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Abstract

This study investigated the effect of microwave power and puffing control on the structural integrity and textural 
properties of dried foamed mango. Microwave power levels of 250, 380, and 500 W were tested, with puffing con-
trol significantly enhancing product quality. SEM analysis showed that without puffing control, excessively puffed 
structure occurred, while controlled drying yielded smaller, more uniform pores. Puffing control reduced hardness 
to 21.87 ± 5.20 g and increased crispness to 50.00 ± 5.29 (count peak). These findings highlight the benefits of real-
time expansion regulation in optimizing drying processes for improved texture and consistency in foamed products.
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Introduction

Mahachanok, or Rainbow mangoes (Mangifera indica 
L.), are highly regarded for their rich nutritional content 
and bioactive compounds (Tran et al., 2023). However, 
farmers in northeastern Thailand frequently face chal-
lenges due to market fluctuations and the overabundance 
of undersized or overripe fruits, leading to low profitabil-
ity. Processing these mangoes into value-added products, 
such as dried foamed mango pulp snacks, could provide 
a solution by extending their shelf life and offering con-
sumers an alternative, healthy snack option.

Foam-mat drying has been widely recognized as an effec-
tive technique for converting liquid or semi-liquid foods 
into stable dried foamed materials while preserving their 
nutritional qualities (Sansomchai et al., 2023). Prior 
research by Chaux-Gutiérrez et al. (2017), Rajkumar 
et al. (2007a and 2007b), and Sansomchai et al. (2023) has 

highlighted the benefits of foam-mat drying in produc-
ing powdered mango pulp, emphasizing the importance 
of optimizing drying parameters to maintain product 
quality. However, the drying of thicker foamed materi-
als remains challenging, particularly due to the energy-
intensive nature of the process and the risk of foam 
structure collapse during prolonged drying.

Microwave-assisted drying has gained attention as a via-
ble method for addressing these issues. This technique 
leverages volumetric heating, where microwave energy 
directly interacts with water molecules, resulting in rapid 
and uniform heat distribution. Compared to traditional 
hot-air drying, microwave-assisted drying offers several 
advantages, including faster moisture removal, reduced 
energy consumption, and minimized physical defor-
mation of the foam (Prachayawarakorn et al., 2024). 
Previous studies by Qadri and Srivastava (2014, 2017), 
Gao et al. (2022), and others have demonstrated that 
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microwave-assisted foam-mat drying can significantly 
shorten drying time while preserving the nutritional 
integrity and physical properties of various food prod-
ucts, such as tomatoes, guava, and blueberry pulps.

While microwave-assisted drying offers potential bene-
fits, especially in reducing drying time, it has its limita-
tions. The use of constant microwave power can lead to 
uneven expansion of the foam, especially at high micro-
wave energy, resulting in nonuniform drying and exces-
sively puffed structure. This irregularity can compromise 
the physical properties and texture of the final product, 
leading to inconsistencies such as hardness, brittleness, 
and reduced crispness. Puffing is the ability of food mate-
rials to expand in volume due to the phase transition of 
water from liquid to vapor. Intense microwave heating 
induces rapid pressure buildup, leading to volumetric 
expansion as water rapidly converts from liquid to vapor 
(Rakesh and Datta, 2011). Recent studies have explored 
the impact of microwave drying on puffing behavior. For 
instance, Joardder and Karim (2023) investigated pore 
evolution in apple tissues during microwave drying and 
observed that continuous microwave drying (CMD) can 
cause the cell walls of food samples to burn or collapse 
due to excessive heat generation. In contrast, intermit-
tent microwave drying (IMCD) provides an opportunity 
to preserve the texture and porosity of the final product. 
Xie et al. (2024) investigated various drying methods, 
including microwave and radio frequency drying, on 
purple sweet potato snacks. Microwave-induced puffing 
significantly improved the expansion and texture of the 
final product, making it more appealing as a nutritious 
snack. Dong et al. (2024) examined puffing effects on 
green coffee beans through microwave drying, and their 
study implied that controlled puffing during microwave 
drying enhanced specific qualities crucial for beverage 
processing.

To overcome these limitations, this study introduces the 
use of variable microwave power during the drying pro-
cess, a novel approach designed to preserve the structural 
integrity of the foam. By employing a real-time image 
processing system, the foam expansion is continuously 
monitored, and microwave power is adjusted accordingly 
to prevent excessive puffing and collapse. This dynamic 
control over microwave power ensures a more stable 
and uniform drying process, leading to a higher-quality 
final product. The integration of puffing control allows 
for more consistent textural properties while preventing 
the rapid expansion and collapse often observed in tradi-
tional drying methods.

The main objective of this research is to investigate the 
impact of variable microwave power and different air 
temperatures on foam structure and textural properties 
of dried foamed mango pulp. The study evaluates the key 

attributes such as hardness and crispness to understand 
how different drying conditions influence the quality 
of the final product. In addition, the research examines 
foam thickness to assess the uniformity of the dried 
foam. A comparison is made between traditional micro-
wave drying and the novel puffing control system, pro-
viding valuable insights into the advantages of regulating 
microwave power during drying process.

Materials and Methods

Foamed mango preparation

Ripe Mahachanok mangoes (Mangifera indica L.) with 
an average sugar content of 12.7 ± 0.4 Brix were sourced 
from Kalasin Province located in northeastern Thailand. 
The mangoes were first peeled and cut into 1 cm cubes. 
The diced mango was blanched in boiling water (80–
90°C) for 1 min to deactivate any enzymes and mashed 
into a puree. The prepared mango puree was packed in 
aluminum foil bags and stored in a freezer until further 
use.

To prepare 250 g of foamed mango pulp, 96.43 g of 
mango puree (38.57% w/w), 128.57 g of fresh egg albu-
min as the foaming agent (51.43% w/w), and 25 g of a 1% 
xanthan gum solution as the stabilizer (10% w/w) were 
used. The ingredients were initially mixed gently for 
2 min at the lowest speed using a blender (Electrolux, 
model EHM3407, Thailand) to ensure uniform blending, 
followed by an 8 min blend at maximum speed to gener-
ate a stable foam.

Foam-mat drying process

The drying experiments were conducted using a modi-
fied domestic microwave oven (model MS23F300EEK, 
Samsung, Thailand), integrated with a custom hot air cir-
culation system. The microwave system operated on an 
ON–OFF power cycle, with the microwave energy out-
put controlled by a microcontroller connected to a servo 
motor equipped with a power adjustment knob, facilitat-
ing rotation to the settings. This setup allowed for pre-
cise regulation of microwave power, ensuring controlled 
energy input during the drying process. To maintain the 
desired drying air temperature, a 10 kW electric heater 
was installed, and the air temperature was continuously 
monitored and regulated using a PID temperature con-
troller (Model MAC-3D, Shimax Co., Ltd., Japan) com-
bined with a type K thermocouple. The air velocity within 
the system was kept constant at 0.5 ms–¹ using an inverter 
to control the blower. Additionally, image processing 
techniques were employed for puffing control, enabling 
real-time adjustments in microwave power based on the 
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monitored foam expansion, ensuring consistency in the 
product structure.

For the drying experiments, 250 g of foamed mango 
pulp was evenly spread on a 20 cm microwaveable plate, 
ensuring a uniform foam layer with a thickness of 2 cm. 
The excess foam was carefully leveled off using a stainless 
steel bar to maintain a flat surface. The drying process 
was carried out under three different microwave power 
settings—250, 380, and 500 W—and at three air tempera-
tures of 50, 60, and 70°C, associated with a full factorial 
approach.

Puffing control system

The puffing control system used in the drying process 
integrates real-time image processing techniques to reg-
ulate the microwave power based on foam expansion. 
As shown in Figure 1, the method began with captur-
ing high-resolution images (1920 × 1080 pixels) of the 
expanding foamed material using a webcam (Model 
C615, Logitech International S.A., Switzerland) at 30 
frames per second during drying. The original images 
were cropped to 1540 × 490 pixels, corresponding to a 
real area of 22 × 7 cm, covering the edge of the foam con-
tainer up to its maximum height of 7 cm (Figure 1B).

The cropped images were then converted into grayscale 
(Figure 1C) to facilitate further processing. Gaussian fil-
tering with a 3×3 pixel kernel was applied to smooth the 
images and reduce noise. Next, Canny edge detection was 
used to convert the grayscale images into binary images, 

with thresholds set at 25 and 75 for accuratel detection 
of the edges. Following edge detection, dilation using a 
3×3 pixel structuring element was performed to con-
nect missing areas and expand boundaries (Figure  1D). 
Finally, the processed image was divided into black and 
white regions, and the percentage of white pixels (Pw), 
representing the expanded foam area, was calculated 
using equation (1):

	 w
w

total

AP 100
A

= × 	 (1)

Where Aw is the total number of white pixels, represent-
ing the expanded foam area, and Atotal is the total number 
of pixels in the cropped image.

To control the foam puffing, a servo motor was employed. 
A threshold was set such that when the foam expansion 
reached 20% beyond its initial physical size, as indicated 
by the white pixel percentage, the system adjusted the 
microwave power to a lower level. The system contin-
ued to monitor the foam size, and once the expansion 
subsided to the initial size, the servo motor reverted the 
microwave power to a higher level, thus maintaining a 
balance between foam expansion and structural integrity.

The step-by-step image processing workflow for this con-
trol system is illustrated in the flowchart (Figure 2). The 
images are processed in six steps, starting with converting 
the RGB images to grayscale, followed by Gaussian filter-
ing, binary conversion via Canny edge detection, dilation 
to connect boundaries, and finally, separating the image 
into black and white regions to calculate the white pixel 

(A)

(B)

(C) (D)

Figure 1.  Image processing procedure for foam expansion analysis. (A) original image, (B) cropped image, (C) grayscale 
image, and (D) filtered and dilated image.
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Start

Step 1: Convert RGB image to grayscale image

Step 2: Smooth image using Guassian filtering 
– Kernal size: 3 × 3 px

– Standard deviation (X-direction): 3

Step 4: Dilation to connect missing areas or 
expand boundaries 

– Kernal size: 3 × 3 px

Step 5: Seperate image into black and white
– Find percentage of white color

Step 6: Color microwave power level using 
servo motor

Servo motor turn to 
high-power level

Servo motor turn to 
low-power level

White area 
>20%?

Is the dying 
finished?

End

Yes

Yes

No

No

Step 3: Convert grayscale image to binary 
image using Canny edge detection

– minimum threshold: 25
– maximum threshold: 75

Figure 2.  Flowchart of puffing control system.

percentage. The system continuously monitors this per-
centage, ensuring that the microwave power is adjusted 
accordingly to prevent overexpansion and collapse, ulti-
mately ensuring a controlled and consistent drying process.

This real-time image processing system, in conjunction with 
servo motor adjustments, provides an effective solution for 
maintaining the stability of the foam structure during dry-
ing, reducing the risk of foam expansion and collapse, and 
improving the overall quality of the dried product.

Physical and textural analysis

Moisture content and dried foam thickness
The moisture content analysis was performed follow-
ing the standard procedure (Horwitz, 2005). To assess 
the uniformity of moisture content in the dried foamed 
mango pulp, measurements were taken at five different 
points as indicated in Figure 3. Additionally, the foam 
thickness at these same points was recorded to evaluate 
the structural homogeneity of the dried foams.
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Results and Discussion

Puffed foam thickness as affected by microwave heating

The foam expansion, measured as the height above the 
original surface, was tracked in pixels using a webcam 
camera throughout the drying process. This so-called 
puffing effect may result in changes in the porous struc-
ture of dried foamed mango pulp. In this study, a full 
factorial design was used, with three varying drying air 
temperatures (50, 60, and 70°C) and three microwave 
power levels (250, 380, and 500 W). The microwave 
power alternated between ON (1050 W) and OFF (0 W), 
with average outputs from 250 to 500 W. The results, 
shown in  Figures 4–6, illustrate how these conditions 
influenced foam expansion and structural integrity over 
time. The discussion will explore the impact of micro-
wave power and air temperature on puffing behavior.

Figure 4 illustrates the foam thickness behavior of dried 
foamed mango at 250 W microwave power combined 
with three different air temperatures: 50, 60, and 70°C. 
In  Figure 4A (50°C), the foam mostly exhibited expan-
sion throughout the drying process, peaking at around 
190 pixels within the first 200 s. The foam returned to 
its original thickness after 850 s, indicating that at the 
lower air temperature of 50°C, the moisture was removed 
slowly allowing for a longer period of controlled puff-
ing before collapse. This gradual return to the original 
thickness suggests a slower drying process. However, the 
longer time to collapse may suggest less efficiency in the 
drying process.

At  60°C (Figure 4B), the foam expanded slightly less 
than at 50°C, peaking at 160 pixels in about 150 s, and 
it returned to its original thickness after 700 s. The 
faster time to return to its original thickness indicates 
that moderate air temperature (60°C) facilitated quicker 
moisture diffusion, reducing the puffing duration and 
leading to an earlier collapse. This balance between faster 
drying and controlled puffing makes 60°C a more favor-
able temperature compared to 50°C.

In contrast, at 70°C (Figure 4C), the foam expanded rap-
idly to 170 pixels within 140 s and returned to its origi-
nal thickness after only 600 s. The faster collapse at 70°C 
suggests that the higher temperature rapidly removed 
surface moisture, creating stronger cell walls and accel-
erating the collapse process. This shorter time to return 
to the original thickness reflects the efficiency of high-
temperature drying in minimizing foam expansion and 
ensuring early collapse.

The results from Figure 4 highlight the importance of dry-
ing temperature in controlling foam expansion and col-
lapse. The times to return to the original thickness—850 s 

Morphology of  dried foamed mango pulp
The morphological characteristics of the dried foamed 
mango pulp were analyzed using a scanning electron 
microscope (SEM) (Tabletop Microscope, TM4000Plus, 
Hitachi, Hitachi High-Tech Ltd.), set to a magnification 
of 30X and operated at an accelerating voltage of 10 kV.

Textural properties
The textural properties of dried foamed mango, including 
hardness, fracturability, peak force, and crispness, were 
measured using a texture analyzer (TA.XT2i, Stable Micro 
Systems Ltd, Godalming, UK) equipped with a 2 mm 
cylinder probe attached to a 5 kg load cell. The hardness 
was determined by the peak force in the force-time curve 
during the compression test, reflecting the maximum 
force of compression in force units (g). This test was con-
ducted at a pre-test speed of 1.0 mms−1, a test speed of 0.5 
mms−1, and a posttest speed of 10.0 mms−1, with a com-
pression distance of 40% strain. Crispness was assessed by 
counting the number of force peaks during compression, 
with a higher number of peaks indicating a crisper texture. 
The measurements were conducted under consistent test 
conditions, with nine different positions for each sample, 
and the averaged results were presented. This method 
allowed for a detailed evaluation of how different micro-
wave drying conditions and puffing control techniques 
influenced the textural quality of the foamed mango.

Statistical analysis

The data obtained from the experiments were statisti-
cally analyzed using SPSS software (version 14.0.1.25). A 
one-way analysis of variance (ANOVA) was performed 
to assess the effects of different microwave power levels 
and air temperatures on the foam structure and textural 
properties of the dried foamed mango. Duncan’s multi-
ple range test was applied to compare the means of the 
different treatment groups, and significant differences 
were determined at a confidence level of P < 0.05. This 
approach ensured that the variations in structural and 
textural outcomes across different drying conditions 
were accurately evaluated and statistically validated.

2 cm

20 cm

4 cm

Figure 3.  Measuring points for analyzing uniformity of 
moisture content and foam thickness.
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Figure 4.  Foam height (pixel) as a function of drying time (s) at 250 W and (A) 50°C, (B) 60°C, and (C) 70°C.

at 50°C, 700 s at 60°C, and 600 s at 70°C—show that 
higher temperatures not only accelerate the drying pro-
cess but also promote quicker structural collapse. The 
optimal condition for minimizing foam expansion and 
ensuring early collapse is 70°C, as it resulted in the short-
est expansion period and fastest return to the original 
foam thickness. Although 50 and 60°C also allowed for 
controlled collapse, the longer times to return to the 
original thickness make them less optimal than 70°C for 
maintaining product uniformity and texture. These find-
ings confirm that higher air temperature is more con-
ducive to achieving minimal foam expansion and early 
collapse, which are key to maintaining product quality 
and structural integrity.

Figure 5  demonstrates the foam thickness behavior at 
380 W microwave power under three air temperatures: 
50, 60, and 70°C. In Figure 5A (50°C), the foam expanded 
rapidly to a peak thickness of 240 pixels within 100 s, 
which is significantly higher than the expansion observed 
at 250 W. This increase in puffing is due to the higher 

volumetric heat generated by the higher microwave 
power. However, unlike 250 W, the foam returned to its 
original thickness after 660 s, indicating that while the 
higher microwave power caused faster puffing, the foam 
collapsed back more effectively.

At  60°C (Figure 5B), the foam reached a peak thick-
ness of 210 pixels within 80 s and returned to its origi-
nal thickness at 540 s. A similar behavior was observed 
at 50°C but with slightly less puffing and a faster return 
to the original thickness. The balance between moderate 
air temperature and higher microwave power at 380 W 
resulted in more controlled expansion and a smoother 
collapse back to the original thickness. Compared to 
250 W, the faster collapse observed at 380 W shows that 
higher microwave power can help achieve the desired 
foam behavior of minimizing puffing while ensuring effi-
cient moisture removal.

In Figure 5C (70°C), the foam expanded quickly, reaching 
a peak thickness of 230 pixels within 70 s, but collapsed 
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Figure 5.  Foam height (pixel) as a function of drying time (s) at 380 W and (A) 50°C, (B) 60°C, and (C) 70°C.

almost immediately, returning to its original thickness 
in just 350 s. The higher air temperature, combined with 
the increased microwave power, promoted faster sur-
face drying, preventing excessive puffing. However, the 
structure remained stable long enough to prevent exces-
sive expansion. The results at 70°C and 380 W show that 
while higher microwave power generates more rapid 
expansion, it can also accelerate the collapse back to 
the original thickness, which is a desirable outcome for 
maintaining product quality.

Figure 6  illustrates the foam thickness behavior at  500 
W microwave power  across air temperatures of  50, 60, 
and 70°C. At this high microwave power, the effect on 
foam expansion and collapse is significant, with all foams 
reaching their peak thickness rapidly.

In Figure 6A (50°C), the foam expanded extremely rap-
idly, reaching a maximum thickness of 350 pixels within 
just 80 s, the fastest expansion observed across all 

conditions. However, the foam returned to its original 
thickness after 420 s, indicating a swift collapse shortly 
after peak expansion. The intense volumetric heating 
caused by the high microwave power led to rapid mois-
ture removal, but the foam was unable to maintain its 
structure. The collapse shortly after peak expansion 
shows that while high microwave power accelerates dry-
ing, it also destabilizes the foam, causing early structural 
failure.

In  Figure 6B (60°C), the foam expanded to a peak 
thickness of  240 pixels within 70 s. However, the foam 
returned to its original thickness more gradually, for 
380  s. This suggests that the moderate air temperature 
at 60°C allowed for more controlled moisture diffusion, 
preventing immediate structural failure and allowing the 
foam to maintain its structure for a longer period. The 
60°C condition provided a more balanced drying process, 
resulting in a more controlled collapse compared to the 
faster breakdown at 50°C.
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In  Figure 6C (70°C), the foam expanded rapidly to  230 
pixels within 70 s, but collapsed even more quickly 
than under the other conditions, returning to its orig-
inal thickness in just  420 s, the shortest collapse time 
observed across all conditions. The combination of high 
microwave power and elevated air temperature cre-
ated an unstable drying environment, leading to rapid 
expansion followed by immediate structural failure. The 
shorter collapse time at  70°C  indicates that the foam 
structure was less able to maintain its integrity under the 
rapid moisture removal, leading to quicker shrinkage and 
a faster return to its original thickness. This suggests that 
high air temperature, combined with intense microwave 
power, accelerates the drying process but compromises 
the foam ability to remain stable, reducing overall struc-
tural integrity.

Interestingly, despite the different air temperatures, the 
time to peak thickness was consistently around  70 s 
across all conditions, indicating that microwave power 

had a more significant impact on the rate of foam expan-
sion than air temperature. However, the times to return 
to the original thickness varied slightly between the 
conditions, with  420 s  at 50°C and 70°C, and  380 s  at 
60°C. These results suggest that while microwave power 
drove rapid expansion, air temperature played a role in 
determining how quickly the foam collapsed back to its 
original thickness, with moderate temperatures (60°C) 
allowing for a slightly more controlled collapse compared 
to the extremes of 50°C and 70°C.

Influence of drying conditions on moisture content 
uniformity and foam structure stability

This section examines the impact of varying microwave 
power and air temperature on the uniformity of mois-
ture content and structural stability of dried foamed 
mango pulp. Moisture content and foam thickness were 
measured across multiple points, as shown in Figure 3, 
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Figure 6.  Foam height (pixel) as a function of drying time (s) at 500 W and (A) 50°C, (B) 60°C, and (C) 70°C.
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and their deviations provide valuable insights into 
the consistency of the drying process. Understanding 
these variations is crucial, as they highlight the balance 
between rapid moisture removal and the maintenance 
of product quality, particularly under different micro-
wave power levels and drying temperatures. The results 
presented in Table 1 offer a detailed analysis of how 
these factors influence the overall drying efficiency and 
uniformity.

As shown in Table 1, the deviations in moisture content (% 
wb) tend to increase with higher microwave power, while 
the effect of temperature is less pronounced. For example, 
at 250 W and 50°C, the moisture deviation is relatively low 
at 1.04, indicating a more uniform drying process. This can 
be attributed to the slower energy input, allowing for more 
gradual moisture removal. In contrast, at 500 W and 50°C, 
the moisture deviation increases to 2.25, reflecting less 
uniform drying likely due to the rapid and uneven mois-
ture removal caused by the higher microwave power. This 
observation aligns with previous studies, such as those by 
Chaux-Gutiérrez et al. (2017), who also noted that higher 
microwave energy can result in uneven heating patterns 
and moisture gradients within the material.

The foam thickness measurements further illustrate how 
drying conditions influence the puffing behavior of the 
foam and the uniformity of structural changes. At 250 W 
and 50°C, the average foam thickness is 17.2 cm with a 
deviation of 1.4 cm, indicating relatively consistent puff-
ing and moderate expansion. However, as the microwave 
power increases, more pronounced deviations in thick-
ness are observed. For example, at 500 W and 70°C, the 
foam reaches a thickness of 17.8 cm with a higher devia-
tion of 3.6 cm, suggesting significant variability in foam 
structure. This can be attributed to the aggressive puffing 
effect induced by high microwave power, which causes 
certain regions in the foam to expand more rapidly than 

Table 1.  Deviations of moisture content and dried foam 
thickness at various drying conditions.

MW
(W)

T
(°C)

MC (% wb) Thickness (cm)

Mean  
value

Deviation Mean  
value

Deviation

250 50 9.19 1.04 17.2 1.4

250 60 7.74 1.00 17.7 1.6

250 70 8.03 1.07 16.1 1.8

380 50 8.88 1.28 18.5 1.9

380 60 8.77 1.13 17.9 2.2

380 70 7.13 1.71 17.4 2.1

500 50 7.42 2.25 19.4 2.4

500 60 8.21 1.95 19.3 2.5

500 70 8.28 2.13 17.8 3.6

others. As confirmed by Taşova et al. (2023), higher 
microwave energy levels tend to promote uneven puffing, 
leading to structural non-uniformity. The trend observed 
in foam thickness deviations also reflects the balance 
between puffing and collapse under different drying 
conditions. Higher microwave power (500 W) tends 
to generate more intense puffing, as seen in the higher 
foam thickness values at 50°C and 60°C, but also results 
in more structural instability, leading to larger deviations. 
In contrast, lower power levels (250 and 380 W) maintain 
more consistent foam structures, though the total expan-
sion is less pronounced.

In conclusion, the data presented in Table 1 highlight 
the need for precise control over microwave power 
to maintain uniform moisture distribution and foam 
structure. While higher power levels promote faster 
drying but greater puffing, they also lead to increased 
non-uniformity and potential degradation of product 
quality. By contrast, lower power settings result in a more 
controlled drying process, with less variation in moisture 
content and foam thickness, suggesting that a balance 
between power and temperature is crucial for optimizing 
the drying process.

Microstructural analysis of dried foamed mango

To further examine the structural integrity of dried 
foamed mango, Scanning Electron Microscopy (SEM) 
was used to analyze the microstructure. Figure 7 shows 
SEM images at 60°C with microwave power levels of 
(a) 250 W, (b) 380 W, and (c) 500 W. These images high-
light how varying drying conditions affect porosity, cell 
wall integrity, and foam morphology, providing insights 
into the puffing and collapse behavior at a microscopic 
level. This analysis is essential for optimizing drying 
parameters to enhance product quality.

Figure 7A presents an SEM image of dried foamed 
mango under the conditions of 250 W microwave power 
and 60°C air temperature. The image reveals a well-
formed, porous structure with numerous cavities and 
interconnected channels, clearly illustrating the puff-
ing effect that occurred during the drying process. This 
structural integrity aligns with the results discussed in 
Figure 4, where moderate drying rates and controlled air 
temperature promoted a gradual and controlled puffing 
process, resulting in a stable and uniform final structure. 
Research on foam drying processes suggests that con-
trolling drying rates is key to maintaining foam stability, 
and avoiding excessive puffing and collapse (Prawiranto 
et al., 2019; Thuwapanichayanan et al., 2008).

The relatively controlled pore distribution observed in 
Figure 7A corresponds to the lower deviation in foam 
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thickness (1.6 cm) reported in Table 1, indicating that the 
drying process at 250 W and 60°C successfully limited 
excessive foam expansion. This suggests that moisture 
evaporation was well-regulated, preventing rapid puff-
ing and the formation of large cavities. Similar studies 
have highlighted the importance of regulating the dry-
ing speed to maintain the structural integrity of foams, 
ensuring that expansion is minimized (Du et al., 2021). 
Instead of promoting aggressive expansion, these con-
ditions maintained the foam height close to its original 
state, minimizing structural collapse and ensuring a more 
uniform microstructure. The gradual and controlled 
collapse phase, as reflected in Figure 4, supports the 
idea that moderate drying rates and air temperature are 
critical for achieving consistent physical properties. The 
lower deviations in moisture content and foam thickness 
demonstrate that limiting foam expansion results in a 
more stable final product without compromising textural 
quality. These findings are consistent with studies that 
emphasize the balance between foam stability and mois-
ture removal during drying (Azeredo et al., 2006).

Moreover, the smaller and more uniformly distributed 
pores seen in this image point to the effectiveness of con-
trolled drying at 250 W and 60°C. The even pore network 
indicates that moisture was removed steadily, helping 
preserve the foam volume and shape. This observation is 

consistent with the minimal deviations in moisture con-
tent and foam thickness reported in Table 1, reinforcing 
the conclusion that these moderate drying conditions 
yield a stable and high-quality final product with better 
structural integrity. Similar results have been observed in 
studies where carefully controlled drying led to uniform 
pore structures in foam materials (Qadri et al., 2020; 
Thuwapanichayanan et al., 2008).

In comparison, Figure 7B shows the microstructure of 
foamed mango dried at 380 W microwave power and 
60°C air temperature. While the foam still exhibits a 
porous structure, there are more irregularities in pore 
size and distribution, indicating that the higher power led 
to less control over the puffing process. The larger and 
more uneven pores reflect the excessive expansion seen 
in Figure 5, where the foam expanded too rapidly, result-
ing in less uniform structural integrity. Although the col-
lapse was more gradual than at higher power settings, the 
aggressive puffing caused by 380 W led to increased vari-
ability in pore size, which could negatively impact the tex-
ture and uniformity of the final product. Similar effects of 
higher drying rates have been noted in other foam drying 
studies, where higher energy inputs led to greater puff-
ing and structural instability (Prachayawarakorn et al., 
2024; Thuwapanichayanan, et al., 2012). The findings 
suggest that 380 W induced faster and less controlled 

(A)

(C)

(B)

Figure 7.  SEM images of dried foamed mango at 60°C combined with microwave heating at (A) 250 W, (B) 380 W, and (C) 500 W.
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underscores the impact of rapid moisture removal, which 
caused the foam to lose its ability to retain its expanded 
structure, ultimately leading to structural breakdown. 
The sharp collapse phase, evidenced in earlier figures, 
confirms that the intense drying conditions at 500 W 
degrade the foam internal structure quickly, leading to a 
compromised final product with reduced textural quality.

In summary, the SEM analysis highlights the clear trade-
offs between drying speed and foam structural unifor-
mity. Lower power settings, such as 250 W and 380 W, 
resulted in more controlled puffing, yielding stable and 
uniform foam structures with smaller, evenly distributed 
pores, as evident in Figures 7A,B. On the other hand, the 
highest power setting (500 W) sped up the drying pro-
cess but led to larger, irregular pores and a fragile struc-
ture, as illustrated in Figure 7C. These results underscore 
the need for a careful balance between drying rates and 
temperature to achieve optimal drying efficiency while 
preserving the structural integrity and quality of the final 
product (Du et al., 2021; Thuwapanichayanan et al., 2008, 
2012).

Comparison of foam structure and textural properties

Figure 8 presents cross-sectional images of dried foamed 
mango under two distinct conditions: (A) without puff-
ing control, and (B) with puffing control implemented 
through image processing techniques. The structural dis-
parities between the two conditions are striking, and they 
correspond with the earlier findings discussed in Figures 
4–6 and Table 1, showcasing the importance of puffing 
regulation for product quality.

In Figure 8A, where no puffing control was applied, the 
foam structure is notably irregular and compacted, with 
visible cavities and uneven puffing throughout. This 
inconsistency mirrors the earlier findings from Figure 6, 
where uncontrolled expansion at higher microwave 
power settings caused rapid and excessive foam expan-
sion. The absence of puffing control led to uneven expan-
sion, resulting in certain foam areas becoming overly 
compacted while others expanding irregularly. This con-
tributed to a final product with compromised texture and 
nonuniformity. Similar observations have been made in 
studies involving foam structure during drying processes, 
where rapid moisture removal leads to structural degrada-
tion and irregularities in porosity (Prawiranto et al., 2019).  

puffing, compromising the goal of maintaining the foam 
structure close to its original height. The irregularities 
seen in Figure 7B indicate that higher drying rates led to 
more significant foam expansion, which should be mini-
mized to ensure better consistency and product quality. 
Limiting puffing through lower power settings may be 
more effective in achieving a uniform and stable foam 
structure during drying.

The moderate deviation in foam thickness (2.2 cm) 
at 380 W, as reported in Table 1, reflects the increased 
but still manageable expansion observed in Figure 7B. 
While the pore distribution was less uniform than at 
250 W, the foam structural integrity remained relatively 
intact despite the higher power input. This suggests that 
while 380 W caused faster foam expansion, the collapse 
phase was still somewhat controlled, resulting in a more 
balanced drying process compared with higher power 
settings. However, the increased variability in pore size 
indicates that the higher power still led to undesired 
expansion. Research on foam drying has shown that 
higher drying rates can often result in structural instabil-
ity if not carefully managed (Du et al., 2021). Therefore, 
the combination of 380 W and 60°C offers a middle 
ground between drying speed and product uniformity. 
Although the foam retained its structure for a longer 
duration compared to higher power levels, there remains 
room for improvement in reducing pore irregularities 
and achieving more consistent structural integrity, which 
could be better controlled at lower power levels.

Figure 7C, which depicts the microstructure of foamed 
mango dried at 500 W microwave power and 60°C air 
temperature, shows a highly disrupted and irregular 
structure. Larger voids and poorly defined cell walls 
dominate the image, indicating rapid and uneven puff-
ing. The aggressive heating at 500 W caused the foam to 
expand too quickly, leading to structural instability as the 
foam could not withstand the fast moisture removal. This 
resulted in an early and abrupt collapse, as observed in 
Figure 6. Similar studies on high drying rates have shown 
that excessive heat can lead to rapid puffing and struc-
tural failure (Azeredo et al., 2006). The rapid expansion 
followed by a swift collapse significantly compromised 
the foam structural integrity, highlighting the detrimental 
effect of high drying rates on foam structure. The large, 
uneven pore sizes seen in Figure 7C align with the higher 
deviation in foam thickness (2.5 cm) reported in Table 1, 
indicating pronounced nonuniformity. This instability 

(A) (B)

Figure 8.  Cross-sectional images of dried foamed mango. (A) non-puffing control and (B) puffing control.
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maintaining product integrity in drying processes where 
temperature and moisture regulation play a critical role 
(Thuwapanichayanan et al., 2008). This conclusion is 
further supported by the lower deviations in foam thick-
ness and improved structural uniformity reported in 
Table 1, particularly under more moderate drying condi-
tions, such as 380 W at 60°C.

In conclusion, the comparison between the two condi-
tions in Figure 8 demonstrates that implementing puffing 
control results in a markedly superior final product, with 
greater structural integrity and uniformity. By utilizing 
image processing technology to monitor and adjust the 
drying process in real-time, the risk of excessive expan-
sion is minimized. This approach leads to enhanced tex-
tural properties and a more consistent, stable product. 
The findings highlight the significant advantages of puff-
ing control, particularly in maintaining the porous struc-
ture and reducing nonuniformity, ultimately producing 
higher-quality dried foamed mango (Du et al., 2021; 
Thuwapanichayanan et al., 2012).

Figure 9 provides SEM images that offer further insight 
into the microstructural differences between foamed 
mango dried without puffing control (A) and with puffing 
control (B), complementing the findings from Figure  8. 
The SEM images reveal the detailed surface and inter-
nal structures, confirming the advantages of using image 
processing techniques for controlling foam expansion 
during the drying process.

In Figure 9A, the microstructure of the foam dried 
without puffing control reveals large, irregular voids, 
compressed sections, and fewer defined cell walls. The 
compromised structural integrity is clear, with multiple 
areas showing collapse or severe distortion, reflecting 
the cross-sectional irregularities noted in Figure 8A. 
The presence of large, uneven pores indicates that the 

The uneven expansion pattern is further evidenced by the 
higher deviations in foam thickness reported in Table 1, 
particularly at elevated microwave powers like 500 W, 
where these effects were most pronounced.

In contrast, Figure 8B, where puffing control was applied, 
displays a much more uniform and stable foam structure. 
The foam exhibits minimal compression, with evenly dis-
tributed pores and improved structural integrity. The use 
of real-time puffing control, facilitated by image process-
ing techniques, effectively limited foam expansion and 
kept the foam thickness close to its original state, main-
taining the foam structure throughout the drying pro-
cess. This aligns with research showing that controlling 
expansion behavior can result in more stable foam struc-
tures and improved product quality (Prachayawarakorn 
et al., 2024). The findings highlight the effectiveness 
of controlling microwave power based on foam puffed 
thickness, which prevented excessive foam expansion 
seen in the uncontrolled process and contributed to a 
higher-quality final product. The more evenly distributed 
pores and the smoother cross-section, free from large 
cavities, reflect the advantages of maintaining structural 
stability through controlled puffing, consistent with 
studies on foam stability under various drying methods 
(Azeredo et al., 2006; Qadri et al., 2020).

The effectiveness of puffing control is particularly 
noticeable in preventing the prolonged expansion that 
could lead to structural interference in the foam. The 
uniform and stable structure observed in Figure 8B rein-
forces the conclusion that utilizing image processing 
techniques to regulate the drying process significantly 
enhances the quality of the dried foam. Adjusting micro-
wave power when the foam reached a critical expan-
sion threshold minimized the risk of overexpansion, 
allowing the foam to retain its intended texture and 
porosity. Similar control mechanisms are beneficial in 

(A) (B)

Figure 9.  SEM images of dried foamed mango. (A) under non-puffing control and (B) puffing control.
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In conclusion, the combined results from Figures 8 
and  9 demonstrate the effectiveness of puffing control 
in enhancing the structural integrity and uniformity of 
dried foamed mango. The SEM images in Figure 9 pro-
vide microscopic evidence that applying puffing con-
trol produces a more consistent, well-preserved porous 
structure, significantly reducing the risk of collapse. 
This improved uniformity, particularly in pore distri-
bution, highlights the critical role of real-time control 
during the drying process. As a result, the final product 
benefits from superior texture and structural integrity, 
confirming the value of regulated microwave drying in 
producing high-quality dried foams (Azeredo et al., 2006; 
Thuwapanichayanan et al., 2012).

The textural properties of dried foamed mango were eval-
uated under different microwave power levels, including 
the implementation of puffing control, to better under-
stand how these variables affect the structural quality of 
the final product. The two key textural attributes ana-
lyzed were hardness (measured by peak force) and crisp-
ness (measured by count peak), as shown in Table 2.

At 250 W microwave power, the foam exhibited the 
highest hardness value (74.96 ± 15.90 g) and a moderate 
count peak value (reflecting crispness) of 29.11 ± 6.29, 
indicating that the foam had a dense, firm structure. 
This is likely due to the slower, more controlled mois-
ture removal at lower microwave power, which allowed 
the foam to retain more of its structure during drying. 
The higher hardness suggests less puffing, and the foam 
maintained a more compact texture. Studies have shown 
that lower heat input during drying can result in firmer, 
more compact structures, as moisture has more time to 
diffuse out slowly, reducing the risk of excessive puffing 
and collapse (Prawiranto et al., 2019).

In comparison, at 380 W, hardness decreased slightly 
(76.84 ± 49.50 g), while the count peak increased to 
35.50 ± 7.20, indicating more crispness compared to the 
250 W condition. The slight reduction in hardness at this 
power level reflects an intermediate drying condition 
where the foam began to expand more, but without losing 
its structural integrity completely. This aligns with find-
ings from foam-drying studies where moderate drying 
rates helped maintain structural integrity without causing 
collapse (Azeredo et al., 2006). The increase in count peak 
indicates that moderate microwave power improved the 
foam porous structure, leading to better crispness.

At 500 W, hardness dropped significantly to 58.73 ± 
35.75 g, and the count peak also decreased to 29.11 ± 
6.29, reflecting the more fragile and collapsed foam 
structure observed in SEM images from Figure 9A. The 
rapid moisture removal caused by the higher microwave 
power led to significant puffing and subsequent collapse, 

foam underwent uncontrolled expansion due to micro-
wave-assisted drying, resulting in a highly non-uniform 
structure. This aligns with studies that have shown how 
the lack of control during drying leads to foam expan-
sion followed by collapse, producing irregular porous 
structures (Prawiranto et al., 2019). These observations 
highlight how the absence of puffing control causes 
rapid and uneven expansion, leading to structural 
degradation. As confirmed by the higher deviations 
in foam thickness presented in Table 1, the irregular 
pore distribution and collapsed areas emphasize the 
difficulty of maintaining foam integrity during uncon-
trolled drying, especially under higher microwave 
powers. This issue of irregular foam expansion and col-
lapse has been observed in other studies investigating 
the effects of high drying rates on foam structures (Du 
et al., 2021).

Figure 9B, on the other hand, shows a highly consistent 
and well-formed porous structure when puffing control 
was utilized. The foam exhibits smaller, more evenly 
distributed pores and a stable network of cell walls, suc-
cessfully maintaining the foam’s expanded structure. 
This uniformity in pore size and distribution illustrates 
the effectiveness of the controlled drying process, where 
real-time adjustments to microwave energy minimized 
excessive expansion and collapse. Similar benefits of 
controlled drying have been reported in the application 
of hybrid drying technologies, which aim to optimize 
structural stability by regulating heat and mass trans-
fer during drying (Qadri et al., 2020). The structural 
stability seen in Figure 9B is consistent with the lower 
deviation in foam thickness recorded in Table 1, under-
scoring the advantages of regulating microwave power 
based on foam expansion behavior. This controlled 
drying process not only resulted in a more stable and 
uniform foam structure but also minimized the risk 
of collapse, thus improving textural properties. Prior 
research supports this finding, emphasizing the impor-
tance of maintaining a uniform porous network during 
drying to preserve product quality (Prachayawarakorn 
et al., 2024).

The enhanced microstructure also corresponds to the 
smoother cross-section observed in Figure 8B, where 
the foam retained its expanded form without significant 
compression or irregularities. The SEM images demon-
strate that puffing control significantly enhances the con-
sistency and quality of the final product, suggesting that 
the foam texture will be more uniform and desirable. The 
relationship between pore structure and textural proper-
ties in food foams has been extensively studied, with evi-
dence showing that a more consistent pore distribution 
leads to better textural outcomes, such as crispness and 
hardness, which are desirable in dried foamed products 
(Thuwapanichayanan et al., 2008).
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improving the structural integrity and textural quality 
of dried foamed mangoes. High microwave power led 
to rapid foam expansion and collapse, compromising 
the final product’s uniformity and crispness. In contrast, 
moderate microwave power (380 W) combined with 
puffing control allowed for more consistent pore distri-
bution, resulting in improved structural stability and a 
crispier texture. The SEM analysis confirmed that puff-
ing control effectively minimized pore irregularities and 
enhanced product quality.

The findings have important implications for the food 
drying industry, suggesting that real-time monitoring 
and control of expansion during microwave-assisted 
drying can lead to better textural outcomes in foamed 
products. The implementation of such control mech-
anisms could optimize drying processes for a variety of 
foamed food products, enhancing their commercial via-
bility by improving product consistency and consumer 
satisfaction.

Future research should explore the application of puffing 
control in other foam-based food systems and investigate 
the combination of microwave power with other drying 
techniques, such as vacuum or freeze drying, to further 
optimize product quality. Additionally, scaling up the use 
of puffing control in industrial drying processes would be 
valuable for improving efficiency and uniformity in large-
scale production.

Acknowledgment

This research project was financially supported by the 
Thailand Science Research and Innovation (TSRI). The 
authors also extend their appreciation to Mahasarakham 
University, Thailand, for facilities.

AI Declaration Statement

The authors declare that they only use AI-assisted tech-
nologies to improve readability and language, not for the 
creation of images, graphics, tables, or their correspons-
ing captions.

Authors Ccontributions

Conceptualization, Prarin Chupawa; methodology, 
Wasan Duangkhamchan; software, Prarin Chupawa; 
formal analysis, Wasan Duangkhamchan; investigation, 
Pattamaporn Gaewsondee; data curation, Pattamaporn 
Gaewsondee; writing−original draft preparation, Wasan 
Duangkhamchan, Pattamaporn Gaewsondee; writing−
review and editing, Wasan Duangkhamchan, Prarin 

resulting in a softer, less stable foam. Previous studies 
have highlighted how high-temperature drying can lead 
to uncontrolled foam expansion, creating larger pores 
and a weakened structure that collapses more easily (Du 
et al., 2021). The lower count peak value reflects reduced 
crispness, which can be attributed to the irregular pore 
sizes and weakened cell walls, making the foam less crisp 
and consistent under high microwave power.

The condition with puffing control exhibited the lowest 
hardness (21.87 ± 5.20 g) but had the highest count peak 
(50.00 ± 5.29), indicating that while the foam was softer, 
it retained a higher degree of crispness and structural 
uniformity. This reflects the benefits of using puffing 
control, which prevented over-expansion and collapse 
by adjusting microwave power in real-time, leading to 
a more consistent foam structure with smaller, more 
evenly distributed pores. Studies have shown that con-
trolled drying conditions, particularly when foam expan-
sion is monitored and regulated, result in better textural 
outcomes, such as increased crispness and uniformity 
(Thuwapanichayanan et al., 2012). The lower hardness 
and higher count peak indicate that the foam was eas-
ier to fracture, contributing to a desirable crisp texture 
without significant collapse. Controlled drying pro-
cesses like these are key to achieving high-quality dried 
foams with uniform porosity and textural properties 
(Thuwapanichayanan et al., 2008).

In conclusion, the results presented in Table 2 demon-
strate that implementing puffing control during dry-
ing improves the foam’s texture, reducing hardness 
while increasing crispness (count peak). These find-
ings further emphasize the importance of regulating 
microwave power during the drying process to achieve 
optimal textural properties, preventing structural col-
lapse and ensuring a more uniform, high-quality product 
(Thuwapanichayanan et al., 2008).

Conclusions

This study demonstrated that controlling microwave 
power and applying puffing control are crucial for 

Table 2.  Textural attributes of dried foamed mango.

Condition Hardness (g) Count peak (−)

250 W 74.96 ± 15.90a 37.11 ± 6.66b

380 W 76.84 ± 9.50a 37.00 ± 5.50b

500 W 58.73 ± 5.75a 29.11 ± 6.29b

Puffing control 21.87 ± 5.20b 50.00 ± 5.29a

Different superscripts in the same column represent significant 
difference at p <0.05.
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