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CHAPTER IV 

RESULT AND DISCUSSION 

4.1. Maximum Load of MOCAF 

Maximum load obtained from creep meter analysis was used as an indicator 

of gel hardness and represents the maximum force required to deform the gel 

structure before failure (Kwakye et al., 2024). In starch gel systems, hardness 

reflects the strength and integrity of the gel network formed during gelatinization 

and subsequent storage (Ulbrich et al., 2022).  

Ilustration  4. MOCAF Maximum Load 

The regression results demonstrated decreasing maximum load in the 

control and D-allulose treatments but a slight increasing trend in the sucrose 

treatment, with D-allulose showing the strongest linear association (R² = 0.52). The 
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maximum load of MOCAF gels exhibited a rise–then–fall pattern throughout 

storage. The control treatment (T0) increased from 1,274.3 ± 233.4 gf on the 1st day 

of storage to 1,523.7 ± 73.7 gf on the 2nd day of storage, before declining to 1,108.7 

± 364.6 gf on the 3rd day of storage. The relatively large standard deviations 

observed on the 1st and 3rd days indicate greater heterogeneity within the gel matrix 

during storage. Crystal nuclei do not form at the same time or density throughout a 

gel. Following nucleation, the growth and maturation of these crystals are also non-

uniform (Berski et al., 2018; Chang et al., 2021). 

Sucrose addition markedly enhanced gel strength and improved its stability 

during storage. The maximum load increased from 1,607.0 ± 238.9 gf on the 1st day 

of storage to 1,908.7 ± 36.1 gf on the 2nd day of storage and remained relatively 

stable at 1,831.3 ± 41.0 gf on the 3rd day of storage. Compared with the control 

treatment, the sucrose treatment gels maintained higher hardness values and 

exhibited substantially lower variability during prolonged storage. The formation 

of hydrogen bonds between sucrose and starch chains has been reported to 

strengthen intermolecular interactions within the gel matrix, contributing to the 

development of a denser and more cohesive network structure (Z. Wang et al., 2024; 

Woodbury & Mauer, 2023). Consequently, sucrose treatment MOCAF gels 

demonstrated the highest and most stable maximum load values throughout storage. 

D-allulose treatment also increased the hardness of MOCAF gels during the 

early stages of storage. Maximum load increased from 1,581.0 ± 233.5 gf on the 1st 

day of storage to 1,929.3 ± 11.9 gf on the 2nd day of storage, followed by a decline 

to 1,500.7 ± 423.1 gf on the 3rd day of storage. Although the 2nd day measurement 
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exhibited excellent uniformity, the large standard deviation observed on the 3rd day 

suggests increased structural variability within the gel network. Compared with 

sucrose, D-allulose was less effective in maintaining gel strength during prolonged 

storage. Previous studies have reported that D-allulose modifies starch interactions 

differently from sucrose due to its distinct molecular configuration and smaller 

molecular size, resulting in different mechanical responses during storage (Renzetti 

et al., 2021; Woodbury & Mauer, 2023). 

Overall, all MOCAF treatments displayed a similar rise then fall pattern in 

maximum load, indicating that initial strengthening was followed by structural 

weakening during extended storage. However, the magnitude of this decline 

differed among treatments, with reductions of approximately 27%, 22%, and 4% 

for the control, D-allulose, and sucrose treatments, respectively. These findings 

suggest that sugar addition primarily affected the preservation of gel strength rather 

than the initial development of the gel network. Among the tested sugars, sucrose 

provided the greatest stability, whereas D-allulose produced an intermediate 

response between the control and sucrose treatments. 

4.2. Maximum Load of Sago 

The maximum load of sago gels remained considerably more stable 

throughout storage than that of MOCAF gels. The regression results revealed 

decreasing maximum load in all treatments during storage, with the steepest decline 

observed in the D-allulose treatment, while the sucrose treatment showed the 

strongest linear relationship (R² ≈ 0.84). In the control treatment, hardness 
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decreased slightly from 1,909.5 ± 19.1 gf on the 1st day of storage to 1,859.7 ± 52.2 

gf on the 2nd day of storage, before increasing to 1,890.7 ± 27.3 gf on the 3rd day of 

storage. The consistently low standard deviations indicate a homogeneous gel 

structure and stable mechanical performance throughout storage. This stability may 

be related to the relatively high amylose content of sago starch, which has been 

reported to exceed 20% and contributes to the formation of dense and mechanically 

robust gel structures (Jiamjariyatam et al., 2015; Z. Wang et al., 2024).  

 

Ilustration  5. Sago Maximum Load 

The maximum load of sago gels remained considerably more stable 

throughout storage than that of MOCAF gels. In the control treatment, hardness 

decreased slightly from 1,909.5 ± 19.1 gf on the 1st day of storage to 1,859.7 ± 52.2 

gf on the 2nd day of storage, before increasing to 1,890.7 ± 27.3 gf on the 3rd day of 

storage. The consistently low standard deviations indicate a homogeneous gel 

structure and stable mechanical performance throughout storage. This stability may 
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be related to the relatively high amylose content of sago starch, which has been 

reported to exceed 20% and contributes to the formation of dense and mechanically 

robust gel structures (Jiamjariyatam et al., 2015; Z. Wang et al., 2024).  

Sucrose treatment of sago gels exhibited the highest overall hardness values, 

although only minor changes were observed throughout storage. Maximum load 

decreased slightly from 1,935.7 ± 34.1 gf on the 1st day of storage to 1,916.3 ± 11.9 

gf on the 3rd day of storage. The consistently low variability indicates that sucrose 

effectively maintained the mechanical integrity of the gel network during storage. 

Similar to the MOCAF system, sucrose likely contributed to the formation of a 

more cohesive structure, allowing the gel to retain its resistance to deformation over 

time (Chang et al., 2021; Z. Wang et al., 2024). 

The incorporation of D-allulose resulted in a gradual reduction in hardness 

due to the looser hydrogen bonds (Kwakye et al., 2024), from 1,939.0 ± 3.5 gf on 

the 1st day of storage to 1,919.7 ± 13.6 gf on the 2nd day of storage, followed by a 

more pronounced decline to 1,810.3 ± 197.1 gf on the 3rd day of storage. Although 

the initial hardness was comparable to that of sucrose-treated gels, the larger 

variability observed at the end of storage suggests reduced structural uniformity 

within the gel matrix. A significant factor in reduced structural uniformity is that 

monosaccharides like D-allulose (and its epimer fructose) are more prone to phase 

separation at high concentrations than disaccharides like sucrose (Woodbury et al., 

2023). Nevertheless, the average maximum load values remained comparable to 

those of the control treatment, indicating that D-allulose was still capable of 

maintaining substantial load bearing capacity throughout storage. 
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Compared with MOCAF, sago gels exhibited greater resistance to changes 

in maximum load regardless of sugar treatment. This observation suggests that the 

inherent structure of sago starch provided a more stable gel network during storage. 

While both sugars influenced gel strength, their effects were less pronounced in 

sago than in MOCAF. Overall, sucrose provided the greatest preservation of 

hardness, whereas D-allulose produced moderate stabilization with increased 

variability during prolonged storage. 

4.3. Fracture Strain of MOCAF 

Fracture strain represents the extent of deformation that a gel can undergo 

before failure and is commonly used as an indicator of gel deformability (X. Wang 

et al., 2022). Higher fracture strain values indicate that the gel can withstand greater 

deformation before rupture, reflecting a more flexible and less brittle structure (Lan 

et al., 2017). In starch-based gels, fracture strain is strongly influenced by molecular 

mobility, network organization, and the extent of retrogradation occurring during 

storage.  

The linear regression indicates that fracture strain decreased during storage 

in the sucrose treatment, whereas slight increasing trends were observed in the 

control and D-allulose treatments, with sucrose showing the strongest linear 

relationship (R² = 0.77). The fracture strain of MOCAF gels showed distinct 

responses depending on the type of sugar added. The control treatment (T0) 

exhibited relatively stable fracture strain values throughout storage, ranging from 

41.82 ± 6.22% on the 1st day of storage to 42.82 ± 1.54% on the 2nd day of storage 
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before slightly decreasing to 39.64 ± 4.14% on the 3rd day of storage. The limited 

changes observed across storage suggest that the deformability of the control gel 

remained relatively constant. The slight decrease during storage may be attributed 

to the gradual reassociation of starch chains through hydrogen bonding, leading to 

the formation of a more compact network structure and reducing the ability of the 

gel to deform before fracture (Das et al., 2024). However, the overall stability 

indicates that major structural rearrangements had largely reached equilibrium 

within the storage period (X. Wang et al., 2022). 

Ilustration  6. MOCAF Fracture Strain 

Sucrose addition resulted in the highest fracture strain on the 1st day of 

storage (82.97 ± 1.82%), indicating substantial initial deformability. However, 

fracture strain decreased markedly to 46.41 ± 29.36% on the 2nd day of storage and 

remained at 45.32 ± 37.74% on the 3rd day of storage. The pronounced reduction, 

accompanied by considerably larger standard deviations, suggests that the gel 

network became increasingly heterogeneous during storage. While sucrose initially 
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enhanced flexibility, this effect was not maintained over time. The decrease in 

fracture strain may reflect the progressive development of a more rigid starch 

network as retrogradation proceeded, reducing the gel's ability to deform before 

failure (Chang et al., 2021; Gong et al., 2024). The high variability observed at later 

storage stages further suggests non-uniform structural development within the gel 

matrix, where localized starch-rich regions may have undergone greater contraction 

and recrystallization than others (Renzetti et al., 2021). 

In contrast, D-allulose-treated MOCAF gels maintained high fracture strain 

values throughout storage. Fracture strain increased from 71.94 ± 17.61% on the 1st 

day of storage to 85.06 ± 10.57% on the 2nd day of storage and remained high at 

83.19 ± 4.36% on the 3rd day of storage. Unlike sucrose, D-allulose not only 

preserved but slightly improved the deformability of the gel during storage. Higher 

fracture strain values indicate that the gel could undergo greater deformation before 

rupture, suggesting a more flexible and resilient network structure (Jiamjariyatam 

et al., 2015; Kwakye et al., 2024). Previous studies have reported that D-allulose 

promotes the formation of looser hydrogen-bonding interactions within starch 

systems, allowing molecular rearrangement without extensive structural failure 

(Kwakye et al., 2024). Furthermore, D-allulose has been shown to facilitate starch 

chain hydration and molecular expansion, resulting in increased flexibility and 

resistance to brittle fracture (Z. Wang et al., 2024). Its smaller molecular size may 

also allow greater penetration into amorphous regions of the starch matrix, 

enhancing molecular mobility and promoting a more deformable gel structure (Ellis 

et al., 2019; Renzetti et al., 2021).  
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Overall, MOCAF gels demonstrated strong sensitivity to sugar type. While 

sucrose produced high initial deformability, this characteristic declined 

substantially during storage. In contrast, D-allulose consistently maintained high 

fracture strain values, indicating superior preservation of gel deformability. These 

findings suggest that sucrose primarily contributed to initial flexibility, whereas D-

allulose was more effective in maintaining flexibility throughout storage. 

4.4. Fracture Strain of Sago 

Compared with MOCAF, sago gels exhibited lower fracture strain values 

and smaller treatment effects, indicating a generally less deformable gel structure 

(Lan et al., 2017). This behavior is consistent with previous reports showing that 

starch systems with higher amylose content tend to exhibit lower fracture strain due 

to the formation of more rigid and tightly packed gel networks (Shahsavani 

Mojarrad & Rafe, 2018). 

Ilustration  7. Sago Fracture Strain 
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The linear regression indicated a slight decrease in fracture strain for the 

control and sucrose treatments during storage, whereas D-allulose exhibited a 

relatively stable trend with a weak linear relationship (R² = 0.05). The control 

treatment showed a gradual decline in fracture strain from 33.05 ± 3.06% on the 1st 

day of storage to 30.38 ± 4.95% on the 2nd day of storage and further to 20.41 ± 

2.45% on the 3rd day of storage. This reduction indicates a progressive loss of 

deformability during storage, likely associated with continued molecular 

reassociation and network consolidation within the gel matrix. During cooling and 

storage, amylose and amylopectin chains move together to form double helices, 

which then pack into crystalline regions known as junction zones, this occur the 

hardness in control treatment (Chang et al., 2021; Gong et al., 2024). 

Sucrose-treated sago gels exhibited the highest fracture strain values among 

the sago treatments, decreasing from 49.87 ± 5.77% on the 1st day of storage to 

45.29 ± 2.34% on the 2nd day of storage and 39.33 ± 1.80% on the 3rd day of storage. 

Despite the gradual decline, the relatively low standard deviations indicate a stable 

and homogeneous gel structure throughout storage (Woodbury & Mauer, 2023). 

These results suggest that sucrose partially preserved gel deformability while 

maintaining structural consistency. The ability of sucrose to interact with starch 

chains through hydrogen bonding may have contributed to a more uniform network 

structure and moderated the reduction in deformability during storage (Chang et al., 

2021). 

D-allulose-treated sago gels exhibited a fluctuating response. Fracture strain 

increased from 32.04 ± 6.34% on the 1st day of storage to 37.12 ± 9.97% on the 2nd 
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day of storage before decreasing to 30.44 ± 11.66% on the 3rd day of storage. 

Although the average values remained comparable to the control treatment, the 

larger standard deviations indicate greater variability within the gel network. This 

suggests that the influence of D-allulose on deformability was less consistent in 

sago starch than in MOCAF starch. The inherently stronger and more crystalline 

structure of sago starch may have limited the ability of D-allulose to maintain 

molecular mobility to the same extent observed in the MOCAF system. This 

happened due to higher the amylose content of sago compared wtih MOCAF 

(Oyeyinka et al., 2020), amylose undergoes rapid short-term retrogradation, 

reassociating within hours of cooling, this occur a more rigid structure (Chang et 

al., 2021). 

Overall, sago gels exhibited lower deformability than MOCAF gels 

regardless of sugar treatment. Sucrose provided the most stable preservation of 

fracture strain during storage, whereas D-allulose produced a more variable 

response. These results indicate that the effectiveness of sugar addition on gel 

deformability depended not only on sugar type but also on starch source and 

structural characteristics. 
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4.5. Elastic Modulus of MOCAF  

Elastic modulus (Young’s modulus) represents the resistance of a material 

to deformation and is commonly used to evaluate gel stiffness (Lyu et al., 2024). 

Higher elastic modulus values indicate a stiffer gel structure that resists 

deformation, whereas lower values reflect a softer and more deformable network, 

the lower number can be indicate as softer and more deformable (Ellis et al., 2019; 

Koekuyt et al., 2025; Lyu et al., 2024). In starch based gels, the development of 

stiffness is closely associated with retrogradation, during which leached starch 

molecules gradually reorganize into a more ordered three dimensional network 

(Allan & Mauer, 2022; Y. Yang et al., 2024). The leached starch reorganize form a 

three-dimensional network (Y. Yang et al., 2024). As this network becomes 

increasingly interconnected, the rigidity of the gel increases, resulting in higher 

elastic modulus values (Koekuyt et al., 2025). 

Ilustration  8. MOCAF Elastic Modulus 

y = 1592.4x + 3456.9
R² = 0.9969

y = 1477x + 5748.2
R² = 0.7853

y = 173.4x + 6302.2
R² = 0.1303

0

2000

4000

6000

8000

10000

12000

0 0.5 1 1.5 2 2.5 3 3.5

El
as

tic
 m

M
du

lu
s [

N
/m

^2
]

Storage (Day)

MOCAF-Elastic Modulus

Control

Sucrose

D-Allulose

Linear (Control)

Linear (Sucrose)

Linear (D-Allulose)



38 
 

 

The regression analysis showed increasing elastic modulus over storage in 

the control and sucrose treatments, while D-allulose exhibited a slight decreasing 

trend, with the control presenting the strongest linear relationship (R² = 0.997). In 

MOCAF gels, the control treatment (T0) exhibited a continuous increase in elastic 

modulus throughout storage, rising from 5,115.29 ± 162.56 N/m² on the 1st day to 

6,744.02 ± 490.67 N/m² on the 2nd day and further to 8,183.01 ± 270.52 N/m² on 

the 3rd day. This progressive increase indicates the gradual formation of a more rigid 

gel network as retrogradation proceeded during storage. Without the presence of 

added sugars, starch chains were free to reassociate and form microcrystalline 

regions, thereby increasing resistance to deformation over time (Lyu et al., 2024; 

Y. Yang et al., 2024). 

Sucrose-treated MOCAF gels exhibited the highest stiffness among all 

treatments, increasing from 7,676.19 ± 1,430.54 N/m² on the 1st day to 7,810.56 ± 

154.58 N/m² on the 2nd day and reaching 10,625.11 ± 1,278.12 N/m² on the 3rd day. 

The consistently high modulus values suggest that sucrose promoted the formation 

of a highly resistant gel network during storage. This behaviour can be attributed to 

the high density of equatorial hydroxyl (-OH) groups in sucrose, which facilitates 

extensive hydrogen bonding interactions with starch chains (Ellis et al., 2019). In 

addition, sucrose competes for available water and acts as an anti-plasticizer 

(Renzetti et al., 2021), reducing molecular mobility and reinforcing intermolecular 

associations within the gel matrix. As a result, the MOCAF gel developed a highly 

organized structure that offered greater resistance to deformation. 
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D-allulose-treated MOCAF gels exhibited a different behaviour. The elastic 

modulus increased from 5,281.66 ± 896.44 N/m² on the 1st day to 7,166.40 ± 

1,372.20 N/m² on the 2nd day, but subsequently decreased to 6,563.79 ± 202.68 

N/m² on the 3rd day. This trend suggests that D-allulose promoted early network 

development but was less effective in maintaining stiffness during prolonged 

storage. As a small ketose monosaccharide, D-allulose can influence water 

organization and facilitate the initial reassociation of starch chains (Allan & Mauer, 

2022; Ellis et al., 2019; Renzetti et al., 2021). However, its smaller molecular size 

may also contribute to greater molecular mobility and localized structural 

heterogeneity during storage (Renzetti et al., 2021; Y. Yang et al., 2024). 

Consequently, the resulting gel network appeared less stable than that formed in the 

presence of sucrose. 

The elastic modulus results generally corresponded with the hardness trends 

observed in the Maximum Load analysis, where sucrose-treated MOCAF gels also 

exhibited the highest resistance to mechanical force. However, the Fracture Strain 

results revealed that increased stiffness did not necessarily correspond to reduced 

deformability. Although D-allulose-treated gels exhibited lower final stiffness than 

sucrose-treated gels, they maintained substantially higher fracture strain values 

throughout storage. This indicates that D-allulose produced a gel network capable 

of sustaining deformation before fracture, whereas sucrose promoted a more rigid 

and deformation-resistant structure. 
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4.6. Elastic Modulus of Sago  

Sago gels exhibited substantially higher elastic modulus values than 

MOCAF gels regardless of treatment, indicating a greater intrinsic resistance to 

deformation. The higher amylose content than MOCAF makes the sago less 

pronounced due to the sugar addition. Amylose is a linear polymer that reassociates 

much faster than amylopectin, forming a strong, interconnected three-dimensional 

network immediately upon cooling (Kwakye et al., 2024; Shoukat et al., 2025). The 

regression analysis showed increasing elastic modulus in all treatments throughout 

storage, with D-allulose exhibiting the steepest increase, although the strength of 

the linear relationships varied among treatments. The control treatment increased 

from 3,755.71 ± 2,585.16 N/m² on the 1st day to 14,993.62 ± 1,385.20 N/m² on the 

2nd day and 18,145.69 ± 2,993.62 N/m² on the 3rd day. Similarly, sucrose-treated 

gels increased from 8,706.84 N/m² to 14,602.23 ± 3,611.57 N/m² and ultimately 

reached 20,808.42 ± 5,908.55 N/m², while D-allulose-treated gels increased from 

12,827.19 ± 2,468.89 N/m² to 14,806.45 ± 2,871.59 N/m² and 18,626.90 ± 3,133.13 

N/m² during the same period. 
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Ilustration  9. Sago Elastic Modulus 

Unlike MOCAF gels, all sago treatments exhibited a similar increasing 

trend throughout storage, suggesting that the intrinsic retrogradation tendency of 

sago starch played a more dominant role in determining gel stiffness than the type 

of sugar added (Kwakye et al., 2024). The naturally higher amylose content and 

greater structural integrity of sago starch favor the formation of a rigid and highly 

interconnected network during storage (Chang et al., 2021), leading to substantial 

increases in elastic modulus regardless of treatment. While sucrose and D-allulose 

influenced the initial stiffness values, neither sugar fundamentally altered the 

overall progression of stiffness development.  

The relatively similar stiffness trajectories observed among sago treatments 

suggest that the effect of sugar addition was less pronounced than in MOCAF gels 

(Kwakye et al., 2024). This observation may be related to the relatively low sugar 

concentration used in the present study. Previous studies reported that higher sugar 
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concentrations can substantially alter the rheological behaviour of sago starch 

systems by reducing storage modulus (G′) and loss modulus (G″) (Udomrati et al., 

2024). Under the conditions of the present study, however, the inherent 

retrogradation behaviour of sago starch appeared to remain the primary factor 

governing stiffness development during storage.  

4.7. Overall Effect of D-Allulose and Sucrose 

The overall results demonstrated that the addition of sucrose and D-allulose 

altered the mechanical behaviour of both MOCAF and sago starch gels throughout 

storage. Compared with the control treatment, sugar addition generally increased 

the maximum load, maximum stress, and elastic modulus of the gels, indicating the 

formation of stronger and more rigid gel networks. These findings suggest that the 

presence of sugars modified the structural evolution of starch gels during storage 

(X. Zhang et al., 2017)and influenced the extent to which the gel network resisted 

external forces (Allan & Mauer, 2022). 

Although both sugars enhanced the mechanical performance of the gels, 

their effects were not identical. Sucrose generally produced more consistent 

mechanical responses throughout storage (Renzetti et al., 2021), as reflected by the 

relatively stable values observed across several parameters . In contrast, D-allulose 

often generated greater variability among replicates, particularly in MOCAF gels at 

later storage stages. This observation indicates that D-allulose may induce a more 

dynamic restructuring of the starch network during storage, resulting in a less 

uniform mechanical response. 
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The combined interpretation of maximum load, elastic modulus, and fracture strain 

further suggests that sugar addition influenced not only gel strength but also the 

balance between rigidity and deformability. While both sugars increased the 

resistance of the gels to mechanical deformation (Su et al., 2024), fracture strain 

data revealed that the ability of the gels to deform before fracture differed among 

treatments. In particular, D-allulose-treated MOCAF gels maintained relatively 

high fracture strain values during storage, whereas the control gels generally 

exhibited lower deformability.  

This finding indicates that increased gel strength did not necessarily 

correspond to a reduction in deformability. The different responses observed 

between sucrose and D-allulose may be associated with differences in molecular 

structure, molecular size, and interactions with starch and water molecules (Chang 

et al., 2021; Kwakye et al., 2024; Z. Wang et al., 2024). These factors influence 

water mobility (Ilhan et al., 2020), starch chain reassociation (Kwakye et al., 2024), 

and the development of retrograded structures during storage. Consequently, the 

mechanical properties of the gels evolved differently depending on the sugar type 

and starch source (Woodbury & Mauer, 2023). 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

5.1. Conclusions 

This study demonstrated that D-allulose and sucrose exerted different 

effects on the stability and mechanical properties of sago and MOCAF starch gels 

during cold storage, with the magnitude of these effects depending on the starch 

source. Compared with sucrose, which generally maintained more stable 

mechanical properties throughout storage, D-allulose promoted a different balance 

between gel strength, stiffness, and deformability. Therefore, D-allulose cannot be 

regarded as a direct functional substitute for sucrose in starch gel systems, but rather 

as an alternative sweetener that modifies gel mechanical behaviour through a 

distinct mechanism. 

5.2. Recommendations 

Future studies should investigate the microstructural changes and 

retrogradation behaviour of starch gels during storage using techniques such as 

scanning electron microscopy (SEM), X-ray diffraction (XRD), differential 

scanning calorimetry (DSC), low-field nuclear magnetic resonance (LF-NMR), and 

syneresis analysis. In addition, evaluating different sugar concentrations would 

provide further insight into their effects on the mechanical properties and storage 

stability of starch gels. 
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