
Asian Journal of Applied Research for Community Development and Empowerment. Vol 10 (2026), No.3 
 

 

Journal home page: http://ajarcde-safe-network.org       ISSN 2581-0405 
 

 

  
This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License 

Published under licence by SAFE-Network   

Transparent Modular Fermentor with Solar-Powered Agitation for Virgin Coconut 
Oil Production 

A. Warokka¹*, N.P. Sompie¹, H. Siwi¹, E.B. Muaja¹, J. Purnama¹ 

¹ Department of Mechanical Engineering, Politeknik Negeri Manado, Manado, North Sulawesi, Indonesia 

ARTICLE INFO  A B S T R A C T  

Article History: 
Received: 09 July 2026 
Final Revision: 15 August 2026 
Accepted: 17 August 2029 
Online Publication:  19 August 2026 

 

Natural fermentation offers an economical approach to Virgin Coconut Oil (VCO) 
production for tropical small and medium enterprises (SMEs). However, practitioners in 
North Sulawesi, Indonesia, face product inconsistency because they lack hygienic, 
purpose-built equipment. This study presents the engineering design of a 50-liter 
transparent modular fermentor constructed from food-grade acrylic (PMMA), featuring a 
DC 12V low-shear agitator and a single-unit decanter. Mechanical analyses—evaluating 
hydrostatic wall stress, vertical compressive loading, and torsional stress—demonstrated 
high factors of safety exceeding ASTM D4802-16 thresholds. The knock-down modular 
design, GMP-aligned surfaces, and full optical transparency enable real-time stratification 
monitoring. Designed with low energy consumption (<2 Wh per batch) suitable for off-
grid solar power, this validated blueprint provides a scalable, replicable production 
technology for coconut-processing SMEs. 
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1. INTRODUCTION 

1.1. Research Background  

Virgin Coconut Oil (VCO) is a functionally distinct coconut 
derivative produced without thermal or chemical intervention, 
preserving naturally occurring lauric acid, medium-chain 
triglycerides (MCTs), and bioactive antioxidants — constituents 
that underpin its established nutritional and pharmacological 
value [1,2,13]. These properties position VCO in a premium 
market tier substantially above conventional refined coconut oil 
[2,8]. 

North Sulawesi Province contributes approximately 9.3% of 
Indonesia's total coconut output, with production concentrated 
among smallholder farmers managing over 95% of the planted 
area [6]. The province has a long tradition of coconut processing, 
yet SME operators have not established consistent, market-grade 

VCO production. The fundamental barrier is technological: the 
region lacks affordable, hygienic, purpose-built fermentation 
infrastructure suited to community-scale operations [4,5]. 

The natural fermentation pathway to VCO is driven by the 
enzymatic and fermentative activity of microbial populations 
naturally present in fresh coconut milk, which acidify the medium 
and disrupt emulsion stability, ultimately enabling gravitational 
phase stratification [3,15,16]. This pathway requires no external 
heat and preserves oil quality [2], offering compelling economic 
advantages for SMEs. In practice, however, the lack of controlled, 
transparent fermentation vessels results in variable yields, 
increased contamination risk, and an inability to visually monitor 
phase stratification—all factors that compromise batch 
consistency [4,5]. 
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1.2. Literature Review 

The foundational framework for village-scale VCO production 
established by Bawalan and Chapman [1] identified vessel 
geometry, fermentation duration, and temperature as dominant 
process variables governing output quality. Marina et al. [2] 
subsequently confirmed that VCO produced through natural 
fermentation exhibits higher retention of antioxidant activity and 
lauric acid content relative to thermally processed variants — a 
quality differential that supports its classification as a functional 
premium food oil. Physicochemical analyses across extraction 
methods by Mansor et al. [5] corroborate this, showing that 
fermentation-derived VCO fully conforms to APCC standards, 
with lauric acid content ranging from 46.4–48.4%. Villarino et al. 
[7] documented sensory and compositional differences between 
VCO and refined coconut oil, establishing measurable quality 
attributes that underpin consumer premium positioning. 

The pharmacological and antimicrobial significance of lauric 
acid — the principal fatty acid of VCO at approximately 45–53% 
mposition — was systematically established by Dayrit [13], 
whose work demonstrated lauric acid's direct conversion to 
energy in the liver and its clinically documented activity against 
gram-positive bacteria, fungi, and enveloped viruses. This 
biological profile directly underpins the health premium market 
for VCO [8]. 

Ref. [4] and Ref. [6] independently characterised coconut 
processing technology and value chain constraints in the 
Indonesian context, both identifying the absence of purpose-built 
transparent fermentation vessels as a primary adoption barrier for 
North Sulawesi SMEs. Witono et al. [14] demonstrated 
enzymatic VCO extraction, showing the role of protease activity 
in emulsion breaking and providing a technical analogue that 
informs the biological rationale for natural fermentation in the 
present system. 

Raghavendra and Raghavarao [3,12] characterised the 
kinetics of coconut milk emulsion destabilisation, showing that 
combinations of enzymatic, thermal, and pH treatments reduce 
emulsion stability from near-zero to over 90% creaming index 
within 18–24 hours, confirming the design fermentation window. 
Tangsuphoom and Coupland [16] subsequently characterised the 
interfacial stabilisation mechanisms, identifying the protein-
dominated oil–water interface as the primary stabilising barrier 
and establishing that pH reduction below 4.5—achieved through 
lactic acid bacteria activity during natural fermentation—is 
sufficient to induce substantial emulsion coalescence and 
stratification. 

Ref. [15] characterised the indigenous microbial community 
of natural fermentation, establishing that lactic acid bacteria and 
yeasts are the dominant populations responsible for pH reduction 
from approximately 6.5 to 3.5–4.5 over 18–24 hours under 
tropical ambient conditions — kinetics directly consistent with 
the design fermentation duration. 

The use of food-grade cast acrylic (PMMA) as the primary 
vessel material is justified by near-total optical transparency, 
documented resistance to the organic acid environment of 
fermentation, a tensile and flexural strength of 70 MPa under 
ASTM D4802-16 [10], and established regulatory suitability for 
food-contact applications [5]. The shear and compressive strength 
data used in the structural analysis are drawn from Brydson's [17] 
materials characterisation work, which provides baseline 

mechanical property values for cast PMMA sheet under ambient 
conditions. 

Within the engineering design literature specific to VCO 
fermentation equipment, Arief et al. [18] developed a stainless-
steel fermentation tank incorporating teak-wood-powder thermal 
insulation, operated with brief manual agitation followed by 
quiescent fermentation, but relying on a localised sight-glass 
rather than full vessel transparency for process observation. 
Separately, Masyithah [19] applied a Box–Behnken response-
surface design to optimise agitation speed, inoculum 
concentration, and fermentation time for Saccharomyces 
cerevisiae-inoculated VCO fermentation, reporting that oil 
recovery increased with stirring speed within a 175–250 rpm 
range. Independently, Phungamngoen et al. [20] demonstrated 
that high-speed homogenization (5,000–15,000 rpm) of coconut 
milk increases emulsion stability rather than promoting phase 
separation — a finding with direct bearing on agitation-protocol 
design for natural, spontaneous-fermentation VCO systems such 
as the one developed here. These three studies collectively inform 
the present design's departure from both manual mixing practice 
[18] and high-speed, sustained-agitation optimisation [19]. 

1.3. Research Objective 

This study aimed to: (i) develop a mechanically sound, GMP-
aligned fermentor design in food-grade acrylic [10,21]; (ii) 
rigorously verify structural integrity under all operational load 
conditions referenced to ASTM D4802-16 [10]; and (iii) deliver 
complete engineering blueprints ready for prototype fabrication. 

2. MATERIALS AND METHODS 

2.1. Research Design Framework 

The study adopts an engineering-based design methodology 
structured as an iterative design-analysis-verification cycle, as 
depicted in Figure 1. Five sequential phases were implemented: 
(i) systematic literature review and benchmarking of established 
VCO fermentor configurations [1,9]; (ii) structured field survey 
to characterise SME operational requirements [4,6]; (iii) 
conceptual and detailed technical design executed in AutoCAD 
2024; (iv) mechanical load analysis and material strength 
verification against ASTM D4802-16 [10]; and (v) holistic design 
feasibility evaluation to confirm prototype fabrication readiness. 

Figure 1. Research methodology flowchart. 
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3.2 Field Survey and Requirement Analysis 

We conducted structured field observation at an operational VCO 
SME in Amurang, South Minahasa Regency—a geographically 
representative node within North Sulawesi's coconut-processing 
sector [4,6]. Three binding design specifications emerged: (i) a 
per-batch processing throughput of 50 litres of freshly extracted 
coconut milk (santan kelapa); (ii) a natural fermentation cycle of 
18–24 hours under prevailing tropical ambient temperatures 
[3,16]; and (iii) full-wall vessel transparency to support 
uninterrupted visual monitoring of phase stratification [4,6]. 
 

3.3 Engineering Design Process 

All engineering drawings were developed using AutoCAD 2024. 
The fermentor adopts a cylindrical-conical vessel geometry: a 
vertical cylindrical body terminating in a lower conical section. 
This configuration was selected based on bioreactor design 
principles [9], which state that the tapered conical geometry 
directs the heavier aqueous-blondo fraction downward under 
gravity toward the bottom outlet, while the lower-density VCO 
phase rises and accumulates at the liquid surface. 
Total vessel volume was derived through combined volumetric 
computation: 

Vtotal = π r² hcyl + (1/3) π r² hcone 

= π(0.178)²(0.600) + (1/3)π(0.178)²(0.200) 

= 0.05980 + 0.00665 ≈ 0.0665 m³ = 66.5 L (nominal) 

At an 80% fill factor — standard practice to prevent overflow 
during agitation — the effective working volume is: 

Vwork = 0.80 × 66.5 L ≈ 53.2 L ≈ 50 L 

Applying the natural fermentation VCO yield coefficient of 20–
25% [1,5]: VCO output = 50 L × (0.20 to 0.25) = 10.0 – 12.5 L 
per batch 

3. RESULT AND DISCUSSION 

3.1. Engineering Design Specifications 

The comprehensive engineering design parameters are 
consolidated in Table 1. The integrated system includes the food-
grade acrylic fermentor vessel, DC motor-agitator assembly, 
stainless steel structural support frame, and companion decanter 
unit—collectively forming a production platform that directly 
meets North Sulawesi SME operational needs, as characterised 
by Karouw et al. [4] and Kairupan et al. [6]. 

3.2. Three-Dimensional CAD Model 

Figure 2 presents the three-dimensional CAD model of the 
assembled fermentor system. Clearly identifiable components 
include: the DC 12V motor unit on the vessel lid, the internal 
agitator shaft and stainless steel mixer blades visible through the 
transparent acrylic tank body, the three-leg (tripod) stainless steel 
support frame, the sloping conical base, and the bottom drain 
valve assembly. The full optical transparency of the acrylic vessel 
wall — identified by Karouw et al. [4] and Kairupan et al. [6] as 
a critical adoption driver for Indonesian SMEs — permits 
operators to track the progressive three-phase stratification: 
floating VCO layer, intermediate emulsion band, and settled 
water-blondo fraction. 

 

 

 

Figure 2. Three-dimensional CAD model of the modular 
transparent fermentor system with component labelling. 

 

Table 1. Engineering design specifications of the transparent 
modular fermentor system. 

 

 

 

 

Parameter Value 

Fermentor Total Height 800 mm 

Cylindrical Section Height 600 mm 

Conical Base Height 200 mm 

Outer Cylinder Diameter 356 mm (r = 178 mm) 

Acrylic Wall Thickness 8 mm 

Nominal Vessel Volume ≈ 66.5 L 

Working Volume (80% fill) ≈ 53.2 L ≈ 50 L 

VCO Yield per Batch 10.0 – 12.5 L 

Decanter Total Height 323 mm 

Decanter Outer Diameter 206 mm 

Decanter Wall Thickness 8 mm 

Decanter Nominal Volume ≈ 10 L 

Motor Specification 
DC 12 V, max torque 1.5 N·m, 
mass 1.8 kg 

Agitator Material / Mass Stainless Steel / 1.42 kg 

Structural Frame Material Stainless Steel 

Primary Tank Material 
Food-grade Cast Acrylic 
(ASTM D4802-16) [10] 
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3.3. Engineering Blueprint  

Figure 3 presents the engineering blueprint comprising 
dimensioned side-view technical drawings of both the fermentor 
vessel and the decanter unit. Key confirmed dimensions: 
fermentor total height 800 mm, effective cylindrical height 
473.76 mm, outer cylinder diameter 356 mm, wall thickness 8 
mm; decanter total height 323 mm, outer diameter 206 mm, wall 
thickness 8 mm. These production-ready drawings conform to 
standard engineering drawing conventions and constitute the 
primary deliverable for Year 2 prototype fabrication. 
 

 

 Figure 3. Engineering blueprint: dimensioned side-view 
drawings of the fermentor vessel (left) and decanter unit (right). 

3.4. Mechanical Analysis and Structural Verification 

Structural integrity was verified across three independent load 
scenarios, with all computed stresses referenced against the 
permissible limits for cast acrylic sheet under ASTM D4802-16 
[10]: tensile/flexural strength σallow = 70 MPa and shear strength 
τallow = 45 MPa. The thin-wall criterion (t/r = 8/178 = 0.045 < 
0.1) is satisfied [11], validating application of standard thin-wall 
pressure vessel theory. 
(a) Hydrostatic Pressure Analysis. Under full 50-litre fill, 
maximum hydrostatic gauge pressure at the vessel base: 

P = ρ g h = 1,000 × 9.81 × 0.800 = 7,848 Pa 

σhoop = Pr/t = 7,848 × 0.178 / 0.008 = 0.175 MPa 

FoS = 70.0 / 0.175 ≈ 400 

(b) Vertical Compressive Load Analysis. Combined motor 
(1.80 kg) + agitator (1.42 kg) = 31.59 N compressive force, 
transmitted through the combined base-plate contact area of the 
stainless steel support-leg assembly (Table 1), A = 8.71 × 10⁻³ m²: 

σcomp = 31.59 / (8.71×10⁻³) = 0.00363 MPa 

FoS = 70.0 / 0.00363 > 19,000 

Note that the 70 MPa limit applied here is the tensile/flexural 
strength specified in ASTM D4802-16 [10]; since the 
compressive strength of cast PMMA is typically higher than its 
tensile strength [17], this comparison is conservative and the true 
compressive FoS is expected to be greater still. 

(c) Torsional Load Analysis. Maximum motor torque T = 
1.5 N·m is transmitted across the shaft coupling via three M6 
shear pins arranged on a pitch-circle radius rp = 0.050 m; total 
tangential force Fshear = T/rp = 30.0 N. Each ⌀6 mm pin presents 
a shear cross-section of 28.3 mm², giving a combined resisting 
area of 3 × 28.3 mm² = 84.9 mm²: 

τtorsion = 30.0 / (84.9×10⁻⁶) ≈ 0.35 MPa (bounding estimate) 

FoS = 45.0 / 0.35 = 128 

All three factors of safety substantially exceed the minimum 
FoS = 4 typically recommended for structural cast-acrylic 
components in food-processing applications, consistent with 
design guidance for plastics engineering [17]. 

 
Table 2. Summary of mechanical analyss results (ASTM 

D4802-16 [10]). 

 

3.5. Design Features for SME Adoption 

The system incorporates four targeted design features aligned 
with SME deployment realities. First, the sloping conical base 
ensures complete drainage of residual material between batches, 
eliminating stagnant zones where microbial populations might 
cross-contaminate successive cycles [3,15]. Second, full optical 
transparency allows real-time observation of fermentation phase 
stratification, reducing dependence on instrumentation or 
technical expertise [4,6]. Third, the knock-down modular 
assembly — where individual components including the acrylic 
tank body can be removed and replaced independently — 
minimises maintenance complexity and long-term operational 
costs [14]. Fourth, all food-contact surfaces (PMMA tank, 
stainless steel agitator, silicone seals) conform to GMP 
requirements [1,10,21]. 

3.6. Design Validation Against Literature 
Benchmarks 

Validation against published benchmarks confirms alignment 
across all key parameters. The cylindrical-conical geometry is 
consistent with bioreactor design principles in Doran [9]. The 50-
litre batch capacity and 18–24-hour fermentation window align 
with emulsion destabilisation kinetics reported by Raghavendra 
and Raghavarao [3,12] and interfacial characterisation by 
Tangsuphoom and Coupland [16]. The projected VCO yield of 
10–12.5 litres per batch is consistent with yield coefficients in 
Bawalan and Chapman [1] and physicochemical characterisation 
of Mansor et al. [5]. The blondo-stratification mechanism is 
underpinned by fermentation microbiology characterised by 
Amoa-Awua et al. [15] and the emulsion science of 
Tangsuphoom and Coupland [16]. The material specification is 
grounded in ASTM D4802-16 [10] and Brydson's mechanical 
property data [17]. 
 

Load 
Scenario 

Computed 
Stress 
(MPa) 

Allowable 
(MPa) 

FoS 

Hydrostatic 
pressure 
(hoop) 

0.175 
70.0 
(tensile) 

≈ 
400 

Vertical 
compressive 
– motor + 
agitator 

0.00363 

70.0 
(tensile/flexural, 
applied 
conservatively) 

> 19,000 

Torsional – 
max motor 
torque 

0.35 (bounding) 45.0 (shear) 128 
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3.7. Positioning Relative to Prior VCO Fermentor 
Designs and Energy Considerations 

 
Brief agitation before quiescent fermentation has been reported in 
a stainless-steel VCO fermentation tank incorporating teak-
wood-powder thermal insulation [18], but that design relies on 
manual mixing and a localised sight-glass for process 
observation. The present design instead introduces a motorised, 
speed-controlled agitation subsystem (approximately 50 rpm, 
applied only for a brief ≈5-minute duty cycle) integrated within a 
fully transparent vessel wall, enabling both precise, repeatable 
process control and continuous full-wall visual monitoring of 
phase stratification — capabilities absent from [18]. This also 
differs from a Box–Behnken parametric study of Saccharomyces 
cerevisiae-inoculated VCO fermentation, which reported 
maximum oil recovery at substantially higher stirring speeds of 
175–250 rpm to sustain continuous microbial mass transfer [19]. 
Because the present system targets spontaneous fermentation by 
the coconut milk's indigenous microbiome rather than a 
controlled inoculated culture, agitation here serves only to 
homogenise the inoculum at the start of the cycle, not to sustain 
metabolic activity. This design choice is further supported by 
evidence that high-shear or sustained homogenization increases 
— rather than reduces — the physical stability of coconut milk 
emulsions [20], an outcome that would counteract the gravity-
driven phase separation targeted in the present natural 
fermentation process. The specific effect of this controlled, low-
speed, short-duration protocol on fermentation kinetics and yield 
will be verified through parametric prototype testing in Year 2. 

The mechanical power demand of the agitation subsystem can 
be estimated from the design torque and rotational speed: P = Tω 
= 1.5 N·m × (2π×50/60) rad/s ≈ 7.85 W, corresponding to an 
estimated electrical input of approximately 12 W assuming a 
typical small DC gearmotor efficiency of 60–70%. Given the 
brief 5-minute duty cycle, this equates to an estimated energy 
demand on the order of 1 Wh per batch — compatible with micro-
scale photovoltaic power supply. This characteristic, not 
previously examined in reported VCO fermentor designs [18,19], 
suggests a promising direction for subsequent research phases: 
integration of the agitation subsystem with a small-capacity solar 
power source, particularly relevant for SME operations in 
electricity-constrained coastal areas of North Sulawesi. These 
figures are derived from design-stage torque and speed 
parameters and will be confirmed against actual motor nameplate 
ratings once prototype fabrication is complete. 

4. CONCLUSION 

A comprehensive engineering design for a transparent modular 
fermentor system tailored to natural microbiome-based VCO 
production at SME scale has been successfully developed and 
validated. The cylindrical-conical acrylic vessel (total height 800 
mm, outer diameter 356 mm, wall thickness 8 mm) delivers a 
working volume of approximately 50 litres per batch, with a 
projected VCO output of 10.0–12.5 litres per operational cycle, 
consistent with natural fermentation yield data in the literature 
[1,5]. Three-category mechanical analysis confirms that all 
operational stresses remain far below the permissible limits of 
ASTM D4802-16 [10]: hydrostatic hoop stress (σ = 0.175 MPa, 
FoS ≈ 400), vertical compressive loading (σ = 0.00363 MPa, FoS 

> 19,000), and torsional shear (τ = 0.35 MPa, conservative 
estimate, FoS = 128). The thin-wall criterion is satisfied (t/r = 
0.045 < 0.1) [11], and all safety factors substantially exceed the 
minimum for food-processing structural applications. 

The integration of a conical phase-separation base, full-wall 
acrylic transparency, GMP-compliant material selection, and 
knock-down modularity [4,6] collectively addresses specific 
technology deficiencies in current North Sulawesi SME VCO 
practice. Relative to previously reported VCO fermentor designs 
[18], the system's principal contribution lies not in vessel 
geometry alone but in the integration of a motorised, speed-
controlled, minimal-shear agitation subsystem with full-wall 
visual transparency — a combination calibrated specifically to 
avoid the emulsion-stabilising effect associated with 
conventional high-speed homogenization [19,20], while enabling 
precise, repeatable process control unavailable in manually 
operated precedents. The estimated sub-2 Wh energy demand per 
batch further indicates compatibility with micro-scale 
photovoltaic power supply, opening a candidate direction for off-
grid SME deployment in coastal North Sulawesi. The validated 
blueprint provides a scientifically grounded, replicable, and 
affordable production platform applicable to coconut farming 
community development across tropical Indonesia. Year 2 
activities will advance to prototype fabrication and parametric 
fermentation performance testing, including verification of the 
proposed agitation protocol against the benchmarks established 
in [18,19]. 
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