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A B S T R A C T   

An increasing number of products require transport at cold and ultra-cold temperatures, < 5 and −60◦C 
respectively. Time-temperature indicators (TTIs) are used to monitor the integrity of the cold chain, however, 
they are frequently based on colorimetric changes that can be inaccurate for quantification and not possible to 
read through closed shipment materials. Here, TTIs were prototyped using microfluidic channels containing 
fluids (oils) that are tuned to melt above target temperatures. By coupling these TTIs to resonant sensors, the 
time-temperature information can be transmitted wirelessly and quantitatively by observing shifts in resonant 
frequency. Multiplexed TTIs containing fluids that melt at 9, 13.5, and 19.5◦C are demonstrated. When coupled 
to the resonant sensor, the fluid flows as the temperature increases incrementally and generates a frequency shift 
of 3.5, 4.5, and 6 MHz at each threshold. TTI for ultra-cold environments were also designed using microfluidic 
channels with melt responsive fluids (ethanol). The resonant sensor coupled TTI was placed in a Styrofoam 
container containing dry ice, and over 1 MHz frequency shift is observed when read external to the container as 
the dry ice evaporates and the temperature exceeds −35◦C. This augurs potential uses in inexpensive monitoring 
of food and pharmaceutical shipments that must remain cold for adequate quality.   

1. Introduction 

Cold chain logistics involves the storage, transport, and distribution 
of temperature sensitive products with minimal product loss. However, 
significant temperature aberrations during the transportation and dis
tribution have been observed that could compromise the product quality 
[1,2]. Literature reviews in the cold chain logistics have been performed 
and demonstrated that the importance of temperature monitoring as a 
prominent quality control measure [3–5]. Although other parameters 
such as humidity could have an impact on the product degradation [6], 
temperature remains as the most prominent indicator of the product 
quality. While some products such as dairy goods and drugs can be 
stored at refrigerated temperature (2–8◦C), increasing number of prod
ucts has required an ultra-cold environment (<-60◦C) to preserve their 
functionality such as many recent mRNA vaccines and biomolecules. For 
products requiring refrigerated temperatures, they can be enclosed in a 
temperature insulating container with ice (often used for small quantity) 
or they can be transported with a continuous cooling source. For prod
ucts at ultra-cold environment, the products are transported in Styro
foam box with dry ice or in dewars with liquid nitrogen. 

Currently, the widely used method of monitoring the temperature 
profile is through the radio frequency identification (RFID) technology 
integrated with an electrical-based temperature sensor [7,8]. The types 
of electrical-based temperature sensor are thermistor, thermocouple, 
and resistance temperature detector. Each of these has different cost and 
accuracy and can be selected according to the application. The RFID 
reader interrogates the tags that are attached onto the packages and 
obtain the temperature measurements. By incorporating the Wireless 
Sensor Networks, the product location and the temperature profile can 
be traced remotely in real time [9,10]. However, this modality typically 
requires a power source and microchip for every sensor which results in 
higher cost and reduced ability to scale up when the products are 
broadly distributed. In addition, it is commonplace that the temperature 
information is not transmitted during the transportation, i.e. scanned at 
terminal points [11]. 

Alternative to the electrical-based temperature sensor are tempera
ture indicators that have an irreversible response towards temperature. 
Vivaldi et al. utilized copper doped ionic liquid to generate an irre
versible change in impedance of an RFID tag when temperatures 
exceeded the 8◦C threshold [12]. Another approach used two RFID tags 
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with an embedded metal plate in ice interfering with one of the tags [13, 
14]. When the temperature rises, the ice melts, and the metal plate shifts 
towards the tag to reduce backscattering signal of one tag while 
improving signal of the other. Lorite et al. incorporated a microfluidic 
critical temperature indicator with an RFID tag that responds at the 
critical temperature around 18–19◦C [15]. Although these approaches 
provide an adequate indication, these approaches rely on the change in 
backscattering power, which limits tunability of the sensor. Chipless 
RFID sensor is another simpler approach that can be applied in this 
application [16–18]. Due to the inherent sensitivity towards the envi
ronment, the resonant frequency can be used to track the parameter of 
interest (e.g. temperature) when integrated with a responsive material 
[19]. 

Although temperature indicators can inform when a temperature 
threshold has been exceeded, the product’s shelf life can still vary 
greatly at elevated temperatures. Time-temperature indicators (TTI) 
that inform both the temperature and the amount of time where the 
temperature has exceeded are of greater interest [20]. TTIs can be 
classified into diffusion-based [21–23] and reaction-based indicators 
[24–26]. For instance, a reaction-based indicator was developed by Sun 
et al. based on the reaction between amylase and starch [27]. The hy
drolysis of starch catalyzed by amylase creates a colorimetric change in 
the presence of iodine and that response is both time and temperature 
dependent. Choi et al. developed a TTI mat using thermoplastic poly
urethane nanofiber [28]. The mat is opaque at −20◦C and 2◦C and be
comes transparent over 0.5–22.5 hr depending on the polymer 
composition and film thickness when warming up to room temperature. 
For diffusion-based indicators, temperature-responsive fluids are used to 
measure the extent of temperature aberration. Jafry et al. designed a 
fan-shaped nitrocellulose membrane and tested with the flow of oleic, 
octanoic, and decanoic acid through the capillary action [29]. Other 
diffusion-based TTIs that are commercially available are 3 M™ Monitor 
Mark™ and WarmMark®. 

Most of the TTIs rely on color changing indicators that must be 
observed by eye [23,30–33], which limits their applicability in the many 
opaque containers and packaging used in cold chain logistics, such as a 
large pallet of meat shipped internationally. Inductive-capacitive (LC) 
resonant sensors offer a niche solution in this application by enabling a 
wireless interrogation modality to the TTIs. LC sensors are chipless 
sensors that have an inherent resonant frequency in the radio frequency 
regime [34]. The resonant frequency is dependent on the permittivity 
around the sensor and their ability for sensing in a closed system has 
been demonstrated. For instance, the resonant sensor can be embedded 
in bandages [35] and garments [36] to monitor the wound, skin, and 
sweat properties through the changes in resonant frequency. In addition, 
LC sensors are chipless and are readily scalable (roll to roll 
manufacturing, no integrated circuit placement), which is cost effective 
when comes down to wide distribution in cold chain logistics [37]. 
Integrating the LC sensors to detect the permittivity changes of TTIs 
could therefore be valuable in monitoring the integrity of cold chain 
logistics. 

In this work, LC sensors are coupled to a TTI to demonstrate the 
utility in the cold chain and ultra-cold chain applications. A TTI is first 
designed based on the fluid flow within a microfluidic channel. 
Temperature-responsive fluids are screened for the target range of 
2–8◦C. Mixtures of fluids are also screened for tuning the temperature 
thresholds up to 21◦C. A resonant sensor is then coupled with the TTI to 
test for the wireless transmission of the temperature cue. Finally, 
another TTI integrated resonant sensor is designed to work in the ultra- 
cold environment. 

2. Methods 

2.1. Microfluidic channel fabrication 

The TTI designs were created in Inkscape with different trace colors 

indicating different cut settings. Different designs were used for different 
experiments as described below. Glowforge laser cutter was then used to 
pattern a 2 mm thick acrylic sheet. The thorough cut was achieved using 
full power setting and a speed of 150 whereas the partial cut was ach
ieved using full power setting and a speed of 500. This created a cross- 
sectional channel with a depth of 840 μm and a width of about 500 
μm (see Section 1 of Supporting Information). After laser cutting, the 
surface facing the laser was covered with a packaging tape to enclose the 
channel. On the other surface, the reservoirs were partially or fully 
covered (detailed in each section below) to hold the fluid. 

2.2. Working fluid identification 

The prototype for testing the melting of fluid is illustrated in Fig. 1 
and Section 1 of Supporting Information. After patterning the channels 
using laser cutter, packaging tape (3 M Scotch heavy duty) was used to 
seal the channels and partially cover the reservoirs. Peanut oil (LouAna) 
or mixture with coconut oil (Spectrum) at a volume ratio of 5:1, 5:3, and 
1:1 was used to fill up the channel. The chip was then brought to freeze 
at −20◦C for about an hour or until the liquid was frozen. The top 
reservoir of the chip was added with dyed solution and chilled for 
another 5 minutes. The chip was transferred into a portable freezer 
(AstroAI) that was set at −2.8◦C and placed vertically. The temperature 
was incrementally ramped by 1.5–2.5◦C about every 2 hours until the 
fluid flow was observed. A thermocouple (Amprobe TMD-56) was used 
to obtain the temperature profile of the prototype or TTIs during the 
experiments. 

2.3. Cold chain TTI setup 

The TTI design for refrigerated temperatures is modified from the 
design above and illustrated in Fig. 2. The schematic of the TTI setup can 
be found in Section 2 of Supporting Information. Briefly, 9 μL of each 
peanut oil, C1, and C3 oils were added into three separated channels of a 
TTI with a resonant sensor attached. The resonant sensor was fabricated 
as described previously in [37]. Briefly, a mask of the spiral resonant 
sensor design was printed onto a copper laminate, Pyralux®, using a 
solid ink printer (Xerox ColorQube). The patterned copper laminate was 
then immersed into the etching solution containing 1:1 vol ratio of 3 wt 
% hydrogen peroxide and concentrated hydrochloric acid. Finally, the 
mask was removed by acetone rinse. After the oils were frozen, 30 μL of 
dyed saline solution was added into the reservoirs through the smaller 
inlet circle. The TTI was brought to the portable freezer at −2.8◦C. 
Similar to above, the temperature was increased incrementally by 
1.5–2.5◦C every 2 hours until the fluid flow was observed with a camera. 
Meanwhile, a 4 cm diameter reader coil connected to a vector network 
analyzer (Copper Mountain TR1300) was used to interrogate the reso
nant sensor while a webcam was simultaneously capturing time lapse 
images. For transient temperature perturbation, the temperature of the 
portable freezer was increased to the maximum for about 30 minutes 
and then returned to 2.8◦C. 

2.4. Ultra-cold chain TTI setup 

For ultra-cold chain environment, pure ethanol was added to 15% 
(w/w) calcium chloride solution to create a 40% ethanol saline solution. 
The TTI design was modified to accommodate the fluid property and is 
illustrated in Fig. 5. The detail of the setup is depicted in Section 3 of 
Supporting Information. Briefly, 300 μL of ethanol solution was added 
into the reservoir and the TTI coupled with resonant sensor was frozen in 
a Styrofoam box with dry ice. After freezing, the TTI was attached onto 
the side surface of the Styrofoam box using a VHB double sided tape. A 
4 cm diameter reader coil was used to interrogate the resonant sensor 
through the Styrofoam box (thickness = 3.8 cm). After the reader coil 
has been set up, some dry ice was removed to accelerate the melting 
process. 
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2.5. Sensor performance characterization 

Since the sensor monitors the temperature exceedance and time of 
exceedance simultaneously, we defined the sensor performance using 
several metrics: 1) Working range: Time: the amount of time the 
working fluid flows through the channel. Temperature: defined by 
working fluid; 2) Sensitivity: The resonant frequency shift after the 
temperature exceeded the working fluid melting point; 3) Linearity: The 
correlation between resonant frequency and time exceeding the engi
neered threshold; 4) Noise: Maximum fluctuation of resonant frequency 
before the TTI is activated; 5) Resolution: Time to induce a noticeable 
change. 

3. Results and Discussion 

3.1. Microfluidic channel working principle 

A microfluidic channel was utilized to transduce the temperature 
through the temperature-sensitive fluid within the channel. The 
microfluidic channel was fabricated by laser cutting an acrylic sheet, 
allowing a simple and cost-effective manufacturing process. A fully cut 
setting was used to create the reservoirs (black circle) and a partial cut 
setting was used to create the channels (Fig. 1a). After the microfluidic 
chip was fabricated (see Methods for detail), the channels were filled 
with temperature transducing fluid and chilled. Dyed solution was 
added into the reservoir for visualization purpose. With increasing 
temperature, the stagnate fluid was expected to vary its physical prop
erties and flows within the channel. The driving force of this system is 
obtained predominantly through gravity. No observable fluid movement 
was obtained through capillary forces at the scale of these channel sizes. 
Proper orientation could be maintained on most large pallet shipments 
(e.g., global meat or pharmaceutical shipments). For smaller individual 
packages where orientation could vary, the design would need to be 
reconsidered to make it gravity independent. 

3.2. Temperature transducing fluid 

For the fluid of choice, a panel of candidates with melting point 
around the refrigerated temperature (2–8◦C) have been investigated 
including dimethyl sulfoxide, glycerol, and oils. Although all the options 
are considerably safe and cost-effective, dimethyl sulfoxide was able to 
leach into the porous structure and was therefore difficult to control. 
Glycerol was not able to stagnate despite at lower temperatures. 
Commercially available edible oils including peanut oil, avocado oil, 
and olive oil were also tested. Although the freezing point of the 
different oils are similar, peanut oil took the least time to solidify and 
melt likely due to the inherent nucleation property resulting from its 
glyceride compositions. To test the melting property of peanut oil, the 
microfluidic channel containing peanut oil was first frozen at −20◦C for 
about an hour. The acrylic chip was then transferred into a portable 
freezer (AstroAI) at around 0◦C and placed vertically and the tempera
ture was incrementally increased every hour. When the temperature was 
increased to above 6◦C, the peanut oil melted and flowed into the bot
tom reservoir. 

Another advantage of oil is its ability to increase the melting tem
perature when mixed with other glycerides with less carbon-carbon π 
interactions. For this purpose, coconut oil was chosen to form a mixture 
with peanut oil due to its higher composition of lauric acid, a saturated 
fatty acid. Peanut oil was mixed with coconut oil at a volume ratio of 5:1, 
5:3, and 1:1, denoted as C1, C3, and C5, respectively. Similarly, after 
freezing the oil mixture within the channel for about an hour, the chip 
was transferred to the portable freezer and the temperature was ramped 
incrementally by 1.5–2.5◦C every two hours (Section 1 in Supporting 
Information). A small amount of dyed water was added into the top 
reservoir prior to the temperature ramping to assist visualization. The 
mixture C1, C3, and C5 melted when the temperature exceeded the 
thresholds 12.5◦C, 19◦C, and 22◦C, respectively (Fig. 1c). This suggests 
that the threshold temperature can be adjusted broadly by tuning the 
sensor fluid mixture melt point above the target temperature. 

Fig. 1. (a) Schematic of microfluidic channel fabrication process. Microfluidic channel was fabricated via laser ablation of an acrylic sheet. Reservoirs were cut 
through (black outline) whereas channels were partially cut (red outline). Transfer tape fully covers the laser-cut side of the acrylic to fully seal the channels. The 
reservoirs were partially sealed on the opposite side to allow for fluid handling. A side cross-sectional view of the final design is shown. Scale bar = 1 cm. (b) 
Schematic of the microfluidic chip working as a temperature indicator. The channels were filled with temperature-responsive fluid and the top reservoirs are filled 
with dyed water to improve visualization. When temperatures exceeded the threshold of the fluid, the dyed water flowed into the bottom reservoir. (c) Melting 
temperature identification of the mixtures containing 5:1, 5:3, and 1:1 vol ratio of peanut oil to coconut oil. 
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3.3. Time-temperature indicator design 

Most of the temperature indicators generate an irreversible, binary 
signal upon perturbation. This could result in a high chance of false 
positive signal due to random transient temperature spikes (e.g., a short 
exposure to high temperature is reported the same as long exposure). 
Time-temperature indicators can ideally provide the temperature his
tory profile and thus translate the product’s quality more confidently. A 
microfluidic channel is again suitable for this purpose by transducing 
the time information into the extent of fluid flow within the channel. To 
achieve this, a few modifications were implemented on the previous 
microfluidic prototype. First, the microfluidic system consists of only a 
single reservoir and a channel that forms a loop with the reservoir 
(Fig. 2a). A few inlets were also created for fluid management (see 
Materials and Methods and Section 2 in Supporting Information). 
Eventually, this creates a closed microfluidic system and eliminates the 
concern of leaching undesired compounds into the product. Next, the 
channels are partially filled with oil such that the fluid tip within the 
channel flows in the opposite direction of gravity. This improves the 
flow consistency by eliminating huge density contrast of air against the 
liquid within the channel. After the oil within the channel was frozen, 
the reservoir was filled with calcium chloride solution to improve the 
electrical signal as described below. A schematic of the working prin
ciple of the microfluidic system is illustrated in Fig. 2b. 

3.4. LC resonant sensor integration 

Most TTIs rely on colorimetric changes or require visualization, 
which is impractical to apply on the opaque materials that are 
commonly used to pack and wrap shipped products. LC resonant sensing 
systems have the advantage of being wirelessly interrogated (Fig. 2c). 
The resonant sensor has a resonant frequency which is dependent on the 
sensor environment’s permittivity. When integrated with the TTI, the 
flow of fluid can change the surrounding permittivity of the resonant 
sensor, which can in turn be interrogated wirelessly to obtain the tem
perature cue (Fig. 2d). 

In order to couple the TTI to the resonant sensor, a few design con
siderations on the microfluidic chip have been implemented. First, the 

oil consists mainly of non-polar compounds that do not provide an acute 
contrast in permittivity compared to the environment (air), resulting in a 
low sensitivity on the resonant sensor. To resolve this, the channel was 
partially filled with oil and the reservoir was filled with calcium chloride 
saline solution. This configuration enables the oil to serve as a switch 
and drive the overall flow of the fluid in the channel. Saline solution was 
used due to its lower melting temperature than oil and immiscibility 
with oil. It can also reduce evaporation rate as well as increase the 
sensitivity of the resonant sensor. When the oil melted within the 
channel, the saline solution flowed from the reservoir straight down to 
the bottom of the channel. This configuration maximizes the resonant 
sensor sensitivity by spanning through the entire sensor. The design of 
the microfluidic system also generates sufficient tension to hold the 
saline solution in the reservoir despite the chip being rotated at any 
angle. 

The design considerations of the resonant sensor are determined 
based on the interrogation distance, the sensitivity, and the 
manufacturing cost. Generally, a larger resonant sensor has a longer 
interrogation distance. The resonant sensors used in this study have an 
outer diameter of around 4 cm. This allows for the interrogation dis
tance to go up to about 5 cm in air and through non-metal materials, 
which is sufficient to be interrogated through most of the isothermal 
container designs. However, the interrogation distance also indicates 
that the resonant sensor signal is susceptible to interferences within that 
range. The microfluidic channel is therefore coupled directly to the 
resonant sensor to achieve maximum sensitivity while minimizing 
interference as the effect of interference decreases exponentially with 
the distance away from the sensor. 

3.5. Multiplexed TTI integrated resonant sensor 

The resonant sensor and the TTI design allows up to three micro
fluidic channels to be integrated into a single chip. This allows three 
fluids with various temperature properties to be simultaneously detec
ted. We tested this design with pure peanut oil, C1 mix, and C3 mix that 
correspond to temperature thresholds at 6◦C, 12.5◦C, and 19◦C, 
respectively. The resonant sensor was integrated to the TTI and was 
interrogated using a reader coil connected to a vector network analyzer 

Fig. 2. (a) Enclosed microfluidic TTI design. Black outlines were cut through whereas red and green outlines were partially cut. (b) Schematic of the TTI in operation 
before and after exceeding the temperature threshold showing fluid movement. (c) Schematic of the operating principle of TTI integrated with resonant sensor to 
wirelessly assess the product quality in cold chain logistics. Flow of saline solution induced a change in permittivity around the sensor ε, which then resulted in a 
change in resonant frequency, f. (d) Illustration of the resonant sensor response before and after the temperature perturbation as reflected by the TTI. 
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for reflectance measurement. Although the mixtures began melting at 
those desired temperatures, we only observed noticeable flow when the 
temperature exceeds 9, 13.5, and 19.5◦C in this TTI design. Before the 
temperature was increased above 4◦C, the resonant frequency remained 
almost constant (± 0.11 MHz). When the temperature was increased to 
the range of 6–12◦C, the saline solution flowed in the channel containing 
the pure peanut oil and created a 3.5 MHz shift in the resonant fre
quency whereas the fluid in the other two channels remained stagnant 
(Fig. 3). When the temperature was further increased to the range of 
9.5–15.5◦C, the TTI containing the C1 mixture was activated and 
generated an additional 4.5 MHz shift in the resonant frequency. 
Finally, when the temperature was set in between 13.5 and 20.5◦C, the 
TTI containing C3 mixture started flowing and generated a 6 MHz shift 
in the resonant frequency. Since the TTIs are aligned with increasing 
temperatures thresholds, activating the TTI with higher temperature 
thresholds would always activate the TTIs with lower temperature 
thresholds. The resonant frequency fluctuated no more than 0.5 MHz 
when the fluid was stagnant. The total time taken for the fluid to flow 
across the channel were 71, 12, and 90 minutes for channels containing 
peanut oil, C1, and C3, respectively. Different response times were 
observed between the channels due to the variation of heat stress pro
vided onto the system. When looking at the resonant frequency response 
only at temperatures above the thresholds, we observed that the reso
nant frequency started shifting after 5 minutes exceeding the tempera
ture thresholds (Section 4 in Supporting Information). Fitting the 
response curve with a linear model resulted in an average slope of 
−0.10, −0.27, and −0.10 MHz/min for peanut oil, C1, and C3 channels, 
respectively. Given the noise (0.11 MHz) before the TTI was activated, 
we deducted that 4 minutes or 0.4 MHz to obtain a signal-to-noise ratio 
above 3 to confirm the exceedance of temperature. 

3.6. Transient temperature perturbation response 

For storage spaces involving a continuous cooling source, a break
down in the cooling system during the transportation could not be 
detected using the electrical based temperature sensor when remote 
transmission is not available. This prototype enables an irreversible 
response upon the temperature perturbation incurred throughout 
transportation due to the irreversible fluid flow within the channel. 
When the cooling source is returned, the TTI should indicate if the 
transient temperature change has implied any significant damage on the 
products. This transient temperature change can also happen during the 
handling or transferring of the products. To exemplify this condition, the 
multiplexed TTI coupled resonant sensor design, as shown above, was 

brought to above 9◦C for about 30 minutes and then returned to 2◦C. 
The channel containing peanut oil flowed to halfway through the 
channel and then was refrozen while the other channels remain stagnant 
(Fig. 4a). The resonant frequency shifted by about 0.6 MHz throughout 
the temperature aberration and stayed constant when the temperature 
returned to below 9◦C (Fig. 4b). The shift of resonant frequency was 
observed 13 minutes after the temperature exceeds 9◦C and the stabi
lized signal was observed 10 minutes after the temperature returned to 
below 9◦C. This shows that the sensor provides a fast response time and 
maintains its functionality after refreezing cycle. 

3.7. Ultra-cold chain 

An increasing number of products in the biotechnology and phar
maceutical industry require an ultra-cold environment for product 
integrity. Those products are typically transported with dry ice or within 
Dewars with liquid nitrogen. We have selected dry ice in a Styrofoam 
container as the model system. As the dry ice evaporates over time, the 
temperature within the container creates a gradient that can be used to 
signal the operators when actions are needed, such as placing the sample 
in a −80◦C freezer. 

Similar to the approaches described above, a microfluidic channel 
was designed using laser cutting (Fig. 5a). For the indicator fluid, 
ethanol solution was selected due to ease in adjusting the melting 
temperature. Calcium chloride was also added into the ethanol solution 
as its hygroscopic property allows it to maintain the signal for a longer 
time. Since the solution would remain frozen, the reservoirs were 
designed to be open to atmosphere. A longer channel was also used due 
to the greater capillary forces of the ethanol solution. A schematic of the 
TTI coupled resonant sensor in operation is illustrated in Fig. 5b. The TTI 
coupled resonant sensor was then placed inside a Styrofoam container 
and a reader coil interrogated the sensor through a wall thickness of 
3.8 cm (Fig. 5c). As the dry ice evaporated, the temperature within the 
container gradually increased and the ethanol solution melted as the 
temperature increased beyond −35◦C, resulting in about a megahertz 
shift in the resonant frequency over 34 minutes (Fig. 5d). The response 
resulted in 0.025 MHz/min when fitted using a linear model (Section 4 
in Supporting Information). Considering that the resonant frequency 
shift was within 0.1 MHz before the TTI was activated, a total of 
12 minutes of 0.3 MHz (S/N > 3) was required to justify the sensor 
response. Since the ultra-cold environment often creates frosts that 
hinder visualization-based sensors, these results showed the utility of 
resonant sensor to overcome the challenge by transmitting the temper
ature cue through a fully enclosed system. We have included a 

Fig. 3. (Left) Real-time images of the multiplexed TTI coupled resonant sensor at different time points as shown on the right. Colored dots beside the channels 
indicate the fluid level, in which blue, light green, and red colors correspond to the channels containing pure peanut oil, C1, and C3, respectively. (Right) The 
resonant frequency response of the sensor as the portable temperature was increased incrementally. Note our inexpensive portable cooler uses a bang-bang controller 
(binary on/off) to maintain temperature as evidenced by the oscillating signal. 
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comparison between different types of TTIs in Section 5 of Supporting 
Information. 

4. Conclusion 

In this work, time temperature indicators were coupled to resonant 
sensors to wirelessly monitor the dynamic temperature profile in cold 
chain applications. The TTI was first designed as a microfluidic chip 
fabricated by simple laser ablation method. Fluids with melting point 
around the refrigerated temperature (2–8◦C) were then screened. Pea
nut oil was identified to have a melting point around 6◦C with fast 
response time and was used as the temperature responding fluid. Peanut 
oil was also mixed with coconut oil in a volume ratio of 5:1, 5:3, and 1:1 
to obtain melting points at 12.5, 19, and 21◦C, respectively. Next, a 
multiplex TTI was designed and was integrated with a resonant sensor to 
obtain a wireless, quantitative signal while responding at temperature 
thresholds of 9, 13.5, and 19.5◦C. The resonant sensor coupled TTI 
showed a stepwise response as the temperature was incrementally 

increased above the temperature thresholds of the multiplex TTI. A 
transient temperature perturbation demonstrated that the TTI has an 
irreversible response with predictable time of temperature aberration. 
To demonstrate the utility of the resonant sensor coupled TTI in the 
ultra-cold chain application, a Styrofoam container containing dry ice 
was used as the model system. A TTI design containing 40% ethanol 
solution was used as the temperature responding fluid. As the dry ice 
within the container evaporated and the air temperature increased to 
above −35◦C, the resonant frequency shifted by over a megahertz which 
serves as a clear signal for remediation action. 

The TTI coupled resonant sensor exhibits potential in monitoring the 
integrity of agricultural and pharmaceutical products through global 
supply chains. Advantages include contact free measurement enabling 
positioning of the sensor within the package avoiding opportunities for 
tampering. It is also tunable to different temperature regimes based on 
the fluid used as the signal transduction agent. The facile fabrication 
would keep cost per unit low, allowing for multiple sensors to be placed 
throughout a large pallet allowing for assessment of any localized warm 

Fig. 4. (a) Real-time image of the TTI coupled resonant sensor after the transient temperature perturbation. The fluid within the channel flowed and was refrozen 
when the temperature returned to below 9◦C. (b) Resonant frequency response towards a transient temperature perturbation to indicate irreversible response of the 
signal while being able to continue monitoring the product quality. 

Fig. 5. (a) Microfluidic TTI design for ultra-cold temperature. Black outlines were thoroughly cut whereas red line was partially cut. (b) Schematic of the TTI in 
operation before and after exceeding the temperature threshold. The fluid used was 40% ethanol solution containing calcium chloride. (c) Schematic of the 
experiment setup. Reader coil was used to interrogate the resonant sensor through a thickness of 3.8 cm. (d) Resonant frequency response as dry ice evaporates. The 
ethanol solution melted at around 35◦C. 
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zones. The multiplex feature enables the sensor to not only serve as an 
indication of product deterioration but also as a signal for preventative 
action. However, the designed sensor uses gravity as the driving force, 
requiring the sensor to be in the right orientation. Prior to use in a real 
scenario, accuracy and false positive rates must be assessed as well as 
scalable manufacturing processes. For monitoring over a longer period, 
the sensor response in the long term should be tested. A closed TTI 
design over an open atmospheric condition can increase the lifetime of 
the sensor. 
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