
BSP Adv. Sci. Eng. Technolo.                                 Vol. 2, Issue 1,  June 2025 
 

© 2025 Innovative Academia Hub International                                                                      28 
 

 
 
Design and Performance Evaluation of a Manually Operated Grinding Machine for 
Sustainable Household Food Processing 

 
Abubakar R.A 

Department of Agriculture and Bio-Environmental Engineering Technology, Audu Bako College 
of Agriculture, Dambatta, PMB 3159, Kano State, Nigeria 

E-mail: rbkiru@yahoo.com 

Abstract 
This study presents the design, construction, and performance evaluation of a 
manually operated grinding machine intended for household food processing in 
low-resource and off-grid settings. The machine was developed as a sustainable 
alternative to electric and fuel-powered grinders, particularly for rural 
communities with limited access to reliable energy sources. The design 
incorporates an ergonomically contoured hand crank, a torque-amplifying gear 
system, and durable grinding discs mounted within a compact, lightweight frame 
constructed from cost-effective materials. Performance evaluation was conducted 
using five common food items: maize, millet, dried pepper, coffee beans, and rice, 
each processed in 500-gram batches. Key performance indicators included 
grinding time, particle size uniformity, and user effort, the latter measured with a 
digital force gauge. Results showed that the grinding time ranged from 6 to 15 
minutes, depending on the material, while particle size uniformity reached up to 
95% for softer items like dried pepper. User effort varied between 18 N and 30 N, 
with maize requiring the greatest exertion. Durability tests confirmed mechanical 
stability and operational consistency over multiple cycles without component 
failure. The findings indicate that the grinder is particularly effective for soft to 
medium-density food items, offering a viable solution for household-scale food 
processing in energy-constrained environments. However, challenges such as 
high user effort for harder grains suggest opportunities for further improvement 
in ergonomic design and mechanical efficiency. The study concludes by 
recommending enhancements such as flywheel-assisted operation, modular 
attachments, and long-term field validation to broaden the device’s utility and 
impact. 
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1.0 Introduction 

Grinding plays a central role in household food preparation, particularly in low-resource 
settings where processed food is often prepared manually. Conventional grinding 
equipment, typically powered by electricity or fossil fuels, has significantly reduced the 
time and labor associated with food processing. However, the widespread reliance on 
electrically powered appliances poses a serious limitation for communities with 
unreliable or non-existent access to energy infrastructure. According to the International 
Energy Agency, approximately 770 million people worldwide lacked access to electricity 
as of 2021, with sub-Saharan Africa accounting for a significant proportion of this figure 
[13]. Even in electrified regions, inconsistent supply and frequent outages hinder the 
dependable use of such appliances [10]. 

The increasing cost and scarcity of petrol-based fuels further complicate this dependency. 
Global fuel prices have fluctuated dramatically due to geopolitical instability and market 
volatility, disproportionately affecting low-income households that rely on petrol-driven 
alternatives [12]. As a result, the need for sustainable, low-cost, and energy-independent 
household technologies has become more urgent, particularly in rural communities. 

Manual grinding tools, such as the traditional mortar and pestle, have long served 
domestic needs but are labor-intensive and ergonomically inefficient [5]. Modern 
engineering efforts have focused on transitioning from primitive manual tools to more 
efficient hand-powered systems. These systems utilize fundamental mechanical 
principles, such as torque amplification and gear reduction, to optimize user effort while 
ensuring efficient grinding output. Such innovations are not only energy-independent but 
also promote sustainable development by minimizing environmental impact and 
enhancing local self-reliance. 

Previous studies have demonstrated that hand-powered equipment can be both 
technically and socially viable when designed with ergonomic and economic 
considerations in mind [17], [20]. In fact, historical hand-powered tools such as treadle 
sewing machines and hand-cranked pumps have persisted in domestic use due to their 
simplicity, durability, and low operational costs [15]. Innovations in mechanical design, 
particularly the integration of flywheels, improved materials, and user-friendly interfaces, 
have further enhanced the viability of manually operated systems in recent years [21], 
[22]. 

In response to the dual challenge of energy poverty and the rising cost of mechanized 
food processing, this study presents the design, construction, and performance evaluation 
of a manually operated grinding machine tailored for household use. The objective is to 
provide a sustainable alternative that is robust, ergonomic, and capable of meeting 
domestic grinding needs without reliance on external energy sources. Emphasis is placed 
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on practical construction methods, real-world testing, and contextual adaptability to 
support households in off-grid or economically constrained environments. 

2.0 Literature Review 

Access to reliable energy remains a persistent barrier to the operation of household food 
processing machines in developing regions. Studies have shown that electricity coverage 
in sub-Saharan Africa remains at approximately 46%, with rural communities 
experiencing even lower access rates [10]. The irregularity of power supply not only limits 
the functionality of electrically driven equipment but also hinders the efficiency of food 
preparation routines in such areas [11]. Moreover, the volatility in global fuel prices, 
exacerbated by political and economic instability, has rendered petrol-powered machines 
unaffordable for many low-income households [12]. These challenges underscore the 
urgent need for sustainable, energy-independent alternatives to conventional grinding 
systems. 

Alternative energy solutions, such as solar and biomass-powered devices, have gained 
traction in recent years. While solar-powered grinders offer promising results in regions 
with abundant sunlight, they are often constrained by high upfront costs and technical 
maintenance challenges that make them unsuitable for economically disadvantaged users 
[14], [16]. Similarly, biomass systems rely on the availability of consistent organic 
feedstock and complex conversion technologies, limiting their practicality in many rural 
settings [16]. 

In contrast, manually operated devices present a low-tech, cost-effective solution that 
aligns with the principles of sustainable engineering. Historically, hand-powered tools 
like treadle sewing machines and mechanical pumps have demonstrated enduring utility 
in both agricultural and domestic contexts due to their low operating cost and ease of 
maintenance [15]. The evolution of manual grinding tools—from rudimentary stone 
implements to mechanically optimized devices—reflects significant improvements in 
user efficiency and ergonomics [5], [22]. 

Recent advancements in manual grinding machine design have focused on enhancing 
operational efficiency through mechanical and material innovations. The integration of 
flywheels has been particularly noteworthy, as it allows for kinetic energy storage and 
smoother rotation during operation [21]. In parallel, the adoption of lightweight and 
durable materials such as aluminum alloys and reinforced polymers has contributed to 
the portability and longevity of these machines [22]. These innovations align with 
contemporary trends in sustainable mechanical design, where low energy input and user 
comfort are prioritized. 

From a socio-economic standpoint, hand-powered grinders offer considerable benefits. 
They eliminate dependence on external energy, promote self-reliance, and reduce energy-
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related expenditures in households [20]. In particular, they empower women and other 
primary food preparers by reducing the physical demands of traditional grinding, thereby 
enabling better time allocation for other activities [25]. Studies conducted in East Africa 
and South Asia have highlighted significant savings in both time and household fuel costs 
following the adoption of manually operated grinders [27], [28]. 

Despite these advantages, the uptake of hand-powered grinding machines faces several 
barriers. Chief among them is the perception that manual devices are antiquated or 
physically demanding, particularly among younger users [29]. Moreover, inclusive 
design remains a challenge, as many devices fail to accommodate the ergonomic needs of 
women, the elderly, and individuals with disabilities [30]. Addressing these issues 
requires the integration of human-centered design approaches and proactive community 
engagement to foster broader acceptance [31], [32]. 

Environmental considerations also play a central role in the advocacy for manual grinding 
systems. Unlike electric or fuel-based machines, hand-powered devices produce no 
greenhouse gas emissions and are often made from recyclable materials, supporting 
circular economy objectives [33], [34]. As environmental sustainability becomes a global 
imperative, the development and dissemination of such zero-emission tools align well 
with international development agendas. 

Finally, the principles guiding the design of modern hand-powered grinders incorporate 
both functional and user-centered elements. Key design criteria include mechanical 
efficiency, material strength, portability, ergonomic comfort, and multi-functionality [35]–
[39]. Advances in computer-aided design (CAD) and additive manufacturing are also 
enabling rapid prototyping and cost reduction, further supporting the scalability of these 
innovations in low-resource environments [40]. 

In sum, the literature strongly supports the development of affordable, ergonomically 
optimized, and mechanically efficient hand-powered grinding machines for domestic use 
in underserved communities. These devices not only fulfill a critical practical need but 
also contribute to larger goals of sustainability, energy equity, and technological inclusion. 

3.0 Materials and Methods 

This section outlines the conceptualization, engineering design, construction procedures, 
and experimental methodology employed in developing a manually operated grinding 
machine for household use. The device is intended to provide a sustainable, low-cost 
alternative to electrically or fuel-powered grinders, particularly for low-resource and off-
grid communities. 

3.1 Conceptual Design Framework 
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The conceptual basis for the grinding device was founded on the principles of 
sustainability, affordability, and ergonomic usability. The system was designed to process 
a wide range of food items such as grains, seeds, and spices, without relying on electricity 
or fossil fuels. The grinding unit features a compact and portable frame constructed from 
lightweight, corrosion-resistant materials, including reinforced polymers and aluminum 
alloys. These materials provide both structural integrity and long service life in domestic 
settings. A hand crank with an ergonomically contoured grip was included to facilitate 
user comfort and reduce fatigue during operation. The grinding interface was designed 
to offer adjustable particle sizes, enhancing versatility and user control. 

The design philosophy aligns with previous works advocating energy-independent 
mechanical systems tailored for off-grid applications [13], [20], [22], [23]. 

3.2 Engineering Design 

The engineering layout consists of four essential subsystems: the manual drive handle, a 
torque-amplifying gearbox, the abrasive grinding mechanism (e.g., disc or stone type), 
and a stable support frame. The machine converts manual rotational input into grinding 
action via mechanical power transmission. 

3.2.1 Mechanical Transmission 

The relationship between torque T, angular velocity ω, and power P was used to estimate 
the required user input: 

 

where P is power in watts (W), T is torque in newton-meters (Nm), and ω is angular 
velocity in radians per second (rad/s). For manually operated systems, power is typically 
limited to below 100 W due to human constraints [39]. 

The grinding force (Fgrinding) was calculated as: 

 

where Tgrinding is the torque at the grinding surface and rgrinding is the radius of the grinding 
disc or stone. 

3.2.2 Ergonomic Considerations 
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User comfort was a critical design parameter. The hand crank was optimized in length 
and radius to minimize the required input force. The torque applied by the user, Thandle, is 
expressed as: 

 

where Fuser is the force applied by the user and rhandle is the distance from the center of 
rotation to the point of applied force. These ergonomic principles align with findings in 
[34], [21], and [25], ensuring accessibility for a broad user base, including women and the 
elderly. 

3.2.3 Material Selection 

Material choice was based on mechanical strength, corrosion resistance, and affordability. 
Stainless steel was used for the grinding components due to its wear resistance and food-
grade quality. Cast iron was selected for the frame and gearbox for its load-bearing 
capacity and dimensional stability [39]. 

3.2.4 Safety Features 

Protective shielding was incorporated around moving components to prevent user injury. 
A rubberized, non-slip handle and mechanical locking mechanism were added to 
improve user safety and prevent unintended operation during idle periods. 

This engineering design contributes to sustainable mechanical practices for energy-scarce 
environments [20], [22], [23]. 

3.3 Construction Procedure 

The construction of the grinding machine followed a stepwise, modular approach using 
commonly available fabrication tools. 

3.3.1 Materials and Tools 

• Materials: Cast iron, stainless steel, mild steel, rubber (for handle grip), wood, ball 
bearings, fasteners. 

• Tools: Welding machine, lathe, milling machine, drill press, torque wrench, hand 
tools (pliers, screwdrivers). 
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3.3.2 Frame and Component Fabrication 

Design schematics were produced using standard drafting methods. Cast iron plates were 
cut and welded to form the structural frame. Precise boreholes for shafts and bearings 
were created using a drill press and reaming tools. 

3.3.3 Grinding Mechanism Assembly 

The grinding assembly featured abrasive discs mounted onto a central rotating shaft, 
supported by bearings for stability. These components were aligned and tested for 
rotational smoothness. 

3.3.4 Handle and Transmission System 

A contoured wooden handle was constructed and affixed to the input shaft via a metal 
joint and mounted bearing to ensure smooth manual rotation. Torque from the handle 
was transmitted to the grinding disc through a gear set designed for speed reduction and 
torque multiplication. 

3.3.5 Safety and Final Assembly 

Safety features, including shielding and a locking mechanism, were installed. The entire 
machine was assembled and subjected to visual inspection, alignment checks, and manual 
dry runs. Adjustments were made to minimize vibration and ensure a reliable mechanical 
response. 

The final machine was found structurally sound, ergonomically functional, and suitable 
for repeated household use, as shown in Figure 1. 
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Figure 1: Manual grinding machine after construction 

3.4 Ethical and Practical Considerations 

Human participation in testing involved only low-risk tasks such as operating the hand 
crank. No personal data were collected, and all participants provided verbal consent. As 
the procedure involved minimal risk and no vulnerable populations, institutional ethical 
clearance was not deemed necessary. 

The design underwent internal safety evaluations to identify potential hazards, including 
sharp edges and pinch points. Although third-party safety certification was not 
conducted, future deployment efforts will benefit from formal ergonomic validation as 
suggested in [30], [31]. 

3.5 Experimental Test Procedure 

The machine's performance was experimentally evaluated based on grinding efficiency, 
particle size uniformity, and user effort. 
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3.5.1 Test Materials and Procedure 

Five commonly ground food materials, maize, millet, dried pepper, coffee beans, and rice 
were selected. Each sample (500 g) was processed over 10 individual cycles, yielding 50 
trials in total. Grinding time was recorded using a digital stopwatch. Particle size 
distribution was assessed using standard sieve analysis (1 mm mesh). 

3.5.2 Force Measurement and Environmental Control 

A digital force gauge was mounted to the handle to record real-time user force during 
operation. Each material was tested thrice to ensure repeatability. The experiments were 
conducted indoors under controlled ambient conditions: 24°C–26°C and 50% relative 
humidity. A trained single operator performed all trials with standardized posture and 
technique to minimize inter-operator variability. 

3.5.3 Evaluation Metrics 

i Grinding Time (minutes): Time to reduce each sample to fine consistency. 
ii Particle Size Uniformity (%): Percentage passing through the 1 mm sieve. 

iii User Effort (N): Average force measured during each grinding cycle. 

These parameters align with previous empirical studies evaluating the performance of 
manually operated processing equipment [17], [18], [25]. 

4.0 Results and Discussions 

The performance evaluation of the manually operated grinding machine was conducted 
to determine its functional effectiveness in terms of grinding time, particle size 

uniformity, and user effort across five common household food items: maize, millet, 
dried pepper, coffee beans, and rice. Additional observations regarding mechanical 
durability and practical limitations were also recorded. 

These results provide a basis for assessing the usability, efficiency, and ergonomic 
feasibility of the device, especially in energy-deficient domestic settings. The data 
obtained are summarized in Table 1, with visual representations shown in Figure 2 and 

Figure 3. 

4.1 Quantitative Results Overview 

The results from 50 experimental trials (10 repetitions per material) are summarized in 
Table 1. Three core indicators were used to quantify performance: the average time (in 
minutes) to grind each 500 g sample, the percentage of ground material passing through 
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a 1 mm sieve (as a measure of uniformity), and the average force in Newtons (N) applied 
by the user during operation. 

Table 1: Experimental Performance Metrics of the Hand-Powered Grinder 

Sample Grinding Time (min) Particle Size Uniformity (%) User Effort (N) 

Maize 15 85 30 
Millet 8 90 20 
Dried Pepper 6 95 18 
Coffee Beans 7 92 22 
Rice 10 88 25 

 

4.2 Grinding Time 

The grinding time varied significantly based on the physical properties of the food 
materials. As shown in Table 1 and illustrated in Figure 2, maize required the longest 
time (15 minutes), attributed to its high density and kernel hardness. In contrast, dried 

pepper, due to its brittle and lightweight nature, was ground in the shortest time (6 
minutes). Millet and coffee beans had intermediate times of 8 and 7 minutes, 
respectively. Although rice is less dense than maize, it still recorded a moderate time of 
10 minutes, likely due to its cohesive starchy texture, which resists initial disintegration. 

This variation in grinding time reflects material-dependent behavior, a factor also 
recognized in similar food processing systems [5], [25]. 

 

Figure 2: Bar chart illustrating the average grinding time required to process five different food 
samples (maize, millet, dried pepper, coffee beans, and rice) using the manually operated grinding 
machine. Grinding time reflects the material hardness and resistance encountered during manual 
operation. 
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4.3 Particle Size Uniformity 

Uniformity in ground particle size was assessed by the percentage of particles passing 
through a standard 1 mm mesh. According to Table 1, dried pepper achieved the highest 
uniformity at 95%, followed by coffee beans (92%) and millet (90%). The lowest 
uniformity was observed with maize (85%), indicating irregular grinding due to 
resistance from its fibrous and hard structure. 

This observation supports findings in [17], [22], which emphasize the limitations of 
manual grinding mechanisms in achieving consistent particle size with dense or coarse 
materials. 

4.4 User Effort 

User effort, measured using a digital force gauge, ranged from 18 N to 30 N, depending 
on the material. As indicated in Table 1 and visualized in Figure 3, maize required the 
greatest effort (30 N), highlighting the strain imposed by high-resistance grains. The 
lowest effort was required for dried pepper (18 N), confirming the ergonomic suitability 
of the machine for soft or brittle substances. Rice, despite its relative softness, still 
demanded moderate force (25 N), likely due to resistance encountered during shearing 
and compaction. 

These results demonstrate the impact of grain characteristics on operator fatigue and 
mechanical efficiency. As discussed in [21] and [34], enhancing the handle geometry or 
integrating energy-assist mechanisms like flywheels could reduce exertion and improve 
user comfort. 

 

Figure 3: Line graph showing the average user effort (in Newtons) required to manually grind 
different food samples. The results highlight the varying physical demands associated with 
processing materials of different densities and textures. 



BSP Adv. Sci. Eng. Technolo.                                 Vol. 2, Issue 1,  June 2025 
 

© 2025 Innovative Academia Hub International                                                                      39 
 

 

4.5 Durability Assessment 

Durability testing was conducted over ten consecutive operational cycles for each 
material. The grinder maintained structural integrity throughout, with no signs of 
mechanical failure, dislodgement, or component fatigue. The grinding discs and bearings 
remained stable, confirming the device's suitability for household-scale repetitive use. 

While short-term durability was confirmed, the potential for long-term wear, especially 
at high-contact interfaces like grinding surfaces and rotating shafts, suggests the need for 
prolonged life-cycle testing as proposed in [39]. 

4.6 Practical Implications and Design Limitations 

The results affirm that the grinder performs well for most soft to medium-density food 
materials. Its portability, cost-effectiveness, and independence from external power 
sources make it an ideal solution for rural and energy-insecure households, in line with 
the objectives of inclusive, energy-efficient technologies [20], [30], [31]. 

However, the relatively high force required to grind harder materials like maize may limit 
adoption among elderly users or those with reduced upper-body strength. Furthermore, 
the output capacity is limited to small-scale, household-level processing, making it 
unsuitable for commercial applications without scaling. 

To address these limitations, future design improvements should explore enhanced 
mechanical leverage systems, modular attachments for different food types, and 
ergonomic adjustments for diverse user groups [21], [34]. 

5.0 Conclusion and Recommendations 

5.1 Conclusion 

This study successfully demonstrated the design, construction, and performance 
evaluation of a manually operated grinding machine tailored for household food 
processing in low-resource and off-grid environments. The device was engineered with a 
focus on sustainability, ergonomic functionality, and mechanical simplicity, critical 
factors for users in rural or energy-insecure communities. 

Experimental trials conducted on five food samples (maize, millet, dried pepper, coffee 
beans, and rice) confirmed the machine’s capacity to deliver satisfactory grinding 
performance across a range of material textures and densities. Grinding times ranged 
from 6 to 15 minutes per 500 g sample, with particle size uniformity reaching up to 95% 
for softer materials. The force required from the user was found to vary with material 
hardness, peaking at 30 N for maize. These results affirm that the machine is well-suited 
for processing low- to medium-density food items with acceptable output quality and 
minimal power input. 
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The machine also exhibited strong mechanical resilience throughout short-term durability 
testing, with no structural failures or misalignments observed after multiple operational 
cycles. Its modular construction using affordable, locally available materials further 
enhances its potential for widespread adoption in underserved regions. 

Despite its many strengths, the study identified some limitations. The physical effort 
required to process harder grains may pose challenges for extended use, especially among 
elderly or physically constrained users. In addition, the grinding capacity remains limited 
to household-scale applications, which may not meet the needs of larger families or small-
scale food enterprises. 

5.2 Recommendations for Future Work 

To enhance the functionality and broaden the applicability of the grinding machine, the 
following recommendations are proposed: 

i Ergonomic Optimization: Redesign the handle and crank mechanism to reduce 
user effort, potentially through adjustable torque arms or anthropometric 
adaptation for different user profiles. 

ii Mechanical Efficiency Enhancements: Incorporate a flywheel or spring-assisted 
energy recovery mechanism to store and release rotational energy, thereby 
smoothing operation and minimizing fatigue during continuous use [21]. 

iii Blade and Grinding Disc Improvement: Improve the blade geometry and 
material hardness to enhance grinding consistency for hard grains such as maize, 
without increasing resistance. 

iv Modular Design Upgrades: Introduce interchangeable grinding modules that 
allow the device to be adapted for other domestic tasks such as vegetable 
shredding, seed crushing, or spice milling. 

v Long-Term Durability Testing: Conduct extended life-cycle and fatigue testing 
under varying environmental conditions to validate long-term performance and 
maintenance needs [39]. 

vi Community Deployment and Feedback: Collaborate with user communities and 
NGOs for pilot deployment, incorporating user feedback into future design 
iterations to ensure cultural, physical, and functional relevance [31], [32]. 

The manually operated grinding machine presented in this study offers a practical, low-
cost, and sustainable solution for food processing in settings where access to electricity or 
fuel is limited. By integrating additional mechanical and ergonomic enhancements, the 
device holds strong potential to support food security, women’s empowerment, and clean 
energy alternatives across diverse domestic landscapes. 
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