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Abstract– Circular material pathways increasingly rely on 

biomass residue valorization for bio-based composites, yet early-

stage material selection is restricted by conflicting requirements and 

high variability of natural constituents. This study proposes a 

traceable screening workflow integrating documentary property 

evidence with perception-based contextual indicators. A national 

survey quantified local relevance and operationalized contextual 

criteria, including availability and perceived environmental impact, 

to prefilter candidate residue streams. The Analytic Hierarchy 

Process (AHP) then combined technical criteria (density, tensile 

strength, Young’s modulus, elongation) with contextual criteria to 

rank fiber and starch-based matrix alternatives. Potato starch 

ranked first among matrix candidates and remained invariant under 

analytical breakpoint sensitivity across the admissible weight 

domain. Fiber ranking identified straw (17.96%), corn husk 

(15.74%), and sugarcane bagasse (13.72%) as the top alternatives. 

The selected constituents were propagated to micromechanical 

screening using the traditional rule of mixtures and a Hirsch-type 

formulation to estimate Young’s modulus and tensile strength 

ranges for three hybrid composite families: starch–bagasse–straw, 

starch–bagasse–corn husk, and starch–straw–corn husk. Results 

provide a decision-to-performance pipeline that narrows the 

experimental search space and reveals stiffness–strength trade-offs 

and tolerance to variability across candidate composite families, 

supporting feasibility-oriented preselection rather than full material 

qualification. Since the strength of short fiber biocomposites is 

highly sensitive to microstructural efficiency and interfacial quality, 

tensile outputs are interpreted as comparative screening indices to 

guide subsequent controlled fabrication and validation. 

Keywords-- Multicriteria decision making, AHP, bio-based 

composites, micromechanics, circular economy. 

 

I.  INTRODUCTION (HEADING 1) 

The shift from linear production models to regenerative 

systems has increased interest in the circular economy as a 

means to reduce resource extraction, minimize environmental 

impacts, and retain material value through reuse, recycling, and 

waste stream valorization [1], [2], [3], [4], [5]. Ongoing 

increases in material throughput, combined with limited end-

of-life recovery across numerous product categories, 

underscore the need for alternative material pathways that 

decrease reliance on fossil-derived polymers and facilitate 

localized resource cycles [6], [7]. 

In this context, biomass residues constitute an underused 

feedstock relevant to circular material strategies [8], [9]. 

Agricultural and agro-industrial by-products are produced in 

significant volumes and are frequently managed through low-

value routes such as disposal or open degradation, despite their 

lignocellulosic composition and potential for reinforcement in 

polymeric systems [6], [10]. Transforming these residues into 

composite materials can generate value and alleviate disposal 

pressures, provided that the resulting materials satisfy 

application-specific performance and processing requirements 

and that their end-of-life management is clearly defined [11], 

[12], [13], [14]. 

Bio-based composites, particularly those combining 

natural reinforcements with biopolymer or bio-derived 

matrices, are often considered promising for sustainable 

product development due to their potential to reduce embodied 

impacts and to offer diversified sourcing options compared with 

conventional glass-fiber composites [14], [15], [16], [17], [18]. 

However, achieving equivalent performance is not assured. 

Natural systems typically exhibit greater variability in 

properties due to differences in fiber morphology, chemistry, 

moisture sensitivity, interfacial quality, and processing history. 

These factors introduce trade-offs among stiffness, strength, 

durability, and manufacturability, complicating direct 

comparisons among them and with conventional composites 

[19], [20]. 

Given these trade-offs, residue-to-composite design 

extends beyond mechanical optimization to encompass 

decision-making under multiple, and sometimes conflicting, 

criteria. In practice, selecting suitable fibers and matrices, 

especially in the context of the circular economy, involves 

balancing mechanical targets, such as stiffness and strength, 

with constraints including availability of residues, 

environmental relevance, local handling feasibility, and 

stakeholder acceptance [21]. Multi-criteria decision-making 

methods (MCDM) are particularly appropriate in this context, 

as they provide a transparent approach to integrating diverse 

criteria and systematically documenting how evidence and 

preferences inform the ranking of alternatives [6], [22]. 

Among MCDM methods, the Analytic Hierarchy Process 

(AHP) is widely used to synthesize expert and stakeholder 

judgments through pairwise comparisons, generating 

prioritized rankings with internal consistency checks [23]. 

When integrated with structured literature data, AHP facilitates 
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traceable screening of material options while accommodating 

contextual criteria beyond purely technical considerations [24]. 

Concurrently, first-order micromechanical models serve as a 

pre-validation tool, translating constituent-level selections into 

projected composite-level stiffness and tensile properties, 

thereby narrowing the experimental search space prior to 

fabrication [25]. 

Accordingly, this study introduces a traceable screening 

workflow that integrates documentary property evidence, 

survey-derived relevance signals reflecting local perceptions 

and feasibility, and AHP-based ranking for fiber and matrix 

candidates. The highest-ranked constituents are subsequently 

advanced to a micromechanical screening stage to estimate 

ranges of composite-family performance and identify stiffness–

strength trade-offs under consistent analytical assumptions. 

This approach yields a reproducible decision-to-performance 

pipeline that supports early-stage material selection for bio-

based composites, explicitly considering both engineering 

performance and local relevance indicators. 

Despite extensive research on natural-fiber biocomposites, 

early-stage material selection remains a significant challenge. 

Feasibility is determined by both mechanical performance and 

contextual factors such as residue accessibility, environmental 

relevance, and stakeholder acceptance. Additionally, existing 

screening methods often do not map ranked constituents into a 

defined mechanical design space, thereby limiting traceability 

from decision criteria to the expected composite behavior. 

To address this gap, the study integrates survey-derived 

relevance signals and literature-based property evidence within 

an AHP framework. The highest-ranked constituents are then 

connected to a micromechanical screening stage. This 

workflow provides a transparent and reproducible process from 

decision-making to performance evaluation, reporting both 

ranking robustness and composite-family performance ranges 

under consistent analytical assumptions. 

II. METHODOLOGY 

A. Study design and decision scope 

A multicriteria decision framework was employed to 

prioritize natural composite configurations for sustainable 

product development. The methodology integrates two 

evidence streams: documented technical property data and a 

structured perception survey, which are combined using the 

Analytic Hierarchy Process (AHP). A hierarchical decision 

structure is established, encompassing objectives, criteria, and 

alternatives, with pairwise comparisons used to estimate 

priorities.  

B. Decision Criteria and Alternatives 

Technical assessment criteria include density, tensile 

strength, Young’s modulus, and elongation, which represent 

lightweight performance, load transfer capacity, stiffness, and 

ductility, respectively, for candidate natural composite systems. 

Alternatives include natural fibers and matrices, with particular 

emphasis on locally relevant residues and starch-based binders. 

C. Data Collection 

The methodological pipeline begins with the collection of 

documentary data from the technical literature, followed by a 

population survey designed to capture user or stakeholder 

preferences regarding candidate residues and environmental 

perception variables. This approach enables integration of 

engineering performance evidence with local relevance 

indicators within a unified multicriteria workflow. 

A structured literature review was conducted to compile a 

database of candidate fibers. The documentary search was 

conducted using Scopus, Web of Science, and Google Scholar. 

For each candidate fiber, the dataset included reported 

properties such as density (𝜌), tensile strength (𝜎𝑡), Young’s 

modulus (𝐸), elongation at break (𝜀𝑏), availability and 

practical sourcing notes, and environmental relevance 

indicators reported in the source. Only records with traceable 

measurement context and comparable units were retained for 

decision modeling. 

A national survey was conducted to capture perception-

based indicators relevant to residue prioritization. Two survey 

items were used in the initial screening: Question 14 identified 

plant species that generate the highest residue levels in Panama, 

and Question 16 assessed perceptions of which fiber-type 

residues have the most significant environmental impact. With 

a finite population of 4,351,000, a minimum sample of 601 

respondents was required at a 95% confidence level. Inclusion 

criteria specified participants aged 18 years or older with prior 

familiarity with natural fiber composites.  

Survey responses were also used to prefilter candidate 

residues before the final multicriteria ranking. Specifically, 

responses regarding the perceived potential of residues 

informed a shortlist comprising husks, sawdust, banana 

pseudostems, coconut husks, straw, sugarcane bagasse, and 

corn husks.  

D. AHP Formulation 

The AHP model is implemented using pairwise 

comparison matrices for both criteria and alternatives under 

each criterion. A simplified Saaty-type preference scale with 

reciprocal values is applied, in which 5 indicates a strong 

preference, 3 indicates moderate preference, 1 indicates equal 

preference, and inverse values represent lower preference [23], 

[24], [26]. 

For matrix 𝐴 = [𝑎𝑖𝑗], local priorities are computed from 

normalized geometric means: 
 

𝑤̃𝑖 = (∏ 𝑎𝑖𝑗

𝑛

𝑗=1
)

1/𝑛

, 𝑤𝑖 =
𝑤̃𝑖

∑ 𝑤̃𝑘
𝑛
𝑘=1

 (1) 

Consistency is evaluated through the principal eigenvalue 

𝜆𝑚𝑎𝑥, the consistency index, and the consistency ratio: 

𝐶𝐼 =
𝜆max−𝑛

𝑛−1
, 𝑅𝐶𝐼 = 1.98

(𝑛−2)

𝑛
, 𝐶𝑅 =

𝐶𝐼

𝑅𝐶𝐼
 (2) 

Following the adopted acceptance criterion, a comparison 

matrix is considered consistent when 𝐶𝑅 < 0.10; otherwise, 

pairwise judgments are revised until the threshold is met. After 

the criterion and the alternative weights are obtained for each 
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criterion, global scores are computed via weighted aggregation 

to produce the final ranking of candidate materials. 
 

E. Priority Synthesis and Ranking 

Global priorities are determined by aggregating the criteria 

weights with the local priorities of alternatives. This process is 

conducted separately for binder and fiber selection, and the 

results are consolidated into a final ranked set of candidate 

material combinations for subsequent prototyping or validation. 

Traceability is maintained from raw inputs to final ranking by 

preserving pairwise matrices, weights, and consistency 

indicators. After validating each pairwise matrix (𝐶𝑅 < 0.10), 

local priorities are aggregated to obtain a global score for each 

alternative. Let 𝑊𝑗 be the weight of criterion 𝑗, and 𝑃𝑖𝑗 the local 

priority of alternative 𝑖under criterion 𝑗. The global priority is 

computed as: 

𝐺𝑖 = ∑ 𝑊𝑗

𝑚

𝑗=1
𝑃𝑖𝑗  (3) 

where 𝑚 is the number of criteria. Alternatives are ranked 

in descending order of 𝐺𝑖. This aggregation was applied 

separately to matrix and fiber candidates, consistent with the 

workflow for starch and fiber selection using hierarchical AHP 

decision matrices. To maintain traceability, the study reports: 

criteria comparison matrix, local alternative matrices per 

criterion, 𝐶𝐼, 𝑅𝐼, and 𝐶𝑅 values, and final ranking vectors. 

Consequently, results are interpreted as a multicriteria-

supported preselection and feasibility-oriented evaluation, 

rather than as full material qualification.  

F. Strategy for Selecting Candidate Material Combinations 

Following multicriteria prioritization, candidate 

combinations were generated by pairing the highest-ranked 

matrix options with the leading fiber streams, while considering 

practical feasibility constraints. Three hybrid compound 

families were defined for the analytical stage. This approach 

translated ranking outcomes into physically interpretable 

design candidates for subsequent micromechanical prediction. 

Analytical micromechanical models were used to estimate 

composite-level stiffness and tensile strength prior to 

fabrication, using constituent properties extracted from the 

literature. This screening step provides a traceable link from 

constituent selection to the expected mechanical response and 

supports down-selection prior to experimental validation. 

As a first-order estimate, the traditional rule of mixtures 

(ROM) was used to predict the composite Young modulus: 

𝐸𝑐
𝑅𝑂𝑀 = 𝑉𝑚𝐸𝑚 + 𝑉𝑓𝐸𝑓 (4) 

where 𝐸𝑐 is the composite Young modulus, 𝐸𝑚 and 𝐸𝑓 are the 

Young moduli of the matrix and fiber, and 𝑉𝑚 and 𝑉𝑓 are their 

volumetric fractions. The volumetric fractions satisfy: 

𝑉𝑓 = 1 − 𝑉𝑚 (5) 
The ROM formulation is generally most accurate for 

continuous, aligned reinforcements, but it can overestimate 

stiffness for short, dispersed fibers due to nonideal load transfer 

and orientation effects. 

To account for short-fiber dispersion and non-ideal stress 

transfer, the Hirsch formulation was adopted for stiffness 

prediction by combining parallel and series load-sharing 

contributions: 

𝐸𝑐
𝐻𝑖𝑟𝑠𝑐ℎ = 𝑥(𝑉𝑓𝐸𝑓+𝑉𝑚𝐸𝑚) + (1 − 𝑥) (

𝐸𝑚𝐸𝑓

𝑉𝑓𝐸𝑚+𝑉𝑚𝐸𝑓
) (6) 

 

where 𝑥 ∈ [0,1] is a load-transfer parameter that reflects the 

efficiency of matrix–fiber stress transfer. In this study, 𝑥 =
0.09 was used as a representative value for short, dispersed 

fiber systems, consistent with prior applications of the Hirsch 

approach to non-continuous reinforcements. 

Tensile strength was not computed using the Hirsch model. 

Instead, a short-fiber load-transfer formulation was used, in 

which the contribution of the reinforcement depends on fiber 

geometry and an interface-related shear term through the 

critical fiber length. The critical length was computed as: 

𝑙𝑐 =
𝜎𝑓𝑑

2𝜏
 (7) 

where 𝜎𝑓 is the fiber tensile strength, 𝑑 is the fiber diameter, 

and 𝜏 is an interfacial shear-related parameter. The composite 

tensile strength was then estimated using a modified rule-of-

mixtures tensile formulation in which the fiber contribution is 

reduced when the fiber length is not sufficiently larger than 𝑙𝑐. 

All parameters and screening assumptions used for 𝜎𝑡 are 

reported explicitly in Table I.  

For hybrid composites containing two distinct 

reinforcements within the same matrix, the mechanical 

response was estimated by combining the two corresponding 

fiber–matrix subsystems. Let 𝐸(𝑓1/𝑚) and 𝐸(𝑓2/𝑚) be the 

subsystem moduli predicted using Eq. 6 for fiber 1 and fiber 2, 

respectively. The hybrid modulus was computed as: 

𝐸ℎ𝑦𝑏 = 𝜙1𝐸(𝑓1/𝑚) + 𝜙2𝐸(𝑓2/𝑚), 𝜙1 + 𝜙2 = 1 (8) 
 

where 𝜙1and 𝜙2 represent the relative volumetric contributions 

of each reinforcement subsystem. In this work, the weighting 

factors were defined from the reinforcement fractions used in 

the screening such that: 

𝜙1 =
𝑉𝑓1

𝑉𝑓1+𝑉𝑓2
, 𝜙2 =

𝑉𝑓2

𝑉𝑓1+𝑉𝑓2
 (9) 

 

An analogous combination rule was used for tensile 

strength: 

𝜎𝑡,ℎ𝑦𝑏 = 𝜙1𝜎𝑡,(𝑓1/𝑚) + 𝜙2𝜎𝑡,(𝑓2/𝑚) (10) 
 

where 𝜎𝑡,(𝑓1/𝑚) and 𝜎𝑡,(𝑓2/𝑚) are computed using the tensile 

formulation adopted in this study (including 𝑙𝑐and 𝜏, Eq. 7, and 

the associated load-transfer assumptions). 

For each composite family (MCP, MCM, and MPM), the 

analytical outputs were computed across the set of evaluated 

literature variants and the defined composition space for the 

screening. Reported performance intervals were then 

constructed as minimum–maximum ranges over all evaluated 

variants and compositions. These ranges represent a screening 
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envelope for comparative purposes rather than a definitive 

material qualification.  

Tensile-strength values 𝜎𝑡 reported in this study arise from 

the adopted analytical screening formulation and the 

constituent-property inputs compiled from the literature. 

Because hybrid short-fiber systems are strongly affected by 

orientation dispersion, void content, moisture sensitivity, 

interfacial degradation, and processing history, the present 𝜎𝑡 

outputs are used as comparative screening indices within the 

explored design space rather than as direct predictions of 

experimentally measured tensile strength.  

The combinations of these three families represent the 

transition from multicriteria screening to mechanical 

performance prediction, enabling consistent comparison across 

candidate systems under uniform analytical assumptions. 

A one-parameter sensitivity analysis was performed for 

matrix selection by varying the tensile-strength weight  𝑤𝑡 over 

0 ≤ 𝑤𝑡 ≤ 1, with 𝑤𝐸 = 1 − 𝑤𝑡. Using the local priorities 

obtained from pairwise comparisons, global scores were 

expressed as linear functions  𝑆𝑖(𝑤𝑡). Pairwise crossover points 

were computed by solving  𝑆𝐴(𝑤𝑡) = 𝑆𝐵(𝑤𝑡). At the 

micromechanical stage, sensitivity was quantified using a 

relative spread metric: 

Δ𝑟 =
max −min 

min
× 100% (11) 

computed from the reported ranges for each family. A 

framework describing the methodology pipeline is depicted in 

Fig. 1. 

 

 
Fig. 1 Framework summarizing the decision-to-performance pipeline. 
 

III. RESULTS 

A. Survey results 

The survey phase provided context-specific relevance 

indicators to inform the subsequent analytical ranking. The 

study obtained 684 valid responses, exceeding this threshold. 

This sample size yields an approximate 95% confidence 

interval with a half-width of 3.75% for proportion estimates, 

assuming maximum variability, thereby supporting statistically 

reliable population-level inference.  

Food waste emerged as the most significant type of residue, 

followed by fruit peels and plant stems. This distribution 

suggests that respondents prioritized waste streams perceived 

as both abundant and closely linked to daily activities. Among 

the selection criteria, sustainability (29%) and availability 

(25%) were rated as most important, followed by 

biodegradability (17%). Environmental impact and mechanical 

properties each received 14%. These results support adopting a 

multicriteria framework that integrates technical performance 

with contextual feasibility. 

The survey further evaluated perceptions and readiness 

regarding a circular economy framework. When asked whether 

organic waste generates environmental impacts, 279 

respondents (40.8%) answered affirmatively, and 405 

respondents (59.2%) answered negatively. Among respondents 

who provided justifications for perceived impacts, the dominant 

qualitative themes were nuisance odors, perceived disease risk, 

and environmental contamination. This gap motivates the 

explicit inclusion of sustainability and impact-related criteria in 

the decision model and highlights the need for clear 

communication of environmental externalities in waste 

valorization pathways. 

Self-reported familiarity with circular economy concepts 

was generally low to intermediate. Most respondents indicated 

basic knowledge (31%) or no knowledge (21%), and 24% did 

not respond. Despite the limited conceptual familiarity 

reported, circular economy practices were briefly explained to 

respondents prior to the question on daily-life behavior. After 

this clarification, respondents reported engaging in both 

circular-economy and linear-economy practices. Specifically, 

457 respondents (66.8%) selected the circular economy option, 

and 404 respondents (59.1%) selected the linear economy 

option; multiple selections were permitted. This outcome 

suggests that circularity-aligned behavior or preferences may be 

present even when formal conceptual awareness is limited, 

supporting the integration of stakeholder-derived relevance 

signals into the decision framework. 

Survey-derived local priorities guided the 

operationalization of contextual criteria in the decision model, 

specifically availability and perceived environmental impact. 

These priorities were summarized in an availability–impact 

map (Fig. 2), which identifies candidate residue streams that are 

both accessible and environmentally significant. This approach 

reinforces the rationale for including these streams in 

subsequent multicriteria and micromechanical analyses. 

 

Fig. 2 Availability–impact map of survey-based residue priorities. 

Dashed lines indicate the median values used to define the four quadrants: 

high impact–low availability (upper-left), high impact–high availability 

(upper-right), low impact–low availability (lower-left), and low impact–high 
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availability (lower-right). Marker size is proportional to the mean of the two 

priorities, providing a combined indication of overall relevance.  

 

B. AHP-based prioritization 

B.1. Fiber alternatives 

The AHP consistency checks for the fiber-level pairwise 

comparisons remained within acceptable limits. The 

consistency ratio was 0.0610 for the Young modulus matrix and 

0.0960 for the tensile-strength matrix, both below the 0.10 

threshold. The resulting criterion weights assigned the largest 

contributions to tensile strength and Young modulus 

(approximately 0.40 each), followed by availability (0.12) and 

perceived environmental impact (0.08). The global ranking 

identified three top fiber candidates: C3 (straw, 17.96%), C6 

(corn husk, 15.74%), and C9 (sugarcane bagasse, 13.72%) 

(Figure 3). 

B.2. Matrix alternatives 

A second AHP stage was used for starch-based matrices 

(corn, potato, cassava), in which local priorities for tensile 

strength and Young's modulus were estimated from pairwise 

comparisons. The tensile matrix reported local priorities of 

0.244 (corn), 0.449 (potato), and 0.307 (cassava), with CR = 

0.0686. For Young modulus, local priorities were 0.152 (corn), 

0.704 (potato), and 0.144 (cassava), with CR = 0.0257. Using 

reported criterion weights of 0.75 for tensile strength and 0.25 

for the Young’s modulus, the global matrix scores were 0.513 

(potato starch), 0.266 (cassava starch), and 0.220 (corn starch). 

The selected matrix candidates were potato starch (Matrix 1) 

and cassava starch (Matrix 2). Results are shown in Figure 4. 
 

 

Fig. 3 AHP percentage scores for fiber candidates (C1–C9), where C1, 

sawdust; C2, peels; C3, straw (grass); C4, palm bark; C5, banana stem; C6, 

corn husk; C7, corn bagasse; C8, coconut husk; C9, sugarcane bagasse. 

 

Fig. 4 AHP percentage scores for matrix candidates (C1–C6), where C1, 

potato starch; C2, cassava starch; C3, rice starch; C4, banana flour; C5, corn 

starch; C6, sweet potato starch.  

 

Regarding the sensitivity analysis, using the reported local 

priorities for starch candidates, pairwise crossover points were 

𝑤𝑡 = 1.34 for potato versus cassava and 𝑤𝑡 = 1.59 for potato 

versus corn, both outside the feasible domain. Therefore, potato 

starch remains rank one across the full admissible weight space. 

A secondary crossover was observed at 𝑤𝑡 = 0.113 for cassava 

versus corn, affecting only the second and third ranks.  At 

baseline weights (𝑤𝑡 = 0.75), the scores are consistent with the 

reported ranking: potato 0.513, cassava 0.266, and corn 0.220. 

Figure 5 denotes the robustness of the AHP ranking under 

three weighting scenarios: Baseline, Mechanical, and 

Sustainability. Baseline denotes the reference weighting 

scheme based on the original criterion weights. Mechanical and 

Sustainability scenarios were obtained through controlled 

weight perturbations followed by renormalization. The 

heatmap reports the rank of each alternative across scenarios, 

with rank 1 indicating the highest priority. In matrix selection, 

C1 remained in first place across all scenarios, followed by C6 

and C2. In fiber selection, C3 consistently remained first, 

followed by C6 and C9. Ranking changes were concentrated 

among lower-priority alternatives, indicating that perturbations 

in the weights affected secondary ordering without altering the 

dominant candidates. These results confirm that the decision 

framework is robust at the top of the ranking and suitable for 

downstream micromechanical analysis. 
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Fig. 4 AHP ranking robustness underweight-perturbation scenarios, 

showing rank positions across Baseline, Mechanical, and Sustainability 

scenarios, where rank 1 indicates the highest priority. Panel (a) corresponds to 

matrix alternatives C1 to C6, and panel (b) corresponds to fiber alternatives 

C1 to C9.  

 
TABLE I 

LITERATURE-DERIVED ELASTIC, STRENGTH, INTERFACIAL, AND 

GEOMETRIC INPUTS FOR MICROMECHANICAL SCREENING OF 

SELECTED MATRIX AND FIBER CANDIDATES [27], [28], 

[29],[30], [31], [29], [30], [31], [32], [33], [34], [35], [36], 

[37], [38], [39], [40], [41], [42]. 

Material E (GPa) σt (MPa) τ (MPa) L (mm) d (mm) 

Potato 

starch  

 

0.0223 7.90 — — — 

0.0040 — — — — 

0.0013 1.03 — — — 

0.0009 21.95 — — — 

Sugarcane 

bagasse  

 

17.00 235.00 135.68 1.00 0.0020 

23.40 155.00 89.49 1.00 0.0020 

16.32 208.40 120.32 1.00 0.0020 

2.72 27.00 15.59 1.00 0.0020 

5.18 23.30 13.45 1.00 0.0020 

— 169.50 97.86 1.00 0.0020 

Kans grass 

straw fiber  

 

9.60 448.50 258.94 10.00 0.3540 

8.91 337.00 194.57 10.00 0.3540 

Corn husk 

fiber  

4.57 160.49 92.66 10.00 0.1000 

 

C. Micromechanical test and composite-level comparison 

The composite response was predicted using two 

complementary micromechanical formulations: the traditional 

rule of mixtures and a modified Hirsch approach that accounts 

for short-fiber dispersion and non-ideal load transfer. Model 

inputs included the matrix and fiber elastic moduli, tensile 

strengths, volumetric fractions, fiber geometry (length and 

diameter), and interface-related transfer terms. The principal 

mechanical characteristics of these materials are gathered in 

Table I. Outputs were Young’s modulus and tensile strength for 

each candidate configuration. The study reports 

micromechanical evaluations across mixed-fiber families, 

including MCP (matrix-cane-straw), MCM (matrix-cane-corn), 

and MPM (matrix-straw-corn), and estimates stiffness and 

tensile response using analytical formulations. 

The composite-level comparison revealed differentiated 

mechanical profiles among the three families. MCP showed the 

broadest and highest upper performance window, with 

predicted Young’s modulus ranges of 6.14–16.52 GPa 

(traditional) and 0.56–1.59 GPa (modified), and tensile strength 

of 219.60–324.56 MPa. MCM exhibited a wider dispersion 

with lower tensile response (106.65–163.43 MPa), while MPM 

presented narrower stiffness ranges (6.43–6.88 GPa traditional; 

0.58–0.72 GPa modified) and high tensile performance 

(241.55–316.88 MPa). The matrix-cane-corn family showed 

competitive stiffness but had lower tensile performance than 

matrix-straw-corn in the reported ranges. The matrix-straw-

corn family showed a narrower stiffness window with 

comparatively high tensile values. These outcomes indicate a 

clear stiffness-strength trade-off across hybrid combinations 

and support candidate prioritization for subsequent 

experimental validation. These differences indicate that family-

level selection is not governed by a single “best” candidate, but 

by the required balance between stiffness targets, tensile 

demand, and variability tolerance. 

The micromechanical stage reframes multicriteria ranking 

as a design-space problem: MCP is favorable when maximizing 

upper-bound stiffness and strength is prioritized, MPM when a 

more stable stiffness interval with high tensile response is 

preferred, and MCM as a lower-strength yet still feasible route, 

depending on processing and availability constraints. 

Therefore, the contribution is not only to rank alternatives but 

also to quantify how each hybrid family behaves mechanically 

under shared assumptions, thereby improving traceability from 

decision criteria to expected composite performance. 

To avoid overstatement, these results should be interpreted 

as analytical preselection outcomes rather than full material 

qualification. The analytical stage reduces design uncertainty 

and narrows the experimental search space while preserving 

traceability from ranking assumptions to predicted mechanical 

behavior. 

At the micromechanical stage, for the modified Young 

modulus, the relative spread was 184% for MCP (0.56 to 1.59 

GPa), 387% for MCM (0.31 to 1.51 GPa), and 24% for MPM 

(0.58 to 0.72 GPa). For tensile strength, the relative spread was 

48% for MCP (219.60 to 324.56 MPa), 53% for MCM (106.65 

to 163.43 MPa), and 31% for MPM (241.55 to 316.88 MPa). 

These results indicate that stiffness predictions are most 

sensitive in MCM and most stable in MPM, whereas the tensile 

response is comparatively less variable but still composition-

dependent.  

Figure 5 consolidates the micromechanical screening 

outcomes at the composite-family level (MCP, MCM, and 

MPM). For each family, the Young modulus 𝐸 is reported using 

both the traditional rule of mixtures (ROM) and the Hirsch 

formulation, while tensile strength 𝜎𝑡 is reported using the 

tensile-strength formulation applied in this study, which 

incorporates load-transfer and fiber-geometry effects. The 

plotted intervals represent the minimum–maximum ranges 

observed across the evaluated variants and compositions, and 

the diamond markers denote the midpoint of each range. Under 

the Hirsch formulation, MCP reaches the highest upper bound 

in stiffness (0.56–1.59 GPa) while also exhibiting the highest 

tensile-strength range (219.60–324.56 MPa). MPM exhibits a 

comparatively narrow stiffness range (0.58–0.72 GPa) and high 

tensile strength (241.55–316.88 MPa), indicating more reliable 
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stiffness predictions within the screened domain. In contrast, 

MCM exhibits the broadest stiffness range (0.31–1.51 GPa) and 

the lowest tensile-strength region (106.65–163.43 MPa), 

suggesting higher sensitivity of stiffness predictions to the 

selected variants and assumptions within the explored space. 

 

 

Fig. 5 Global micromechanical performance ranges by composite 

family. (a) Young’s modulus estimated with the traditional rule of mixtures. 

(b) Young’s modulus estimated with the modified micromechanical model, 

Hirsch type for modulus prediction. (c) Tensile strength is estimated using a 

modified load-transfer model that accounts for critical fiber-length effects. 

 

Figure 6 summarizes the micromechanical screening by 

mapping the predicted stiffness–strength trade-off for the three 

composite families (MCP, MCM, and MPM). Each family is 

represented as a min–max range in the 𝐸–𝜎𝑡 space, where the 

shaded box spans the minimum and maximum predicted values 

obtained across the evaluated variants and compositions, and 

the diamond marker denotes the range midpoint. In panel (a), 

the Young modulus is predicted using the Hirsch formulation, 

whereas panel (b) reports it from the traditional rule of 

mixtures; in both panels, 𝜎𝑡 is computed using the same tensile-

strength formulation applied in this study, which accounts for 

load transfer and fiber-geometry effects. Overall, MCP 

occupies the most favorable region of the combined stiffness-

tensile strength space, indicating the most balanced mechanical 

potential among the screened families. MPM exhibits 

comparatively high tensile strength and a narrower stiffness 

range, suggesting more stable stiffness predictions across the 

explored domain. In contrast, MCM exhibits the broadest 

stiffness range and the lowest tensile-strength region, indicating 

higher sensitivity of predicted stiffness to the selected variants 

and inputs and reduced competitiveness in tensile response 

within the screened space. 

 

 

Fig. 6 Performance map relating Young Modulus and tensile strength 𝜎𝑡 

for the analytically screened composite families (MCP, MCM, and MPM). (a) 

Young modulus predicted with the Hirsch model. (b) Baseline Young's 

modulus was predicted using the traditional rule of mixtures (ROM). Shaded 

boxes indicate the min–max range of predicted values. 

 

To complement the global performance ranges, Figure 7 

provides a compact sensitivity view of the micromechanical 

outputs using a range-based approach. For each composite 

family, the minimum and maximum predicted values were 

converted into relative deviations around the midpoint, 

enabling a direct comparison of variability in predicted Young 

Modulus 𝐸 and tensile strength 𝜎𝑡 across MCP, MCM, and 

MPM. This visualization enhances the robustness of the 

discussion by indicating which families exhibit the greatest 

uncertainty spread between stiffness and strength across the 

explored screening space. 

To contextualize the micromechanical screening ranges, 

the predicted stiffness and strength were benchmarked against 

experimental values reported for comparable bio-based 
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composite systems. For starch-based matrices reinforced with 

lignocellulosic residues, tensile strength is commonly reported 

in the single-digit megapascal range, with elastic modulus 

typically below 0.5 GPa; for instance, chemically modified 

starch reinforced with sugarcane bagasse reached 

approximately 5 MPa in tensile strength and approximately 

0.459 GPa in Young modulus under the processing conditions 

and fiber loading reported by Mahmud et al. [43]. Ali et al. 

reported tensile strengths of 0.83 – 1.73 MPa and tensile moduli 

of 6.71 – 44.36 MPa for thermoplastic starch–bagasse systems 

across different bagasse loadings [44], while Barboza et al.  [45] 

reported tensile strength near 2.0 MPa and tensile modulus near 

70.2 MPa for thermoplastic-starch biocomposites derived from 

coffee husk and mineral residues.  

 

 

Fig. 7 Range-based micromechanical sensitivity shown as tornado plots 

for the composite families MCP, MCM, and MPM. (a) Young modulus, 𝐸 

(Hirsch formulation). (b) Tensile strength 𝜎𝑡 (tensile-strength formulation 

adopted in this study).  

In contrast, PLA-based natural-fiber composites can 

achieve substantially higher stiffness. Experimental evidence 

indicates that fiber reinforcement can nearly double the 

modulus, whereas tensile strength may be less responsive, 

depending on interfacial adhesion, dispersion, and defect 

content. More broadly, review data indicate that many plant-

based natural fiber reinforced composites exhibit maximum 

tensile strengths in the range of 20–140 MPa and tensile moduli 

in the range of 1–10 GPa, while also highlighting strong 

property scatter arising from fiber heterogeneity, moisture 

uptake, fiber–matrix incompatibility, and processing variability 

[16]. Peng et al. reported a tensile strength of 31.78 MPa for a 

30 wt.% bagasse composite, with a tensile modulus of 219.49 

MPa [46].  

Reported mechanical properties for biocomposites vary 

substantially across studies due to differences in botanical 

source, extraction route, fiber morphology, moisture content, 

dispersion quality, and interface conditions, which can 

substantially alter measured properties even for nominally 

similar formulations. In addition, first-order analytical 

formulations can overestimate tensile strength when reductions 

in microstructural efficiency are not explicitly accounted for. 

For this reason, the present strength values are discussed as 

upper-bound screening results supporting comparative ranking 

across the three hybrid families, while experimental validation 

is required to establish application-specific performance. 

Accordingly, the present micromechanical outputs should be 

interpreted as screening-level indicators and upper-bound 

trends under the adopted assumptions, rather than as direct one-

to-one predictions of as-manufactured tensile strength. 

IV. CONCLUSIONS AND FINAL REMARKS 

A traceable screening workflow is introduced for early-

stage selection of bio-based composite constituents within 

circular-economy constraints. Contextual feasibility is 

operationalized through survey-derived relevance signals, 

specifically addressing availability and perceived 

environmental impact. Mechanical evidence from documentary 

sources is integrated using the Analytic Hierarchy Process 

(AHP) to rank fiber and starch-based matrix candidates with 

explicit consistency control. The AHP results indicate robust 

top-ranking alternatives underweight-perturbation scenarios, 

supporting the stability of the decision stage and justifying 

progression to analytical screening. 

Micromechanical modeling translates constituent-level 

selections into composite-family performance ranges, enabling 

comparison of stiffness-strength trade-offs across hybrid 

families (MCP, MCM, and MPM) under uniform assumptions. 

The findings indicate that hybrid family selection depends on 

the targeted balance between stiffness and tensile demands, as 

well as tolerance to variability, rather than a single dominant 

option. The proposed decision-to-performance pipeline 

narrows the experimental search space while maintaining 

transparency and reproducibility from inputs to ranked outputs 

and predicted performance ranges. 

The outcomes represent analytical preselection rather than 

comprehensive material qualification. Natural reinforcements 

and starch-based binders exhibit substantial variability across 

sources and processing routes. The micromechanical 

predictions provide screening ranges based on literature-

derived property inputs and simplified load-transfer 

assumptions. Notably, tensile-strength estimates in short-fiber 

systems are highly sensitive to fiber geometry, orientation 

efficiency, interfacial conditions, moisture content, and 

porosity, which are not fully captured in first-order 

formulations. 
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Future work should validate the highest-ranked 

configurations through controlled fabrication and testing, 

including standardized specimen preparation, moisture 

conditioning, and statistical replication. Microstructural 

characterization will be conducted to quantify fiber dispersion 

and interfacial quality. In parallel, the micromechanical stage 

will be strengthened by (i) quantifying fiber orientation and 

length-efficiency factors relevant to short-fiber reinforcement, 

(ii) measuring or conservatively bounding the interfacial shear 

strength using standardized tests, and (iii) propagating 

uncertainty in constituent properties into confidence bands for 

𝐸 and 𝜎𝑡, enabling conservative design allowables. Finally, the 

framework will be expanded to incorporate explicit end-of-life 

pathways, including biodegradation performance metrics under 

defined conditions, and uncertainty-aware decision modeling to 

improve applicability to circular material development and 

localized waste valorization. 
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