
Journal of Food Science

ORIGINAL ARTICLE
Food Engineering, Materials Science, and Nanotechnology

The Effect of Conventional andMicrowave Frying on the
Quality Characteristics of French Fries
Yash Shah1 Xu Zhou2,3 Juming Tang2,3 Pawan Singh Takhar1

1Department of Food Science and Human Nutrition, University of Illinois, Urbana-Champaign, Urbana, Illinois, USA 2Department of Industrial & Systems
Engineering, University of Washington, Seattle, Washington, USA 3Department of Biological Systems Engineering, Washington State University, Pullman,
Washington, USA

Correspondence: Pawan Singh Takhar (ptakhar@illinois.edu)

Received: 21 February 2025 Revised: 9 June 2025 Accepted: 8 July 2025

Funding: Financial support was provided by USDA National Institute of Food and Agriculture (NIFA) (Awards 2020-67017-31194, ILLU-698-308, and
ILLU-698-926).

Keywords: frequency-dependent heating | microwaves | moisture loss | oil uptake | penetration depth | stress relaxation

ABSTRACT: Fried foods have a widespread appeal worldwide, but consumers are cautious about their high-calorie density and
oil content. We evaluated microwave frying (MF) at 2.45 and 5.8 GHz frequencies as potential alternatives to conventional frying
(CF) to produce fried foods containing less oil. MF is expected to lead to higher magnitudes of pressure in the food matrix than
CF, which can provide higher resistance to oil penetration into the food. Real-time temperature and pressuremeasured using fiber
optic sensors showed that MF resulted in faster sample heating and generated higher internal pressure than CF. The peak sample
temperature and internal gauge pressure were the highest for MF at 2.45 GHz (107.3◦C, 24.9 kPa), followed by MF at 5.8 GHz
(104.1◦C, 20.8 kPa) and CF (100.5◦C, 13.8 kPa). The results indicated that the microwaves were not completely attenuated while
traveling through the bulk oil and could penetrate the French fries. Below a samplemoisture content of 3 g/g solids, the oil content
increased rapidly with reducing moisture content for CF; the increase in oil content was relatively slower for MF at 5.8 GHz and
negligible for MF at 2.45 GHz. This indicated that MF is an effective substitute for CF to produce lower oil content French fries
with similar endpoint moisture content. The stress relaxation data showed that MF at 5.8 GHz produced stiffer (crunchier) French
fries, which could be due to the intense crust heating.

Practical Applications
The current study showed that microwave frying can reduce frying times and produce French fries with lower oil content than
conventional frying. This can help the food industry reduce processing times and offer consumers healthier fried foods. The
insights generated from thiswork canhelp design process optimization studies and guide the physics-basedmodeling ofmicrowave
frying.

1 Introduction

Deep-fried foods are popular across different cuisines. Fried foods
like French fries and chips have a global consumer base and

generate significant revenues for the food industry. For example,
the North American market for French fries, estimated to be
$8.22 billion in 2022, is expected to grow at a compounded
annual growth rate (CAGR) of 4.3% between 2022 and 2027
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(Anonymoys 2023). Thewidespread appeal of fried foods is driven
by their characteristic color, flavor, and texture. Physicochemical
changes in foods during frying, including crust formation, protein
denaturation, starch gelatinization, the Maillard reactions, and
caramelization (Dash et al. 2022), are responsible for the desirable
traits of fried foods. These physicochemical changes are driven by
the multiphase (liquid water, gas, oil, and solid phases) transport
processes occurring at high temperatures during frying.

Today’s consumers aremore health-conscious about food choices.
Despite their appeal, fried foods are calorie-dense and abundant
in oil (Dangal et al. 2024). Eating fried foods is linked with
an increased risk of obesity and hypertension (Qin et al. 2022).
More than 890 million adults worldwide were obese in 2022
(OECD/WHO 2024). Obesity may contribute to diseases like
diabetes, cancer, and cardiovascular disease (Bray et al. 2017;
Okunogbe et al. 2021). Therefore, there is a growing need to
produce healthier fried foods with lower oil content.

Food companies have explored alternatives to conventional deep-
oil frying, such as vacuum frying and hot air frying, to reduce the
oil content of fried foods.However, thesemethods have ultimately
fallen short of replacing conventional frying (CF). For example,
vacuum frying is hindered by high initial investment (Zhang et al.
2020), and air frying is limited by its inability to replicate the
texture and sensory characteristics of deep-fried foods (Teruel
et al. 2015).

1.1 Microwave Frying (MF) as an Alternative to
CF

Pressure changes inside foods during frying are expected to
affect the oil uptake behavior of foods (Vitrac et al. 2000).
Combining microwave heating with CF, referred to as MF, has
the potential to cause higher pressure development inside foods
due to volumetric heating by microwaves. The higher pressure in
foods during MF than CF can help reduce the oil content of fried
foods by resisting oil penetration.

During frying, food is rapidly heated in hot oil, which causes
the evaporation of liquid water and an increase in gas volume.
The expanding gas trapped in the porous food pushes against the
pore walls (Shah and Takhar 2024). Consequently, the average
pressure exerted on the solid pore walls by the fluids occupying
the pores, referred to as the pore pressure (𝑝pore), increases. The
pore pressure is given by (Ehlers and Bluhm 2002)

𝑝pore = 𝑆𝑤𝑝𝑤 + 𝑆𝑔𝑝𝑔 + 𝑆𝑜𝑝𝑜 (1)

where 𝑆𝛼 and 𝑝𝛼 are the degree of saturation and pressure
of phase 𝛼, respectively, where 𝛼 represents liquid water (𝑤),
gas (𝑔), and oil (𝑜) phases. Positive gauge pore pressures can
resist oil infiltration into the food (Figure 1A) (Shah and Takhar
2024). However, as thematerial loses water, highermagnitudes of
water phase capillary pressure (𝑝𝑐𝑤) develop in the porous matrix
(Takhar 2014). The water pressure (𝑝𝑤) is given by

𝑝𝑤 = 𝑝𝑔 − 𝑝𝑐𝑤 (2)

Consequently, the water pressure (𝑝𝑤) and pore pressure (𝑝pore)
decrease and can become negative during frying (Sandhu et al.
2013; Takhar 2014). Negative gauge pore pressures can cause
a “suction” potential in the food, leading to faster oil uptake
(Figure 1B). The pore pressure remains negative after removing
the sample from the oil, which is expected to cause the surface oil
to penetrate the sample.

Parikh and Takhar (2016) compared the MF and CF of French
fries at three frying temperatures (177◦C, 185◦C, and 193◦C).
They found that MF led to higher positive gauge pressures than
CF, and the gauge pressures tended to stay positive for longer
times during MF. In addition, lower magnitudes of negative
gauge pressures were developed in the food during MF than
CF. Parikh and Takhar (2016) also measured the oil content of
microwave-fried and conventionally fried French fry samples.
They reported that MF led to lower French fry oil content at
185◦C (lower by 0.08 g/g solids) and 193◦C (lower by 0.07 g/g
solids) compared to CF for a frying time of 2 min. The difference
in oil content between microwave-fried and conventionally fried
samples was not significant at 177◦C. The samples are expected
to have developed a higher resistance to oil penetration during
MF because of the higher positive gauge pressures. Additionally,
the suction potential is expected to be lower in microwave-
fried samples than conventionally fried samples because of the
lower magnitude of negative gauge pressures. The above two
reasons could explain the lower oil content of themicrowave-fried
samples.

The industrial application of MF is also expected to be relatively
less challenging than other alternatives to CF, like vacuum frying.
Continuous fryers, which are typically utilized for industrial-
scale production of fried foods (Bou et al. 2012), could be
modified to conduct MF by incorporating microwave generators
(e.g., magnetrons) along the length of the fryer. Magnetrons
are inexpensive, and their availability is unlikely to be a con-
cern. Therefore, MF is expected to be economically feasible for
industrial use.

1.2 Previous Works onMF in the Food Literature

Past MF studies in the food literature include those of Aydınkap-
tan and Barutçu Mazı (2017), Barutcu et al. (2009), Chen et al.
(2009), Gharachorloo et al. (2010), Oztop et al. (2007), Parikh and
Takhar (2016), Sahin et al. (2007), Sensoy et al. (2013), and Zhou
et al. (2022). Oztop et al. (2007) studied the effect of microwave
power (400, 550, and 700 W), frying time (2.0, 2.5, and 3.0 min),
and frying oil (corn, hazelnut, and sunflower) on the quality
characteristics of fried potato slices. Oztop et al. (2007) found that
themoisture content of the fried slices decreasedwith an increase
inmicrowave power and frying time, whereas the effect of oil type
was insignificant. The authors hypothesized that the reason for
the insignificant effect of oil type on themoisture content was the
similarity of the dielectric properties of the oils used in their study.
The oil content of the fried potato slices increasedwithmicrowave
power and frying time, with the highest oil content observed for
hazelnut oil (Oztop et al. 2007).

Sensoy et al. (2013) conducted CF and MF experiments for
chicken breast samples. The temperature at the center of the
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FIGURE 1 Schematic diagram illustrating the effect of (A) positive and (B) negative gauge pore pressure (𝑝pore) on oil penetration in the food
matrix during frying.

chicken breast sample reached 100◦C in approximately 30 s
during MF and took more than 160 s during CF (Sensoy et al.
2013). Themoisture content profile for the chicken breast samples
as a function of frying time showed that MF led to faster moisture
loss compared to CF.

Barutcu et al. (2009) analyzed the impact of MF on acrylamide
formation in fried chicken coating for samples prepared using
batters formulated with different flour types (chickpea, rice, and
soy). The acrylamide contents for different flour types were
similar for samples microwave-fried for 1.5 min. The authors also
conductedCF of the samples for 5min and found thatmicrowave-
fried samples had a lower acrylamide content than conventionally
fried samples, regardless of the flour type.

1.3 Novelty and Objectives of This Study

There are two key aspects of this study that make it novel.
First, we conducted MF experiments at two frequencies, 2.45 and
5.8 GHz. Second, we measured pressure and volume changes
during frying, which enabled us to generate more insights about
the transport mechanisms involved in MF and CF.

Household microwave ovens utilize the 2.45 GHz frequency,
and some industrial microwave processing systems operate at
915 MHz (Guzik et al. 2022; Tang 2015). The Federal Communi-
cations Commission (FCC) has allocated the 5.8 GHz frequency
for industrial, scientific, and medical (ISM) applications (Guzik
et al. 2022). However, there is a lack of use of this frequency for
food heating applications. There are only a handful of studies in
the food literature that used the 5.8 GHz frequency (Zhou et al.
2022; Zhou, Pedrow, et al. 2023; Zhou, Tang, et al. 2023).

The power penetration depth (𝑑𝑝) in a material is defined as
the distance over which the power of an electromagnetic wave
attenuates to 36.8% of its original value (Tang and Resurreccion
2009). The penetration depth is given by (Metaxas and Meredith
1983)

𝑑𝑝 = 1

2𝛼
(3)

where 𝛼 is the attenuation factor given by (von Hippel 1995)
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where 𝑐, 𝑓, 𝜖′, and 𝜖′′ are the speed of light in vacuum, wave
frequency, relative dielectric constant, and relative dielectric loss
factor, respectively. Combining Equations (3) and (4), we get
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The penetration depth is inversely proportional to the fre-
quency of the microwaves. As a result, the penetration depth of
microwaves in foods at 5.8 GHz is shorter than that at 2.45 GHz.
The shorter penetration depth at 5.8 GHz is expected to cause
power dissipation to be concentrated near the crust of fried foods
(Zhou et al. 2022), which can help impede oil penetration in food
by increasing the pore pressure. Therefore, we hypothesize that
using 5.8 GHz microwaves for MF applications can help produce
lower oil content fried foods.

The advantage of using 5.8 GHzmicrowaves has also been shown
for post-frying applications. Zhou et al. (2022) showed that 1 min
of post-fryingmicrowave heating at 5.85 and 2.45GHz reduced the
oil content of French fries by 23% and 18%, respectively, compared
to the samples held at room temperature. This further established
the benefits of using 5.8 GHz microwaves. However, studying
the effect of post-frying microwave heat treatment was not an
objective for this study.

The previous works on MF in the food literature were focused
on studying the variations in moisture content, oil content, tem-
perature, and color during frying. Oil penetration during frying
is affected by the changes in the food’s internal pressure. The
direct measurement of the internal pressure and sample volume
during frying should provide critical insight into comparing
the transport mechanisms involved in MF and CF. Zhou et al.
(2022) conducted MF experiments at two frequencies (2.45 and
5.85 GHz) but did not measure the internal pressure and sample
volume during frying. Parikh and Takhar (2016) measured the
internal pressure during MF but conducted experiments only at
2.45 GHz frequency and did not measure the sample volume.
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FIGURE 2 Schematic diagram of the microwave fryer prototype ((1)–(7): 5.8 GHz solid-state [SS] generator, 2.45 GHz magnetron and its entry
port [86.36 mm × 43.18 mm], oven cavity, oil container [250 mm × 250 mm × 100 mm], sample holder, rope for lifting/lowering the sample holder, and
rectangular waveguide [40.38 mm × 20.2 mm]), and the sample holder locations during and after frying. Source: Figure adapted from Zhou et al. (2022)
with permission from Elsevier. A) Positive gauge pore pressure; B) Negative gauge pore pressure.

The objectives for this study were to (1) conduct frying exper-
iments using a special prototype fabricated to operate at two
microwave frequencies (2.45 and 5.8 GHz) and record the real-
time internal temperature and pressure of foods, (2) measure
the quality characteristics of the fried samples (moisture con-
tent, oil content, volume, and texture), and (3) gain insights
about the multiphase transport phenomena involved in MF.
Comparing the sensory attributes of foods fried using CF and
MF was not a focus for this study but can be a future study by
itself.

2 Materials andMethods

2.1 Microwave Fryer Prototype

The microwave fryer prototype of Zhou et al. (2022) was used
for conducting the frying experiments (Figure 2). A domestic
microwave oven (Panasonic, Newark, New Jersey, USA, model
no. NN-CF876S) was modified to include a source for 5.8 GHz
microwaves. A galliumnitride (GaN)-based solid-state (SS) gener-

ator (RFHIC Co., Gwacheon, South Korea, model no. RIU58800-
20) was used for producing microwaves at 5.8 GHz frequency.
A rectangular waveguide (WR-159) was installed on the left wall
of the microwave oven, based on electric field simulation results
(data not shown), to guide the microwaves from the SS generator
into the oven cavity (Figure 2). The manufacturer-installed
magnetron for generating 2.45 GHz frequency microwaves is
present near the bottom of the cavity (Zhou et al. 2022).

A ceramic container filled with 3 L of soybean oil (Great Value,
Walmart, Bentonville, Arkansas, USA) was used as an oil bath
for frying French fries. A special nylon-based sample holder
was fabricated to immerse the samples in the oil during frying
and hold the samples above the oil container after frying (Zhou
et al. 2022). The relative dielectric constant and loss factor for
nylon at 2.45 GHz are 2.4 and 0.02, respectively (Buffler 1993).
Nylon is not expected to cause any significant disturbance to
the electromagnetic waves due to its low dielectric loss factor. A
rope made from fiber optic material was used to lift/lower the
sample holder. Fiber optic material, like nylon, is not expected
to cause much impact on the electric field distribution in the
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cavity (Kalinke et al. 2022). The oil container was kept stationary
during frying by removing the turntable prior to the experiments.
A difference between the setup shown in Figure 2 and the setup
used in our studywas that the oil container was placed directly on
the bottom face of the cavity instead of placing it on an elevated
glass plate.

2.2 Preheating of Oil

The frying oil was preheated to 180◦C using 2.45 GHzmicrowaves
at an operating power of 1000 W, and the oil temperature was
measured using fiber optic temperature sensors (FISO Technolo-
gies Inc., Quebec, Canada). It took 30–40 min to heat the oil to
180◦C. Heating oil to the frying temperature is expected to take
less time using 2.45 GHz microwaves than 5.8 GHz microwaves
due to the greater penetration depth in oil for the former.

Zhou, Gezahegn, et al. (2023) studied the microwave heating
capabilities of vegetable oils and found the heating rate of oils to
be higher than that of water. The microwave power dissipation
density (𝑄mh) is given by (Stratton 2007)

𝑄mh = 1

2
𝜔𝜖0𝜖

′′|𝐸|2 (6)

where 𝜔, 𝜖0, and 𝐸 stand for angular frequency, the permittivity
of vacuum, and electric field, respectively. The relative dielectric
loss factor of vegetable oils (𝜖′′) is approximately 1/100th that
of tap water, but the electric field inside oil was about 10 times
stronger than water (Zhou, Gezahegn, et al. 2023). As microwave
power dissipation is directly proportional to the loss factor and the
square of themagnitude of the electric field, the power dissipation
in oil and water was similar (Zhou, Gezahegn, et al. 2023). For
similar power dissipation densities, the heating rate for vegetable
oil was higher than water because of its lower specific heat
capacity, which is approximately half that of water.

2.3 Sample Preparation

The sample preparation and frying procedures used in this study
closely resemble those of Zhou et al. (2022). Russet potatoes were
bought from a Walmart Supercenter in Pullman, Washington,
USA. The potatoes were kept refrigerated (<10◦C) prior to experi-
ments, and bruised potatoes were discarded. Potatoes were rinsed
with water, and their skin was removed with a peeler. The peeled
potatoeswere cut into cuboidal strips (9.5mm× 9.5mm× 60mm)
using a French fry cutter and immersed in room temperature
water until further processing.

Six potato strips were blanched and fried per batch. The cut
potato strips were blanched in two stages to reduce the browning
of samples (Zhou et al. 2022). In stage one, the strips were
immersed in 80◦C water for 2 min. In stage two, the strips were
immersed in 65◦C water for 20 min. The two blanching steps
were performed in two separate water baths (Thermo Fisher
Scientific Inc., Waltham, Massachusetts, USA, and Laboratory
Devices Inc., USA). A two-step blanching procedure comprising
high-temperature (for shorter time) and low-temperature (for
longer time) treatment steps can lead to foods with better texture

and color traits compared to a single high-temperature treatment
step (Agblor and Scanlon 1998, 2000; Richter Reis 2017). The
blanched samples were laid on paper towels that absorbed the
surface water, and the samples were allowed to cool for 3 min
before frying.

2.4 Microwave and CF

Before frying, the blanched samples were placed inside the sam-
ple holder, which was held above the oil container using a rope.
Three frying methods were used: CF, MF at 2.45 GHz (800 W),
andMF at 5.8 GHz (800W). Experiments were conducted for four
frying times, t = 0, 1, 3, and 5 min, where t = 0 min referred to the
blanched samples.

To begin frying, the sample holder was lowered into the heated
oil. For MF, the sample holder was immersed in the oil, and
microwave power from the 2.45 GHz magnetron or the 5.8 GHz
SS generator was turned on. At the end of the desired frying
time, themicrowave power was turned off, and the sample holder
was removed from the oil and placed over the oil container. The
French fries were carefully taken out of the sample holder and
submerged in liquid nitrogen for 10 s to stop further cooking.

2.5 Real-Time Temperature and Pressure
Measurement

Fiber optic temperature and pressure sensors (FOP-MH-NS-
556A, FISO Technologies Inc., Quebec, Canada) recorded the
temperature and pressure, respectively, at the geometric center
of the sample during frying. Before the experiments, the sensors
were introduced into the oven cavity through holes created in the
microwave oven’s top wall (ceiling). After inserting a sensor into
the sample, the sample was gently squeezed near the entrance of
the sensor to close the air gap and prevent oil entry. The sensors
could pop out of a sample during frying because of the large
pressures generated inside the sample. Data from the experiments
where the sensor had popped out of the sample were discarded.

2.6 Moisture and Oil Content Measurement

The moisture content of the fried samples was determined gravi-
metrically, and the oil content was determined using the Soxhlet
extraction method. An electronic balance (OHAUS Corporation,
Parsippany, New Jersey, USA,model no. AP110-0) was utilized for
weight measurements. For moisture content measurement, the
samples were dried in a convection oven (BINDER Inc., Bohemia,
New York, USA, model no. ED 56-UL) at 105◦C for a minimum of
24 h. The dried sampleswere allowed to cool in a desiccator before
measuring their weight.

For oil contentmeasurement, the dried samples were ground into
a fine powder using a coffee grinder to improve the oil extraction
efficiency. Whatman filter paper (𝜙 = 90 mm) was used to create
pouches to hold the sample during oil extraction. An amount of
0.4–0.8 g of powdered sample was filled into a weighted, dried,
empty pouch. The pouch was sealed from the top by folding the
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Whatman filter paper, and a paper clip was used to ensure that
the pouch remained shut during oil extraction experiments.

Petroleum ether was used for oil extraction, and 12 h of extraction
was performed for each sample pouch. After oil extraction, the
sample-filled pouches were dried under the fume hood for 12 h,
followedby drying in a convection oven for 24h (Pinto andTakhar
2023). The dried sample pouches were cooled in a desiccator,
and their weights were subsequently recorded. The difference in
weights of a sample pouch before and after oil extraction is equal
to the oil content of the sample in grams. The oil and moisture
content values of the samples were calculated on a dry basis (g/g
solids).

2.7 VolumeMeasurement

The volume of the fried samples was measured using a liquid
displacement technique with n-heptane as the solvent. The
procedure of Shah and Takhar (2022) was followed. A clear, flat-
bottom glass tube was used as the sample holder. A 50mL burette
was utilized tomeasure the volume of n-heptane needed to fill the
glass tube. A Whatman filter paper was used to check if the glass
tubewas completely filled by placing it over themouth of the glass
tube. A circular wet spot on the filter paper confirms that the glass
tube is completely filled (Shah and Takhar 2022). The difference
in the volume of n-heptane required to fill an empty glass tube
and a sample-loaded glass tube is equal to the sample volume.
Measurements weremade rapidly to ensureminimal uptake of n-
heptane by the samples. The volume change of the fried samples
was calculated relative to the volume of the blanched samples.

2.8 Stress Relaxation Experiments

The objective for conducting French fry texture analysis was to
compare the end products of the three frying methods (CF, MF at
2.45 GHz, and MF at 5.8 GHz). In the food industry, the endpoint
for frying is typically determined on the basis of the moisture
content of the fried samples. Zhou et al. (2022) found that CF for
5min,MF at 2.45GHz for 3min, andMF at 5.8 GHz for 3.5min led
to fried samples with similar moisture contents. Therefore, frying
experiments were conducted for the abovementioned conditions,
and the fried samples were used for the stress relaxation study.

Potatoes exhibit viscoelastic behavior (Alvarez et al. 1998; Krokida
et al. 1998; Pinto and Takhar 2023); that is, they display a
mix of fluid- and solid-like traits when they are deformed. For
viscoelastic materials, the relationship between stress and strain
is time-dependent (Banks et al. 2011). In a stress relaxation study,
the test sample is strained to a certain amount, and the stress
required to maintain the strain is measured as a function of
time (Steffe 1996). Viscoelastic materials relax gradually (Steffe
1996); that is, the stress decays with time. Stress relaxation data
are typically presented in terms of a stress relaxation modulus
(𝐺(𝑡)) (Steffe 1996), which is the ratio of the time-varying stress
and the constant strain applied to the material. Stress relaxation
experiments were performed using a TA-XT2 texture analyzer
(Stable Micro Systems, Surrey, UK). A 2″ diameter cylindrical
probe was used for the stress relaxation experiments. A load cell
of 25 kg was used, and measurements were performed at room

FIGURE 3 A representation of the generalized Maxwell’s model.

temperature. The pretest, test, and posttest speeds were set as
2, 2.8, and 5 mm/s. The trigger force was set as 8 g. A 10 mm
section was cut from a fried potato strip along its length. The
face dimensions of the separated section were measured using a
vernier caliper before placing it on the texture analyzer platform.

The stress and strain are proportional when a material is tested
in the linear viscoelastic range (Steffe 1996). Preliminary exper-
iments at different strain levels indicated that a strain of 4%
was within the linear range. Therefore, a 4% strain was chosen
for conducting the stress relaxation experiments. Each stress
relaxation run was conducted for 300 s, and 4–6 runs were
performed for samples prepared using each frying method.

Force versus time data were recorded during the stress relaxation
experiments. Force was converted to stress by dividing the force
by the area of contact, whichwas calculated using the dimensions
of the sample surface in contact with the probe. The stress
versus time datawere then converted to stress relaxationmodulus
versus time data by dividing the stress by the strain (4%). The
stress relaxation modulus versus time data were smoothed in
Python using the Savitzky–Golay filter (savgol_filter) from the
SciPy library. This was followed by removing the outlier runs and
averaging the stress relaxation modulus data.

Generalized Maxwell’s models (depicted in Figure 3) given by
(Ferry 1980)

𝐺 (𝑡) = 𝐺0 +
𝑛∑

𝑖=1

𝐺𝑖e
− 𝑡

𝜆𝑖 (7)

with two to five elements were fitted to the stress relaxation
modulus data, and the R2 and RMSE (root mean square error)
were calculated to evaluate the fit. In Equation (7), 𝐺(𝑡) is the
stress relaxation modulus, and 𝐺0 is the elastic modulus of
the free spring. 𝐺𝑖 , 𝜂𝑖 , and 𝜆𝑖 (= 𝜂𝑖 ∕𝐺𝑖) are the spring elastic
modulus, dashpot viscosity, and relaxation time for the 𝑖th
Maxwell element, respectively. The generalized Maxwell’s model
assumes a linear viscoelastic nature but has the advantage of
being simple and robust (Jalocha et al. 2015). On the basis
of the fit analysis results (data not shown), the four-element
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TABLE 1 Moisture content, oil content, and relative volume change for different frying methods and frying times (n = 3–6).

Frying method Frying time (𝐦𝐢𝐧)
Moisture content

(𝐠∕𝐠 𝐬𝐨𝐥𝐢𝐝𝐬)
Oil content
(𝐠∕𝐠 𝐬𝐨𝐥𝐢𝐝𝐬)

Relative volume
change

CF 0 7.42±0.91a −0.001 ± 0.002a 0.000±0.017a

MF at 2.45 GHz 0 7.42±0.91a −0.001±0.002a 0.000±0.017a

MF at 5.8 GHz 0 7.42±0.91a −0.001±0.002a 0.000±0.017a

CF 1 2.75±0.33bc 0.050±0.005b −0.257±0.039bc

MF at 2.45 GHz 1 3.05±0.30b 0.058±0.006bc −0.304±0.028cd

MF at 5.8 GHz 1 2.82±0.31bc 0.054±0.004b −0.236±0.018b

CF 3 1.91±0.22cd 0.068±0.002c −0.330±0.024de

MF at 2.45 GHz 3 1.01±0.09de 0.060±0.003bc −0.379±0.012e

MF at 5.8 GHz 3 1.41±0.33de 0.067±0.004c −0.325±0.033de

CF 5 1.83±0.24cd 0.085±0.007d −0.319±0.065
MF at 2.45 GHz 5 0.71±0.23e 0.125±0.007e No data
MF at 5.8 GHz 5 0.67±0.14e 0.096±0.003d No data

Note: Different letters in a column indicate a significant difference between means (𝑝 ≤ 0.05).

generalizedMaxwell’s model, that is, a free spring in parallel with
three spring-dashpots (Figure 3), was found to be optimum for
representing the material.

2.9 Data Analysis

Separate frying trials were conducted to measure temperature,
pressure, moisture and oil content, and sample volume. The
temperature and pressure profiles were recorded at the sample
center, and only one sensor was inserted into a sample at
a time. The average of temperature and pressure profiles for
n = 3–4 samples was calculated. For moisture and oil content
measurement, fryingwas performed once for each fryingmethod-
frying time combination (Table 1). The moisture content results
are an average of n = 6 samples fried in a batch. The oil content
results are an average of n = 3 samples. Another set of frying
trials was conducted to measure the volume of fried samples for
each fryingmethod-frying time combination. The volume change
results are an average of n = 3–4 samples fried in a batch.

Data analysis was performed using the Python programming
language, Microsoft Excel, and OriginPro (v. 2024b, OriginLab
Corporation, Northampton, Massachusetts, USA). The standard
deviations in the data were calculated to construct error bars.
A two-way analysis of variance (ANOVA) was performed using
OriginPro software to evaluate the effect of the frying method
and frying time on the moisture content, oil content, and volume
changes of fried samples. The results of the two-way ANOVA
analysis are included in Table A1. Post hoc Tukey tests were
performed for means comparison.

3 Results and Discussion

3.1 Temperature

Figure 4 shows the temperature profiles at the sample center
and of the bulk oil during CF, MF at 2.45 GHz, and MF at

5.8 GHz. For all three frying methods, the sample temperature
rose rapidly and plateaued around 100◦C within 100 s of frying.
The temperature rise was the fastest for MF at 2.45 GHz, followed
by MF at 5.8 GHz, and lastly, CF. The peak temperatures attained
during frying for MF at 2.45 GHz, MF at 5.8 GHz, and CF
were 107.3◦C, 104.1◦C, and 100.5◦C, respectively. Faster heating
of samples is expected during MF because of the additional
heat source (microwaves). Microwave heating is volumetric and
is independent of the temperature gradient, unlike convection
heating. The faster heating of the samples during MF can be
advantageous in reducing the processing times for the food
industry. This will be discussed further in the text.

The differences in the temperature profiles for MF at 2.45 and
5.8 GHz (Figure 4) are likely because of two factors: (1) the
frequency-dependence of penetration depth and (2) the location
of the waveguides. The penetration depth of electromagnetic
waves is inversely proportional to the wave frequency (Equa-
tion 5). Therefore, the penetration depth of 5.8 GHz microwaves
in the bulk oil and French fries is expected to be shorter than that
of 2.45 GHz microwaves.

For vegetable oil at 2.45 GHz microwave frequency, 𝜖′ = 2.6 and
𝜖′′ = 0.14 (Zhou et al. 2024). Dielectric properties of vegetable
oil are not expected to be sensitive to relatively small frequency
changes (e.g., between 2.45 and 5.8 GHz), primarily due to the
long carbon chains in the molecular structure of vegetable oils.
Assuming the dielectric properties of oil to be equal at both
frequencies, the penetration depth in vegetable oil at 2.45 GHz
is 224.5 mm, and at 5.8 GHz is 94.8 mm. Three liter of oil fills
the oil container to a height of approximately 48 mm. As the
penetration depth in oil at both frequencies is longer than 48mm,
we can expect the electric field not to be completely attenuated at
either frequency. However, there might be more attenuation of
5.8 GHz microwaves in the oil before reaching the French fries
than 2.45 GHz microwaves.

The following dielectric properties of potatoes (moisture content
of 5.02 g/g solids)were estimated using the data of Luo et al. (2019)
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FIGURE 4 The temperature profiles at the geometric center of the samples and of the oil during conventional frying (CF) and microwave frying
(MF) (n = 3–4).

and Nelson et al. (1994): 𝜖′ = 60.4 and 𝜖′′ = 16.2 at 2.45 GHz,
and 𝜖′ = 47.6 and 𝜖′′ = 15.1 at 5.8 GHz. A detailed explanation
about the estimation of the dielectric properties can be found in
Shah and Takhar (In review). Using Equation (5), the penetration
depths in the French fries at 2.45 and 5.8 GHz are 9.4 and 3.8 mm,
respectively. The 2.45 GHz microwaves likely penetrated deeper
into the French fries (dimensions: 9.5 mm × 9.5 mm × 60 mm)
than 5.8 GHz microwaves. The lower attenuation of 2.45 GHz
microwaves in the oil and their deeper penetration in the French
fries can explain the faster heating of samples during MF at
2.45 GHz than 5.8 GHz.

The second factor that can explain the differences between
the temperature profiles for MF at 2.45 and 5.8 GHz is the
proximity of the waveguides to the oil container (Figure 2). The
waveguide connecting the 5.8 GHz SS generator and the cavity
was installed on the left wall of the oven, approximately at two-
thirds of the cavity height from the bottom. The entry port for the
manufacturer-installed 2.45 GHz magnetron lies on the bottom
face of the cavity. As the oil container was placed on the bottom
face of the cavity, it is much closer to the source of 2.45 GHz
microwaves than of 5.8 GHz microwaves. This can cause the
electric field in the oil to be stronger for MF at 2.45 GHz than at
5.8 GHz.

We also conducted microwave heating experiments with samples
immersed in oil initially at room temperature (T ≈ 18◦C). The
measured temperature profiles at the center of the samples
and of the oil are shown in Figure 5. Microwave heating at
2.45 GHz caused rapid heating of the samples, with the tem-
perature at the sample center increasing beyond 100◦C within
75 s, whereas the oil temperature remained close to the room
temperature. The temperature profile for microwave heating at

2.45 GHz peaked at T = 110.8◦C and then plateaued around T =
98◦C.

Microwave heating at 5.8 GHz also led to the heating of the
samples, albeit at a slower rate compared to 2.45 GHz (Figure 5).
These observations confirmed that during MF, (1) French fries
are heated not only by convection due to the hot oil but
also volumetrically by microwaves, that is, microwaves are not
completely attenuated while traveling through the bulk oil and
are able to penetrate the samples, and (2) there are differences in
the heating rates at 2.45 and 5.8 GHz, likely due to differences in
penetration depth ofmicrowaves in oil and French fries at the two
frequencies.

3.2 Pressure

The gauge pressure profiles at the geometric center of the samples
were recorded during CF and MF (Figure 6). The initial pressure
in the samples before frying varied slightly from sample to
sample. For all samples, the measured pressure profiles were
shifted to start from 0 kPa, which enabled the comparison
between different pressure profiles.

Like temperature, the pressure at the center rose rapidly for all
three fryingmethods. The peak gauge pressure forMFat 2.45GHz
was the highest (24.9 kPa), followed by MF at 5.8 GHz (20.8 kPa)
and CF (13.8 kPa). The higher pressures generated during MF are
expected to provide a stronger resistance to oil penetration.

The gauge pressure at the sample center became negative within
a frying time of 75 s for all three frying methods and stayed
negative for the remaining frying duration (Figure 6). The large
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FIGURE 5 The temperature profiles at the geometric center of the samples and of the oil during microwave heating at 2.45 and 5.8 GHz (both at
800 W) when the samples were immersed in 18◦C oil (n = 3–4).

FIGURE 6 The gauge pressure profiles at the geometric center of the samples during conventional frying (CF) andmicrowave frying (MF) (n= 3).

pressure magnitudes during frying are expected to cause outward
movement of water from the core of the sample. As the moisture
content in the sample core decreases, the capillary pressure is
expected to increase above the gas pressure, which will make the
water pressure negative (𝑝𝑤 = 𝑝𝑔 − 𝑝𝑐𝑤). As a result, the gauge

pore pressure (the effective pressure experienced by the pore
walls) is expected to decrease and become negative for longer
frying times. Negative gauge pore pressure is expected to cause a
“suction” potential to develop in the porous matrix and facilitate
oil penetration into the food.
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Interestingly, the pressure stayed positive the longest for CF (68 s),
followed by MF at 2.45 GHz (53 s) and 5.8 GHz (48 s) (Figure 6).
In the case of CF, the direction of heating is from the food surface
to the core, whereas microwaves heat food internally. The higher
temperatures and pressures generated in the sample core during
MF are expected to cause faster water loss from the sample core
than CF. This could explain why the gauge pressure became
negative sooner in the case of MF. From these observations,
we can conclude that although MF is effective in increasing
the pressure generated in foods, the duration of positive gauge
pressures may depend on the drying rate.

The food matrix developed a suction potential (due to negative
gauge pressure) in a shorter frying time during MF than CF,
which may lead to an increase in the sample oil content.
However, the endpoint for frying is determined on the basis of
the moisture content of the food instead of the frying time. So,
the sample oil content for the same endpoint moisture content
should be compared. This is discussed in more detail in Section
3.3.

Although the current work used a continuous application of
microwaves during frying, future works could study the effect
of turning on microwaves when the pressure in the core starts
decreasing. Modeling the unsaturated (presence of gas and liquid
phases in pores) transport duringMF, for example, by utilizing the
hybrid mixture theory (HMT)-based equations of Takhar (2014),
can generate deeper insights into themechanisms involved inMF
(Shah and Takhar In review).

3.3 Moisture Content and Oil Content

The changes inmoisture content of the French fry samples during
CF and MF are presented in Figure 7. The moisture content
decreased rapidly in the first minute of frying for all three frying
methods. This is expected because of the fast evaporation and loss
of the surface water, referred to as surface or superficial boiling in
the frying literature (Farkas et al. 1996; Vitrac et al. 2000). The
vapor bubbles escaping the food surface cause oil movement and
enhance the rate of convective heat transfer. The external heat
flux controls the drying rate in the initial frying stages (Vitrac et al.
2000).

For the remaining frying duration (t = 1–5 min), the moisture
loss continued, albeit at a slower rate. The formation and
thickening of the crust layer during frying is expected to reduce
the heat transfer owing to the low thermal conductivity of
the crust (Farkas et al. 1996) and also decrease the moisture
loss rate. The differences between the moisture contents of
samples fried using the three fryingmethodswere not statistically
significant for 1 and 3 min of frying (Table 1). After 5 min of
frying, there were statistically significant differences between the
moisture contents of samples fried using CF and MF, with the
latter leading to higher moisture loss (Figure 7). The difference
between the moisture contents of samples fried for 5 min at
2.45 and 5.8 GHz microwave frequencies was not statistically
significant.

MF caused faster moisture removal from the samples than CF
because of the additional volumetric heat source (microwaves).

MF is expected to generate larger pressure gradients in the core
of the sample (Figure 6), which drives out moisture from the core
faster than in the case of CF. Therefore, as the moisture content
profile for CF plateaued (Figure 7), there was further moisture
loss during MF. This result implies that the endpoint for frying
(determined based on moisture content) can be reached faster
with MF than with CF. For example, Zhou et al. (2022) found
that it took 5, 3, and 3.5 min to reach similar endpoint moisture
contents for CF, MF at 2.45 GHz, andMF at 5.8 GHz, respectively.
Therefore, MF can enable the food industry to make substantial
time savings during frying operations.

The oil content profiles for the three frying methods (Figure 8)
showed a general increasing trend of oil content with decreasing
moisture content. This agrees with previous frying studies in the
food literature (Pinto and Takhar 2023; Zhou et al. 2022; Ziaiifar
et al. 2010). The oil content versusmoisture content trends for the
three fryingmethods appeared to be similar till amoisture content
of about 3 g/g solids. The oil content increased rapidly in the first
minute of frying for all three frying methods (Table 1). This is
expected because of the loss of surface water, which leaves behind
empty spaces (pores) for the oil phase to occupy. Additionally, the
surface of the raw potato samples is not perfectly smooth and
may have cracks/abrasions that allow the oil to seep in during
frying. During the nascent stages of frying, the food’s internal
pressure is low (Figure 6), and there is not much resistance to oil
penetration.

Differences between the oil contents for the three frying methods
started to emerge when the moisture content became lower
than 3 g/g solids. The oil content of samples fried at 2.45 GHz
microwave frequency changed negligibly when the moisture
content reduced from 3 to 1 g/g solids. This is expected due
to the high magnitude of pressure in the food matrix during
MF at 2.45 GHz, which can help impede oil penetration. On
the other hand, the oil content increased rapidly as a function
of moisture content for CF and relatively slowly for MF at
5.8 GHz (Figure 8). This indicated the potential of MF to produce
French fries with lower oil content at lower endpoint moisture
content.

Mesias et al. (2019)measured themoisture content of French fries
collected from thirty food service establishments and found that
the moisture content ranged from 0.29 to 0.66 g/g total, with a
mean of 0.46 g/g total. A sample fried at 2.45 GHz microwave
frequency with a dry basis moisture content of approximately
1 g/g solids and oil content of 0.06 g/g solids (Figure 8) would
have a moisture content of 0.48 g/g total. This is within the range
ofmoisture contents observed for commercial French fry samples
by Mesias et al. (2019). On the basis of the oil content trends
in Figure 8, for the same endpoint moisture content of 1 g/g
solids, CF is expected to result in samples with a significantly
higher oil content than MF. The oil content of samples fried at
5.8 GHz microwave frequency is expected to be higher than those
fried at 2.45 GHz frequency, for an endpoint moisture content
of 1 g/g solids (Figure 8). However, below a moisture content of
1 g/g solids, the oil content increased rapidly as a function of
moisture content for MF at 2.45 GHz. Therefore, if even lower
moisture content French fries are desired for increased crispi-
ness, MF at 5.8 GHz may produce French fries containing less
oil.
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FIGURE 7 The moisture content of samples fried using conventional frying (CF) and microwave frying (MF) (n = 6).

FIGURE 8 The oil content of samples fried using conventional frying (CF) and microwave frying (MF) plotted against their moisture content
(n = 3–6).

11 of 16



FIGURE 9 Sample volume changes with frying time for conventional frying (CF) and microwave frying (MF) (n = 3–4).

Although the observations from our study indicate that MF can
produce French fries containing less oil than CF, further work
is needed to strengthen our conclusions. Process optimization
studies are also needed to find the optimum set of processing
parameters (e.g., microwave power and on-off times) for MF.
Purely experimental approaches might be tedious. Physics-based
models like the one mentioned in Section 3.2 can help increase
the effectiveness of MF in reducing the oil content of fried foods.

3.4 Volume Change

The sample volume changes for the three frying methods are
shown in Figure 9. A negative volume change implied sample
shrinkage during frying. This is in agreementwith previous frying
studies in the food literature (Shah and Takhar 2022; Ziaiifar et al.
2010). The samples shrank rapidly during the first minute for all
three frying methods.

For t = 1 min, the sample volume changes for MF at 2.45
and 5.8 GHz were significantly different (Table 1). However, the
sample volume change for CF was not significantly different
from that of either MF method. After 3 min of frying, though
the sample volume change for MF at 2.45 GHz was higher than
CF and MF at 5.8 GHz, the differences were not statistically
significant for the three frying methods (Table 1).

After 5 min of frying, there was only a slight change in the sample
volume for CF (Figure 9). In comparison, samples fried for 5 min
at 2.45 and 5.8 GHz microwave frequencies floated in n-heptane.
As a result, their volumes could not be measured. The density of
n-heptane at 25◦C is 679.5 kg/m3 (Haynes 2014). Thus, the density
of the microwave-fried samples became lower than 679.5 kg/m3.

The density of the microwave-fried samples was expected to
be lower than that of the conventionally fried samples because
of the significantly higher moisture loss during MF (Figure
7).

During frying, foods undergo deformation driven by phenomena
like moisture loss and gas expansion. Shah and Takhar (2024)
predicted the deformation of potato cylinders during CF by uti-
lizing pore pressure as the driving force governing deformation.
Similarly, pore pressure was utilized to predict the expansion of
a starch matrix undergoing extrusion in the work of Ditudompo
and Takhar (2015). Therefore, pressure changes in a food matrix
during frying are expected to impact the oil content as well as the
deformation of the fried food.

3.5 Stress Relaxation

The stress relaxation modulus profiles of conventionally and
microwave-fried samples, obtained after smoothing, removing
outliers, and averaging, are shown in Figure 10. The fitted
parameters for the four-element generalized Maxwell’s model
for the three frying methods are given in Table 2. The spring
elastic moduli (𝐺0, 𝐺1, 𝐺2, and 𝐺3) for MF at 5.8 GHz were the
highest, followed by CF and MF at 2.45 GHz. This indicated that
in comparison to CF, MF at 5.8 GHz produced stiffer French fries,
andMF at 2.45 GHz produced softer French fries.We hypothesize
that the shorter penetration depth of 5.8 GHz microwaves in
French fries caused heating to be focused near the crust (Zhou
et al. 2022). This could lead to increased stiffness due to the faster
drying of the crust.
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FIGURE 10 The average stress relaxation modulus profiles of samples fried using conventional frying (CF) and microwave frying (MF) (n = 3–5).

TABLE 2 The four-element generalizedMaxwell’s model parameters for samples fried using conventional frying (CF) andmicrowave frying (MF).

Sample 𝑮𝟎 (𝐏𝐚) 𝑮𝟏 (𝐏𝐚) 𝑮𝟐 (𝐏𝐚) 𝑮𝟑 (𝐏𝐚) 𝝀𝟏 (𝐬) 𝝀𝟐 (𝐬) 𝝀𝟑 (𝐬) 𝑹𝟐

RMSE
(Pa)

CF 12,805.02 15,071.85 14,517.31 29,200.43 118.66 9.26 0.76 0.99 344.83
MF at 2.45 GHz 10,380.30 8841.97 10,534.44 21,851.19 114.63 10.95 0.91 0.99 437.99
MF at 5.8 GHz 13,853.85 17,396.26 22,274.24 49,607.00 105.69 9.60 0.77 0.99 372.53

Abbreviation: RMSE, root mean square error.

Conversely, for MF at 2.45 GHz, power dissipation is expected
to be distributed across the French fry due to the longer pen-
etration depth of 2.45 GHz microwaves. X-ray micro-computed
tomography images of Parikh and Takhar (2016) showed that MF
at 2.45 GHz led to a less compact crust than CF. This was likely
due to more uniform moisture removal during MF at 2.45 GHz
than CF (Parikh and Takhar 2016). Therefore, we can expect the
stiffness of French fries to be lower for MF at 2.45 GHz than for
CF. Textural characteristics of fried foods are crucial for consumer
acceptability. The data from the stress relaxation experiments
indicated that MF at 5.8 GHz can produce stiffer (crunchier)
French fries due to the intense heating of the crust.

Although using 5.8 GHz microwaves for frying is advantageous,
theremay be some challenges in their application at the industrial
scale. The SS generator for 5.8 GHz microwaves is costlier than
the magnetron for 2.45 GHz microwaves, and the SS generator
may not be as abundantly available. Further research is needed
to determine the feasibility of using 5.8 GHz microwaves in the
food industry.

The relaxation times (𝜆1, 𝜆2, and 𝜆3) for the three frying methods
were found to be similar, and no clear trend was observed
(Table 2). Reiner (1964) introduced a nondimensional number

called the Deborah number (𝐷𝑒), which is the ratio of the
relaxation and observation times. As Steffe (1996) explained,
the Deborah number can be utilized to estimate the extent of
the viscoelastic nature of a material. Materials with 𝐷𝑒 ≫ 1
tend to exhibit elastic behavior, and materials with 𝐷𝑒 ≪ 1
show viscous behavior (Steffe 1996). Viscoelastic materials tend
to have 𝐷𝑒 of the order of 1. The average 𝐷𝑒 values for the
second, third, and fourthMaxwell elementswere 0.377, 0.033, and
0.003. Therefore, the second Maxwell element demonstrated the
viscoelastic behavior of French fries, whereas the third and fourth
elements displayed viscous behavior (Ozturk and Takhar 2017).

The Maxwell’s model parameters determined in this study can
be utilized in mechanistic models to predict the deformation of
French fries during frying. For example, Ditudompo and Takhar
(2015) modeled the deformation of a starch extrudate by using the
generalized Maxwell’s model. Maxwell’s model parameters were
provided as inputs to solve the deformation equations.

4 Conclusions

MF at two frequencies, 2.45 and 5.8 GHz (both at 800 W), was
tested as an alternative to CF. Results showed that MF at both
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frequencies led to a faster increase in temperature inside French
fry samples. MF at 2.45 GHz led to the highest peak temperature
(107.3◦C) during frying, followed by MF at 5.8 GHz (104.1◦C)
and CF (100.5◦C). Microwaves enabled the faster heating of the
French fry samples due to volumetric heating. The faster heating
of the samples during MF at 2.45 GHz than 5.8 GHz could be
because of the longer penetration depths in oil and French fries
at 2.45 GHz than at 5.8 GHz, and the closer proximity of the
oil container to the 2.45 GHz source than the 5.8 GHz source.
The temperature profiles recorded during the microwave heating
of samples immersed in room temperature oil confirmed that
the electric field was not completely attenuated while traveling
through the bulk oil phase and could penetrate the samples. MF
led to higher pressures in the samples compared to CF. Higher
positive gauge pressures are expected to help the porous matrix
resist oil penetrationmore strongly. Therefore,MF can potentially
increase the resistance of food to oil penetration.

MF led to fastermoisture loss from the samples, which can reduce
frying times and help the food industrymake substantial time sav-
ings. The oil content versus moisture trends showed that below a
moisture content of 3 g/g solids, the oil content increased rapidly
with decreasing moisture content for CF, relatively slowly for MF
at 5.8 GHz, and negligibly for MF at 2.45 GHz. This indicated
that MF can produce French fries with lower oil content, and
thus lower calorie density, than CF. Below a moisture content
of 1 g/g solids, there was a rapid increase in oil content as a
function of moisture content for MF at 2.45 GHz. Therefore, MF
at 5.8 GHz can be used when French fries with a lower moisture
and oil content are desired. The stress relaxation data of French
fries showed that MF at 5.8 GHz can produce stiffer (crunchier)
fries, which are liked by consumers. This is expected due to the
shorter penetration depth of 5.8 GHz microwaves in foods than
2.45 GHz microwaves, which can lead to crust-focused heating.
However, a sensory study is needed to validate the differences in
texture between samples fried using CF and MF. The parameters
for the four-element generalized Maxwell’s model, determined
based on the stress relaxation data, can be utilized in physics-
based models to predict the deformation of French fries during
frying. The high cost of SS generators for 5.8 GHz microwaves
can be a barrier to their application in the food industry, and
SS generators may be less readily available than magnetrons for
2.45 GHzmicrowaves. Further studies are needed to optimize the
processing parameters in MF, such as microwave power and on-
off time. The insights generated from this study can help design
new experimental studies and guide the physics-based modeling
of MF.
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Appendix

TABLE A1 Results of the two-way analysis of variance (ANOVA) performed to evaluate the effect of the frying method and frying time on the
moisture content, oil content, and volume changes of fried samples.

Moisture content
Degrees of
freedom Sum of squares Mean square F value p value

Frying method 2 2.74584 1.37292 5.33413 0.00738
Frying time 3 460.19038 153.39679 595.98348 <0.0001
Interaction 6 5.23579 0.87263 3.39039 0.00603
Model 11 468.17201 42.56109 165.36009 <0.0001
Error 60 15.44306 0.25738
Total 71 483.61507
Oil content
Frying method 2 5.88889E – 4 2.94444E - 4 15.10264 <0.0001
Frying time 3 0.04838 0.01613 827.20022 <0.0001
Interaction 6 0.00211 3.51503E - 4 18.02928 <0.0001
Model 11 0.05108 0.00464 238.18015 <0.0001
Error 24 4.67909E - 4 1.94962E - 5
Total 35 0.05155
Volume change
Frying method 2 0.0103 0.00515 8.38594 0.00155
Frying time 2 0.75618 0.37809 615.48173 <0.0001
Interaction 4 0.00569 0.00142 2.31749 0.08385
Model 8 0.76609 0.09576 155.88632 <0.0001
Error 26 0.01597 6.14299E - 4
Total 34 0.78206
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