 50°C Temperature Tag at
Water of 54°C. The tag fully deformed within 2 seconds. Because
of the convex surface of the kettle, the wire appeared to be bent in
the figure but actually it is fully straight.

Moisture response latency: Variable activation delay is desired
for different applications. We build multiple pieces with the same
material recipe, but with different thicknesses of hydro-sensitive
link. In this way, the same sensor hardware can be dynamically
repurposed for different sensitivity requirements. Using different
soluble materials is another option. We measure the latency be-
tween water contact and sensor activation. In Table 2, our sensors
can act extremely fast in less than 2 seconds with another one at 5
seconds, but can also achieve a slower activation of 36 seconds.

RFID read range: We measure and compare the operation
range of both temperature and moisture tags pre-activation and
post-activation. The temperature sensor before activation in its
folded state has a read range of 4 meters. After activation, the
antenna straightens and achieves a much higher read range of
more than 10 meters. This agrees with our simulation results that a
dipole antenna in the folded state suffers from lower gain. For the
moisture sensor, as simulation predicts and experiments confirm,
the read range before and after activations remains similar due to
similar gain profiles. In particular, the sensor in both states can be
read from 5 meters away which is sufficient for most application
scenarios.

7.3 End-to-End Evaluation

We evaluate the sensors for their designated purposes, detecting
temperature and moisture.

We test three temperature sensors during which they deform
after crossing threshold temperature. To accurately measure the
temperature and make sure that temperature of the tag has reached
the threshold, we perform our measurements in a temperature
controlled water bath. Before each measurement, the sensor is
dried and returned to room temperature. Figure 13a demonstrates
the temperature-sensing performance of the tag with thresholds

Conference’17, July 2017, Washington, DC, USA

220
460 e “ \
3 <
=4 Is)
Ci © Water
3 =210
2 440 2 Exposure
g g
w0 15}
420 200 vh"k
T T T T T T
25 50 75 0 20 40
Temperature (°C) Time (s)
() (b)

Figure 13: Sensor Code Change of a (a) Temperature and a
(b) Moisture Tag. The shaded region in (b) shows the duration of
exposure to the water.

of 50°C. We can clearly see a dip in sensor code output as the
sensor passes threshold temperatures and activates. Both during
pre-activation and post-activation, sensor readings remain stable
with different temperatures. This confirms the system’s ability to
reliably detect temperature changes. Table 1 summarize all three
temperature sensors built using the same structure with SMA of
different temperature threshold. They all activated successfully
at around their nominal threshold temperature and showed well
measurable changes in their sensor codes.

We test the three moisture sensors by submerging them in room-
temperature tap water. Figure 13b reports a sample moisture sensor
recording before contacting water and after activation. The shaded
blue region in the middle indicates the time period the sensor was
submerged, with its width corresponding to sensor activation time.
Left to the shaded region before water contact and right to the
region after sensor activation, the sensor codes differ significantly,
as can be seen from the step change in the average sensor code
readings. The sensor has an activation delay of 36 seconds.

Table 2 summarizes results from three moisture sensors built
with identical structures but different sensitivity thresholds. All
sensors activated successfully near their nominal thresholds and
produced measurable changes in sensor codes.

Note, since the sensors are prototyped manually, slight variations
are expected, explaining the different reactions to sensor activation.
Since the impedance tuning mechanism works on changing the
internal parallel matching capacitance, if the change of impedance
is large, or power transmission coefficient has a small derivative to
capacitance, a large change is needed, while the direction of change
depends on whether the nature of antenna is over-inductive or
over-capacitive. Commercial manufacturing would eliminate these
variations by ensuring consistent fabrication tolerances. Impor-
tantly, each sensor demonstrates significant code changes relative
to its baseline, enabling reliable RFID detection.

7.4 Consistency and Robustness

We verify AntSense has robustness against various adverse envi-
ronments it will face. We achieve these robustness by choosing a
reliable sensing feature, sensor code, and a feedback control to dy-
namically find appropriate reading power. We assess this robustness
in different tag orientations, tag-reader-distances, mobility in the
environment, and with in different common shipping containers.
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Table 1: Temperature sensors with different temperature
threshold

Temperature tag #1 #2 #3

Nominal threshold 50°C 40°C 80°C
Deformation started at 50°C  40°C 72°C
Deformation completed at  53°C  42°C  79°C
Change in sensor code 359 212 238

Table 2: Moisture sensors with different activation time

Moisture tag #1 #2 #3

Activation time (s) 36 5 2
Change in sensor code 18.7 243.2 64.7

Consistency with tag orientation: To make sure that the tag
orientation will not cause any false positive, we rotate the tag across
full 0°-360°rotations, both in azimuth and elevation, and record
the sensor code reading from both original and triggered states.
Figure 14 shows the cumulative distribution function (CDF) of the
sensor codes across orientations. From our experiments, in both
situations and both tags, the change of reading caused by change in
angle does not influence the reading of state of sensors. Specifically,
the separation of original and triggered state is clear, with the
triggered state clustered to the left and original state clustered to
the right. The separation is especially clear for the temperature
tag, while slightly worse for moisture sensor. However, the two
distribution is still well separated.

Consistency with tag-reader distance: We put the sensor on
a cart and continuously read the sensor while moving the sensor
1m to 5m away from the antenna. Performance in Figure 15 demon-
strates robustness against different distances by showing the sensor
readings CDF with varied distances. As discussed before, this could
be an issue if a single high reader power is used unconditionally.
With our feedback loop to dynamically adjust transmit power, in
effect the chip receives constant power level up until the distance
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is at the maximum. Throughout the process, CDF is narrow com-
pared to the spacing between triggered and original states. Readings
will be uniform even when made at different distances, enabling
massive wireless reading without needing to position sensors with
precision.

Robustness in environment with mobility: Figure 16 quan-
tifies motion resilience through stationary condition, mobility con-
ditions (with human experimenter walking and dancing nearby)
and even worse condition with blocking on the line-of-sight (the
human experimenter partially blocked the antenna). The results
are concluded in box plots with fliers shown. Sensors in mobile
and blocking scenarios show only slightly higher distribution devi-
ations than stationary counterparts. The small increase in reading
variation does not hinder correct detection of sensor activation.
The readings stay comparable across three settings. Not only the
sensor itself, but also the surroundings can remain in motion during
massive wireless readings while still providing accurate results.

Robustness in simulated shipping box: Finally, we evaluate
the impact of different shipping box materials in which the sensor
is expected to reside along with the goods. Specifically, we place
the tags in cardboard, styrofoam, and polyethylene. No special care
was taken in positioning the tags, simulating a realistic packing
environment. These materials respectively provide collision pro-
tection, thermal insulation, and impact dampening in a shipping
context. The results are presented in Figure 17. In every condition,
the change due to sensor triggering is still clearly separated. But
different material does cause reading shifts and the numbers are
no longer comparable across materials. This is because antenna
is sensitive to the electric and magnetic field distribution around
it, both in gain and impedance. During shipping, sensors are ex-
pected to reside in the original shipping container all the way until
unpacking, so the sensor will perform reliably.

These experiments validate the system’s operational robustness.
In the anticipated use case of long-distance shipping, the sender
scan all tags once and record EPCs and sensing codes, without
paying unnecessary attention to orientation, reading distance or
keeping the environment stationary. At arrival, the recipient scan
all received packages without opening them, match the EPCs with
original sensing codes, and immediately be aware of any spoiled
packages.

8 Related Works

We explore the other works in enabling persistent remote sensing,
including traditional sensors and RFID-based sensors.

8.1 Traditional Sensors

Many sensors are commercially available to sense various environ-
mental parameters such as temperature and moisture. Temperature
sensors include thermocouples, resistance temperature detectors
(RTDs), or thermistors. Depending on the application, different
materials are used in their fabrication, such as fiber-based sensors
[9, 29, 35] in high-temperature scenarios, composite materials in
wearable devices [50, 55]. Moisture sensors detect moisture through
various methods, such as capacitance changes [2, 23] and resistance
changes [48]. They are connected to active circuits for readings and
communication.
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Despite their widespread usage and applications , these sen-
sors have two major drawbacks. First, they require active circuits
for reading and communication, preventing them from operating
without a battery. Second, they lack persistence; as a result, retain-
ing their measurements necessitates additional memory compo-
nents, which increase both cost and power consumption. In contrast,
AntSense enables persistent, batteryless sensing.

8.2 RFID Sensors

UHF RFID tags are widely used in logistics, and their potential
applications in sensing have been actively explored using different
approaches such as connecting a traditional sensor to an RFID tag
or using the tag itself as a sensor.

RFID tag equipped with a Sensor. Past work has proposed to
use RFID as a communication mechanism for sensors. In this ap-
proach, sensing and communication functions are separated, with
the RFID harvesting energy and enabling communication while
external sensors and a microcontroller handle measurements. For
example, The WISP [33] can attach various external sensors. How-
ever, these RFIDs are more expensive and require close proxim-
ity to an RFID reader to harvest enough energy, a limitation that
persists even in optimized commercial tags [28]. Moreover, these
approaches cannot enable persistent sensing without having any
batteries, which significantly increases their cost and scalability.

There are also commercial battery-powered RFID sensors like Ax-
zon AZN5200, CAEN RT0005, and CAEN A927Z which can record
and store temperature data digitally. The historical data is then
accessible via RFID. Although this approach offers persistent sensor
measurements at high accuracy, the battery requirement signif-
icantly increases their initial and maintenance cost and creates
negative environmental impacts.

RFID tag as a sensor: Past work has also shown that the RFID
tag itself can serve as a sensor, with a reader interpreting the sensory
outputs using phase, RSS, or sensor code [6, 12, 43, 49, 52]. They are
used for measuring soil moisture [49], environmental conditions
[12, 43], object displacement [6], respiration [52] and food&liquid
quality [15]. However, they all are memoryless and do not enable
persistent batteryless sensing. There are works explore persistent
batteryless sensing. Nevertheless, some require custom readers for
chipless RFID [18, 31]. Some require multiple readings from multiple
tags [5, 7, 13], which suffer from varying radio environments and
can have degraded robustness. Therefore, none of them can be
deployed into a commercially feasible product.

RFID with stimuli-responsive material: Finally, some past
work has also used stimuli-response material or antenna defor-
mation as a modality to sense environment parameters such as
structure health monitoring [16], gas concentration [44], and crack
detection [30]. However, they cannot be read with standard RFID
protocols. Some require measuring wideband RF parameters (such
as the resonance frequency of the antenna), which is not possible
with commercial RFID readers or require changing RFID protocol,
making it non-compliant with FCC. The closest work to AntSense
is the system proposed by Caizzone et al. [7] where they use two
RFID chips with one being shorted by glued SMA initially. The
activation of the SMA breaks the short circuit and allows both
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chips to be read. However, this solution has three major limitations.
First, the breakage of the bonding glue makes the sensor not easily
reusable. Second, their reading is inherently binary (i.e., the tag is
responding or not) which limits its capability and reliability. Finally,
since other factors such as signal blockage can also cause the chip
not responding, they can have high false positive readings. A more
general issue with multi-chip approaches is that they cannot be
read fast and reliably in environments with many RFID tags. This
is due to the fact that RFID reading suffers from collision when a
large number of tags are present. Moreover, since the RFID protocol
performs frequency hopping while RSSI and phase are only compa-
rable when they are read at the same frequency and channel, we
need wait until both tags are read successfully in the same round
and same channel. Hence, these systems have a huge latency in
reading the sensor unless the RFID protocol is modified such that
it does not do frequency hopping, which will not be comply with
FCC.

In contrast, AntSense is compatible with commercial RFID read-
ers and systems while providing trustworthy readings against sig-
nal blockage for binary classification of moisture and temperature
change events.

9 Discussion

In this section, we discuss some practical aspects of our system.
We also discuss limitations of our design and propose potential
solutions to enhance its applicability in real-world scenarios.

Tag reusability: One advantage of AntSense’s tag is reusability
characteristic. In particular, our tags can be reset after triggering
with minimal manual effort and be reused for subsequent ship-
ments. For example, the temperature sensor can be restored by
re-bending the shape-memory alloy into its original U-shape, while
the moisture sensor’s bonding element can be easily replaced using
low-cost, mass-produced components. This modularity also enables
per-shipment tuning of moisture sensitivity by selecting inserts
with different break forces.

Tag deployment: AntSense’s tag may suffer from unintended
actuation caused by external mechanical factors. To avoid this
from happening, the tags can be placed in a protective container.
This would protect the tag from external mechanical sources while
the tag can still operate normally as the temperature or moisture
changes.

Sustainability: AntSense is fully compliant with the UHF RFID
reader ecosystem as we only extend the tag design. Therefore, no
reader-side infrastructure change is needed. Furthermore, our tag
design is also compatible with other widely available self-tuning
UHF RFID ICs that provide on-chip sensing readouts (e.g., the Imp-
inj Monza Ré6 [51], Impinj M730/750/830/850 series [20], and NXP
UCODE 8/9 series [40]). This supply diversity lowers risk and sim-
plifies procurement.

Dual-modality sensing on a single tag: Our current design
uses two separate tags for temperature and moisture. A desirable
extension is a single tag that hosts two stimuli-responsive elements
(e.g., temperature and moisture) to enable dual-modality sensing.
To achieve this, one can carefully co-design mechanical elements
and RF matching circuit such that the tag realizes four separable
mechanical states: {none, A-only, B-only, both}. This enables the tag
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to respond with four different ranges in sensor code, where they
represent the change in temperature and moisture.

Finer Sensing Granularity: We currently evaluate the ability
of AntSense in binary detection of single violation events. However,
the 9-bit measurement ability of the chip and our design have a
potential to enable fine granularity in both moisture and temper-
ature sensing. We were unable to test this since our prototypes
were manually manufactured and soldered. The lack of consistency
makes it hard to characterize the sensor collectively. However, even
with inconsistency, a difference of 20 units in sensor code provides
sufficient robustness for reliable event detection across different
environments. On the other hand, commercial fabrication would
significantly improve fabrication consistency. Mass-produced tags
can use printed matching networks and direct chip connections to
offer much tighter manufacturing tolerances. This enhanced con-
sistency would enable full utilization of the 0-to-511 measurement
range, supporting fine-grained sensing capabilities such as record-
ing exact maximum temperature value or moisture percentage .

10 Conclusion

This paper introduces AntSense, a novel passive RFID sensor system
that leverages stimuli-responsive materials to persistently record
environmental threshold violations without batteries or contin-
uous reader presence. By integrating shape memory alloys and
water-soluble polymers with RFID chip capable of impedance de-
tection, AntSense enables wireless detection of past temperature
and moisture excursions even after conditions have normalized.
AntSense bridges a critical gap in supply chain monitoring by pro-
viding a scalable, maintenance-free solution for verifying product
integrity throughout transit. Finally, although this paper focuses
on threshold violation detection (i.e. binary classification), the 9-
bit reading capability of the underlying hardware can be further
extended to temperature and moisture measurements with finer
sensing granularity and other value of interest.

APPENDIX: AntSense’s Tags Cost Analysis

The cost of AntSense tags consists of three parts: Magnus-S3 chip,
mounting board, and stimuli-sensitive actuator. Chips and mount-
ing circuits are shared between temperature and moisture versions.
The chip costs $2 each (retail price) for prototyping, and can be as
low as $0.54 per unit when purchased in bulk. Mounting boards
are currently regular rigid PCBs that host the chip and match the
antenna, costing $0.40 each. For the stimuli-sensitive structures,
the temperature sensor uses SMA costing $1 per foot of material
from Amazon retail. Our design uses 0.8 feet per sensor, bringing
the material cost to $0.80 per tag. The moisture sensor uses 14.50
grams of 3D printing resin priced at $149/kg retail, or $2.16 each.
This cost can be reduced with cheaper 3D printing materials (e.g.,
ABS at ~$20/kg, $0.30 each) or with injection molding. In total, the
per-unit cost of our experimental prototypes is $3.2 for temperature
and $4.56 for moisture, which can be significantly lowered in mass
production.
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