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Abstract

The changes in physical environmental parameters have severe impacts on food safety and
security. Therefore, it is important to understand micro-level physical parameter changes
occurring inside food packages to ensure food safety and security. The emergence of smart
packaging has helped to track and inform the specific changes such as a change in humidity,
temperature, and pH taken place in the microenvironment in the food package. Moreover,
these key physical parameters help determine the freshness of the food as well. Radio-fre-
quency identification (RFID)-based sensors are an emerging technology that has been used
in smart packaging to detect changes in the physical stimuli in order to determine food fresh-
ness. This review looks at the key environmental factors that are responsible for food safety
and food freshness, the role of smart packaging with sensors that can measure changes in
physical stimuli in the microclimate and the detailed review of RFID-based sensors used in
smart packaging for food-freshness applications and their existing limitations.

1. Introduction

Australia is the food basket of Asia. Fresh produces, meat, and processed food items made by
Australian farmers, meat factories, and food processing companies are the most popular food
items for the thriving Asian market. Australian-made higher grade beef pack is sold as high as
$120/kg inKorean andChinesemarkets [1]. Therefore, the packaging can play amajor role in deli-
vering safer and consumable food varieties along with the help of low-cost radio-frequency iden-
tification (RFID) technology and wireless sensor nodes. Millions of dollars can be saved and
Australian prestige as the finest food-producing country can bemaintained using low-cost techno-
logical alternatives which produce a greater result and economic impact. The low-cost monitoring
of physical parameters such as temperature, relative humidity, and pH level of perishable food
items using RFID sensors can make Australia a leading country in food safety and security.

Food safety plays a major role in perishable items as these products carry higher vulnerabil-
ities to become unsafe to consume when it gets expose to undesirable temperatures, change in
humidity, impact, and pH levels during processing and transportation. The meat production
especially the red meat is considered to be one of the largest contributors to Australia’s econ-
omy, with a value of about 13.6 billion Australian dollars in 2011–2012 [2]. According to fur-
ther statistics, the overall Australian meat industry is approximately composed of 25 million
cattle and 120 million sheep resulting in 23 and 42% of world total beef and sheep meat
exports, respectively [3]. In the context of this massive industry exports, it also reminds the
role of meat packaging that can make a severe impact on the industry’s survival.

Furthermore, maintaining food safety is a critical part of consumer health and wellbeing as
spoiled and contaminated food can lead to food poison and illnesses. It is a very critical con-
cern when it comes to Australian statistics of food-related diseases as it is estimated 4.1 million
cases of food poisoning each year [4]. In Australia, thousands of cases were reported in food
poisoning especially with children and older adults. The Australian government has extended
the food-related awareness to keep people safe while educating citizens on safe food prepara-
tions and practices as shown in Fig. 1.

In a different perspective, food safety has increasingly become important in food processing
industries as food safety is a direct measure of organizational success in the industry. Giant retail
chains such as Wal-Mart [5] and Coles-Myer [6] are increasingly using technologies such as
RFID and have reduced the impacts over the food safety reputations over the period of time.
The food industries are also concerned about reliability and limitations of widely accepted
optical barcodes as they achieve limited service success in food safety-related concerns mainly
on restriction in optical barcodes providing additional status information needed by retailers.
In order to address such situation, food sectors continue to demand advanced technological sup-
port to meet consumers’ and governments’ [7] demands in food supply chains.
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On the other hand, food safety plays a critical role in food con-
sumption and food waste. The industries inability tomaintain trace-
ability of products, lack of indication from product or packaging
whether it is suitable for consumption (product “freshness” factor)
led to discarding large quantity of food as waste. In the United
States, 40% of food that is produced/processed goes uneaten result-
ing in a waste of equivalent of $165 billion each year [8]. In the deep
considerations on all above findings and facts, it can be reasonably
concluded that food preservation has considered being a very
important aspect of the sustainable growth of economies, hence
food waste along with food safety is another argument that food
industries and consumers are trying to address collaboratively [9].

2. Role of the food storage in food packaging

There is an open interest from the public, government as well as
retail markets to maintain food safety in every aspect of the food
supply chain. This growing interest has largely pushed food retail
corporates to establish correct conditions and processors in food
processing as well as in food packaging [10]. Food Standards
Australia and New Zealand are in the front seat driving standard-
ization of food and packaging across both countries while estab-
lishing food security in numerous food sectors. In Australia, the
food standard and interpretation was declared as Chapter 3
Australia New Zealand Food Standards Code [11].

Food storage is an important aspect of food safety. The definition
of smart packaging starts from storage as the materials used, pack-
age handling as well as processors involved in making the packaging
are directly linked to food storage. The food standards also explain
how the usage of correct conditions for food storage can minimize
the vulnerabilities such as contaminations [11]. Moreover, food
research highlighted key factors that can harm the quality of the
food in especially perishable food items as elaborated in Fig. 2.

In a different perspective, once the packaging ismade, there should
be amechanism to ensure that the quality of the food ismaintained to
the expected level for consumption. Themicroenvironment inside the

food package can largely influence the longevity of the packaged food
items. Figure 3 shows the possible environmental conditions that have
most influenced and largely reported that adversely affect food safety.

The detailed outline of above key parameters of higher humid-
ity, overexposure to the temperature that is not desirable for the
health of the food as well as detecting the growth of bacteria is fur-
ther detailed out in Table 1. It can be reasonably concluded that the
factors explained in Fig. 3 and Table 1 are important when deter-
mining food freshness within the food package. Therefore, it is
important to investigate the state-of-the-art methodologies avail-
able to enable sensing of these environmental conditions.

3. Permittivity and its importance in food-freshness
measurements

Most perishable foods consist of natural biological matters.
Metaxes and Meredith have proven that natural biological matters

Figure 1. Key considerations of food safety and security.

Figure 2. Possible causes that degrade the quality of the perishable food.

Figure 3. Key environmental factors that adversely affect food quality.
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mainly absorb the electrical part of the electromagnetic (EM)
wave [12] unless the food itself has some magnetic properties
which can influence the magnetic component of the EM wave.
Therefore, it is safer to conclude that electric permittivity (ε)
mainly determines the relationship of the EM wave with natural
biological matters.

In general, the permittivity of a material has two components
such as absolute and relative. The absolute permittivity of a vac-
uum can be defined as follows:

c20m010 = 1 (1)

where c is the speed of light; μ is the magnetic constant; and ε0 is
the absolute permittivity of a vacuum (8.854 × 10−12 F/m).

Compared to vacuum, liquid has a higher permittivity and
solid has the highest permittivity values. However, on the other
hand polarization is an important factor to be considered when
determining the permittivity of a material. When two of electrical
charges are separated by a considerable distance, it creates a dipole
effect and the dipole effect determines how easily a medium can
get polarized by an external EM source. For example, water is con-
sidered as a dipole; hence can largely influence the permittivity of
the biological matters. According to the literature, the permittivity
tends to get higher values when a particular food item has more
water and salt content. In contrast, food items with more oil con-
tent tend to provide lower permittivity values [13]. The ultimate
relationship between EM waves and permittivity can be deduced
as follows [14] according to the Friis equation:

d = l

4p

����������������������
P(t)G(t)G(r)t/P(th)

√
(2)

where d is the read range; λ is the wavelength of the frequency; PtGt

is the maximum transmission power from reader antenna; Gr is the
gain of the tag antenna; τ is the power transmission coefficient
between chip and antenna; and Pth is the chip’s activation power.

In the analysis of permittivity, it is also important to understand
how to measure permittivity in an actual perishable food product
which is elaborated in the next section [15].

4. Food-freshness measurement techniques

The investigation of food-freshness measurement techniques can
be broadly split into two categories. One category considers the
severity of technique (invasive and non-invasive sensing) as ela-
borated in Fig. 4 and the another category illustrates the mode
of sensing such as use of sensors on the surface of the food or
use of an wireless mechanism to analyze the food quality with
minimal interference [16].

As shown above, food gets decomposed in the presence of the
degradation and due tomicrobial growth in themicroenvironment.

The only possibility of finding the presence of these inhibitors is to
use an invasive technique such as an open-ended, co-axial method
or transmission line which needs proper contact with the food item
as elaborated in Fig. 5. Surprisingly, the degradation occurring
inside the food also changes the environmental factors of the sur-
roundings such as an increase in acidity and humidity levels.
These factors can possibly be measured using the non-invasive
methods such as wireless sensing (e.g. free space method [17,
18]). The other major benefit of using a wireless technique is
that, it eliminates the need of attachment of sensors to the food
items, however; provide a more relative measurement of the status
of food quality. This method can even be used for commercial
application where thousands of packages can be traced and sensed
in warehouses or retail environment.

It can be concluded from the above facts that there is a clear
advantage of having a non-invasive, free space method for food
sensing over invasive techniques. In a different perspective, meas-
uring multiple parameters such as humidity, temperature, and pH
in the microclimate is essential to obtain an accurate estimate of
the food quality. Multi-parameter sensing is considered more
challenging in wireless methods as many of the freshness indica-
tors overlap with each other during wireless measurements. For
example, humidity and pH may result the same artifacts as
both parameters are sensitive to H+ concentrations.

Due to this challenge in food safety, it is essential to investigate
the state-of-the-art of food-freshness sensors and the use of wire-
less techniques in food-freshness measurements.

5. State-of-the-art smart packaging systems and their
limitations

In general, wireless smart packaging systems for food freshness can
be categorized into three sections as elaborated in Fig. 6. Active
packaging systems seem to be the ideal method to preserve the
food freshness as well as to increase the shelf life. Active packaging
can also adjust the micro-climate suitable for the food preservation
altering humidity levels, temperature control, balancing gas com-
position, pH level, and microbial growth as listed in Table 2.

Irrespective of the active systems that are commercially suc-
cessful, it remains costly for manufacturers to adopt active systems
in an item level configuration. Many of the controlled parameters
that are used to control by the active packaging techniques have
now been implemented in the packaging preparation process
itself. Therefore, it necessary to come up with a low-cost item
level sensor that can measure vulnerabilities at the package level
once the packaging is in place. Some of these food sensors and
food-freshness indicators that are used for food-freshness mea-
surements are elaborated in Table 3.

Temperature has been the most critical factor in food science
and is considered as the main food-freshness indicator. The
main reason for temperature measurement is that the package

Table 1. Effects of higher humidity, exposure to undesirable temperatures, and acidity for food quality

Temperature pH Humidity

Facilitate growth of pathogenic and
spoilage microorganisms [11]

Certain food can make toxic by-products which can trigger
alarming pH levels

Package material that can degrade in the presence
of moisture resulting food getting exposed to
contamination

Some foods may sensitive to heat
hence may get spoilt by softening

Food composition may deteriorate due to overexposure to
acidity and the same effect can be seen when its exposed
to sunlight [11]

Will encourage mold growth
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can expose to undesirable temperatures during logistics and trans-
portation and mainly an external freshness factor. There exist
many more systems to measure other important freshness para-
meters as elaborated below.

The electrical tongue is one of the widely used techniques to
obtain a closer approximation of microbial growth in perishable
food items. According to Fig. 7, e-tongue can be in the form
of a stationary sensor which measures electron transfer either
using voltammetry or using electrochemical impedance

microscopy. There are some attempts also which show the possi-
bility of using optical analysis in order to obtain the same
outcome. Even though the e-tongue system considers as cost-
friendly in sensing the taste of the food, the results are limited
for qualitative instead of quantitative analysis. Changes in relative
humidity and temperature can also influence the sensitivity of
e-tongue, hence the accuracy of the readings [36, 37].

As elaborated in Fig. 8, the colorimetric barcode structure was
developed as a temperature sensor where a custom-built mobile

Figure 4. Categorization of invasive and non-invasive food-sensing techniques and related parameters.

Figure 5. Main techniques to measure permittivity.
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application was used to detect the changes in the temperature
[38]. Based on the arrangement of volatile organic compounds
(VOCs), the barcode can display different colors with respect to
changes in the temperature. The mobile app helps to retrieve
information by decoding the color profile emitted by the barcode.

Even though the solution is low-cost, use of VOCs is found to be
harmful for humans [39]. Moreover, each package is subjected to
“scanning in the close vicinity” in order to identify a temperature
exposure which may be challenging in an actual commercial
setup. There are two more popular products that surfaced to

Figure 6. Smart packaging categorization for food freshness.

Table 2. Active packaging systems for food freshness [19]

Active packaging
technology Technology principle used Interdependencies among controlled parameters

Oxygen scavengers Iron-based (ageless system [20])/photosensitive
dyes (Zero2)/enzyme-based (Bioka [21])

Many systems (iron powder) are interdependent based on the humidity
setting within the package

Moisture controllers Control moisture using absorbent pad (Dri-loc
system [22])/dual compartment systems
(Tenderpac [23])

Humidity control is linked with the growth of microbial

Anti-microbial packaging Silver-based system (Biomaster [24]/Agion) Change of food may get contaminated by the heavy metals used in the
system

Ethylene scavengers Activated carbon (Neupalon)/activated clay
(Peakfresh) [25]

Techniques used are still in the primary stage of commercialization;
hence, difficult to relate dependencies between parameters

Carbon dioxide
absorbers

Soluble gas stabilization (SGS technique)/
ageless system from Mitsubishi [20]

Higher carbon dioxide levels are desirable in food preservation; however,
it is challenging to get the correct balance between oxygen removal and
higher carbon dioxide at the same time

Table 3. Food sensors and freshness indicators for food freshness

Food sensor type Commercial name Status

Time-temperature
indicator (TTI)

Timestrip Complete [26], Thermax [27], Fresh
check [28], Vitsab [29], Colour-therm [30]

Record the change in temperature in a given timeline and highlight if it
bypasses the temperature thresholds

Integrity indicators O2 sense, Novas, Ageless Eye, Timestrip [26, 31] Mainly focuses on oxygen measurement inside the food package

RFID-based sensors Easy2log [32], IntelligentBox [33], Tempe trip [34] Enable supply chain visibility; however, not been used as food sensors
for microenvironment sensing. Information transfer wirelessly is one of
the main advantages in RFID systems

Freshness indicators Freshtag [31], SensorQ [35] Focuses on the microbial growth inside the package
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the mainstream commercial market recently, targeting food fresh-
ness mainly the meat freshness as shown in Figs 9 and 10.

Both food sniffer and electronic nose were originated in
Europe as food-freshness devices that sense the gas atmosphere
around the meat samples and provide a relative indication of
meat freshness. The main disadvantage of these high-tech systems
is the cost of the device. Due to the device cost, meat testers ran-
domly pick some samples from the batch of meat and test to ver-
ify whether the meat was exposed to any vulnerable conditions
during processing and transportations. It is far beyond the
reach of mass deployment for individual products, which further
emphasize the need for low-cost, robust wireless solutions for
food-freshness measurements. Apart from the above systems
which can be categorized as active and battery powered, there
are also some RF-based passive (battery free) sensors been used
as food-freshness sensors as shown in Figs 11–14.

Figure 11 shows the use of humidity sensitive material (in this
case it’s polydimethylsiloxane (PDMS)) to develop an RFID sen-
sor tag. In both cases, PDMS-based paper is used as the substrate
to develop a printed tag that changes frequency response with
respect to changes in the relative humidity. In both cited studies,
a paper-based printed UHF RFID tag acts as a transmission
medium for the sensor material and the resultant wave can be
used to measure different humidity or vapor levels of the environ-
ment. The main advantages of these systems are their flexibility to
adapt to any shape and size due to a paper substrate and they pro-
vide a low-cost alternative in comparison with tags developed on
the printed circuit boards (PCBs). Different stack arrangements
can also be used to obtain the same outcomes. For instance, the
tag can be fabricated with more robust materials and smart mate-
rials (material that changes its properties with respect to changes

in the environment) can be deployed as a super state covering the
tag in order to obtain the sensor output.

In Fig. 12, another RF-based sensor used for gas sensing is dis-
cussed. In this sensor carbon nanotubes (CNTs) are used as the
smart material for gas-sensing application and CNT layer is
used to couple two copper RFID tags and the change in the elec-
tric field is characterized in the presence of different volumes of
ammonia gas. Although ammonia measurement is equally
important in the food-sensing as it provides a relative measure-
ment of microbial growth as a byproduct [49], CNT has its
own limitation due to the susceptibility of nanoparticles entering
into the food stream and then to the human body. Another limi-
tation could be the state-of-the-art large-scale production of
CNTs is still unknown and having a defect-free CNT layer is
quite challenging as highlighted by the authors. Another interest-
ing sensor tag found in the literature is elaborated in Fig. 13 where
the sensor can sense multiple parameters at the same time. The
main advantage of this system is its accuracy in the environmental
conditions; however, a larger PCB hinders its usage in every prod-
uct. Cost of the product can also be significant.

This is a wireless sensor that was built on top of a paper sub-
strate, which can sense the quality of dry foods such as cereals
and baked snacks. This sensor focuses on change in humidity
as the increasing humidity may destroy the quality of dry
foods. A planar LC resonant circuit was used for the sensing pur-
poses; however, this sensor is only capable of providing a one-
dimensional freshness aspect of the food quality (e.g. relative
humidity). The flexible nature of this sensor and low-cost are
considered to be the key advantages of this implementation.

Figure 7. Electrical tongue (pH assessment of milk) sensor.

Figure 9. Food sniffer [40].

Figure 8. Colorimetric barcode temperature sensor.

Figure 10. Electronic nose for meat freshness [41].
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There are RFID-based innovative solutions developed in recent
years specifically targeting food freshness [9, 50–53]. In some
of these studies, gas sensing has considered as the main sensing
parameter and humidity and temperature as auxiliary sensors.
Similarly, an RFID-based ethanol sensor was developed [54] as
a wireless sensor for food spoilage measurements and in some
other work, change in the conductivity of the measuring RF
ring was considered as the spoilage factor. Some systems use
Near Field Communication (NFC) technology which has to
sense empowered capability food-freshness sensing [51]. There
are also non-RFID solutions for food freshness such as sensing
empowered ICs [55–57] and some of the systems are printable
as an analog circuit on the packaging material for the food-
freshness measurements. Disposable circuit array that can be
used to detect allergens in food items was also recorded [58]
while system powered electrochemical sensors were used in this
work [59] to detect aflatoxin in milk products. Some of the sen-
sors use sensitive materials such as nanoparticles that are vulner-
able to food applications [60]. Most of the above-mentioned
studies are chemical or biosensors and need to have a complex
power and processing requirement in order to detect the fresh-
ness factors. Moreover, all of these mentioned solutions are not
entirely food friendly or biodegradable.

It can be observed from Table 3 and all other sensors listed
above that all passive food sensors are focused on single param-
eter sensing. The active wireless food-freshness sensor systems
that are in place are either expensive or has complex working
principles which hinder their use in the item level configuration.
In a different analysis, it can also be revealed from Figs 3 and 4,
measuring a single parameter may not be sufficient to get a closer
approximation of the overall food freshness. Therefore, it can be
concluded that understanding of microenvironment inside a
food package in relation to multiple parameters is necessary
and this has found to be an interesting area from the authors of
this paper to explore further. In addition to that, deploying mul-
tiple sensors in their current form to measure multiple parameters

may not be economically attractive. Combining outcomes of exist-
ing food sensors are already a challenge in terms of their oper-
ational limitations such as sensing mechanisms, data capturing
mechanisms, and alignment with packaging techniques.
Considering all above observations found from the literature
and also emphasizing the most convenient, cost friendly sensing
techniques available for food-sensing and freshness measure-
ments, non-contact (wireless)-based RFID sensors were selected
for further analysis in order to achieve a low-cost, robust, multi-
parameter sensing solution.

Even though the RFID is established as mainstream wireless
technology, RFID sensors are still in their primary exploration
stage. Many research studies have been carried out to develop
RFID, imaging and chemical analysis-based sensors especially
for food-freshness measurements, and some of these attempts
were elaborated below with respect to sensing of vital parameters
such as humidity, temperature, pH, and gas.

6. Importance of passive RFID technologies in
microenvironment measurements for food freshness

There is a growing interest to tag each product or item in order to
ease tracking across the supply chains as well as provide a higher
quality product without compromising product quality and ori-
gins. RFID has been used for sensing environmental parameters,
especially the battery powered active RFID tags. However, due to
the potential of technology there is a huge demand for low-cost
RFID solutions for everyday applications [61]. There are various
low-cost RFID sensors in the literature and some of these sensors
are elaborated in the below subsections. The key focus of this
review is on RFID sensors related to RH%, temperature, and
pH which are interest to the author considering the food freshness
and food safety applications.

6.1. State-of-the-art wireless RFID-based humidity sensors

A relative humidity sensor is considered to be one of themost devel-
oped environmental sensors in the history of passive wireless sensor
technologies. There are many research groups across the world
working on RFID-based humidity sensing due to its importance
in agriculture and more particularly in perishable food sensing,
food safety, and security, measuring the health of constructions in
real estate and civil engineering, the pharmaceutical industry, auto-
motive industries and many more [62]. Many of these industries
rely on affordability, deployability, and easy measurements of
humidity sensors and this is where the RFID-based humidity sen-
sors show their presence. Some of the examples mentioned below

Figure 11. PDMS-based passive RF sensors for humidity sensing in food-freshness applications [42, 43].

Figure 12. Battery powered CNT-based gas sensor [44, 45].
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elaborate the state-of-the-art humidity sensors in the passive RFID
domain.

In Fig. 15, TiO2 has been used as smart material to develop a
printed humidity sensor on top of an LC resonator. However, the
RF performance can only accommodate the larger levels of humid-
ity change although the operational principle is simple and easy to
implement. The other advantage provided by this sensor is its abil-
ity to show considerable RF performance even at a distance (up to
10 cm), and another analysis shows the different sizes of tags and
their variation in performance along with the distance.

As shown in Fig. 16, humidity sensing can also be developed
using polymer materials such as polyamide, polyvinylpyrrolidone
(PVP)-Co + PVP-I2 complex [64], and polyvinyl alcohol [65].
Many of these polymer materials are easy to scale up and are
already in commercial use. However, there are certain constraints
such as the use of titanium material which makes the sensor more
expensive and also complex in development.

The main advantage of the chipless RFID-based sensors is
their ability to function in any environment irrespective of elec-
tronic friendliness. Chipless RFID tags do not require a microchip
to operate; hence, can operate in any environment even for sens-
ing. The main hurdle of this experiment as shown in Fig. 17 is the
implemented mechanism does not support wireless sensing.
However, chipless RFID can still be used as a foundation

technology to enable remote sensing at the lowest possible cost
for any tagging devices available on the market today.

Passive RFID humidity sensors meet all key expectations as
elaborated above such as low-cost, easy to deploy, and provide
accurate measurements in a remote setting. However, there are
some common challengers identified as part of these studies
with respect to food-freshness applications. Some of the smart
materials used in sensors are harmful and not suitable to use
inside the food package. Some of the sensors are only been proven
in a laboratory environment without considering the deployability
in mass scale manufacturing. In general, a wireless mechanism is

Figure 13. Meat freshness sensor (gas + humidity in low-frequency band) [46].

Figure 14. LC sensor is embedded inside the packaged food [47, 48].

Figure 15. A resonant printed-circuit sensor for remote query monitoring [63].

Figure 16. Use of polyamide as a smart material for humidity sensing [65].
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quite well developed in many of these analyzed sensor systems
where the complexity mainly originates from the humidity
friendly material characterization. Therefore, finding a suitable
material that suits for “next to food” applications while providing
RF-friendly behavior in the presence of humidity change is a
research challenge that needs to be addressed.

6.2. State-of-the-art wireless RFID-based temperature sensors

Temperature sensing is a very dominant research topic in the pas-
sive RFID-based sensing. The main reason for giving such
importance to temperature sensing is its multiple uses across vari-
ous industries and research disciplines. Many industries are inter-
ested to investigate how sensors can be made to measure the
change in higher temperatures. The knowledge in high

temperatures will help prevent a disastrous situation due to mater-
ial failures, electronic malfunctions, or system level failures. On
the other hand, high temperatures are needed to achieve specific
objectives such as the melting point of certain metals in industria-
lized applications [67]. According to the scope of this research,
the investigation is currently focused on low-temperature sensing
which is not heavily explored in temperature sensing research.
Low-temperature sensing is critical in cold-chain applications
where the rise in temperature may hinder the quality of the
food especially the perishables (Fig. 18).

Temperature has a significant impact on food freshness and
food safety application when food is exposed to undesirable tem-
peratures. According to the literature, temperature from 5 to 60 °C
is considered as the danger zone for food applications where such
temperature range provides a healthy environment for microbial
growth on and inside the food items [68], especially the perish-
ables. On the other hand, some foods are sensitive to heat
which may result in softening the outer tissues and end-up in
the rotten state [11]. Therefore, low-temperature sensing can be
very beneficial for food preservation. Some examples of tempera-
ture sensing are shown in Figs 19–22 with respect to using passive
RFID-based techniques.

In this implementation as shown in Fig. 19, a passive UHF
RFID tag was implemented on a core substrate using a commer-
cially available RFID chip and a meandered dipole antenna.
A metal-friendly adhesive was used to stick the fabricated/milled

Figure 18. Temperature danger zone [68].

Figure 17. Chipless RFID-based humidity sensor without smart materials [66].

Figure 19. Passive UHF RFID enabled temperature sensor tag on a cork substrate
[58].

Figure 20. RFID tag antenna-based temperature sensor [59].
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copper to the core substrate and the microchip of the UHF RFID
tag is modified to accommodate a thermistor element. The per-
formance of the tag implementation was measured using a
power sweep as the changes in temperature alternates the power
values that will be received by the receiver. Many of the tempera-
ture sensors in the UHF domain use this principle when develop-
ing temperature sensors; however, planting copper tracks with a
metal adhesive is not viable for food applications. There is a
need to find a way to implant the sensor into the microenviron-
ment more precisely in order to obtain more accurate readings.
Another interesting literature work can be found from the
Massachusetts Institute of Technology (MIT) Auto-ID lab,

where a UHF RFID tag was developed using a phase change of
water [71]. In the solid state (ice), the UHF RFID tag provides
a particular reading which changes when the ice is in the melting
stage. This experiment elaborates how a simple phase change can
also be used as a temperature sensor with careful consideration of
melting points. Furthermore, this can also be used for cold-chain
applications; however, optimization is needed to fit well with the
temperature range from 4 to 25 °C (room temperature) which is
the critical temperature range in cold-chain applications.

A few more literature studies can also be found from the same
research group where a change in the tag impedance of the micro-
chip of a UHF RFID tag used as a temperature sensor [72] and

Figure 21. The backscattered principle of a passive chipless RFID system for sensor application [69].

Figure 22. Passive wireless temperature sensor based on time-coded UWB chipless RFID Tags [70].
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also the use of a shape memory polymer as a temperature actuator
for temperature sensing application [73].

In addition to that, there are few more temperature sensing
applications that can also be found using chipless RFID backscat-
tered principle. The key benefit of chipless RFID-based sensors is
its ability to implement on any surface without a microchip. This
property enables the use of chipless RFID in multiple applications
where the tag is flexible, and bendable without compromising the
tag response. Figure 21 shows implementation of a fully inkjet-
printed passive chipless RFID temperature sensor. As shown in
Fig. 21, single-walled carbon nanotubes (SWCNTs) were used
as a smart material to implement a temperature sensitive tag
that changes the amplitude of its frequency response according
to the changes in the temperature. The main issue in this sensor
is the health rating of SWCNTs, where it is not recommended to
use in food-sensing application. On the other hand, SWCNTs are
still evolving as a functional material; hence, processing and hand-
ling of such material may be time consuming and expensive.

Another approach was proposed in the ultra-wideband (UWB)
domain where the time coded tag is used as a temperature sensor
[70]. Here, the change in the length of the delay line with respect to
the increase in temperature is analyzed as a function of tempera-
ture. The other advantage of this proposed methodology is that
changes in structural mode and antenna mode can be clearly clas-
sified. For example, delay line does not impact the structural mode;

hence, the movement of structural mode as a time-coded signal
along the time axis can be used to interpret the changes in the
delay line and the temperature change as shown in Fig. 22.

Some similar studies can also be found in a few more literature
publications [67, 74–78]; however, temperature sensing using
RFID technology is still evolving. Especially with respect to find-
ing a perfect temperature sensor which provides multiple thresh-
olds is considered to be novel in the art and not been recorded in
the literature.

6.3. State-of-the-art wireless RFID-based pH sensors

pH sensing is a topic that is heavily investigated in the biological
applications, especially in the pharmaceutical industry. Due to the
complexity and nature of ion exchange between molecules, pH
sensors developed using RFID technology is considered to be
novel in the art [61]. There are a few RFID-based pH sensors
that were recorded in the literature and are shown in Figs 23–25.

In this work, PDMS material was used as a pH-sensitive
material where PDMS was deposited on top a UHF RFID tag
and responses were obtained. Multiple pH buffer solutions then
deployed into PDMS and changes occur in the sensor node
were observed in the 800–860 MHz frequency range. The main
limitation of this work is its limited working range from pH 7.7
to 8.8 which does not satisfy the critical boundaries in food

Figure 23. Passive UHF RFID pH sensor [79].

Figure 24. Passive multivariable RFID pH sensor [80].

Figure 25. Electrode potential-based coupled coil sensor for pH monitoring [61].

Figure 26. Relationship (linear fit) between pH value and the potential difference.
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freshness. The sensitivity at pH 4 to 7 is highly recommended in
food freshness as the increase microbial growth intensifies the
acidity level of the microenvironment. On the other hand,
another polymer substrate polyaniline (PANI) was used for pH
sensing [80]. In this experiment, PANI is doped in a camphor sul-
fonic acid and then used for pH measurement. Like many passive
RFID sensors, this system also depends on the change in the
impedance as the main measurement to correlate with the change
in acidity. The key advantage of this work is the ability to develop
a relationship between pH values and the conductivity of the sub-
strate. However, this work lacks the ability to use across the overall
pH band and limited to pH 2–6.

On the other hand, a coupled coiled remote pH sensor was
recorded [61] as shown in Fig. 24. The sensor operates as a passive
LC coil resonator and change in impedance is measured to fore-
cast the pH value in the solution. This sensor has multiple ele-
ments including sensors coil, interrogator coil, and a sensing
circuit. The change of pH in the solution changes the capacitance
in the electrode due to the potential change and such a change
influences the resonance frequency of the sensing circuit. This
sensor also senses a wide variety of pH values from 2 to 10
more precisely; however, the device complexity, multiple compo-
nents, and possibly the overall device cost leave this research work
more room for improvements.

It is quite evident from the published work available in the lit-
erature, pH sensing has its own complexities in obtaining imped-
ance measurements (Fig. 26) when deriving pH measurements.
This is even getting complicated when the communication of
the measurement technique becomes remote and wireless.

Furthermore, wireless pH measurement can heavily be influ-
enced by the humidity content of the microclimate of the environ-
ment. Therefore, careful consideration is needed to distinguish the
effects of humidity and pH and one of the recommended ways to
consider is to define the smart material which has distinct proper-
ties that only activates for a given parameter. Therefore, the support
from material engineering is needed to make complex structures
that have both sensitivity and material composites which is recep-
tive to one sensing modality and rejects the other. The next section
of this review explores the passive RFID-based sensing systems that
are available for multi-parameter sensing. As elaborated throughout

the paper, it is apparent that individual parameter sensing is pos-
sible even though there exist certain limitations when it comes to
a specific application such as food freshness.

6.4. State-of-the-art wireless RFID-based multi-parameter
sensors

Not many systems are available in the state-of-the-art that can
accurately provide sensitivity to multiple elements using passive
RFID technologies. The mainstream RFID technologies such as
HF and VHF frequencies have not been explored for such sensi-
tivity simply due to the size of the sensing circuit/resonator which
is obvious due to their higher λ values. UHF RFID which is also
quite popular has inherent limitations of implementing multi-
parameter sensing due to the limitation of the microchip. There
are multiple parameter sensors recorded in the literature [81]
which was developed using multiple resonators connected to a
couple of microchips where each resonator can act as a separate
sensor. These resonators are developed using printed electronics
to reduce the overall cost of the sensor system and reference reso-
nators were also provided to magnify the change in sensitivity of
the intended resonators.

As explained in Fig. 27, the sensing platform is quite complex
in operation and need processing power to distinguish different
responses coming out of the microchip. Even though the use of
a microchip has increased the sensitivity and reading range of
the sensor, it also increased the unit cost of the sensor system
and its complexity.

7. Conclusion

Understanding the limitations of all the above sensors and sensor
platforms have helped to define the necessity of developing a low-
cost reliable RFID sensor that can operate either in a single or
dual band which can sense multiple physical environmental para-
meters of the immediate microclimate. When it comes to food
safety, the key aspects such as humidity, temperature, and pH
sensing are considered as the important parameters in measuring
food freshness while material characterization to develop unique
attributes which provide specific sensitivity and robust system

Figure 27. Smart RFID label with a printed multi-sensor platform for environmental monitoring [81].
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architectures can be an interesting research scope to explore in
future. The challenge ahead is to investigate the possibilities of
using a low-cost multi parameter RFID sensor system for food-
freshness applications.
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