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Abstract: Economical sensing and recording of temperatures are important for monitoring the supply
chain. Existing approaches measure the entire temperature profile over time using electronic devices
running on a battery. This paper presents a simple, intelligent, battery-free solution for capturing
key temperature events using the natural thermo-mechanical state of a Shape Memory Alloy (SMA).
This approach utilizes the temperature-induced irreversible mechanical deformation of the SMA as
a natural way to capture the temperature history without the need for electronic data logging. In
this article, two-way SMA is used to record both high-temperature and low-temperature peak events.
Precise thermo-mechanically trained SMA are employed as arms of the dipole antenna for Radio
Frequency (RF) readout. The fabricated antenna sensor works at 1 GHz and achieves a sensitivity of
0.24 dB/◦C and −0.16 dB/◦C for recording temperature maxima and minima, respectively.
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1. Introduction

Managing temperature is one of the biggest challenges for the supply chain, especially
for health and pharmaceutical goods [1]. Even short-term exposure to heat can reduce
the efficacy of drugs. To ensure the quality of temperature-sensitive pharmaceuticals,
refrigeration and cold chain management are required [2]. While high temperatures are
considered detrimental, it is known that extremely low temperatures can also compromise
drug efficacy (e.g., freezing of vaccines in the cold chain) [3]. Freeze-sensitive vaccine
loses its potency when the temperature is below the recommended range, and such a
scenario can result in a false sense of potency and put people’s lives at risk with ineffective
vaccines. Thus, monitoring of extreme temperature events, both high and low, during
the supply chain is of paramount importance in the pharmaceutical supply chain. Con-
ventional monitoring methods that continuously sense the temperature and record the
entire temperature history require circuitry for continuous acquisition, electronic memory
to store the data, and a dedicated battery, making it bulky and expensive. Sensors that do
not rely on a battery offer great promise in such a scenario. There has been a trend to rely
on the material properties of sensors to detect and record the relevant events without any
power sources. Temperature-induced irreversible mechanical deformation of Shape Mem-
ory Alloy (SMA) has been used to capture real-time temperature [4] and of extreme high
and low levels [5]. Shape-morphing, cold-temperature-reactive Liquid Crystal Elastomers
(LCEs) have been used to detect temperature threshold crossings for multiple temperature
cycles [6]. Recording a singular event of temperature crossing with liquid metal coupled
to a Radio-Frequency Identification (RFID) tag was reported in [7]. The crossing of a
temperature threshold results in liquid metal flow, which activates or deactivates the RFID
tag permanently. In another work, a thermistor resistor was used as a switch along with
an RFID tag to wirelessly detect the temperature profile [8,9]. RFID technology has also
been used in conjunction with the bimetallic coil as a passive digital sensor for temperature
without the need for battery [10]. A tilt sensor coupled with an RFID tag has also been used
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for home security sensing in prior work [11,12]. In related work, e-textile and conductive
thread material have been seamlessly integrated into clothing for human activity sensing
by detecting different backscatter signal strengths [13–16]. E-textile has also been used to
sense humidity by detecting different backscatter signal strengths [17–19]. Some other
applications of RFID include battery-less RFID thread [20,21] and MagRFID sensor [22],
which have been utilized for tamper-detection monitoring and security monitoring.

Similarly, we propose zero-power low-cost temperature sensors that monitor extreme
temperature events for pharmaceutical supply chain monitoring. Note that monitoring
critical temperature-crossing events rather than real-time temperature information will
reduce data complexity and overall power consumption. Figure 1 shows our proposed
design, where the temperature sensors are attached to each package to record individual
extreme temperature activity. During transportation, as the temperature fluctuates, the
battery-free sensor records the peak temperature information. The sensor itself consists
simply of a temperature-sensitive antenna, where peak temperature events are naturally
stored in the geometric configuration of the antenna. No other circuitry or memory element
is needed for sensing. An external radiofrequency (RF) reader is connected to the sensor
at any time to read the antenna response that depends on historical peak temperatures
experienced by the package. One can also connect the antenna to a wireless RF module for
wireless readout, which will be the basis for future work.

The design of the temperature-sensitive antenna relies on a two-way SMA as arms
of temperature-sensitive antennas to support easy read-out. Using a two-way SMA, a
temperature sensor can track the peak temperature activity and record the highest or lowest
temperature it has experienced. It operates without power resources during the supply
chain, which greatly reduces the cost and makes this platform scalable for tracking many
temperature-sensitive applications.

Figure 1. Battery-free shape memory alloy antenna sensors that record the critical temperature
information during transportation.

2. Background on Shape Memory Alloys

SMAs are metal alloys that transform their mechanical properties with temperature.
With its intrinsic thermo-mechanical memory, the SMA can alter its shape when the temper-
ature reaches certain thresholds. The SMA is under an austenite state when the temperature
is above the threshold, in which case the molecules are tightly patterned and the SMA is
rigid. When the temperature is below the threshold, the molecules become loose and the
SMA is in a martensite state. An SMA has either a one-way memory effect or a two-way
memory effect depending on the training state. For the one-way memory effect, an SMA
has three crystal structures (austenite, twinned martensite, and detwinned martensite),
as indicated in Figure 2a. When the temperature is above the threshold, the SMA is in a
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rigid austenite phase. When the temperature drops below the threshold, the SMA switches
to the martensite phase, where the atoms can be re-arranged in a loose pattern so that
the SMA is more pliable. If no external stress is applied to the SMA, its crystal structure
stays in a twinned martensite state, and its overall shape is the same as the austenite phase.
If external stress is applied, the SMA is reshaped by the force, and its crystal structure
becomes a detwinned martensite state. Once the SMA returns from a detwinned martensite
state to an austenite state when the temperature rises above the threshold, it recovers to
its originally predefined shape. From a crystallographic viewpoint, the heat energy leads
to the reorientation of SMA atoms to the symmetric pattern. From the macroscopic view,
this reorientation results in the recovery of the predefined physical shape once it reaches
a high temperature. This self-recovering process is irreversible, that the austenite state
cannot return to the detwinned martensite state without external stress. Thus, a one-way
SMA has built-in memory to remember the predefined high-temperature configuration.
A two-way SMA, however, has the memory effect in both directions. The critical start
and end temperatures of forming the martensite phase and austenite phase for two-way
SMAs are defined as Ms, M f , As, and A f , respectively. The SMA starts to alter its phase
from martensite to austenite at temperature As and finishes the transition at A f , along with
its shape; similarly, changing from austenite to martensite begins at temperature Ms and
finished at M f , as shown in Figure 2b [23].

Figure 2. (a) Phase shift of one-way SMA and (b) phase shift of two-way SMA.
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As alluded to in the introduction, we present a peak temperature sensing and recording
approach using a shape-memory alloy-based antenna. In realization, SMA is assembled as
arms of temperature-sensitive antennas that deform as a function of temperature. Each of
the SMA arms will have undergone controlled thermo-mechanical training as a function of
temperature. This imparts the SMA with a specific and characteristic temperature-sensitive
mechanical deformation that can be used for sensing temperature.

3. Peak Temperature Recording Antenna Using Two-Way SMA

SMA has been used for tunable antennas [24], threshold temperature [4], and peak
temperature with visual readout [5], and actuator [25,26]. In this article, a temperature-
sensitive antenna is fabricated with two-way SMA for sensing and recording the peak
temperature information with a radio frequency (not visual) readout. The operation of
the SMA antenna sensor for tracking the highest environmental temperature is shown in
Figure 3a; the black curve shows the real-time temperature, and the red-color curve tracks
the recorded highest temperature T1 stored in the thermomechanical shape of the antenna.
As the environmental temperature drops, the red curve shows the thermomechanical
shape corresponding to the highest temperature value. The arms of the antenna are made
such that it has a predefined large opening angle at the low temperature and a small
opening angle at the high temperature. Assume, initially, that the antenna is placed in a low
temperature T0, and it presents a low-temperature predefined configuration with a large
open angle, as in Figure 3b. As the temperature increases, it gradually changes its shape
towards the high-temperature predefined configuration, and the opening angle decreases.
At the highest temperature T1, the antenna presents a small opening angle as in Figure 3c,
and it remains this configuration even if the temperature drops below T1 in the future, as
shown in Figure 3d. Conversely, for tracking the lowest environmental temperature, as in
Figure 3e, the black curve shows the real-time temperature, and the blue curve tracks the
thermomechanical shape for the lowest temperature it experienced. If the environmental
temperature rises above the lowest temperature, the blue curve keeps the configuration
for the lowest temperature value. Assume the antenna sensor is initially placed in a
high temperature T3 so that it is in a high-temperature predefined configuration with a
small open angle, as in Figure 3f. It will gradually change towards the low-temperature
predefined configuration as the temperature falls, leading to a gradually larger opening
angle. At the lowest temperature, T4, the antenna presents the largest opening angle, as
shown in Figure 3g. In this process, even if the temperature rises above T4, the two-way
SMA remains the configuration of the lowest temperature it experiences, as indicated
conceptually in Figure 3h. Therefore, depending on the initial temperature setting, the
antenna can be used to record the highest or lowest temperature it experiences. The antenna-
based sensor automatically filters the nominal temperature information and only keeps the
peak temperature data. Different peak temperatures induce different geometric profiles of
the antenna. The shape and dimensions of the antenna dictate the frequency-dependent
current density, which influences the radiation profile and alters the antenna parameters
such as directivity and gain [27]. Therefore, sensing the radiation profiles from the antenna,
such as through measurement of S11, a measure of power at the input (reflected power), the
peak temperature information can be obtained without the need for real-time temperature
sensing or data logging.
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Figure 3. (a) SMA antenna records the maximum history temperature. (b) Antenna presents a large
opening angle at an initial low temperature. (c) Antenna presents a small opening angle at the highest
temperature. (d) Antenna keeps the small opening angle when the temperature drops. (e) SMA
antenna records the minimal history temperature. (f) Antenna present a small opening angle at an
initial high temperature. (g) Antenna presents a large opening angle at the lowest temperature. (h)
Antenna keeps the large opening angle when the temperature increases.

4. Experiment Results

To apply the temperature extrema antenna sensor in the supply chain, we choose
SMA wires with As and A f being 20 ◦C and 40 ◦C, and Ms and M f being 10 ◦C and
−10 ◦C. In real practice, the temperature range should be chosen such that it matches the
recommended storage temperature range of the drug/pharmaceutical being monitored.
The fabricated sensors can be placed on the packages for individual monitoring. Before
deploying the sensors into the supply chain, the SMA-based sensor can be cooled below M f ,
in our case, at a temperature of −15 ◦C, to prime the sensor to track the highest temperature.
As the temperature varies, the SMA will change its configuration, and assuming the highest
temperature of the package reaches 30 ◦C, the two-way SMA wire will lock its configuration
based on this highest temperature it experienced, even if the temperature drops later to,
e.g., 10 ◦C. Similarly, if the initial temperature is set higher than A f , the two-way SMA
wire has a high-temperature predefined configuration. It can be used to record the lowest
temperature of the package in a manner analogous to what was discussed above for
high peak temperature recording, albeit the difference here is the shape tracks the lowest
experienced temperature. An RF-based readout can be used where the two-way SMA
performs as arms of the antenna, and the radiation intensity or pattern is monitored as the
indicator of peak temperature. The two-way memory effect with user-defined temperature
settings is obtained with a thermo-mechanical training process. The below describes this
training process to form the two-way SMA [5,28].

4.1. Forming High-Temperature Predefined Configuration

We use nickel–titanium alloy SMA wires (Nexmetal) with a diameter of 0.5 mm. The
first step is to program the shape or configuration that the SMA wire will acquire at high
temperatures. This is achieved by manually shaping the SMA wire in this high-temperature
predefined configuration. While being constricted in this shape, the SMA wire is then
annealed in a furnace at 300 ◦C for around 10 min. Sustained high-temperature exposure
permanently rearranges the lattice structure realizing a one-way memory; this predefined
structure will be the one for which the SMA recovers when heated.



6 of 10

4.2. Forming Low-Temperature Predefined Configuration

To program the shape or configuration that the SMA will acquire at low temperature,
the SMA is firstly cooled in an icy bath. The low-temperature environment brings the SMA
wire into the martensite state, in which the SMA is pliable. The SMA is folded into a spring
shape beyond its usual strain limit in the icy water of 5 ◦C or 5 min, as in Figure 4a. This
step locks in the second recoverable shape of the SMA at a low temperature. The SMA
is then transferred to a hot bath with a temperature around 60 ◦C, causing the shape to
recover to the high-temperature predefined shape as in Figure 4b.

Figure 4. Thermo-mechanical training of the two-way SMA. (a) SMA is in low-temperature bath for
training. (b) SMA is in high-temperature bath for training.

The above steps are repeated for 20 cycles. This results in the formation of a two-way
SMA. Heating or cooling causes the SMA to spontaneously change shape to the direction
in which it has been consistently deformed. Note that the amount of the shape change on
cooling will be significantly less than what was induced during the thermo-mechanical
training steps mentioned above, and the recovery at high temperatures may be incomplete
compared to the original straight-line configuration due to the excessive deformation in
the martensite phase. However, the platform’s extreme temperature behavior is adequately
distinct and repeatable for temperature sensing.

To make a temperature-sensitive antenna, two trained SMA wires are soldered onto
a tiny Print Circut Board (PCB). The PCB works as a simple frame for the SMA wires
to be soldered on and connects the SMA wires to a signal connector. Figure 5 shows
the configuration that the antenna changes to as temperature increases from 23 ◦C to
40 ◦C in a temperature-controlled chamber. A vector network analyzer (Agilent N5227A)
is used to measure the return loss S11. First, S11 around 1 GHz is recorded while the
temperature gradually increases from −20 ◦C to 50 ◦C. The fabricated antenna was placed
inside a custom RF anechoic chamber. The chamber works as both an RF signal absorber
and a thermal insulator. A small heater and dry ice were used for heating and cooling,
respectively. For the heating process, the chamber was first cooled by putting the dry ice
inside, and then the heater slowly increased the temperature in the chamber. This results
in a smaller opening angle formed by the two arms of the antenna. During this process,
S11 and temperature are recorded simultansously. Second, the temperature is gradually
decreased from 50 ◦C to −20 ◦C, leading to a larger opening angle of the antenna. The
chamber is preheated to 50 ◦C with the small heater and then cooled by dry ice. The cooling
process leads to a larger opening angle of the antenna. Temperature and S11 monitoring
are also performed similarly for the cooling process. The physical length of the antenna is
the same in different shapes. Therefore, the resonant frequency does not change as much.
However, different opening angles lead to different radiation patterns due to different
antenna impedance and thus different S11 values, as shown in Figure 6a,b. For the rising
temperature process shown in Figure 6a, the return loss around 1 GHz at 30 ◦C is −11 dB.
When the temperature rises to 47 ◦C, the return loss is reduced to −7 dB due to the more
closed antenna shape. Note that the return loss to temperature conversion is not linear and
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the antenna is most sensitive around 39 to 44 ◦C. The average sensitivity over the entire
temperature range is roughly 0.24 dB/◦C. Similarly, for the decreasing temperature process
shown in Figure 6b, the return loss around 1 GHz at 13 ◦C is −6.5 dB and is −11.4 dB at
−17 ◦C. The result shows a similar non-linearity and is most sensitive around −7 to 3 ◦C.
The average sensitivity around the entire range is −0.16 dB/◦C.

The ability to hold the information of the highest or lowest temperature is also tested.
Three sets of two-way SMA antennas are initially set at −20 ◦C. The temperature is grad-
ually increased to 36 ◦C, 39 ◦C, and 42 ◦C, respectively, and then decreased. The shape
of the antenna and the peak of S11 remain the same value measured at the previous
high temperature, even when the temperature drops, as shown in Figure 6c. The time
when each measurement is taken is also shown in the figure. Similar tests are done in a
decreasing-temperature situation, where the temperature drops to 4 ◦C, −2 ◦C, and −12 ◦C,
respectively, and then rises back. The peak of S11 remains the same value it had measured
at the previous lowest temperature, as shown in Figure 6d.

Figure 5. SMA antenna presents different shape at 23 ◦C, 26 ◦C, 29 ◦C, 32 ◦C and 40 ◦C.

Figure 6. Return loss S11 of two-way SMA under (a) heating and (b) cooling process; and peak value
of S11 when two-way SMA are (c) heated and (d) cooled to different temperatures.

The minimal value of S11 during the temperature sweep is extracted and plotted
in Figure 7. It shows the hysteretic nature of the SMA, which plays a critical role in
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recording the highest or lowest temperature. When the temperature changes from −15 ◦C
to 60 ◦C, the SMA configuration changes gradually so that at each temperature point,
there is a corresponding unique physical configuration. Different configurations of the
antenna result in different return loss S11, providing a readout of temperature from the
antenna configuration.

Figure 7. Minimal value of S11 during the temperature sweep.

5. Discussion

Note that if the temperature variation is within the hysteresis, the sensor will record
only the maxima or minima, no matter how many local maxima or minima it has experi-
enced. It can only detect one extremity, and this value is set before the application through
the the SMA’s thermomechanical training. If both maxima and minima are needed, two
sensors are required. If the temperature variation is beyond the hysteresis, the sensor will
not work to record activity beyond the hysteresis range. In this case, SMA wires with
different temperature thresholds to cover the temperature range will be required. We as-
sume that the users will know the temperature range of their application and proper SMA
wires with appropriate temperature profiles will be chosen accordingly. Achieving a wider
temperature range using multiple SMA antennas could be the focus of the future work.

The sensor has a response time, typically less than one second. If the temperature
change is faster than the sensor response time, then the sensor will not change its configura-
tion. For the typical applications in monitoring the temperature of goods during transporta-
tion, the sensor response time is much faster than the anticipated temperature change.

The SMA can hold its shape in this application since the weight of the SMA wire
is negligible and is taken into account through thermomechanical training. We do not
expect to subject the antenna to any additional weight. If the antenna is deformed due to
mechanical force by accident, it may change the shape of the SMA wire temporarily, which
will recover when stabilized when SMA is adequately thermo-mechanically trained.

6. Conclusions

This paper presents a simple battery-free approach to sense peak temperature infor-
mation using the natural phase-change property of shape memory alloys or SMAs. We
present a thermo-mechanical programming process to realize two-way SMA that can sense
and record the peak temperature information. One can track historical peak temperature
activity using a single passive device without any onboard power source or electronic
circuitry such as memory or microcontrollers. The readout can be done at any time in the
future using an RF reader. While not demonstrated here, one can achieve wireless readout
using a passive RF module and an RF reader at the transportation terminals. The whole
sensor platform is low in cost, compact, and scalable to monitor individual packages in the
supply chain.
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