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Fiber-Rich Extruded Snacks Using Millets and Vegetable Powders: Process–Structure–Nutrition Links, Formulation Strategies, and Research Gaps
Abstract
Extruded ready-to-eat snacks are among the most consumed convenience foods globally, yet they are frequently formulated from refined starches that deliver low dietary fiber and limited micronutrient density. This review synthesizes evidence on developing fiber-rich extruded snacks using millet flours as the cereal base and vegetable powders (including pomace-derived powders) as complementary fiber- and phytochemical-rich ingredients. The discussion integrates the compositional advantages of millets, the techno-functional contributions of vegetable powders, and the central processing–structure–property relationships in extrusion cooking that determine expansion, texture, color, shelf stability, and nutritional functionality. Particular attention is given to how extrusion variables (feed moisture, thermal profile, screw configuration and speed, and die conditions) interact with high-fibre matrices to influence starch gelatinization, melt rheology, pore formation, and the distribution of insoluble versus soluble dietary fiber. The review also considers how extrusion can simultaneously enhance digestibility and reduce certain anti-nutritional factors, while risking losses of heat-labile bioactives if conditions are severe. Reported formulation strategies are consolidated, including controlling particle size, optimizing inclusion rates of vegetable powders, balancing protein–starch–fiber ratios, and employing protective or structuring approaches that preserve bioactive stability and sensory acceptance. Finally, the review highlights methodological limitations in the current literature and proposes research directions for scaling fibre–rich millet–vegetable extrudates with consistent quality and validated health-relevant endpoints.
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1. Introduction
Snacks contribute an important part of daily nutrient and calorie intake for many consumers. Cereals have been popular raw materials for extrusion for food uses mainly because of functional properties, low cost and ready availability. Owing to high protein content, pulses and oilseeds can be effectively utilized for nutritional improvement of cereal-based extruded snack foods (Rao et al., 2018). Extrusion technology has revolutionized the landscape  of  food  processing, offering  a versatile  and efficient  means of  transforming raw ingredients into a diverse array of value-added food products (Shere & Agrawal, 2024). Extruded ready-to-eat snacks have become a defining category of modern convenience foods because extrusion processing can rapidly transform cereal-based powders into crisp, expanded structures that are shelf-stable, inexpensive, and widely appealing. Yet the commercial logic behind highly expanded snacks often relies on refined starch-rich raw materials that prioritize expansion and lightness over nutrient density. As a result, many extruded snacks contribute relatively little dietary fiber and limited micronutrient diversity to the diet, despite being consumed frequently across age groups. This mismatch between consumption volume and nutritional contribution has intensified interest in reformulating extruded snacks into higher-fiber products that still meet consumer expectations for crispness, low hardness, and clean flavor.
Dietary fiber enrichment in extrusion, however, is not a straightforward “add-and-keep-quality” exercise. High-fiber formulations tend to disrupt expansion because fiber competes strongly for water, alters melt rheology, and interrupts the continuous starch matrix that typically forms the walls of gas cells during puffing. When the melt exits the die and pressure drops abruptly, steam-driven bubble growth depends on having a viscoelastic network strong enough to stabilize pores. Increasing insoluble fiber often reduces bubble growth and promotes cell wall rupture, producing denser snacks with higher hardness, lower crispness, and greater bulk density. This is why many fibre-enriched extrudates, though nutritionally improved on paper, fail to achieve acceptable texture. In practical product development, fiber enrichment is therefore inseparable from process design, because extrusion conditions can either amplify or partially compensate for fiber’s negative effects on expansion and structure.
Millets are cultivated primarily as rain-fed crops with minimal or no use of fertilizer, and after harvesting, they can be stored for years without being harmed by pests. Compared to other major cereal grains, millets are less susceptible to insect attacks, indicating that no pesticide is needed for their cultivation, and they have lower global warming potential due to their low carbon footprint (Mohanan et al., 2025). Millets provide a promising cereal foundation for rethinking extruded snacks beyond refined starch bases. Across several species, millets are recognized for their nutritional richness, including meaningful levels of minerals and bioactive compounds, and they are increasingly positioned as “nutri-cereals” that can support healthier processed foods without abandoning convenience (Sharma et al., 2021). In addition, millets align with climate-resilience narratives because of their adaptability and water-use efficiency in many growing regions. From a product formulation standpoint, millet flours can help raise the baseline nutritional value of extruded snacks. At the same time, millet-based systems introduce compositional complexity that can challenge conventional extrusion settings: whole-grain millet flours include bran-associated fiber and phenolics, and their starch and protein characteristics can differ from those of commonly extruded refined cereals. Consequently, millet incorporation often requires deliberate optimization of ingredient ratios and process variables to maintain the desired expansion and texture while leveraging nutritional benefits (Sharma et al., 2021; Korkerd et al., 2016).
Vegetable powders—particularly those derived from dehydrated vegetables or from vegetable processing residues such as pomace—offer a complementary route to increasing dietary fiber and enhancing micronutrient and phytochemical profiles. These powders can contribute insoluble fiber, pectic substances, and pigments, and they can support sustainability by upcycling by-products. However, they also magnify the central technical tension in fiber-rich extrusion: vegetable powders frequently have high water-binding capacity and heterogeneous particle structure, which can intensify viscosity and reduce expansion if inclusion levels are high or if moisture and thermal conditions are not tuned. Therefore, the formulation of millet–vegetable extruded snacks is best understood as a controlled balancing act among starch-driven expansion, fibre-induced structural disruption, and the sensory implications of added pigments and vegetable-derived flavors.
Extrusion cooking itself complicates the picture because it is not nutritionally neutral. A core insight from the extrusion literature is that the nutritional consequences of extrusion are context-dependent: extrusion can improve certain attributes, such as palatability and digestibility, and it can reduce some anti-nutritional factors, but it can also cause losses of heat-labile nutrients and promote reactions that change amino acid availability depending on process severity (Singh et al., 2007; Wang et al., 2022). For fiber-rich products, extrusion may also influence the functional profile of the added fiber, not merely its total quantity. Mechanical shear and thermal treatment can modify cell-wall polysaccharides, potentially shifting the balance between insoluble and soluble fractions in ways that matter for physiological function. At the same time, harsh conditions may degrade sensitive phytochemicals contributed by vegetable powders, even if the final product retains attractive color and flavor. These trade-offs mean that “healthier extrusion” cannot be defined by fiber addition alone; it must be evaluated through the combined lens of process–structure outcomes and nutrition-relevant changes induced by extrusion (Singh et al., 2007).
Against this background, the development of fiber-rich extruded snacks using millets and vegetable powders can be viewed as a process–structure–nutrition problem. Ingredient choices determine the water absorption profile, the melt’s viscoelastic behavior, and the extent to which a continuous starch network can form. Processing conditions determine the degree of cooking, the distribution of mechanical energy, the stability of the gas cell structure, and the net direction of nutritional change. The most successful product concepts in this space are therefore expected to emerge from integrated design: selecting millet fractions and vegetable powder types that provide targeted fiber and bioactive benefits, while tuning extrusion parameters to preserve expansion and crispness and to avoid excessive degradation of sensitive compounds. This integrated approach is especially important if products are positioned as “functional” snacks rather than simply “high fiber,” because functionality implies reproducible structure, shelf stability, sensory acceptance, and nutrition-relevant performance.
1.1 Scope and objectives of the review
This review synthesizes current knowledge on formulating and processing fiber-rich extruded snacks based on millet flours and vegetable powders, with emphasis on how extrusion conditions interact with high-fiber matrices to shape expansion, texture, color, and nutritional functionality. Specifically, the objectives are to summarize the compositional rationale for using millets as nutrient-dense cereal bases (Sharma et al., 2021), to frame extrusion-driven nutritional trade-offs relevant to fiber- and bioactive-enriched products (Singh et al., 2007), and to consolidate practical considerations that connect formulation choices to product quality and nutrition-oriented outcomes within millet–vegetable extrudate systems.
2. Methods for literature selection
A focused literature search was conducted across Web of Science, Scopus, PubMed, and Google Scholar for publications between January 2000 and December 2025. Search strings combined terms related to extrusion and snacks with millet and vegetable fiber sources, including: (“extrusion” OR “extruded” OR “extrusion cooking”) AND (“snack” OR “ready-to-eat” OR “puffed”) AND (“millet” OR “finger millet” OR “pearl millet” OR “foxtail millet”) AND (“vegetable powder” OR “pomace” OR “by-product” OR “carrot” OR “tomato”). Additional searches targeted nutritional outcomes (“dietary fiber” OR “soluble fiber” OR “bioaccessibility” OR “phenolics” OR “antinutritional factors”). Studies were included if they were peer-reviewed journal articles or peer-reviewed reviews reporting extrusion processing of cereal-based snacks with either millet components, vegetable powders/pomace, or both, and if they reported process conditions and at least one quality or nutritional outcome. Exclusion criteria included non-food extrusion (e.g., polymer applications), non-extruded snack formats (e.g., baked-only snacks without extrusion), non-peer-reviewed sources, and studies lacking sufficient methodological detail to interpret extrusion severity.
3. Ingredient foundations for fiber-rich extruded snacks
Fiber-rich extruded snacks built from millets and vegetable powders are best understood as multi-component, hydration-sensitive systems in which starch, protein, lipids, minerals, and diverse fiber fractions compete for water and jointly determine melt formation and expansion. In conventional expanded snacks, refined starch is the dominant structure-forming material; it gelatinizes, flows as a viscoelastic melt, and forms thin cell walls that stabilize gas bubbles during pressure release at the die. When millets and vegetable powders are introduced to raise dietary fiber and phytonutrient density, the formulation no longer behaves like a simple starch matrix. Instead, it becomes a composite where insoluble particles can behave as rigid fillers, soluble polysaccharides can thicken the continuous phase, and proteins and lipids can either support or destabilize expansion depending on ratios and processing. Accordingly, ingredient choice and ingredient preparation are not secondary steps but the foundation of processability and final product quality in these snacks.
3.1 Millets as cereal bases: composition and techno-functional implications
Millets are increasingly positioned as nutritionally valuable “nutri-cereals” because they offer meaningful levels of minerals, protein, and phytochemicals, while also fitting sustainability narratives in many production regions (Sharma et al., 2021). From the standpoint of extrusion, millet flours—especially when whole-grain or partially debranned—deliver a more complex matrix than refined cereal grits. Their bran-associated dietary fiber increases water binding and disrupts the continuity of the starch phase, while phenolic compounds and endogenous enzymes (depending on how the grain is handled) may alter color development and flavor during extrusion. These characteristics are the reason millet-based extrudates often show reduced expansion and increased hardness relative to refined starch snacks unless the formulation and process are tuned.
The starch fraction in millets remains central to puffing and texture formation, but the “effective” starch available for creating a continuous melt decreases as fiber and protein rise. This has two practical consequences. First, the baseline expansion potential can be lower than that of a refined corn or rice base because less starch is available to form elastic cell walls. Second, the same moisture addition that supports cooking and flow in refined starch systems may be insufficient in millet-rich blends because fiber competes strongly for water, leaving less free water to plasticize starch. In product development, these realities often necessitate co-optimization of millet level, complementary ingredients, and extrusion settings rather than direct substitution. This is consistent with optimization-driven snack development using cereal–legume–millet blends, where response surface approaches are employed to balance expansion, hardness, and sensory acceptability against nutritional enhancement (Seth & Rajamanickam, 2012). In practical terms, millet selection (species and fraction), flour fineness, and the use of whole versus partially refined flours become early decisions that shape the feasible operating window for an expanded snack.
3.2 Vegetable powders and pomace-derived ingredients: fiber, pigments, and matrix effects
Vegetable powders contribute dietary fiber, micronutrients, and pigments, but they also introduce strong functionality that can either improve or impair product quality depending on their form and inclusion level. Powders produced from whole vegetables often contain a mixture of insoluble cell-wall fragments, pectic substances, residual sugars, and characteristic pigments. Pomace powders, produced from juice or puree residues, typically concentrate the insoluble fiber fraction and may retain bound phenolics and carotenoids. In extrusion, these powders frequently behave as high water-binding inclusions that increase viscosity heterogeneity and can reduce bubble growth if the continuous starch phase is not sufficiently plasticized.
Carrot pomace provides a clear illustration of this dual role. It can raise fiber density and contribute a vegetable-associated nutritional narrative, but it can also reduce expansion and increase hardness when inclusion levels are not matched with the right process conditions. Work on corn starch extrudates enriched with carrot pomace showed that carrot pomace meaningfully influences expansion behavior and nutritional quality, confirming its potential as a functional ingredient but also highlighting the sensitivity of structure to formulation and processing choices (Kaisangsri et al., 2016). Complementary optimization research similarly demonstrates that the quality of extruded products depends on the interaction between carrot pomace level and extrusion conditions, emphasizing that “more fiber” is not linearly compatible with “more expansion” without systematic adjustment (Upadhyay et al., 2010). In practice, carrot pomace can be more successful when its particle size is controlled (to reduce gritty perception and stress concentration), when moisture is tuned to offset water sequestration, and when inclusion is kept within a range that still preserves an expansion-capable starch network.
Tomato pomace powders add another dimension because they bring both fiber and bioactives such as carotenoids and phenolic compounds that may be sensitive to processing severity and storage conditions. Importantly, tomato pomace inclusion has been evaluated not only for its effects on immediate product properties but also for digestion-relevant behavior. Research examining extruded snacks with tomato pomace powder reported changes in the stability and in vitro gastrointestinal behavior of bioactive compounds, underscoring that vegetable powders should be assessed for bioaccessibility and matrix protection effects rather than only proximate composition (Yagci et al., 2022; Korkerd et al., 2016). This matters for millet–vegetable snacks because the same extrusion settings that restore expansion in a high-fiber system (for example, higher temperature or higher shear) may simultaneously accelerate degradation or transformation of sensitive compounds, meaning that nutritional “function” must be considered alongside texture.
3.3 Ingredient interactions: why the blend behaves differently from its parts
The major formulation challenge in millet–vegetable extrudates is that two fiber-rich ingredient classes are being combined: millet brans (especially in whole or high-extraction flours) and vegetable powder fibers (often high in insoluble fractions and pectin-associated water-binding components). When both are present, the system may experience compounded competition for water and a greater disruption of starch continuity than either ingredient alone. This is why practical formulation often relies on strategies that preserve a sufficient fraction of readily gelatinizing starch while distributing fiber in a way that does not create excessive discontinuities in the melt. Optimization studies on multi-grain extruded snacks emphasize this balancing principle: the formulation must be designed as an integrated matrix, and the process must be tuned to that matrix, rather than treating ingredients as independent add-ons (Seth & Rajamanickam, 2012; Upadhyay et al., 2010). In this context, millets provide the nutritional base and characteristic flavor notes, while vegetable powders provide targeted fiber and phytonutrient enrichment; the feasibility of an expanded snack emerges from how well the combined blend can still form a stable, expandable melt.
3.4 Practical ingredient preparation considerations for consistent extrusion performance
Ingredient consistency is a key determinant of reproducibility in extrusion, particularly for vegetable pomaces whose composition can vary with cultivar, maturity, and upstream processing. Drying method and endpoint moisture influence powder hygroscopicity and storage stability, while milling influences particle size distribution that affects melt flow and sensory texture. For millet flours, the degree of bran inclusion and flour fineness can change water absorption and expansion potential substantially. Therefore, product developers should treat ingredient preparation (drying, milling, sieving, and controlled storage) as part of process control. The literature on millet functionality frames these grains as nutritionally advantageous but also compositionally diverse, reinforcing the importance of standardizing flour fraction and quality parameters when targeting consistent extruded snack properties (Sharma et al., 2021; Martin et al., 2022; Sobowale et al., 2021). Likewise, the demonstrated sensitivity of carrot and tomato pomace systems to formulation and processing indicates that reliable outcomes depend on managing raw material variability through specification and controlled preprocessing (Kaisangsri et al., 2016; Upadhyay et al., 2010; Yagci et al., 2022).
4. Extrusion processing fundamentals in high-fiber matrices
Extrusion cooking is often described as a high-temperature, short-time transformation in which thermal energy, mechanical shear, and pressure are combined to convert hydrated powders into a cooked, deformable melt that can be shaped and expanded. In fiber-rich matrices—such as blends based on millet flours and vegetable powders—the fundamental extrusion sequence remains the same, but the material response becomes more complex and less forgiving. Rather than behaving like a relatively uniform starch continuum, the feed transitions into a multiphase system where starch, protein, insoluble fiber particles, and soluble polysaccharides coexist and compete for water, and where the distribution of mechanical energy becomes highly sensitive to small changes in feed moisture, particle size, and screw configuration. For this reason, the successful development of expanded, fibre-rich extrudates depends on understanding extrusion not only as a forming step but also as a process that reorganizes structure, modifies nutritional fractions, and creates or destroys functional compounds depending on severity.
A key starting point is that extrusion does not impose a single nutritional direction; instead, its effects are conditional. Comprehensive reviews of extrusion nutrition emphasize that extrusion can increase palatability and digestibility, reduce certain anti-nutritional factors, and sometimes increase soluble dietary fiber, while also risking losses of heat-labile nutrients and promoting reactions that may reduce amino acid availability depending on processing conditions (Singh et al., 2007). This “dual potential” becomes especially relevant for millet–vegetable snacks because the goal is not merely to puff a product but to preserve and, in some cases, enhance nutritional value while meeting a crisp, expanded texture target. In high-fibre systems, the drive to recover expansion by increasing thermal input or shear can inadvertently increase nutritional severity, making process selection a controlled compromise rather than a simple optimization for expansion.
4.1 Melt formation, starch transformation, and the role of water in fiber-rich blends
In expanded snacks, starch is typically the primary structure-forming polymer. During extrusion, starch granules absorb water, swell, gelatinize, and partially break down under shear, yielding a continuous phase that can hold gas cells when pressure drops at the die. Water is central to this transformation, functioning as both a reactant (enabling gelatinization) and a plasticizer (reducing melt viscosity and facilitating flow). In fiber-rich formulations, however, water is “contested.” Insoluble fibers from bran or pomace can bind substantial water at the particle surface and within porous structures, while soluble fibers can increase viscosity by thickening the continuous phase. The net result is that, at a given feed moisture level, less free water may be available to plasticize starch and support uniform gelatinization. This can raise mechanical energy input, increase local shear heating, and produce uneven cooking across the cross-section of the melt, particularly when particle size distributions are broad. These mechanisms help explain why fiber enrichment tends to reduce expansion and increase hardness unless moisture and thermal profiles are adjusted.
4.2 Expansion physics under high-fiber conditions: nucleation, bubble growth, and collapse risks
The hallmark of puffed extrudates is expansion at the die, driven by rapid pressure release and flashing of superheated water into steam. For expansion to be retained, the melt must exhibit sufficient viscoelastic strength to stabilize growing bubbles and prevent collapse. In starch-rich systems, this stabilization is achieved through the continuous starch phase forming thin, coherent cell walls. In high-fibre matrices, several factors work against this: insoluble fiber particles introduce discontinuities and act as stress concentrators that can rupture cell walls; elevated viscosity heterogeneity can lead to uneven bubble growth; and reduced starch continuity limits the formation of elastic films. These effects often manifest as lower radial expansion, higher bulk density, and a harder bite. Product developers sometimes respond by increasing barrel temperature or screw speed to intensify starch cook, but that can push the system toward greater molecular breakdown, potentially reducing melt strength and promoting collapse if severity becomes too high. This is one reason why the optimum for expansion in fiber-rich systems is frequently a narrow window rather than a monotonic function of energy input, echoing the broader extrusion literature that highlights complex relationships between process severity and functional outcomes (Singh et al., 2007; Martin et al., 2022; Sobowale et al., 2021).
4.3 Process-driven modification of dietary fiber: from “added fiber” to “functional fiber”
A particularly important concept for fiber-rich extrudates is that extrusion can change fiber quality, not merely fiber quantity. Thermal and mechanical forces can disrupt cell-wall architecture, cleave polysaccharide associations, and partially solubilize fractions that are otherwise insoluble. Evidence from fiber-rich substrates demonstrates that extrusion can increase soluble dietary fiber. For example, extrusion cooking of lupin seed coat was reported to increase soluble dietary fibre, illustrating the potential for extrusion to convert part of an insoluble-dominant fiber source into more soluble fractions (Zhong et al., 2019; Alonso et al., 2001 ). While the extent and mechanisms will vary by ingredient type, this finding is highly relevant to millet–vegetable snack design because soluble fiber fractions are often linked to viscosity-related physiological effects and fermentation profiles. Practically, it suggests that extrusion variables (such as moisture and shear intensity) could be tuned not only to achieve acceptable crispness but also to steer fiber fraction outcomes. However, it also implies the need for careful analytical measurement: total dietary fiber alone cannot capture whether extrusion has meaningfully improved or degraded the functional profile of the fiber.
4.4 Anti-nutritional factors and the “severity trade-off” in high-fiber plant matrices
Millet and vegetable ingredients may contain anti-nutritional factors that can influence mineral bioavailability or protein utilization, and extrusion is frequently cited as a processing tool that can mitigate some of these compounds. Overviews of extrusion’s impact on plant foods indicate that extrusion can reduce anti-nutritional factors, though outcomes depend on compound type and processing conditions (Nikmaram et al., 2017). In high-fiber matrices, this is relevant because many anti-nutritional factors are associated with outer layers (bran) or cellular structures that also contribute fiber. Therefore, the process conditions that modify fiber structure may simultaneously influence anti-nutritional factor levels. The design challenge is that reducing anti-nutritional factors often benefits from sufficient thermal exposure and shear, while preserving heat-sensitive micronutrients and phytochemicals may favor milder conditions. This tension reinforces why extrusion in millet–vegetable snacks should be approached as a controlled balancing exercise guided by explicit targets: texture and expansion, fiber fraction profile, and retention of desired bioactives.
4.5 Implications for process design in millet–vegetable extruded snacks
Taken together, the fundamentals of extrusion in high-fiber systems point to three practical implications. First, water management is central: the same nominal feed moisture may behave differently depending on the fiber type, particle size, and water-binding capacity, so processability must be assessed in terms of effective plasticization rather than moisture percentage alone. Second, expansion depends on maintaining a continuous, sufficiently elastic structure; fiber enrichment reduces the margin for error, making screw configuration, residence time distribution, and thermal profile more influential than in refined starch systems. Third, nutritional outcomes are inseparable from process severity: extrusion can improve digestibility and reduce anti-nutritional factors (Nikmaram et al., 2017; Singh et al., 2007), and it may enhance soluble dietary fiber fractions (Zhong et al., 2019; Zhong et al., 2021), but these benefits must be achieved without pushing conditions to a point where product structure collapses or heat-sensitive bioactives are disproportionately degraded. Consequently, the most robust research and development strategies in this area are those that jointly report physical quality (expansion, density, hardness) and nutrition-relevant transformations (fiber fractions, anti-nutritional factor reduction), enabling the field to move from “fiber-added snacks” toward “functionally optimized” millet–vegetable extrudates.
5. Formulation strategies for millet–vegetable extrudates
Designing millet–vegetable extrudates that are genuinely fiber-rich yet still crisp and well-expanded requires treating formulation as a structure-engineering problem rather than a simple nutrient fortification step. The central technical constraint is that expansion in puffed snacks depends on a continuous, sufficiently elastic matrix—typically dominated by gelatinized starch—that can trap steam-generated gas cells during the abrupt pressure drop at the die. Both millets (especially whole or high-extraction flours) and vegetable powders (particularly pomace-derived powders) increase fiber content, elevate water-binding capacity, and introduce discontinuities that disrupt this continuous starch phase. Consequently, formulation strategies must be built around preserving enough “expansion-capable” starch behavior while distributing fiber in a way that does not collapse the cellular structure or create excessive hardness. This is why most successful work in the area implicitly follows a systems approach in which ingredient type, particle size, inclusion level, and extrusion settings are co-optimized to achieve both nutrition and texture targets (Kaisangsri et al., 2016; Seth & Rajamanickam, 2012; Upadhyay et al., 2010).
5.1 Choosing the millet base: whole grain value versus expansion potential
Millets are attractive because they raise baseline nutrient density and contribute diverse phytochemicals, but their technological performance depends strongly on milling fraction and species-specific composition. Reviews discussing millets as potential nutri-cereals emphasize their nutritional richness and techno-functional diversity, which is an advantage nutritionally but a source of variability for extrusion behavior (Sharma et al., 2021). From a formulation standpoint, a practical first decision is whether to use whole millet flour, partially debranned flour, or blends of millet with other cereal fractions. Whole flour maximizes fiber and bioactive content but tends to reduce expansion and increase hardness because bran particles disrupt cell wall formation and compete for water. Partially debranned flours can improve puffing performance by increasing the relative starch contribution while retaining some nutritional advantage. Blending strategies can further help balance texture and nutrition, as shown in cereal–legume–millet blend development where response surface methods were used to identify ingredient ratios that improved nutritional quality while maintaining acceptable physical properties (Seth & Rajamanickam, 2012). In millet–vegetable snacks, the same principle applies: the most realistic pathway to high fiber with good expansion often involves carefully selected millet fractions and targeted inclusion levels rather than maximal replacement of refined starch bases.
5.2 Selecting vegetable powders: whole-vegetable vs pomace powders and functional intent
Vegetable powders vary substantially in composition and functional impact. Whole-vegetable powders often bring a combination of fiber, sugars, and pigments, whereas pomace powders are typically more fiber-concentrated and may retain bound phenolics and carotenoids. Carrot pomace work illustrates why selection should be tied to a specific functional intent. When carrot pomace was incorporated into corn starch extrudates, nutritional quality improved but expansion behavior and texture shifted, demonstrating both its enrichment potential and the need for controlled inclusion and process tuning (Kaisangsri et al., 2016). Optimization-focused research further reinforces that carrot pomace incorporation must be balanced against quality metrics such as hardness and expansion, and that this balance is sensitive to both ingredient level and extrusion conditions (Upadhyay et al., 2010). Tomato pomace adds another functional angle: beyond fiber enrichment, it delivers bioactive compounds whose stability and gastrointestinal behavior can be altered by extrusion, meaning that formulation decisions should consider digestion-relevant outcomes rather than only proximate composition (Yagci et al., 2022). In practical terms, vegetable powders should be chosen based on whether the product goal prioritizes fiber density alone, or fiber plus specific phytonutrients, and whether the product’s sensory identity can accommodate the color and flavor intensity associated with particular vegetables.
5.3 Managing inclusion level: avoiding the “fiber cliff”
A recurring pattern in fiber-rich extrusion is the presence of a “fiber cliff,” where incremental increases in vegetable powder or whole-grain millet content produce modest textural changes up to a point, followed by a sharp drop in expansion and a rapid rise in hardness and density. Carrot pomace inclusion studies highlight that while moderate inclusion can enhance nutritional quality, higher levels often require careful adjustment of moisture and processing to avoid unacceptable texture (Kaisangsri et al., 2016; Upadhyay et al., 2010). Formulation strategy therefore centers on defining a feasible inclusion window—high enough to deliver meaningful fiber improvement, but not so high that the starch matrix becomes too discontinuous to expand. In millet–vegetable systems, this window is narrower when both millet bran fiber and vegetable fiber are high, and it can shift depending on particle size and the moisture-binding behavior of each ingredient.
5.4 Particle size engineering and pre-processing as formulation tools
Particle size is often an underappreciated lever in fiber-rich extrudates. Coarse bran or pomace particles can create weak points in cell walls, increasing breakage during expansion and producing dense textures and gritty mouthfeel. Finer milling can reduce grittiness and improve structural uniformity, but very fine powders can intensify water competition and increase viscosity, which can also reduce expansion if not balanced by moisture and thermal adjustments. Therefore, particle size engineering becomes a formulation tool: the goal is typically a controlled, narrow particle size distribution that minimizes large structural discontinuities while avoiding excessive surface area that sequesters too much water. Although many studies discuss this implicitly through their outcomes, the broader lesson from optimization work is that consistent preprocessing and ingredient specification improve reproducibility and help stabilize the process window (Seth & Rajamanickam, 2012; Upadhyay et al., 2010).
5.5 Co-optimization with extrusion conditions: formulation targets must be “processable”
Perhaps the most important formulation principle is that ingredient design must be compatible with an achievable extrusion operating window. The extrusion literature highlights that nutritional outcomes can move in both beneficial and adverse directions depending on severity: extrusion can improve digestibility and reduce some anti-nutritional factors, and it can sometimes shift fiber toward more soluble fractions, but it can also degrade heat-sensitive compounds if pushed too hard (Singh et al., 2007). This matters because the most common response to reduced expansion in high-fiber blends is to increase thermal and shear input. While this can restore cooking and improve puffing up to a point, it may also increase nutritional losses or generate overly brittle structures. Hence, formulation strategies should be chosen with a realistic process strategy in mind—one that aims for sufficient cook and melt elasticity without excessive severity. In this context, the development of nutrient-rich puffed snacks that included pearl millet flour demonstrated that substantial nutritional enhancement is feasible in puffed products, but it also illustrates the need to manage the structure–nutrition trade-off carefully as the matrix becomes more complex (Abraham et al., 2025). In millet–vegetable extrudates, co-optimization should therefore be treated as a core design step: ingredient choices are validated not only by nutrient targets but also by whether they enable consistent expansion, crispness, and acceptable sensory properties under feasible extrusion conditions.
5.6 Toward “designed” millet–vegetable snacks: aligning nutrition, sensory identity, and stability
A practical formulation strategy must also consider consumer perception and shelf stability. Vegetable powders can introduce strong color cues that set flavor expectations; if the product’s taste and aroma do not match visual signals, consumer acceptance can suffer even if texture is good. Tomato pomace work underscores that bioactive stability and behavior during simulated digestion are also influenced by formulation, suggesting that stability and functionality are part of the ingredient foundation rather than post hoc considerations (Yagci et al., 2022). Millets likewise carry characteristic flavors that can be advantageous in savory profiles but may require balancing in lightly flavored products. From a design standpoint, the most promising millet–vegetable extrudates are those in which the ingredient combination supports a coherent sensory identity—such as earthy millet notes paired with vegetable-associated roasted flavors—while delivering measurable fiber enrichment and maintaining a crisp expanded structure.
 6. Physicochemical and sensory quality outcomes
Physicochemical quality is the practical filter through which fiber-rich millet–vegetable extrudates either succeed as snacks or remain only nutritionally interesting prototypes. Consumers typically judge extruded snacks primarily by crispness, lightness, and a pleasant fracture behavior, while developers rely on measurable physical indicators—expansion ratio, bulk density, hardness, and indices related to hydration behavior—to understand whether the product’s porous structure is stable and appealing. In high-fiber matrices, these quality outcomes are especially sensitive to formulation and processing because fiber alters melt rheology and disrupts the continuity of the starch phase that normally forms thin, elastic cell walls. Therefore, quality outcomes in millet–vegetable extrudates should be interpreted as direct manifestations of how well the formulation and extrusion conditions preserve a coherent, expandable structure while accommodating fiber and bioactive-rich inclusions.
6.1 Expansion, density, and internal structure as primary quality determinants
Expansion ratio and bulk density are foundational metrics for expanded snacks because they summarize the outcome of bubble nucleation and growth at the die and the stability of cell walls during cooling. In refined starch systems, high expansion generally correlates with low density and crisp texture. When vegetable powders or pomaces are introduced, expansion typically declines and density rises unless moisture, temperature, or screw speed are adjusted to re-balance the melt. Studies incorporating carrot pomace into corn starch extrudates demonstrate this trade-off clearly: carrot pomace enrichment improved nutritional quality but altered expansion behavior, showing that inclusion levels and process settings jointly determine whether the product remains acceptably expanded (Kaisangsri et al., 2016). Similar conclusions emerge from optimization-focused work on carrot pomace powder incorporation, where response surface approaches identified process–formulation combinations that could mitigate quality losses, emphasizing that expansion is a controllable outcome but only within a constrained design window (Upadhyay et al., 2010).
Vegetable by-products beyond carrot pomace have also been evaluated for their effects on expansion and density. Earlier work on barley–tomato pomace blends in extrusion processing demonstrated that incorporating tomato pomace affects extrudate properties, reinforcing the broader pattern that by-product-derived fiber sources often reduce expansion unless formulations and conditions are specifically adapted (Altan et al., 2008). This is particularly relevant for millet–vegetable snacks because millet flours, especially in whole form, already introduce bran-associated fiber, and adding pomace powders can compound discontinuities in the melt. Consequently, the internal microstructure of these snacks tends to shift from large, uniform pores toward smaller, less uniform cells, with thicker or more ruptured walls—structural changes that are reflected in increased density and altered fracture behavior.
6.2 Texture and fracture behavior: hardness, crispness, and consumer-perceived quality
Texture in extruded snacks is frequently represented instrumentally by hardness or breaking force, but sensory perception is influenced by the pattern of fracture and the sound and mouthfeel associated with crispness. Fiber enrichment often raises hardness because denser structures and thicker cell walls resist fracture. However, hardness alone does not fully capture whether a product feels pleasantly crisp or unpleasantly tough; snacks can be hard yet brittle, or moderately firm yet crisp. Thus, developers often use hardness in combination with density, expansion, and microstructural observation to infer whether the product’s pore network is appropriate.
Carrot pomace studies again provide a useful reference point: as inclusion increases, products can become harder and less expanded, but optimized conditions can sometimes recover acceptable textures, underscoring that hardness is not solely an ingredient effect but a process–ingredient interaction (Kaisangsri et al., 2016; Upadhyay et al., 2010). Similar ingredient–process coupling is seen in fruit and vegetable by-product extrusion more broadly. For instance, the use of orange pulp in extruded form and its functional properties show that by-product fibers can act as functional ingredients but require careful management to avoid adverse quality effects (Larrea et al., 2005). This reinforces the practical implication that texture outcomes are shaped by the balance between starch-derived melt elasticity and fiber-induced structural disruption.
6.3 Hydration-related indices and their link to eating quality
Water absorption index and water solubility index are commonly used to characterize extrudates because they reflect starch gelatinization, molecular degradation, and the availability of soluble components after extrusion. Although these indices are often reported as physicochemical descriptors, they also have sensory relevance: excessive water absorption can contribute to rapid sogginess during consumption, while high solubility can indicate extensive starch breakdown that might influence perceived fragility or rapid dissolution. In fiber-rich systems, vegetable powders can increase water absorption due to their hydrophilic polysaccharide networks, while extrusion severity can increase solubility by breaking down macromolecules. Because millets and vegetable powders can vary substantially in composition, hydration indices can help distinguish whether a dense, hard product is driven primarily by insufficient starch cook (low solubility, limited gelatinization) or by excessive viscosity and discontinuity from fiber (high absorption but low expansion). While individual studies differ in their reporting emphasis, the broader extrusion nutrition framework recognizes that extrusion modifies macromolecular structure and thereby influences both physical quality and nutritional behavior (Singh et al., 2007).
6.4 Color development, browning, and oxidative stability considerations
Color is a highly visible attribute in millet–vegetable extrudates because both ingredients can carry strong pigments and because extrusion can promote browning reactions. Vegetable powders such as tomato and carrot introduce carotenoid-associated hues, while millet brans can contribute darker tones. Extrusion conditions can intensify color through Maillard reactions and caramelization, which may be desirable in savory, roasted profiles but can also create over-browned appearances if severity is high. Importantly, color shifts are not merely aesthetic; they can signal chemical changes. Reviews on extrusion’s impact on bioactives emphasize that extrusion can alter polyphenols, vitamins, and antioxidant activity, indicating that color and nutritional retention are often linked through shared thermal and oxidative pathways (Brennan et al., 2011). In by-product-based extrudates, antioxidant-related outcomes have been explicitly examined; extrudates developed from barley with fruit and vegetable by-products showed process-dependent changes in antioxidant activity and phenolic content, demonstrating that extrusion can modulate bioactive profiles while shaping appearance and sensory character (Altan et al., 2009).
6.5 Sensory acceptance: integrating structure, flavor, and health cues
Sensory acceptance ultimately depends on whether the product delivers a coherent eating experience, not just improved nutrition. Fiber-rich snacks can face challenges such as gritty mouthfeel (from coarse bran or pomace), excessive hardness (from low expansion), or vegetal/off-flavors (from certain powders or oxidative notes). Conversely, vegetable powders can also add positive cues—color signaling “real vegetables,” mild sweetness, or roasted flavor notes—when balanced appropriately. The literature suggests that moderate inclusion levels often achieve the best compromise between nutritional enhancement and sensory quality, while high inclusion levels tend to push products into dense, hard textures unless compensated through precise process control (Kaisangsri et al., 2016; Upadhyay et al., 2010). For tomato pomace specifically, studies considering not only composition but also gastrointestinal stability of bioactives indicate that product design should align sensory cues with functional claims, because consumers may expect a “health” product to deliver both visible vegetable cues and acceptable crunch (Altan et al., 2008; Altan et al., 2009). More broadly, the evidence that extrusion can alter antioxidant-related properties and bioactive stability suggests that sensory optimization should not be pursued through severity alone; roasting-like flavors and darker colors produced by intense processing can come at the expense of certain bioactive compounds (Brennan et al., 2011; Singh et al., 2007).
6.6 Practical interpretation for millet–vegetable product development
Across studies on vegetable by-products and cereal-based extrudates, a consistent interpretation emerges: expansion and crispness are the structural “price” of fiber enrichment, and quality recovery depends on managing the melt as a composite material. Carrot pomace and tomato pomace studies show that enrichment can be successful when inclusion levels are balanced and extrusion settings are tuned, but they also reveal that physicochemical metrics must be interpreted together rather than in isolation (Altan et al., 2008; Kaisangsri et al., 2016; Upadhyay et al., 2010). Integrating texture, density, hydration indices, and color provides a more reliable picture of whether the extrudate has achieved a stable porous network and a sensory profile compatible with snack expectations. In this sense, physicochemical and sensory outcomes are not downstream checks but core indicators of whether the millet–vegetable system has been correctly engineered within the extrusion process window (Singh et al., 2007).
7. Nutritional functionality: fiber fractions, bioactives, and digestion relevance
Nutritional functionality is the central promise of millet–vegetable extruded snacks: the product is not only “puffed” and convenient but also meaningfully improved in fiber density and, in many cases, in micronutrient and phytochemical complexity. Yet nutritional functionality cannot be inferred from ingredient labels alone because extrusion is an active transformation process. It modifies starch structure, can shift dietary fiber fractions, alters the binding and release of phenolics and carotenoids, and may reduce certain anti-nutritional factors while also risking degradation of heat-sensitive compounds. Therefore, a function-oriented evaluation of millet–vegetable extrudates must focus on three linked questions: what happens to fiber quality (not just quantity), what happens to bioactives during processing and storage, and what happens during digestion in terms of release, stability, and potential bioaccessibility.
7.1 Fiber fractions: beyond total dietary fiber
The most immediate nutritional objective in millet–vegetable extrudates is to raise total dietary fiber. Millets, especially when used as whole or high-extraction flours, contribute bran-associated insoluble fiber and phenolic-rich fractions that elevate nutritional value and add bioactive potential (Sharma et al., 2021). Vegetable powders and pomaces can further increase fiber, often with a high insoluble fraction and variable amounts of soluble pectins. However, total dietary fiber is a blunt measure: it cannot distinguish whether the product matrix supports viscosity-related effects, fermentability patterns, or other physiological outcomes commonly linked to soluble and specific fermentable fiber fractions.
Extrusion offers a route to modify fiber fractions in situ. Reviews discussing nutritional aspects of extrusion highlight that extrusion may increase soluble dietary fiber under certain conditions, even though outcomes depend strongly on substrate and severity (Singh et al., 2007). Direct evidence for this “fiber functionalization” is seen in work on lupin seed coat, where extrusion cooking increased soluble dietary fibre, demonstrating that mechanical–thermal treatment can shift fiber fractions toward solubility (Zhong et al., 2019; Chamone et al., 2023 ). Translating this concept to millet–vegetable snacks implies that extrusion conditions could be tuned to optimize not only expansion and texture but also the soluble-to-insoluble balance. This is particularly relevant when vegetable powders are primarily insoluble-fiber carriers; partial solubilization could potentially improve physiological functionality without increasing inclusion to a point that ruins texture. Nonetheless, the implication is also methodological: if studies report only total dietary fiber, they miss a key dimension of nutritional functionality that extrusion may be altering (Singh et al., 2007; Zhong et al., 2019).
7.2 Starch digestibility and glycemic relevance in expanded snacks
Although this review focuses on fiber and bioactives, starch digestibility is an inseparable aspect of nutritional functionality in extruded snacks. Extrusion generally gelatinizes starch and increases enzymatic accessibility, which can raise the rate of starch digestion compared with less processed forms. In a refined starch snack, this can translate to a high glycemic impact. In high-fiber millet–vegetable systems, fiber can counterbalance this by reducing effective starch concentration, altering matrix porosity, and potentially increasing viscosity in the gastrointestinal tract if soluble fractions are present. Extrusion’s overall nutritional profile is therefore not unidirectional, and reviews emphasize that extrusion can simultaneously increase digestibility while also modifying other nutritional dimensions (Singh et al., 2007). For millet-based products, the presence of phenolics and fiber can further modulate starch digestion behavior, but these interactions are highly dependent on processing severity and how tightly starch is embedded within a fiber-rich matrix. Therefore, nutritional functionality should be viewed as an integrated outcome: a product can be “high fiber” yet still rapidly digestible if extrusion creates highly porous structures with fully gelatinized starch, unless the fiber fraction profile and matrix viscosity meaningfully slow digestion.
7.3 Bioactives from vegetable powders: stability, transformation, and matrix protection
Vegetable powders and pomaces add nutritional value partly through bioactive compounds such as phenolics, carotenoids, and other antioxidants. However, these compounds are sensitive to the thermal and oxidative environment of extrusion. A review focusing on extrusion’s effects on polyphenols, vitamins, and antioxidant activity emphasizes that extrusion can change antioxidant-related profiles through degradation, transformation, or altered extractability, and that outcomes depend on conditions and matrix composition (Brennan et al., , 2011). This matters because a “high-antioxidant snack” claim based solely on raw ingredient content may not hold after extrusion. At the same time, extrusion can sometimes increase the extractability of bound phenolics by disrupting cell walls and releasing compounds that were previously less accessible, particularly when by-product fibers are used. Evidence that extrudates developed from barley with fruit and vegetable by-products show process-dependent changes in antioxidant activity and phenolics illustrates this dual possibility: extrusion can either diminish or enhance measured antioxidant-related attributes depending on formulation and severity (Altan et al., 2009).
Tomato pomace provides a particularly relevant case for millet–vegetable snacks because it supplies both fiber and carotenoid-associated bioactives. Research examining extruded snacks with tomato pomace powder evaluated not only compositional changes but also the in vitro gastrointestinal behavior and stability of bioactive compounds, showing that formulation influences what survives processing and what becomes available under digestion-relevant conditions (Yagci et al., 2022). This type of evidence is important because it shifts the evaluation of vegetable-enriched extrudates from a static “before-and-after processing” comparison to a functional question: does the extruded matrix protect or release bioactives during digestion, and are compounds stable enough to remain bioaccessible? In practical terms, this suggests that the best millet–vegetable snack designs may not be those with the highest measured phenolics immediately after extrusion, but those that deliver stable, bioaccessible fractions under simulated gastrointestinal conditions (Yagci et al., 2022).
7.4 Anti-nutritional factors and mineral bioavailability considerations
Millets and certain plant-derived powders may carry anti-nutritional factors that influence mineral bioavailability and protein utilization. In cereal and plant matrices, extrusion has often been discussed as a means to reduce anti-nutritional factors, although the degree and mechanisms depend on the specific compounds and processing conditions. An overview of extrusion effects on anti-nutritional factors indicates that extrusion can reduce such components in food products, supporting nutritional improvement in plant-based formulations (Nikmaram et al., 2017). This is relevant to millet–vegetable extrudates because bran-associated compounds, while contributing antioxidant potential, may also limit mineral bioavailability if present at high levels. Extrusion can therefore contribute to a net nutritional gain beyond fiber addition by partially mitigating anti-nutritional constraints, though this should be validated analytically for specific formulations rather than assumed (Nikmaram et al., 2017).
7.5 Digestion relevance: why in vitro gastrointestinal evaluation is increasingly necessary
For functional snacks, digestion relevance should be considered a core evaluation axis, not an optional add-on. Traditional metrics such as total phenolics or antioxidant assays provide limited information about what is released and stable in the gastrointestinal tract. The tomato pomace study underscores this point by explicitly assessing in vitro gastrointestinal behavior and bioactive stability, demonstrating that extrusion and formulation jointly influence digestion-phase outcomes (Yagci et al., 2022). Similarly, broader evidence that extrusion can change antioxidant activity and phenolic profiles in by-product-based extrudates indicates that process-driven transformation can alter what is potentially bioaccessible (Altan et al., 2009; Brennan et al., , 2011). When combined with the possibility that extrusion can shift fiber fractions toward greater solubility (Singh et al., 2007; Zhong et al., 2019), the rationale becomes clear: the functional value of millet–vegetable extrudates is best judged by integrated measurement of fiber fractions, bioactive stability, and digestion-phase release, rather than by ingredient-based assumptions. In this framing, extrusion is a tool that can either enable functionality—by improving extractability and reducing anti-nutritional factors—or erode it—by degrading sensitive compounds—depending on how the process is designed (Nikmaram et al., 2017; Singh et al., 2007).
8. Sustainability and valorization perspectives
Millets are often promoted as climate-resilient crops that can contribute to sustainable food systems, and they are increasingly framed as underutilized grains suitable for value-added product development (Sharma et al., 2021; Korkerd et al., 2016). Vegetable powders and pomaces align with waste valorization goals by transforming by-products into functional ingredients. Reviews on extruded snacks from industrial by-products emphasize that extrusion is a promising platform for upcycling plant residues into shelf-stable foods, although quality trade-offs must be managed carefully (Grasso, 2020). In this context, millet–vegetable extrudates can be positioned as a dual sustainability solution: climate-adapted grains combined with by-product-derived fibers. The practical challenge is ensuring consistent ingredient quality across seasons and processing streams, since pomace composition can vary with cultivar, processing method, and drying conditions.
9. Future directions for research and product development
Future research should prioritize bridging three gaps. First, more studies should quantify not only total dietary fiber but also soluble/insoluble fractions and fermentability indicators in millet–vegetable extrudates, because fiber functionality is not captured by total fiber alone. Second, digestion-relevant assessments should become routine when bioactive-rich vegetable powders are used, including evaluation of bioaccessibility and matrix effects under simulated gastrointestinal conditions, as demonstrated in tomato pomace extrudates (Yagci et al., 2022). Third, scalability studies are needed to translate laboratory-scale optimization into industrial settings with consistent shear histories and residence times, since extrusion is sensitive to equipment design and operating windows (Singh et al., 2007).
Methodologically, stronger reporting standards would improve comparability across studies. In particular, clear documentation of screw configuration, specific mechanical energy proxies, and particle size distributions would allow more robust synthesis of process–structure relationships. From a product standpoint, successful commercial snacks will likely use moderate inclusion rates of vegetable powders and a deliberate selection of millet fractions (whole vs partially debranned) to balance nutrition and texture. The emerging use of protective delivery systems for sensitive bioactives, illustrated by Pickering emulsion-based fortification in extruded snacks, suggests an additional pathway to pair fiber enrichment with micronutrient delivery (Abraham et al., 2025), although such approaches must be evaluated for regulatory acceptability, cost, and consumer perception.
10. Conclusions
Fiber-rich extruded snacks formulated with millets and vegetable powders represent a technically feasible and nutritionally promising direction for improving the quality of widely consumed snack foods. Millets provide a nutrient-dense cereal foundation, while vegetable powders and pomace-derived ingredients offer substantial dietary fiber and complementary phytochemicals that can enhance product functionality and sustainability credentials. The central challenge is that fiber-rich matrices typically reduce expansion and increase hardness; therefore, product success depends on integrated optimization of ingredient selection, particle size, inclusion level, and extrusion conditions. Evidence also indicates that extrusion can modulate fiber functionality, potentially increasing soluble dietary fiber under suitable conditions, while simultaneously supporting reduction of certain anti-nutritional factors and enabling stable, shelf-ready formats. Advancing this field will require greater emphasis on digestion-relevant outcomes, standardized process reporting, and scale-up validation so that fiber-rich millet–vegetable extrudates can consistently meet both sensory expectations and health-oriented formulation goals.
11. Limitations
This review is limited by heterogeneity in extrusion equipment, reporting depth, and outcome measures across studies. Many publications prioritize physical metrics of expansion and texture but provide limited characterization of fiber fractions, fermentability, or digestion-relevant bioaccessibility outcomes, restricting direct comparison of “healthfulness” across formulations. Additionally, variability in raw material composition—particularly for vegetable pomaces—complicates generalization of optimal inclusion levels and process windows. Finally, the scope of the review emphasizes extrusion-based snacks and does not comprehensively cover non-extruded millet snacks or other processing methods that may also support fiber enrichment.
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