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ABSTRACT 

Monitoring critical temperature transition events is essential 
for perishable goods during transportation. However, conventional 
sensors require expensive electronics and continuous power sources 
for their functioning, which makes it impractical for cost and 
logistical reasons for monitoring a large number of goods. Based on 
our previous work using shape memory alloy or SMA, we propose 
a zero-power multi-section SMA-wire-based antenna that can 
record multiple levels of critical temperature crossing events 
without any need for peripheral electronic components or batteries. 
This paper presents details of fabrication and test/validation efforts 
of the shape memory effect of the conjoined multi-section SMA 
antenna for the recording of temperature violation events. 
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INTRODUCTION 
With the advent of the era of Internet-of-Things (IoT), there 

has been a growing need for smart sensors that are low-cost and 
energy-efficient. In scenarios where a large number of sensors are 
needed, conventional sensors that consist of electronic memory, 
controller units, and power supply are quite expensive to deploy at 
a large scale. The need for a continuous power source is a logistical 
bottleneck in many applications. Recently, zero-powered sensors 
have been investigated to address this need. This includes humidity 
sensors [1,2,3,4], strain sensors [5,6], and tile sensors [7,8]. Other 
zero-power single-event sensors such as photoswitches [9], package 
security sensors [10,11], liquid level sensor [12], corrosion sensor 
[13], and home security sensors [14,15,16] have also been reported, 
employing different techniques for fabrication. For communication 
of sensor information, passive Radio-frequency identification 
(RFID) tags are preferred since it does not need a battery and relies 
on the backscattering of signal sent by an interrogating reader 
[17,18].  

While the aforementioned sensors may offer zero-power real-
time detection, they need peripheral electronic devices to record the 
sensed information until it is read out by the reader. This data-
logging operation is in by itself power-hungry. In some applications, 
a detailed recording of the whole time is unnecessary, and only some 
critical events are of interest to the monitoring personnel. For 
instance, certain goods need to be stored in a certain temperature 
range, such as chemicals and drugs [19]. Violation in temperature 
can cause degradation or even adverse effects on these products. 
Conventional sensors would record the whole temperature history 
of the goods, while in reality, one is only interested in monitoring 
whether the temperature threshold was ever crossed. Thus, it will be 
beneficial to develop a zero-power sensor that can also record those 
temperature events in by itself for posterity without the need for data 
logging memory units. 

Due to its thermal-mechanical properties, shape memory alloy 
(SMA) can be used for recording temperature events. It has been 
used for reconfigurable antenna [20] and temperature sensing 
[21,22]. In prior work, a battery-free threshold temperature sensor 
was developed by utilizing the shape change of the SMA as a 

detector/recorder of events [23]. Relying on the shape memory 
effect of SMA, the antenna irreversibly changes its configuration 
from parallel to dipole antenna when the temperature rises above the 
threshold value. As a result, its radiation profile is altered. The 
antenna would lock this configuration even after the temperature 
drops back below the threshold temperature value. This sensor is 
used to record the temperature violation event without a memory 
device and power supply, but its usage is limited to monitoring a 
single threshold level crossing. This article proposes an SMA-based 
multi-threshold temperature sensor, which can monitor the goods 
with more detailed historical temperature information and multiple 
threshold temperature level crossing events. The sensor consists of 
two SMA sections with different temperature thresholds to provide 
a more complex shape reconfiguration. This can be scaled up to 
multiple sections for a more complex temperature monitoring 
profile. 

 

PRINCIPLE OF SENSOR OPERATION 
Properties of Shape Memory Alloy 

SMAs are metals that have a memory effect depending on 
environmental temperature. Most SMAs are alloys made of nickel 
and titanium. At a low temperature, the SMA is in its martensite 
state. Atoms are loosely patterned in this state so that the shape of 
SMA can be easily modified. While at high temperature, the SMA 
is in the austenite state, where the atoms are tightly arranged, making 
the whole SMA stiff and rigid [24,25]. When the temperature rises 
above the threshold, heat is absorbed by the SMA, and the 
rearranging force between atoms makes the SMA recover to its 
predefined shape, regardless of its previous deformed shape, which 
presents the memory effect. As shown in Figure 1, the start and end 
temperatures for the state-changing from martensite to austenite are 
As and Af, respectively; the start and end temperatures for the state 
changing from austenite to martensite are Ms and Mf, respectively 
[26,27]. Due to the hysteresis, the SMA will keep its shape in 
austenite form, even if the temperature drops below As but above 
Ms. 

 

 
Figure 1: The hysteresis and critical temperature threshold of shape 
memory alloy. Inserts are Martensite and Austenite crystal 
structures. 
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Using this shape memory and self-recovery nature of the SMA, 
an SMA-based antenna is designed for wireless temperature 
crossing event sensing. To monitor different levels of temperature 
crossing events, two sections of SMA wire with varying thresholds 
of temperature are conjoined to form the SMA-based antenna. Each 
section will recover to its predefined configuration when the 
temperature exceeds its respective threshold, which leads to 
different radiation profiles for each crossing event. By sensing and 
differentiating this radiation information, the key historical 
temperature information is recorded for posterity and easily 
recovered. 
 
Sensor Design and Simulation 

The sensor is designed as an antenna consisting of two arms 
that change shape under different temperature conditions, as in 
Figure 2. Each arm composes one red color section made by a low-
temperature threshold SMA of threshold value T1, and another blue 
color section fabricated with an SMA with a high-temperature 
threshold of T2. The sensor is connected to a tiny PCB board. When 
the temperature is less than T1, the whole sensor is in a martensite 
state and is manually reset to the shape shown in Figure 2(a). When 
the temperature rises above T1 but below T2, the red section recovers 
its predefined shape forming a straight line, which results in a dipole 
antenna configuration, as shown in Figure 2(b). This shape 
reconfiguration (Figure 2(b)) has a different radiation profile than 
the previous case (Figure 2(a)). Even if the temperature drops back 
below T1, the antenna will still hold this dipole antenna 
configuration. Thus, the temperature crossing event at T1 is recorded 
for posterity in the natural shape/state of the SMA antenna. When 
the temperature further exceeds T2, which indicates the second 
temperature crossing event, the blue section recovers to its 
predefined straight shape, as shown in Figure 2(c). This causes the 
sensor to form a parallel line configuration. The parallel line antenna 
has very low radiation since the signals on the two arms cancel each 
other. Similarly, if the temperature drops below T2, the antenna will 
still hold the parallel line shape, thus recording the prior temperature 
crossing event. By sensing and differentiating the radiation profile 
in its different configurations, the historical temperature information 
can be revealed. 

 

 
Figure 2: SMA antennas morph into different shapes at different 
temperature levels. (a) Below the lower threshold, (b) Between two 
thresholds, and (c) above the second threshold. 

 
In our measurement, the shape variation caused by temperature 

violation is detected by the reflection coefficient S11. When the 
temperature exceeds each of these thresholds, the reflection 
coefficient differs. To quantify the results, S11 of the different states 
of the SMA antenna is simulated. The total length of each multi-
section SMA wire is 75 mm, which results in a magnitude peak at 
950 MHz in the range of UHF RFID. At a temperature below T1, the 
SMA sensor is deformed in a U shape. Under this condition, the 
impedance of the antenna is 44+5j Ω at 950 MHz. When the 
temperature is between T1 and T2, the antenna switches to a dipole 
antenna configuration, and the impedance changes to 73+9j Ω. As a 
result, the minimal magnitude of the return loss S11 around 950MHz 
decreases from 24 dB to 17 dB. When further temperature crossing 

occurs, the temperature rising above T2, the SMA wires straighten 
and form a parallel line antenna. At this point, the impedance of the 
antenna is 1−29 j Ω. The S11 flattens out at 0 dB over the simulated 
frequency range of 0.7 GHz to 1.2 GHz. 

 

FABRICATION AND CHARACTERIZATION 
SMA wires with a diameter of 0.5 mm are used to fabricate the 

SMA antenna. The thresholds T1 and T2 of the two SMA wires are 
chosen as 30 °C and 50 °C, respectively. The detailed fabrication 
process of the SMA wire with a specific threshold can be obtained 
from [28]. 

To fabricate the multi-section SMA antenna, SMA wires need 
to be electrically joined together. Soldering is preferred for its robust 
connection. However, the ordinary soldering process would fail due 
to the formation of an oxide layer on the surface of the SMA wire 
[29]. The heat during the soldering greatly accelerates the oxidation 
process. To eliminate oxidation, phosphoric acid is applied to the 
polished ends of two SMA wires before soldering [30]. The 
phosphoric acid wetting on the SMA wires prevents oxidation. 
Therefore, the two parts can be soldered together. A physically and 
electrically stable connection is created between the sections of the 
SMA wire. Afterward, the residue of phosphoric acid and excessive 
solder is removed for a smooth connection. An antenna is formed by 
attaching the conjoined multi-section SMA wires to a tiny printed 
circuit board. 

 
Temperature Response 

The temperature response of the sensor is measured by 
recording the shape of the SMA wire while sweeping the 
temperature. To ensure that the environment temperature is stable, 
the fabricated SMA wire is submerged in a water bath, which allows 
the temperature to be precisely controlled. A thermocouple 
(RISEPRO) is placed nearby the SMA sensor to detect the 
environmental temperature. The fabricated multi-section SMA wire 
is initially cooled at 5 °C in the water bath, and then gradually heated 
to 60 °C using a hot plate. During the heating process, the shape 
change of each section is recorded. Initially, both sections are at 0% 
transition with the manually set shape. When the temperature is 
above their thresholds, the SMA wires become straight, which leads 
to a 100% shape transition. Section 1 has a threshold of around 30 
°C, and section 2 has a threshold of around 50 °C.  In Figure 3, the 
measured temperature response of Section 1 is depicted as the blue 
dash line. Its shape starts to change at 28 °C and finishes changing 
at 32 °C, resulting in a 4 °C transition zone. Similarly, the measured 
response of section 2, shown as the solid red line, starts to change 
shape at 48 °C drastically and finishes changing at 53 °C. The 
transition zone is 5 °C. 

 

 
Figure 3: Temperature response of the SMA. 
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Frequency Response vs. Temperature 
The S11 of the actual fabricated SMA antenna at different 

temperatures is characterized by a Vector Network Analyzer 
(Agilent N5227A). The frequency responses of the SMA antennas 
are tested under three temperature ranges, which is below 30 °C, 
between 30 °C and 50 °C, and above 50 °C. The figures of the SMA 
antennas under different states are shown in Figure 4. 

 

 
Figure 4: Return loss configured SMA antenna under (a) no 
temperature violation, t < 30 °C, (b) first degree of temperature 
violation, 30 °C < t < 50 °C, and (c) second degree of temperature 
violation, t > 50 °C. 

The measured frequency response of the SMA antenna is 
shown in Figure 5. The return loss configuration is in a U shape state 
when the temperature is below 30 °C, as shown in Figure 4(a). 
Similar to the simulation results, the antenna in this state shows the 
most significant reflection of 30 dB at 950 MHz. When the 
temperature is between 30 °C and 50 °C, the SMA sensor transforms 
into a dipole antenna, as shown in Figure 4(b). As a result, the 
reflection coefficient S11 drops to 24 dB at 950 MHz. As the 
temperature rises above 50 °C, the SMA antenna turns into a parallel 
antenna, as shown in Figure 4(c), and the S11 is less than 3 dB over 
the 0.7 GHz to 1.2 GHz frequency range. 

 

 
Figure 5: Measured frequency response of the SMA antenna. 

 

DISCUSSION 
The SMA antenna presents a transition zone during the sweep 

of temperature, and the transition is not abrupt. The fabricated multi-
section SMA wire will react to two different temperature thresholds. 
As indicated in Figure 4, the first section will change from the 
manually set shape to a predefined shape due to the SMA’s thermal-
mechanical memory effect. The transition-start temperature As is 28 
°C, and the transition-finish temperature Af is 32 °C. The 4 °C 
transition zone indicates a ±2 °C error for the first section at 30 °C. 
The second section has a higher threshold. Its transition-start 
temperature is 48 °C, and the transition-finish temperature is 53 °C. 
The tolerance for the second section is ±3 °C. Such a level of 
accuracy is suitable for temperature crossing monitoring for routine 
food and medical-grade products, where the goal is to provide some 
assurance, and accuracy of temperature sensing is not essential. To 
achieve more minor transition errors, one needs SMA wires with 
more rapid change, which can be fabricated by specific techniques 

and proper material selection [31,32,33]. However, this is not the 
focus of this paper. 

For the proposed multi-section SMA antenna, the radiation 
response reveals the temperature range that the SMA antenna has 
experienced. Both simulation and experimental measurement justify 
that the temperature violation induced shape-change effect can be 
monitored by the magnitude of the reflection coefficient S11 of the 
antenna. The return loss will be 30 dB when the temperature is 
below 30 °C. If the temperature ever rises between 30 °C and 50 °C, 
a 24 dB peak will be detected at 890 MHz in the S11. If the highest 
temperature the antenna has experienced is above 50 °C, the return 
loss almost becomes a flat line over the frequency range. Due to the 
thermal-mechanical memory effect of the SMA wire, any 
temperature violation will cause the shape of the antenna to change, 
and the shape is kept (recorded) even after the temperature drops 
below the thresholds. 

 

CONCLUSION 
In this work, a battery-free multi-section SMA-based antenna 

is presented to monitor dual temperature crossing events. Utilizing 
the thermo-mechanical memory effect of the SMA wire, the antenna 
changes its shape in accordance with the phase transition 
temperatures of the sections of SMA used to make the antenna. The 
shape change is maintained (recorded) even after the clearance of 
the temperature crossing event, achieving natural recording of event 
activity in the shape of the antenna. The return loss of the antenna is 
used as an electronic indicator of temperature crossing events. The 
significance of this sensor is that it offers battery-less multiple 
temperature thresholds sensing and recording, without the need for 
peripheral electronic components or batter, which provides a low-
cost, and logistically easy to use solution for monitoring 
temperature-sensitive goods. 
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