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Introduction 
Vocational mechanical engineering education is expected to prepare learners not only to operate 

machines but also to interpret design requirements, plan processes, make quality-oriented 

decisions, and respond to uncertainty in manufacturing settings Billett (2011). Milling is therefore 
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 Procedural milling instruction often limits vocational students’ 

technical decision-making and exposure to sustainable materials. 

This study examined changes in milling performance and learning 

experiences through challenge-based project learning using coconut-

shell polymer composite workpieces. A mixed-methods design 

combined a one-group pretest-posttest study, classroom 

observations, and semi-structured interviews. Twenty students 

participated in six learning stages: challenge orientation, material 

investigation, process planning, milling execution, product 

evaluation, and sustainability reflection. Five students were 

interviewed. Mean performance scores increased from 61.05 (SD = 

3.53) to 78.15 (SD = 4.28), t(19) = 33.37, p < .001, with 80% achieving 

mastery. Qualitative findings indicated improved confidence, 

problem-solving, participation, independence, creativity, and 

sustainability awareness. Students addressed machining difficulties 

through trial cuts, parameter adjustments, workholding checks, 

dimensional inspection, peer discussion, and lecturer guidance. 

These preliminary findings suggest promising educational benefits, 

although the small sample and absence of a control group limit causal 

conclusions. 
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a central competence because it integrates technical drawing interpretation, cutting-tool selection, 

spindle speed and feed determination, depth-of-cut planning, workholding, measurement, safety, 

and product evaluation Setiadi et al (2017). These capabilities are increasingly important as 

machining systems become more digitally connected and technologically adaptive Sutopo et al 

(2020). 

In many vocational workshops, however, students still complete teacher-defined operations by 

following predetermined steps. This procedural approach may produce basic operational fluency 

without adequately developing the reasoning needed to select parameters, diagnose surface defects, 

correct dimensional deviations, or justify a clamping strategy. Active and project-based learning can 

address this limitation by engaging students in decision-making, production, reflection, and the 

creation of assessable artifacts (Bell, 2010; Guo et al., 2020; Kokotsaki et al., 2016; Prince, 2004).  

Challenge-based learning extends this orientation by organizing learning around authentic, 

open-ended problems that require investigation, solution development, action, evaluation, and 

reflection. Reviews of higher and engineering education describe student agency, collaboration, 

real-world relevance, and iterative solution development as central features of the approach 

(Doulougeri et al., 2024; Gallagher and Savage, 2023; Leijon et al., 2022; Leles et al., 2024). Its 

contextual emphasis is also compatible with vocational and teaching-factory environments in which 

learning is linked to concrete production challenges Wahjusaputri and Bunyamin (2021). 

This approach is particularly relevant to machining education. Machining is a situated activity 

shaped by product requirements, material behavior, machine capability, tool condition, operator 

judgment, process control, and inspection. When students produce a real component rather than an 

isolated exercise piece, they must connect planning with execution and revise decisions in response 

to observable process outcomes. Project-oriented machining activities have similarly been used to 

strengthen participation and applied problem solving in CNC learning Sutopo et al (2024). 

Vocational curricula must also embed sustainability in practical decision-making rather than 

treat it as a separate theoretical topic. Sustainability competence develops when learners connect 

systems thinking, material choice, action, and reflection in authentic educational contexts 

(Brundiers et al., 2021; Lozano et al., 2017; Wiek et al., 2011). Workshop-based product 

development offers an opportunity to make these connections visible through the selection and 

processing of waste-derived materials. 

Coconut-shell particles and powder have potential as fillers in polymer composites because they 

can support lightweight, value-added, and resource-efficient products (Nadzri et al., 2022; Sarki et 
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al., 2011). Their machining is nevertheless technically demanding. Studies of natural-fiber and bio-

filler polymer composites identify parameter sensitivity, surface-integrity problems, tool-material 

interaction, burrs, pull-out, heterogeneity, and variation in machinability as recurring concerns 

(Masoud et al., 2020; Vinayagamoorthy and Rajmohan, 2018; Wang et al., 2019). These 

characteristics make coconut-shell polymer composites a meaningful medium for adaptive 

machining practice. 

Despite these developments, prior studies have largely examined challenge-based learning, 

vocational machining, sustainability competence, and coconut-shell composites as separate topics. 

Limited evidence explains how a challenge-based project can use a waste-derived polymer 

composite to develop milling performance while simultaneously revealing students’ technical 

difficulties and sustainability-related learning. This unresolved intersection constitutes the research 

gap addressed in the present study. 

Accordingly, this study integrates challenge-based project learning with milling practice using 

coconut-shell polymer composite workpieces. Its novelty lies in treating the sustainable material 

not merely as a workpiece but as a source of authentic manufacturing uncertainty that prompts 

planning, troubleshooting, quality control, and reflection. The study addressed the following 

research questions: 

a. How did students’ milling performance change after challenge-based project learning? 

b. What technical challenges emerged when students milled coconut-shell polymer composite 

workpieces, and how did they address them? 

c. How did the project shape students’ understanding of sustainability-oriented manufacturing? 

Method 

Research Design 

This study used a mixed-methods design that combined a quantitative one-group pretest-

posttest component with an exploratory qualitative component (Creswell and Plano Clark, 2018; 

Sugiyono, 2012). The quantitative component measured within-group change in milling 

performance, while observations and interviews were used to explain how students experienced 

the project and responded to the material and machining challenges. The design is represented as: 

O₁  X  O₂ ........................................................................................................ (1)  

where O₁ is the pretest, X is the six-stage challenge-based project intervention using coconut-

shell polymer composite workpieces, and O₂ is the posttest.  
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Because the study did not include a control or comparison group, the design estimated change 

within one class but could not isolate the intervention from practice, maturation, instructor, or 

contextual effects Shadish et al (2002). Consequently, the quantitative findings were interpreted as 

preliminary evidence of association rather than definitive evidence of causation. The qualitative 

component examined the learning processes underlying the observed change.  

Participants and Research Context 

The participants were 20 vocational students enrolled in a milling class. They had completed 

introductory learning in machining theory, technical drawing, measurement, workshop safety, and 

basic milling operations, but had limited experience with non-conventional composite materials. All 

20 students completed the pretest, intervention, and posttest.The study was conducted during 

practical learning on pocket making and basic milling. Students were asked to manufacture a small 

product or component from a coconut-shell polymer composite workpiece while meeting specified 

dimensional, surface-quality, and safety requirements. The material was selected because it 

represented locally available waste that could be transformed into a value-added product. 

Instruments and Data Collection 

The quantitative instrument was a milling machining performance rubric. The rubric assessed 

students’ technical drawing interpretation, tool selection, cutting parameter planning, workholding, 

machine operation, dimensional measurement, surface quality evaluation, workshop safety, and 

troubleshooting ability. Scores were converted into a 0–100 scale.Qualitative data were collected 

through observation and semi-structured interviews. Observation focused on students’ active 

participation, independence, creativity, collaboration, and technical reflection during the milling 

project. Interviews were conducted with five selected students to explore their perceptions of the 

project, technical challenges, problem-solving strategies, and understanding of sustainable 

manufacturing. 

Preparation of Coconut-Shell Polymer Composite Workpieces 

The workpieces were prepared before the learning intervention through a vacuum-

infusion/casting sequence. Coconut-shell profiles and shell-derived filler were arranged in a 

thermoset mold and impregnated with a polymer matrix under vacuum. After curing, the 

workpieces were removed from the mold and prepared as machinable blanks. Before milling, 

students visually inspected each blank for surface texture, edge integrity, stiffness, possible 

brittleness, and visible heterogeneity; these observations informed conservative initial cutting and 

clamping decisions. 
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Instruments and Data Collection 

Quantitative performance was assessed with a milling rubric covering technical-drawing 

interpretation, tool selection, cutting-parameter planning, workholding, machine operation, 

dimensional measurement, surface-quality evaluation, workshop safety, and troubleshooting. 

Scores were converted to a 0-100 scale and the mastery criterion was set at 75. Qualitative data 

were collected through structured classroom observation and semi-structured interviews. 

Observation focused on participation, independence, creativity, collaboration, and technical 

reflection. Five students were selected purposively to represent contrasting performance levels and 

observable participation or creativity. Interviews examined their perceptions, technical difficulties, 

adjustment strategies, and understanding of sustainable manufacturing.  

Data Analysis 

Quantitative data were summarized using the mean, standard deviation, minimum, maximum, 

and individual gain score. A paired-samples t-test assessed the pretest-posttest difference, and 

Cohen’s d was reported as a standardized measure of change. The analysis used a significance 

threshold of p < .05. Qualitative data were analyzed thematically through familiarization, initial 

coding, theme development, review, and interpretation (Braun & Clarke, 2019; Miles et al., 2014). 

Codes focused on technical confidence, parameter adjustment, workholding, surface quality, 

participation, independence, creativity, collaboration, and sustainability awareness. Observation 

records and interview excerpts were compared to refine the themes. 

Result 

Developed Challenge-Based Project Model for Milling Practice 

The implemented challenge-based project model comprised six stages: challenge orientation, 

product and material investigation, machining process planning, milling execution, product 

evaluation, and reflective sustainability discussion. 

a. Stage 1: Challenge Orientation 

Students received a manufacturing challenge: transform a coconut-shell polymer 

composite blank into a precise, functional, and visually acceptable product. The task 

emphasized material uncertainty, dimensional accuracy, surface quality, and function.  

b. Stage 2: Product and Material Investigation 

Students examined the drawing and inspected the workpiece’s texture, edge condition, 

stiffness, possible brittleness, and visible heterogeneity before selecting an initial machining 
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strategy. 

c. Stage 3: Machining Process Planning 

Students identified critical dimensions, selected tools, proposed spindle speed, feed, and 

depth of cut, planned the operation sequence, and justified the workholding method.  

d. Stage 4: Milling Execution 

Students performed the milling operations under safety supervision and monitored 

cutting response, vibration, clamping stability, surface condition, and dimensional deviation. 

The lecturer used guiding questions instead of prescribing every step.  

e. Stage 5: Product Evaluation 

Students compared the finished workpiece with the drawing and evaluated dimensional 

accuracy, edge condition, surface quality, appearance, function, and safety compliance.  

f. Stage 6: Reflective Sustainability Discussion 

Students reviewed their technical decisions and discussed how coconut-shell waste 

could be converted into a value-added manufacturing material. 

Table 1 summarizes the learning activities, milling applications, and expected competence at 

each stage. The sequence was designed to move students from a teacher-directed routine toward an 

iterative manufacturing problem. 

Table 1. Syntax of the Challenge-Based Project Learning Model in Milling Machining 

Syntax Learning Activity 
Example of Implementation in 
Milling Practice 

Expected Competence 

Challenge 
orientation 

Students receive a real 
manufacturing challenge 

Producing a coconut shell-based 
polymer product with accurate 
dimensions and acceptable 
surface quality 

Understanding the 
manufacturing problem 

Product and 
material 
investigation 

Students examine product 
design and material 
characteristics 

Observing texture, stiffness, edge 
behavior, and machining 
feasibility 

Material awareness and 
product analysis 

Machining 
process 
planning 

Students plan tools, 
parameters, sequence, and 
workholding 

Selecting end mill, spindle speed,  
feed rate, depth of cut, and 
clamping method 

Technical planning and 
decision-making 

Milling 
execution 

Students perform 
machining and observe 
process behavior 

Milling surfaces, slots, edges, or 
contours while monitoring 
vibration and surface quality 

Machine operation and 
adaptive control 

Product 
evaluation 

Students inspect product 
quality 

Measuring dimensions, checking 
surface quality, identifying defects 

Quality control and 
product evaluation 

Reflective 
sustainability 
discussion 

Students reflect on 
technical and ecological 
meaning 

Discussing coconut shell waste as 
value-added material 

Sustainability-oriented 
manufacturing 
awareness 
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The six-stage sequence was feasible for the class because the challenge combined a concrete 

product, an unfamiliar material, and measurable technical criteria.  

Quantitative Results 

All 20 students completed the performance assessment. Figure 1 presents the individual pretest, 

posttest, and gain scores, and Table 2 summarizes the descriptive statistics.  

 

Fig 1. Individual Pretest, Posttest, and Gain Scores for Milling Performance 

The mean score increased from 61.05 (SD = 3.53) at pretest to 78.15 (SD = 4.28) at posttest. 

The mean individual gain was 17.10 points (SD = 2.29), with gains ranging from 13 to 21 points.  

Descriptive Statistics for Pretest, Posttest, and Gain Scores explain in Table 2. 

Table 2. Descriptive Statistics for Pretest, Posttest, and Gain Scores 

Score Component Mean SD Minimum Maximum 
Pretest 61.05 3.53 54 68 
Posttest 78.15 4.28 70 85 
Gain 17.10 2.29 13 21 

The paired-samples t-test indicated a statistically significant pretest-posttest difference, t(19) = 

33.37, p < .001. The mean difference was 17.10 points (95% CI [16.03, 18.17]), and the standardized 

change was large (Cohen’s d = 7.46). Given the small, uncontrolled design, this estimate should be 

interpreted in conjunction with the study limitations. Paired-Samples t-Test Result in Table 3. 

Table 3. Paired-Samples t-Test Result 

Comparison Mean Difference t df p 95% CI Cohen’s d 

Pretest–Posttest 17.10 33.37 19 < .001 
16.03–
18.17 

7.46 

No student met the mastery criterion of 75 at pretest. At posttest, 16 of 20 students (80%) met 

or exceeded the criterion. Thus, the intervention was associated with higher within-group 

performance and a substantial increase in mastery attainment. 
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Qualitative Findings from Student Interviews 

Five students were interviewed: students with comparatively low and high performance and 

students who displayed distinctive participation or creativity during practice. Three themes were 

identified: technical confidence, adaptive problem solving, and sustainability awareness. 

Representative excerpts are presented below. 

a. Increased Technical Confidence 

Students reported greater confidence because they were expected to propose and justify 

technical decisions rather than wait for complete procedural directions.  

“Before this project, I usually waited for the lecturer to tell me the speed, feed, and cutting 

depth. In this project, I had to think first and explain why I chose the parameter. It made me 

more confident because I understood the reason behind the process .” (ST1) 

ST1’s account shows a shift from dependence on instructor-provided parameters to 

reasoned selection. Because students were more familiar with aluminum and steel, the 

composite workpiece initially made them uncertain about suitable parameter ranges.  

“I became more careful in reading the drawing because the product had to be accurate. If 

I made a mistake in understanding the dimension, the final product would not fit the design.” 

(ST4) 

Together, the excerpts indicate that confidence developed through the connection 

between drawing interpretation, parameter choice, execution, and inspection rather than 

through machine operation alone. 

b. Adaptive Problem-Solving during Machining 

Students experienced the most difficulty with surface roughness, cutting aggressiveness, 

clamping pressure, vibration, and dimensional control. These difficulties required repeated 

observation and adjustment. 

“The material was different from aluminum or steel. The surface could become rough if 

the cutting was too aggressive. We had to reduce the depth of cut and check the surface again.” 

(ST1) 

Students who encountered rough surfaces responded by reducing the depth of cut, 

moderating the feed, making trial cuts, and rechecking the surface before continuing. This 

iterative response made the material’s behavior part of the learning process.  

“The most difficult part was clamping. If it was too tight, I was afraid the product would 

be damaged. If it was not tight enough, the workpiece vibrated.” (ST3)  
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c. Sustainability Awareness through Product Manufacturing 

The project also broadened students’ understanding of coconut-shell waste as a 

manufacturing resource rather than merely a discarded natural material.  

“I did not expect coconut shell waste could become a product material. After machining 

it, I understood that waste can have value if we design and process it correctly.” (ST5)  

ST5 connected material processing with value creation, showing that sustainability 

became understandable through a completed manufacturing task. 

“This project made me think that machining practice does not always have to use metal. 

Local waste materials can also be used for learning and product development.” (ST2)  

Observational Findings: Active Participation, Independence, and Creativity  

Observation records showed increasing participation, independence, and creativity. Early in 

the project, students frequently requested direct instructions; later, they discussed tools, 

parameters, clamping, process sequence, inspection, and finishing with less lecturer direction. Table 

4 summarizes these observations. Observation Results during Challenge-based Project 

Implementation explain in Table 5. 

Table 5. Observation Results during Challenge-based Project Implementation 

Observed Aspect Indicators Observation Findings 

Active participation 
Asking questions, discussing 
machining decisions, engaging 
in product evaluation 

Students actively discussed tool selection, 
parameter choice, and machining problems 
during practice 

Independence 
Making decisions without 
waiting for full instruction 

Students began to determine cutting 
parameters, clamping methods, and inspection 
steps independently 

Creativity 
Proposing alternative product 
forms, adjusting process 
strategy, improving finishing 

Students proposed design adjustments, 
modified machining sequences, and explored 
finishing alternatives 

Collaboration 
Sharing tasks and giving peer 
feedback 

Students worked collaboratively during 
planning, machining, measurement, and 
reflection 

Technical reflection 
Identifying errors and 
suggesting improvements 

Students reflected on surface defects, 
dimensional deviation, and workholding 
problems 

The observed behaviors indicate a more student-centered workshop environment in which 

students diagnosed problems, tested adjustments, shared feedback, and evaluated the 

consequences of their decisions. 

Discussion 

The intervention was associated with a statistically significant within-group increase in milling 

performance, from a mean of 61.05 to 78.15, and with 80% posttest mastery. The result is consistent 
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with evidence that active and project-based learning supports engagement, applied decision-

making, reflection, and artifact-based performance (Guo et al., 2020; Prince, 2004). However, the 

absence of a control group prevents attributing the observed change exclusively to the intervention.  

The learning task required students to move beyond procedural compliance. They selected and 

justified parameters, observed process consequences, inspected the product, and revised decisions. 

This cycle is important in vocational education because workplace competence includes judgment 

and adaptation as well as task execution Billett (2011). 

The six-stage model operationalized central features of challenge-based learning: an authentic 

challenge, student agency, collaborative inquiry, iterative solution development, evaluation, and 

reflection (Doulougeri et al., 2024; Gallagher and Savage, 2023; Leijon et al., 2022; Leles et al., 2024). 

Its contribution is a concrete syntax for applying these features to vocational milling rather than to 

a general design or classroom problem. 

The coconut-shell polymer composite functioned as more than a substitute workpiece. Its 

heterogeneous response introduced uncertainty in workholding, surface quality, cutting intensity, 

and dimensional control. These difficulties are consistent with reported machinability concerns in 

natural-fiber polymer composites, including surface damage, pull-out, parameter sensitivity, and 

tool-material interaction (Masoud et al., 2020; Vinayagamoorthy and Rajmohan, 2018; Wang et al., 

2019). 

The qualitative evidence explains how students responded to that uncertainty. Those who 

initially struggled did not resolve the problem through a single prescribed parameter; they used 

trial cuts, reduced depth of cut, moderated feed, checked clamping, remeasured dimensions, 

discussed alternatives with peers, and acted on lecturer prompts. The challenge therefore elicited 

an iterative troubleshooting process that would be largely absent from a fully predetermined 

exercise. 

Students also reported stronger technical confidence because they understood why a decision 

was made. This supports a broader view of machining competence as an integration of planning, 

execution, control, evaluation, and improvement. The model situated machine operation within this 

complete manufacturing cycle. 

Observation further indicated greater participation, independence, creativity, and 

collaboration. Students asked technical questions, proposed alternative sequences or design 

adjustments, and reflected on defects. Such behaviors align with evidence that project-, problem-, 

and challenge-based approaches connect knowledge, action, and reflection in engineering education 
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(Bell, 2010; Kokotsaki et al., 2016; Sukackė et al., 2022).  

The project also supported sustainability awareness by allowing students to experience waste 

valorization through material processing and manufacturing. Coconut-shell fillers have documented 

potential in polymer composite products (Nadzri et al., 2022; Sarki et al., 2011), but the pedagogical 

value emerged when students connected this potential with design decisions, machining 

constraints, and product quality. 

This experiential connection is consistent with sustainability-education frameworks that 

emphasize systems thinking, action, and applied competence rather than knowledge alone 

(Brundiers et al., 2021; Lozano et al., 2017; Wiek et al., 2011). In this study,  sustainability was made 

tangible through the conversion of a local waste-derived material into a finished component. 

The findings suggest four curriculum implications. Milling tasks can be organized around 

authentic products rather than isolated exercise pieces; assessment can include planning, reasoning, 

troubleshooting, collaboration, and reflection in addition to final product quality; locally available 

waste-derived materials can connect technical learning with sustainability; and lecturers can use 

guiding questions to support student decisions without removing productive difficulty.  

Several limitations qualify these findings. First, the one-group pretest-posttest design lacked a 

control group; therefore, practice, maturation, instructor influence, and other contextual factors 

cannot be ruled out. Second, the sample comprised only 20 students from one class, which limits 

statistical power and generalizability. Third, interviews involved five purposively selected students, 

and observations were conducted in a single setting. Fourth, the study did not experimentally 

compare resin systems, material formulations, surface roughness, tool wear, or environmental 

performance. Larger controlled studies, repeated implementations, validated performance 

instruments, and technical characterization of the composite are needed. 

 

Conclusion  

This study developed and implemented a six-stage challenge-based project model for milling 

coconut-shell polymer composite workpieces: challenge orientation, product and material 

investigation, machining process planning, milling execution, product evaluation, and reflective 

sustainability discussion. The sequence positioned milling as an authentic manufacturing problem 

rather than a routine procedural exercise. 

Students’ mean performance increased from 61.05 to 78.15, and 16 of 20 students met the 

posttest mastery criterion. These results indicate a strong within-group improvement associated 
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with the intervention, but they do not establish a causal effect because the study used a small sample 

without a control group. 

Interview and observation findings showed stronger technical confidence, adaptive problem 

solving, participation, independence, creativity, collaboration, and sustainability awareness. 

Students overcame material-related difficulties through iterative cutting, workholding, inspection, 

discussion, and reflection. The composite therefore served both as a manufacturing material and as 

a pedagogical trigger for troubleshooting and waste-valorization learning. 

Future studies should compare the model with conventional instruction or another active-

learning approach, involve larger and multi-site samples, and examine retention and transfer of 

machining competence. Technical studies should also report and test the composite formulation, 

machinability, surface roughness, tool wear, mechanical properties, and environmental 

performance. 
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