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Octopus (Octopus sp.) represents a high-value 
marine resource, distinguished by its favourable 
nutritional composition, notably high fibre, low fat, 
and low carbohydrate content (Xue et al. 2015). The 
species’ pronounced economic significance is evi-
denced by escalating export volumes, particularly 
to the European Union, East Asia, and Southeast Asia 
(Zamuz et al. 2023). At present, postharvest manage-

ment of octopus is practiced in over 90 countries, with 
Indonesia among the leading global producers (Sauer 
et al. 2021; Fall and Asiedu 2024). Within Bengkulu’s 
Kaur Regency, industries are highly dependent on oc-
topus, a commodity inherently susceptible to rapid 
enzymatic and microbial degradation (Hidrawati 
et al. 2023; Indrabudi et al. 2025; Pariansyah et al. 
2025). The species’ elevated moisture content un-
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derscores the necessity for advanced preservation 
strategies to mitigate postharvest losses (Xue et al. 
2020; Hajji et al. 2024).

Although cold storage is widely recognised as an 
effective preservation strategy, its implementation 
in remote coastal regions is frequently constrained 
by elevated energy costs and insufficient infrastruc-
ture (Hernández-Urcera et al. 2025). As a result, 
solar drying has emerged as a cost-effective alter-
native (Wulfing et al. 2024). Conventional open 
solar drying (OSD), though prevalent, is susceptible 
to external environmental variability, contamina-
tion, and inconsistent product quality (Nurba 
et al. 2019; Obot et al. 2022). To overcome these 
limitations, the mixed solar dryer (MSD) has been 
developed, incorporating solar collectors to sub-
stantially improve drying efficiency (Suherman 
et al. 2025). MSD technology transfers absorbed 
solar energy into a controlled chamber, resulting 
in up to a 55% increase in energy efficiency relative 
to traditional drying systems (Yassen et al. 2021; 
Bacha et al. 2025). The integration of UV filters 
further enhances product safety, preserves quality, 
and accelerates the drying process by up to 60% 
(Chemkhi 2022; Mehta et al. 2022; Andharia et al. 
2023). Nevertheless, comprehensive engineering 
evaluations of MSD performance in octopus dry-
ing, particularly within tropical coastal settings 
such as Bengkulu, remain limited.

Alongside hardware advancements, mathemati-
cal modelling is essential for clarifying the drying 
dynamics of agricultural and aquatic commodities 
(Suherman et al. 2020). Thin-layer kinetic models 
are widely applied in agricultural engineering 
due to their methodological simplicity and dem-
onstrated effectiveness in predicting moisture 
removal (Hii et al. 2023; Schweidtmann et al. 2024). 
However, the drying of octopus poses a distinct 
challenge because of significant anatomical hetero-
geneity. Regions such as the mantle and tentacles 
differ markedly in muscle architecture, collagen 
content, and tissue thickness (Jonathan & Egbe 
2022; Indrabudi et al. 2025). This inherent struc-
tural variability leads to variable drying rates and 
non-uniform final moisture distributions within 
a single specimen, a factor that current integrated 
research has not sufficiently addressed.

This research contributes to the United Nations 
Sustainable Development Goals (SDGs), specifically 
SDG 7 (Affordable and Clean Energy) and SDG 9 
(Industry, Innovation, and Infrastructure), by facili-

tating the adoption of energy-efficient technologies 
in seafood processing (Zhong et al. 2020; Acar et al. 
2022). The identified research gap highlights the 
urgent need for comprehensive studies that sys-
tematically compare the efficacy of MSD and OSD 
for octopus under tropical conditions, develop and 
validate thin-layer kinetic models tailored to spe-
cific anatomical regions, and critically assess the 
interactive effects of drying method and anatomical 
structure on key quality metrics, including browning, 
protein, fat, and ash content. This study provides 
the first rigorous evaluation of the relationship 
between anatomical heterogeneity and solar dryer 
modality (mixed-mode versus open) in influenc-
ing both drying kinetics and final product quality 
in tropical environments. The specific objectives are 
to: compare the drying efficiency of MSD and OSD 
for octopus, identify the most suitable thin-layer 
kinetic models for individual anatomical parts, and 
clarify the effects of drying strategy and anatomical 
differentiation on product quality outcomes.

MATERIAL AND METHODS

Material and sample preparation
Fresh octopus (Octopus sp.) with an average 

individual weight of 1.0 ± 0.2 kg were sourced 
directly from local fishermen in Kaur Regency, 
Bengkulu Province, Indonesia. Thirty individu-
als were selected to ensure sufficient biological 
replication. The octopuses were rinsed with clean 
water to remove sand and mucus, then drained 
and weighed. Each specimen was dissected into 
five anatomical parts (Figure 1): head, mantle, top 
tentacle, middle tentacle, and bottom tentacle. 
These segments were further divided to capture 
natural variation in thickness and structure. 

Drying systems and experimental design
The experiment was conducted from Novem-

ber 2023 to January 2024 in Bengkulu, Indone-
sia, to compare a mixed solar dryer (MSD) and 
an open solar dryer (OSD). The MSD (Figure 2) 
comprised a 3 m2 solar collector connected to an 
insulated chamber (12 m3) covered with a 14% 
UV-filtering sheet. The OSD utilised stainless-
steel mesh trays placed on a 1 m high platform, 
fully exposed to ambient conditions.

A factorial 2 (dryer type: MSD and OSD) × 5 
(anatomical part: head, mantle, top tentacle, mid-
dle tentacle, and bottom tentacle) experiment 
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was implemented. From the five homogenised 
composite samples (one for each anatomical part), 
representative subsamples were randomly drawn 
for each experimental run. Drying trials for all 
ten dryer-part combinations were conducted si-

multaneously during each run to control for daily 
weather variation. For each of these combinations, 
three replicate subsamples (n = 3) were drawn 
from the corresponding homogenised composite 
batch. All subsamples were dried concurrently, 

Figure 1. (A) Anatomical regions of the octopus (Octopus sp.) 
(European Union 2022) and (B) detailed segmentation 
of body parts based on thickness variation

Figure 2. Mixed solar dryer (MSD) (Yuwana et  al. 2011): 
(A) front view, (B) side view, (C) schematic diagram
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with the MSD and OSD operated under identical 
solar conditions to ensure a direct comparison. 
For each run, fresh subsamples were used. Drying 
was conducted daily from 08:00 to 16:00. Samples 
were weighed hourly, and the process was termi-
nated when the moisture content fell below 25% 
(dry basis) (BSN 2006).

Measurements and data analysis
Drying conditions and mass loss. Air temperature 

and relative humidity inside the MSD chamber and 
adjacent to the OSD were recorded hourly using 
a thermocouple (4 Channels, Type K, HT-9815, Shen-
zhen Lanqi Technology Co., Ltd., China, accuracy 
± 1 °C) and a digital thermos-hygrometer (HTC1, 
Chongqing New World Trade Co., Ltd, China, ac-
curacy ± 5% RH), respectively. Solar radiation was 
measured with a solar power meter (SM206, Shen-
zhen Sanpo Instrument Co.,Ltd ., China, accuracy 
± 10 W·m–2). Sample mass was recorded hourly 
using a digital scale (I-2000, Shanghai Dahua Scale 
Factory, China, accuracy ± 0.1 g). Surface colour 
(CIE L*, a*, b*) was evaluated with a colourimeter 
(LS171 D/8, Shenzhen Linshang Technology Co., 
Ltd., China, accuracy > 90%). The quality of dried 
octopus, including browning, protein, fat, and ash 
content, was assessed after drying. 

Calculation of drying parameters. The initial 
moisture content was determined using the thermo-
gravimetric method, as described by Equations (1) 
and (2) (Deeto et al. 2018):

 	  (1)

 	  (2)

where: M(wb) – the moisture content on a wet basis (%); 
M(db) – the moisture content on  a  dry basis expressed 
as an absolute value (kg·kg–1); M0 – the initial mass before 
drying (g); Mi – the bone-dry sample mass after drying (g). 

The drying rate was calculated based on moisture 
content using Equation (3) (Jonathan & Egbe 2022):

 	  (3)

where: DR – drying rate (kg·kg–1·h–1); ΔMC – the change 
in moisture content on a dry basis (kg·kg–1·h–1); Δt – the 
time interval (h) during the drying period. 
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Moisture content (MC) was also expressed 
as moisture ratio (MR) using Equation (4) (Delfiya 
et al. 2020):

 	  (4)

where: M – the dry-based moisture content (kg·kg–1) 
at  time t; M0 – the initial dry-based moisture content 
(kg·kg–1); and MCe is the equilibrium dry-based moisture 
content (kg·kg–1) which was neglected in this study due 
to its relatively small value under experimental conditions. 

Mathematical modelling of drying kinetics
Experimental MR data for each treatment were 

fitted to five thin-layer drying models (Table 1). 
Model parameters were estimated by non-linear 
regression, maximising the coefficient of deter-
mination (R2) and minimising the root mean 
square error (RMSE) and sum of squared errors 
(SSE). All models were evaluated using Python 
(version 3.13.2).

Model goodness-of-fit was evaluated using Equa-
tions (5) to (7). The model with the highest R2 and 
the lowest RMSE and SSE was selected as optimal 
(Biswas et al. 2022).

 	  (5)
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 	  (7)

Quality assessment
The quality of  dried octopus was assessed 

by measuring browning and proximate composi-
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Table 1. Thin-layer kinetics modelling (Inyang et al. 2018)

Model name Model
Logarithmic MR = ae–kt + c
Midilli et al. MR = ae–ktn + bt
Balbay and Sahin MR = (1 – a)e–ktn + b
Hasibuan and Daud MR = 1 – atne–ktn

Demir et al. MR = ae(–kt)n  + b

MR – moisture ratio
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tion, including protein, fat, and ash content. The 
browning index (B*) was determined from L*, 
a*, and b* values using Equations (8) and (9) (Hu 
et al. 2024):

 	  
(8)

 	  (9)

where: L*, a*, and b* – lightness, redness, and yellow-
ness, respectively, as measured by a colourimeter. 

Proximate composition was determined as fol-
lows: protein content by the Kjeldahl method 
(Sudarmadji et al. 1997), fat content by Soxhlet 
extraction with n-hexane (Talumepa et al. 2016), 
and ash content by the dry ashing method at 550 °C 
(BSN 2006). These parameters were analysed using 
Equations (10) to (12).
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where: V – the sample titration volume (mL); N – the 
normality of the H₂SO₄ solution; P – the dilution factor; 
W1 – the weight of  the empty fat flask (g); W2 – the 
sample weight (g), W3 – the weight of the fat flask con-
taining extracted fat (g); A – the weight of  the empty 
porcelain ash cup (g); B – the weight of the porcelain ash 
cup containing sample ash (g). 

All analyses were performed in triplicate on dried, 
homogenised powder, and results are expressed 
on a dry weight basis.

Statistical analysis
The effects of drying method, anatomical part, 

and their interaction on all quality parameters 
were analysed using a 2 × 5 factorial of analysis 
of variance (ANOVA). When a significant effect 
was detected (P < 0.05), mean separation was per-
formed using Duncan’s multiple range test (DMRT). 
Data are presented as mean ± standard deviation.

RESULTS AND DISCUSSION

Drying environmental conditions. Figure 3 
presents the environmental parameters influencing 
the drying process, specifically temperature, rela-
tive humidity (RH), and solar irradiance. The MSD, 
equipped with a 14% UV-filtering cover, signifi-
cantly reduced incident solar radiation within the 
drying chamber (average 447.5 W·m–2), compared 

Figure 3. Environmental drying conditions during the 
experimental period: (A) ambient and drying chamber 
temperature (blue); (B) relative humidity (red); and (C) solar 
radiation (green)
MSD – mixed solar dryer; OSD – open solar drying
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to the OSD system, which remained fully exposed 
to ambient irradiance (average 806.5 W·m–2). 

Peak ambient solar radiation of approximately 
1 400 W·m–2 is consistent with cloud-edge enhance-
ment and localised reflective effects documented 
in diverse global settings. These irradiance surges 
primarily arise from partially cloudy conditions 
and dynamic cloud characteristics, including cloud 
type, spatial distribution, and movement relative 
to the solar path (Inman et al. 2016; Vamvakas 
et al. 2020). Inman et al. (2016) reported cloud-
enhanced global horizontal irradiance exceeding 
1 000 W·m–2 in California and Hawaii, attributing 
these increases to forward scattering by cumulus 
clouds near the solar disk. Such enhancements oc-
cur frequently and significantly influence coastal 
surface radiation budgets. Similarly, Vamvakas 
et al. (2020) observed transient cloud-induced 
enhancements in Patras, Greece, with magnitude 
dependent on cloud type, position, and movement 
relative to the sun. Recent research has elucidated 
the underlying mechanisms. Zuo et al. (2024) in-
troduced a three-dimensional cloud index (CT) 
based on all-sky image luminance, demonstrating 
that enhancement primarily occurs when clouds 
are within three solar radii of the sun. In Colorado, 
irradiance values reached 1244 W·m–2, with cloud 
modification factors (CMF) exceeding 1.4 under 
partially cloudy conditions. Hu et al. (2025) iden-
tified solar elevation angle as the primary deter-
minant, with cooling effects prevailing at angles 
above 63°. Extreme irradiance values surpassing 
the solar constant have been documented in tropi-
cal regions. For instance, De Andrade and Tiba 
(2016) recorded up to 1650 W·m–2 in northeastern 
Brazil (9°S), approximately 350 W·m–2 above ex-
traterrestrial irradiance, on one-third of days per 
month for up to 34 minutes. Piacentini et al. (2011) 
measured 1 477 W·m–2 at sea level in Recife, Brazil, 
exceeding the corrected solar constant by 7.9% 
on 3.4% of days. The tropical coastal environment 
of Bengkulu (≈ 4°S) is conducive to such events 
due to consistently high solar elevation, frequent 
cumulus cloud development typical of maritime 
tropics, and localised reflection from the Indian 
Ocean. Budiyanto et al. (2020) established baseline 
turbidity factors (A = 0.88, B = 0.26) for clear-sky 
conditions in Indonesia. Therefore, the observed 
peak of approximately 1 400 W·m–2 is consistent 
with established scientific understanding of cloud-
radiation interactions and represents a physically 

credible measurement under partially cloudy tropi-
cal conditions.

Although the MSD received lower direct irra-
diance, its integrated solar collector effectively 
captured and converted thermal energy, resulting 
in a consistently higher average drying air tem-
perature (42.1 °C), approximately 20% greater than 
the OSD average (35.0 °C). These findings align 
with those of Kuhe et al. (2019), highlighting the 
effectiveness of MSD configurations in optimis-
ing drying microclimates. The superior drying 
performance of the MSD can be attributed to its 
enclosed design and integrated solar air heater, 
which collectively increase the drying air tem-
perature and enhance the air’s moisture-holding 
capacity. This configuration resulted in an aver-
age relative humidity (RH) of 38.1% within the 
MSD chamber, compared to 54.0% ambient RH 
observed around the fully exposed OSD trays. 
The 29% reduction in RH, driven by the efficient 
thermal energy retention and restricted moisture 
exchange with the external environment, proved 
critical in accelerating drying kinetics and gen-
erating a substantially greater thermodynamic 
driving force for moisture removal (Bacha et al. 
2025; Suherman et al. 2025). In contrast, the OSD 
system, subject to ambient variability, demon-
strated reduced drying efficiency consistent with 
the documented limitations of traditional open-air 
drying methodologies (Duong et al. 2021; Nurba 
et al. 2019). 

Drying kinetics: Assessment of moisture pro-
files and drying rates. The drying profiles for all 
octopus anatomical regions exhibited a character-
istic exponential reduction in absolute moisture 
content (kg·kg–1) (Figure 4A), with the drying 
process markedly more efficient in the MSD rela-
tive to the OSD system. Transformation of these 
data into moisture ratio (MR, Figure 4B) facilitated 
standardised inter-anatomical comparisons and 
established a robust basis for subsequent thin-
layer kinetic modelling.

Analysis of the drying rate (DR) revealed that the 
drying process predominantly transpired within 
a protracted falling-rate period (Figure 5A), a char-
acteristic commonly observed in biological matrices 
wherein internal moisture diffusion governs the 
overall drying kinetics. The absence of a discern-
ible initial constant-rate phase indicates rapid 
removal of surface-bound moisture. Notably, the 
average DR achieved in the MSD was 74% greater 
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Figure 4. Drying curves of octopus 
parts: (A) moisture content (dry 
basis) and (B) moisture ratio
MSD – mixed solar dryer; OSD – 
open solar drying

Figure 5. Drying rate analysis: 
(A) drying rate vs. time, (B) drying 
rate vs. moisture ratio
MSD – mixed solar dryer; OSD – open 
solar drying
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(0.47 kg·kg–1·h–1) than in the OSD (0.27 kg·kg–1·h–1), 
thereby explaining the markedly steeper moisture 
loss profiles depicted in Figure 4. This pronounced 
enhancement is congruent with performance im-
provements previously reported for MSD tech-
nologies (Ekka and Palanisamy 2021). 

Analysis of the DR as a function of moisture 
content MC (Figure 5B) indicates that the trend-
lines for the MSD consistently surpass those of the 
OSD system throughout the entire moisture range. 
This finding highlights the MSD’s ability to sustain 
a greater driving force for evaporation during all 
phases of the drying process. Such performance 
is characteristic of advanced controlled thermal 
drying systems, where higher temperatures and 
lower relative humidity promote a steeper vapour 
pressure gradient between the material and the 
drying air (Vengsungnle et al. 2020).

Pronounced morphological heterogeneity in oc-
topus specimens results in substantial variability 
in drying kinetics, regardless of the drying system 
used. The mantle and bottom tentacles display 
drying rates nearly twice those of the thicker head 
and middle tentacles, as indicated by the steeper 
gradients in Figures 4 and 5. Drying rates stagnate 
in more robust anatomical regions at approximately 
42 °C, indicating a thermal threshold that solar-
based drying systems cannot overcome during 
periods of reduced irradiance. This heterogene-
ity is primarily determined by tissue thickness, 
which controls the internal moisture diffusion 
path length. Shorter path lengths and higher sur-
face-area-to-volume ratios significantly accelerate 
water removal. These results support established 
principles in agricultural engineering, where ma-
terial geometry is a key factor influencing drying 
rates (Lakshmi et al. 2021; Ghanem et al. 2025), 
and underscore the need for anatomically tailored 
drying protocols in complex cephalopod matrices 
(Hajji et al. 2024; Indrabudi et al. 2025).

Thin-layer drying kinetics and model selec-
tion. Experimental MR data obtained from both 
drying modalities and all anatomical regions were 
systematically fitted to five established thin-layer 
models (Logarithmic, Midilli et al., Balbay and 
Sahin, Hasibuan and Daud, and Demir et al.). 
Goodness-of-fit statistics (R2, RMSE, and SSE) 
for all models across treatments are summarised 
in Table 2. The Hasibuan and Daud model demon-
strated the highest predictive accuracy, achieving 
the highest average R2 (0.9965) and the lowest 

error estimates (RMSE = 0.0168; SSE = 0.0058) 
among all models. The superior performance is at-
tributed to the model’s mathematical flexibility, 
which allows for accurate characterisation of the 
complex drying dynamics of octopus tissue, par-
ticularly the rapid initial moisture loss and the 
extended tailing period observed in the drying 
profiles (Figures 4B, 6). 

While conventional exponential models may ad-
equately represent drying kinetics in homogeneous 
biological matrices, the complex and heterogene-
ous muscle architecture of octopus tissue requires 
the greater flexibility provided by the Hasibuan 
and Daud model parameters. For instance, al-
though the Page model has been widely recognised 
as optimal for fish skin (Fikry et al. 2023), current 
findings suggest that morphologically intricate 
cephalopod tissues necessitate more adaptable 
modelling approaches. This conclusion aligns with 
recent research on dense aquatic proteins, such 
as African catfish (Clarias gariepinus) (Agyei et al. 
2025) and Asian Seabass (Lates calcarifer) fish skin 
(Fikry et al. 2023), where multi-parameter models 
have been shown to more accurately characterise 
distinct drying behaviours. The close agreement 
between empirical data and the Hasibuan and 
Daud model, as shown in Figure 6, highlights the 
model’s ability to reliably predict moisture ratio 
dynamics during octopus drying.

Quality attributes of dried octopus. The ul-
timate quality of dried octopus was significantly 
influenced by both the drying method and the 
inherent anatomical heterogeneity. Table 3 presents 
the results of a comprehensive factorial ANOVA, 
detailing the main and interactive effects of dryer 
type and anatomical region. Table 4 summarises 
the associated physical and chemical quality at-
tributes and their statistical significance levels.

Analysis of variance (ANOVA, Table 3) indi-
cated that the browning index was significantly 
affected by dryer type, anatomical region, and 
their interaction (P < 0.01). Both drying modality 
and anatomical specificity had substantial impacts 
on the final quality attributes of dried octopus, 
with the MSD consistently producing superior 
results. The browning index (B*) was significantly 
lower in MSD-treated samples compared to those 
processed by OSD (P < 0.05). For example, the 
mantle section dried with the MSD had a B* value 
of 13.00 ± 0.32, while the top tentacle dried using 
OSD reached 40.60 ± 0.26 (Table 4). In the head 
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Table 2. Equation and goodness-of-fit statistics for thin-layer drying models of octopus parts

Model name Dryer Body part Equation R2 RMSE SSE

Logarithmic

MSD head MR = 2.02e–0.03t – 1.02 0.991 0.030 0.020
MSD mantle MR = 1.20e–0.18t – 0.21 0.996 0.020 0.004
MSD top tentacle MR = 1.86e–0.03t – 0.84 0.992 0.028 0.019
MSD middle tentacle MR = 1.29e–0.08t – 0.30 0.998 0.014 0.004
MSD bottom tentacle MR = 1.14e–0.13t – 0.17 0.992 0.027 0.011
OSD head MR = 1.17e–0.10t – 0.15 0.993 0.025 0.014
OSD mantle MR = 1.05e–0.29t – 0.05 0.995 0.021 0.005
OSD top tentacle MR = 1.17e–0.09t – 0.15 0.997 0.018 0.008
OSD middle tentacle MR = 1.24e–0.08t – 0.25 0.998 0.012 0.003
OSD bottom tentacle MR = 0.95e–0.24t + 0.03 0.996 0.016 0.004

Midilli et al.

MSD head MR = 0.94e–0.02t1.56 – 0.004t 0.994 0.025 0.013
MSD mantle MR = 0.99e–0.20t1.02 – 0.012t 0.996 0.021 0.005
MSD top tentacle MR = 0.95e–0.02t1.63 – 0.002t 0.997 0.016 0.006
MSD middle tentacle MR = 0.99e–0.08t1.08 – 0.007t 0.998 0.014 0.004
MSD bottom tentacle MR = 0.98e–0.17t0.92 – 0.011t 0.992 0.027 0.011
OSD head MR = 0.96e–0.05t1.38 – 0.00003t 0.998 0.014 0.005
OSD mantle MR = 0.99e–0.26t1.13 – 0.0004t 0.996 0.019 0.004
OSD top tentacle MR = 0.98e–0.05t1.28 – 0.0004t 0.999 0.010 0.002
OSD middle tentacle MR = 0.98e–0.08t1.08 – 0.0054t 0.998 0.013 0.003
OSD bottom tentacle MR = 1.00e–0.29t0.86 – 0.0012t 0.998 0.011 0.002

Balbay 
and Sahin

MSD head MR = (1 + 0.07)e–0.02t1.50 – 0.13 0.994 0.025 0.014
MSD mantle MR = (1 + 0.20)e–0.18t1.00 – 0.21 0.996 0.020 0.004
MSD top tentacle MR = (1 + 0.002)e–0.02t1.61 – 0.05 0.997 0.016 0.007
MSD middle tentacle MR = (1 + 0.23)e–0.07t1.05 – 0.24 0.998 0.013 0.004
MSD bottom tentacle MR = (1 + 0.29)e–0.14t0.89 – 0.30 0.992 0.026 0.010
OSD head MR = (1 – 0.03)e–0.05t1.38 – 0.003 0.998 0.014 0.005
OSD mantle MR = (1 – 10–4)e–0.26t1.12 – 0.01 0.996 0.019 0.004
OSD top tentacle MR = (1 – 0.01)e–0.05t1.27 – 0.01 0.999 0.010 0.002
OSD middle tentacle MR = (1 + 0.18)e–0.07t1.05 – 0.20 0.998 0.012 0.003
OSD bottom tentacle MR = (1 + 0.02)e–0.28t0.85 – 0.02 0.998 0.012 0.002

Hasibuan 
and Daud

MSD head MR = 1 – 0.05t1.16e–0.02t1.16 0.992 0.028 0.017
MSD mantle MR = 1 – 0.22t0.96e–0.08t0.96 0.996 0.019 0.004
MSD top tentacle MR = 1 – 0.03t1.30e–0.01t1.30 0.996 0.020 0.010
MSD middle tentacle MR = 1 – 0.10t0.98e–0.03t0.98 0.998 0.013 0.003
MSD bottom tentacle MR = 1 – 0.19t0.84e–0.06t0.84 0.992 0.026 0.010
OSD head MR = 1 – 0.07t1.16e–0.03t1.16 0.998 0.013 0.004
OSD mantle MR = 1 – 0.27t1.00e–0.10t1.00 0.997 0.016 0.003
OSD top tentacle MR = 1 – 0.07t1.11e–0.03t1.11 0.999 0.009 0.002
OSD middle tentacle MR = 1 – 0.10t0.97e–0.03t0.97 0.999 0.011 0.003
OSD bottom tentacle MR = 1 – 0.29t0.77e–0.11t0.77 0.998 0.013 0.003

Demir et al.

MSD head MR = 2.02e(–0.06 t)0.58 – 1.02 0.991 0.030 0.020
MSD mantle MR = 1.20e(–0.13 t)1.36 – 0.21 0.996 0.020 0.004
MSD top tentacle MR = 1.86e(–0.06 t)0.61 – 0.84 0.992 0.028 0.019
MSD middle tentacle MR = 1.29e(–0.09 t)0.88 – 0.30 0.998 0.014 0.004
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region, the browning value for OSD (41.15) was 
2.05 times higher than that observed in the MSD 
(20.07). This difference is attributed to the UV-
filtering cover in the MSD, which reduced Maillard 
reactions and non-enzymatic browning by protect-
ing the product from direct, high-energy radiation 
(Fatharani et al. 2025). The significant interac-
tion between drying method and anatomical part 
highlights that colour degradation is influenced 
not only by the drying technique but also by the 
inherent thickness and structural characteristics 
of octopus tissue, which affect the penetration 
of heat and radiation through muscle fibres.

Analysis of variance (ANOVA) revealed that 
both dryer type (P = 0.001) and anatomical region 
(P < 0.001) had significant main effects on protein 
content, whereas their interaction was not signifi-
cant (P = 0.635) (Table 3). The lack of a significant 
interaction suggests that the influence of dryer type 
on protein retention remained consistent across 
all anatomical regions. While samples processed 
with the MSD showed slightly higher nominal 
protein values, post-hoc comparisons (Table 4) 
did not identify statistically significant differences 
among specific dryer-anatomical region combina-
tions, as indicated by shared superscript notation. 

Table 2 to be continued

Figure 6. (A) Comparison of all mo-
dels and (B) detailed fitting of the 
Hasibuan and Daud model
MSD – mixed solar dryer; OSD – 
open solar drying

Model name Dryer Body part Equation R2 RMSE SSE

Demir et al.

MSD bottom tentacle MR = 1.14e(–0.14 t)0.97 – 0.17 0.992 0.027 0.011
OSD head MR = 1.17e(–0.09 t)1.03 – 0.15 0.993 0.025 0.014
OSD mantle MR = 1.05e(–0.21 t)1.36 – 0.05 0.995 0.021 0.005
OSD top tentacle MR = 1.17e(–0.09 t)1.92 – 0.15 0.997 0.018 0.008
OSD middle tentacle MR = 1.24e(–0.07 t)1.03 – 0.25 0.998 0.012 0.003
OSD bottom tentacle MR = 0.95e(–0.17 t)1.41 + 0.03 0.996 0.016 0.004

MSD – mixed solar dryer; OSD – open solar drying; MR – moisture ratio; R2 – coefficient of determination; RMSE – root 
mean square error; SSE – sum of squared errors
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This result is explained by the non-significant 
interaction, which means the beneficial effect 
of the MSD observed in ANOVA was uniformly 
distributed across anatomical parts and thus not 
detectable in pairwise comparisons. However, the 
significant main effect of dryer type indicates that 
the more controlled thermal environment of the 
MSD (35.0–42.1 °C) provided modestly improved 
preservation of total nitrogen compared to the 
variable conditions of the OSD system. It should 

be noted that the Kjeldahl method quantifies total 
nitrogen, which may not fully reflect protein di-
gestibility or functional integrity. Further studies 
using advanced protein analysis are recommended 
to complement these findings.

Fat content was primarily determined by ana-
tomical region (P < 0.001), while the drying method 
did not exert a statistically significant main ef-
fect (P = 0.158). However, pairwise comparisons 
(Table 4) revealed that samples processed with 

Table 4. Physical and chemical characteristics of dried octopus

Dryer Body part
Quality of dried octopus

browning protein fat ash

MSD

head 20.07 ± 0.33e 48.02 ± 2.30a 14.43 ± 0.83a 5.97 ± 0.03de

mantle 13.00 ± 0.32a 53.54 ± 2.24a 18.58 ± 0.84a 4.33 ± 0.05a

top tentacle 25.31 ± 0.41g 50.53 ± 1.53a 16.31 ± 0.59a 5.68 ± 0.02bc

middle tentacle 22.72 ± 0.24f 45.83 ± 0.77a 18.15 ± 0.65a 5.39 ± 0.05cd

bottom tentacle 16.07 ± 0.48c 56.74 ± 0.74a 17.13 ± 0.09a 4.46 ± 0.01a

OSD

head 41.15 ± 0.33h 44.63 ± 2.19a 13.03 ± 0.50a 6.03 ± 0.04f

mantle 14.04 ± 0.42b 52.50 ± 1.31a 17.61 ± 0.64a 4.78 ± 0.10ab

top tentacle 40.60 ± 0.26h 46.48 ± 1.42a 15.95 ± 0.24a 5.93 ± 0.13de

middle tentacle 23.03 ± 0.20f 42.93 ± 1.37a 17.33 ± 0.67a 5.16 ± 0.02ef

bottom tentacle 19.45 ± 0.30d 55.13 ± 1.75a 18.13 ± 0.13a 4.33 ± 0.13a

MSD – mixed solar dryer; OSD – open solar drying; in the same column, different letters indicate significant differences 
at P < 0.05 Duncan’s multiple range test

Table 3. Summary of factorial analysis of variance (ANOVA) for the quality parameters of dried octopus

Quality  
parameter

Source 
of variation SS df MS F-value P-value

Browning

dryer type (D) 380.849 1 380.849 23.431 < 0.001*
body part (P) 1 841.159 4 460.290 28.319 < 0.001*

interaction (D × P) 352.267 4 88.067 5.418 0.004*
error 325.076 20 16.254

Protein  
content

D 43.140 1 43.140 13.673 0.001*
P 554.539 4 138.635 43.939 < 0.001*

D × P 8.170 4 2.043 0.647 0.635ns

error 63.103 20 3.155

Fat  
content

D 0.974 1 0.974 2.146 0.158ns

P 76.115 4 19.029 41.944 < 0.001*
D × P 3.789 4 0.947 2.088 0.120ns

error 9.073 20 0.454

Ash content

D 0.035 1 0.035 9.018 0.007*
P 12.057 4 3.014 779.745 < 0.001*

D × P 0.475 4 0.119 30.715 < 0.001*
error 0.077 20 0.004

df – degrees of freedom; SS – sum of squares; MS – mean square; *significant (P < 0.05); nsnon-significant
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the MSD generally retained more fat, particularly 
in the mantle (up to 18.58 ± 0.84%). This finding 
indicates that the enclosed, UV-filtered environ-
ment of the MSD chamber reduced lipid oxidation. 
In contrast, the OSD system subjected samples 
to prolonged elevated temperatures and direct 
ultraviolet radiation, both recognised as drivers 
of oxidative rancidity in marine products (Shen 
et al. 2024). The pronounced susceptibility of lipid 
constituents to degradation under thermally un-
stable conditions highlights the need for consist-
ent and elevated thermal inputs to better control 
oxidative mechanisms during the drying of high-fat 
marine matrices.

All samples met established ash content quality 
standards (< 7%) (BSN 2017). Analysis of variance 
revealed a highly significant interaction between 
dryer type and anatomical region (P < 0.001), 
suggesting that mineral retention dynamics are 
influenced by both the density and the surface-
area-to-volume ratio of specific octopus’ compo-
nents. The highest mineral retention was observed 
in the head region processed using OSD (6.03 ± 
0.04%), likely due to mineral concentration result-
ing from substantial organic mass loss under open 
drying conditions. Conversely, the MSD system 
was effective in preserving mineral integrity and 
provided greater physical protection against ambi-
ent contamination compared to open-air methods 
(Afzal et al. 2023).

Overall, the significant effect of anatomical parts 
on quality parameters underscores the critical 
role of morphology in determining final product 
quality. Thinner sections, such as the mantle, ex-
hibited the best retention of quality, while thicker 
sections were more susceptible to degradation, 
highlighting the need for targeted drying proto-
cols in cephalopod processing (Hajji et al. 2024).

CONCLUSION

The comparative performance of the MSD and 
OSD systems for octopus processing was system-
atically evaluated under tropical environmental 
conditions. Compared with OSD, MSD maintained 
a 20% higher average temperature (42.1 °C vs. 
35.0 °C) and a 29% lower relative humidity (38.1% 
vs. 54.0%), resulting in a 74% increase in drying 
rate (0.47 vs. 0.27 kg·kg–1·h–1). Anatomical het-
erogeneity of octopus specimens significantly 
influenced drying kinetics. Thinner sections, such 

as the mantle, exhibited drying rates nearly double 
those of thicker regions, including the head and 
middle tentacles. Among the five thin-layer kinetic 
models evaluated, the Hasibuan and Daud model 
equation demonstrated the highest predictive ac-
curacy (R2 = 0.9965; RMSE = 0.0168; SSE = 0.0058), 
indicating its robustness for modelling complex 
biological matrices. Statistical analyses showed 
that the drying method significantly affected both 
protein retention and browning index, with the 
MSD providing superior outcomes due to effective 
shielding from direct ultraviolet radiation. Ash 
content displayed significant interaction effects 
between dryer type and anatomical region, while 
fat content was primarily determined by anatomical 
morphology (P < 0.001) rather than drying system 
(P > 0.05). The MSD is recommended as a highly 
energy-efficient engineering solution for premium 
octopus processing in coastal regions, supporting 
sustainable development goals (SDG) 7 and 9. For 
optimal industrial implementation, drying proto-
cols should be tailored to anatomical thickness 
to ensure uniform quality and prevent over-drying 
of thinner tissues. Future research should focus 
on integrating advanced and consistent thermal 
energy sources to reduce kinetic variability across 
anatomical regions, especially under fluctuating 
environmental conditions. 
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