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Highlights:
- Low-cost, portable drilling rig fabricated using locally available materials.

- Demonstrates high energy efficiency in shallow irrigation and residential boreholes.

- Suitable for sandy to moderately compacted soils with minimal setup time.

Abstract: Access to affordable groundwater extraction technologies remains a major challenge
in many rural, where conventional rotary drilling rigs are often impractical due to high cost,
technical complexity, and intensive maintenance requirements. This study presents the design,
fabrication, and experimental evaluation of a low-cost, mechanically simple, and locally
manufacturable portable drilling rig intended for residential boreholes and small-scale
agricultural irrigation. The rig was engineered to balance drilling performance with
affordability by using readily available materials and straightforward mechanical components,
enabling ease of replication, operation, and maintenance in resource-constrained settings.
Experimental evaluations were conducted in sandy, clayey, loamy, and gravelly soils at varying
rotational speeds, with penetration rate, torque, power consumption, and drilling efficiency
recorded. The prototype achieved optimal performance in sandy formations, reaching a
penetration rate of 18.3 cm/min, a torque of 45 Nm, and power consumption of 1.6 kW, while
cohesive and coarse soils required higher torque and energy input. Comparative benchmarking
against commercial systems Hydra-Drill MUD-2, LoneStar LS100, and PAT-301T showed that
although the prototype exhibited lower penetration rates (0.95-1.25 m/hr versus 2.1-3.5 m/hr)
and shallower depth capability (up to 22 m), it demonstrated superior energy efficiency (0.06—
0.14 kWh/m compared with 0.14-0.33 kWh/m), enhanced portability, rapid setup, and
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significantly lower operational costs. Overall, the results indicate that the proposed system is a
viable and sustainable solution for shallow to moderate borehole drilling. Future work will
focus on hydraulic assistance, modular power integration, and sensor-based torque control to

improve adaptability across diverse geological conditions.

Keywords: Portable Drilling Rig, Water Borehole, Residential Buildings, Agricultural
Irrigation, Low-Cost Design, Mechanical Fabrication, Groundwater Extraction, Sustainable

Technology

1. Introduction

Access to reliable groundwater through properly constructed boreholes is fundamental to water
security for households and smallholder farms worldwide. In many low- and middle-income
countries, decentralized boreholes support domestic supply, livestock watering, and small-scale
irrigation, strengthening livelihoods and community resilience (MacDonald et al., 2012).
Despite this importance, conventional truck-mounted drilling rigs remain capital-intensive,
logistically demanding, and poorly suited to small residential or village-scale projects, leaving

many rural and peri-urban settlements underserved.

Portable, affordable, and easy-to-operate drilling rigs designed for residential and small
agricultural applications present a practical pathway to expanding groundwater access. Such
systems reduce mobilization costs, improve accessibility in areas with weak infrastructure, and
enable local entrepreneurs to deliver drilling services sustainably (Danert & Furey, 2022). This
study addresses the design and fabrication of a portable drilling rig targeted specifically at

residential building boreholes and small-scale irrigation.

1.1 Context and motivation

Groundwater is often the most reliable water source where surface supplies are seasonal or
contaminated. Boreholes equipped with hand pumps or small motorized pumps provide
protected water at relatively low operating cost. However, heavy rotary drilling rigs are
inefficient for shallow to moderate depth projects due to high mobilization costs, access
constraints, and reliance on specialized crews (Howard et al., 2020). These limitations have

driven increasing interest in lightweight, portable drilling solutions that can be transported by
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small vehicles, operated by small teams, and deployed flexibly in remote settings (Gronemeyer
& MacDonald, 2021).

Portable drilling systems range from fully manual methods to compact mechanized rotary or
percussion rigs. Their suitability depends on hydrogeology, required borehole depth and
diameter, and economic viability (Danert, 2015). Advances in compact mechanical design,
small internal combustion engines, hydraulic drives, battery storage, and low-cost sensors now
allow portable rigs to approach the effectiveness of larger systems while maintaining
affordability and transportability (Li et al., 2023). Nevertheless, many existing designs trade
performance for portability or rely on imported components that limit local manufacture and
maintenance. This creates a clear need for a purpose-built, locally manufacturable, energy-

flexible portable drilling rig for residential and small-farm water supply.

1.2 Manual and portable drilling technologies

Manual drilling techniques such as augering, sludging, jetting, and percussion remain essential
low-cost solutions where geological conditions permit (Carter & Danert, 2019). Martinez-
Santos et al. demonstrate that manual drilling can deliver cost-effective drinking water in
unconsolidated formations with shallow water tables, provided adequate training and
institutional support are available (MacDonald et al., 2012). Suitability mapping further shows
that manual methods are constrained by formation strength, depth, and achievable yield (Danert
& Furey, 2022).

While manual drilling remains critical, its limitations in harder formations and at greater depths
sustain demand for compact mechanized alternatives (MacDonald et al., 2012). Portable
mechanized rigs bridge the gap between hand drilling and full-scale truck-mounted systems,

extending applicability while retaining mobility and cost advantages.

1.3 Small mechanized rig design and performance

Several compact rigs have been developed to serve this intermediate niche. Gabrielli and
McDonnell demonstrated that a low-cost, portable high-speed drill rig could penetrate soil and
shallow bedrock with low logistical overhead, validating the feasibility of compact systems for
groundwater investigations (Gabrielli & McDonnell, 2012). Other studies and commercial
designs describe small rotary, percussion, and hydraulic rigs adapted from light engines, trailer-
mounted platforms, or light trucks (Banks et al., 2020).
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These systems reveal persistent trade-offs: greater penetration depth and formation hardness
require higher torque, power, and structural strength, reducing portability; lighter rigs enhance
mobility but limit geological applicability (Pei et al., 2022). Reported design targets for small
water-supply rigs typically include borehole diameters of 50-150 mm and depths up to 100-150
m under favourable conditions. Modular architectures foldable masts, adaptable powerheads,
and standardized drill strings are widely recommended to balance performance and
transportability (Fabbri & Trevisani, 2018).

1.4 Energy systems and instrumentation

Power system selection is critical for portable rigs. Small petrol or diesel engines remain
common due to their high power density, but fuel logistics and operating costs present
challenges in off-grid settings. Recent studies show that hybrid power architectures
incorporating batteries and supercapacitors can smooth transient loads, reduce engine sizing,
and lower fuel consumption (Zhang et al., 2020). Designing rigs to accept multiple power
inputs-engine, generator, or battery pack enhances adaptability across diverse deployment

contexts.

Historically, Measurement-While-Drilling (MWD) systems were limited to large rigs due to
cost. Recent research demonstrates that compact, low-cost sensors measuring torque, thrust,
RPM, and vibration can significantly improve drilling efficiency and safety even on small
platforms (Sugiura & Jones, 2020). Data-driven monitoring approaches further enable real-time
interpretation of drilling conditions and early detection of operational problems (Aminzadeh &
Dasgupta, 2013).

1.5 Research gap and objectives

The literature highlights persistent gaps in local manufacturability, energy flexibility,
instrumentation, and method modularity in existing portable rigs (Baden et al., 2015). In
response, this project aims to design, fabricate, and test a portable drilling rig for residential and
small agricultural boreholes that balances portability with drilling capability, integrates flexible
power options, incorporates low-cost sensing, and can be manufactured and maintained using

locally available resources.



Abubakar et al. JETA 2026,11 (1) 1-23

2 Methodology

2.1 Conceptual design

The Simple Rotary Borehole Drilling Machine is a compact, low-cost system designed for
shallow borehole drilling in rural and resource-limited environments. It consists of a lightweight
frame, a rotary drill head, and a durable drill bit capable of penetrating various soil types. A 5
hp R175 diesel engine provides mechanical power through a belt-driven transmission to the
rotary system and hydraulic components. An adjustable swinging post supports the drill pipe,
while a pulley-equipped vertical mast ensures stability and accurate alignment. Water and
drilling fluid are supplied via a pump and swivel to cool the bit and remove cuttings. The rig is

wheel-mounted, easy to transport, and requires minimal operator training.

R175 diesel engine

Rotary d.rill Gear b‘_:’x N Mud/water Manual Lever

head (bit) mechanism pump winder and cable
— - Swivel Pulley

Drilling pipe (water entry) System

Figure 1 The system block diagram

2.2 Design

The drilling rig features a mild steel (ASTM A36) frame with anti-corrosive treatment,
supported by a collapsible tripod base for transport and stability. A 2.5 m vertical mast with a
1.2 m triangular base and lateral cross bracing ensures torsional rigidity, while a 100 mm single-
sheave pulley and telescopic height adjustment (£250 mm) facilitate drill string handling. The
rotary head and motor mount on a horizontal plate, with a vice securing the drill pipe, and two
300 mm pneumatic wheels provide mobility. Rotation is driven by a hand crank or diesel engine
via gearbox and belt drive, transmitting torque through steel pipes to drag or tricone bits. A
centrifugal pump circulates water or mud to lubricate the bit and remove cuttings, and the
pulley-hoist system raises and lowers the drill string for mechanical advantage and safe

operation.
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2.3 Design Considerations and Formulas
2.3.1 Torque and Rotational Speed

I.  Required Torque (T):
T=FXr, (D)
where F is the cutting force at the bit (N), and r is the radius of the drill bit (m).

ii.  Rotational Speed (N): Soft formations require higher speed; hard formations need
higher torque:

__ 60XP

2T’ @
where P is the power input to the drill (W), and T is the Torque (Nm).

2.3.2 Axial Load on Drill Bit

To maintain efficient penetration:
W=mxg, 3)

Where W is the weight on the drill bit (N), m is the mass of the drill string, and the
applied load (kg). g is the acceleration due to gravity (9.81 m/s?).

2.3.3 Power Requirements for Motorized System

Rotational power:
P=2n-N-T, (4)

where P is the power required (W), N is the rotational speed (rad/s), and T is the Torque
(Nm).

For the pump in circulation:

QXHXpXg
Ig pump — n ' (%)

where Q is the flow rate of fluid (m®s), H is the head height (m), p is the density of
drilling fluid (kg/m?®), and 7 is the pump efficiency.
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2.3.4 Dirilling Fluid Flow Rate

For effective cutting removal:
Q=AXxv, (6)

where Q is the flow rate (m® /s), A is the cross-sectional area of the annulus (m?), and v

is the fluid velocity (m/s).

2.4 Numerical calculation

Torque and Rotational Speed

Using Eqt. 1, and taking cutting force F =1000 N (typical for soft-medium soil), drill

bit diameter d = 100 mm, — radius r = 0.05 m

T =1000 x 0.05 =50 Nm

Rotational speed

Using Eqt. 2, and taking Power input as P = 1500 W, Torque T = 50 Nm

_ 60x1500
T 2mx50

= 286.48 rev/min

Axial Load on drill bit
Using Eqt. 3, and drill string and applied mass m = 50 kg
W =50x9.81 =490.5N

This is the weight pressing down on the bit, helping it penetrate.

Power Requirement
Using Eqt. 4,

P =2mx4.77 X 50 =~ 1498.7W

This matches the assumed motor input (~1500 W), confirming design compatibility.

Pump power required

Using Eqt. 5, and taking Flow rate Q = 0.0005 m3/s = 30L /min, Head H =10 m
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__0.0005X10x1000x9.810.6

Pyump = — =81.75W

The pump needs ~ 82 W, which is modest and easily supported by the 5 HP
(~3700 W) diesel engine via belt drive.

The drilling Fluid flow rate

Using Eqt. 6, and taking drill bit diameter = 100 mm, pipe outer diameter = 90
mm, and the Annular area: 4 = %(0.12 —0.092) = 0.00149 m?, fluid velocity v

=0.3 m/s
Q = 0.00149 x 0.3 = 0.000447 m3/s ~ 26.8 L/min

This matches the design expectation for effective debris removal during shallow

drilling. The design parameters used are shown in Table 1.

Table 1 Sample Design Parameters [11]

Parameter Value Unit
Cutting Force (F) 1000 N

Drill Bit Radius (r) 0.05 M
Torque (T) 50 Nm
Rotational Speed (N) 286 rev/min
Axial Load (W) 490.5 N
Power Input (Motor) (P) 1500 w
Flow Rate (Q) 26.8 L/min
Pump Power 81.75 w

2.5 Material Selection

i Drill Bit: High-carbon steel or tungsten carbide for durability.
I Drill String: Alloy steel for high strength and corrosion resistance.
ii Frame: Mild steel for cost-effectiveness and ease of machining.

0\ Pulley System: Steel for long service life.

3 Construction Procedure
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The construction of the Simple Rotary Borehole Drilling Machine was executed through the
following structured steps to ensure precision, repeatability, and cost-effectiveness.

I. Frame Fabrication

Materials Used: Mild steel square hollow section pipes (40 mm x 40 mm x 3 mm wall

thickness); angle irons (50 mm x 50 mm x 5 mm).
Tools: Angle grinder, arc welding machine, measuring tape, square ruler.
Procedure

Steel pipes were measured and cut into four vertical posts (1.5 m in height), two base rails (1.2
m), and four horizontal cross members (0.6 m). The base was welded into a rectangular
platform, and the vertical posts were fixed to form a rigid frame. Diagonal bracings were added
to enhance stability and resist vibrations during operation.

ii. Drill Stand Installation

Materials Used: @50 mm steel pipe (2 m), adjustable clamps, optional linear rail system for

precision.
Procedure

A vertical steel pipe was welded or bolted centrally onto the front part of the frame. Adjustable
clamps, machined from steel blocks and equipped with tightening bolts, were installed to allow
vertical movement of the drilling shaft. A spirit level was employed to ensure the stand’s

perpendicular alignment.

iii. Rotary Mechanism Assembly

Materials Used: R175 diesel engine (5 hp), cast iron pulley (8200 mm), gearbox (10:1
reduction), V-belt (type B).

Tools: Spanner set, torque wrench, alignment jig.

Procedure

The diesel engine was mounted on a steel platform using vibration-dampening rubber mounts.
The engine was aligned and connected to the gearbox via a flexible coupling. A pulley was
installed on the gearbox output shaft and connected to a smaller pulley on the drill shaft using

a V-belt. Tension was adjusted using a slotted motor base to ensure optimal torque transmission.
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iv. Drill Bit and Shaft Assembly

Materials Used: @25 mm solid steel rod (drill shaft), high-carbon steel drill bit, jaw- or key-

based chuck mechanism.
Procedure

One end of the drill shaft was machined to accommodate a chuck. The drill bit was secured
within the chuck and locked in place. The shaft was then inserted into the drill stand, where it

was supported by ball bearings housed in a fabricated steel casing, allowing for smooth rotation.

V. Water Supply System Integration

Materials Used: Water pump (0.5 hp, pulley-driven), PVC hose (2 inch diameter), swivel joint,
nozzle. The pump intake was connected to a water source, and its outlet was linked to a hose
that led to the swivel joint. The swivel was affixed to the drill stand to enable continuous water
flow into the rotating shaft. A nozzle was positioned just above the drill bit to inject water

directly into the borehole, facilitating cooling and debris removal.
Vi. Lever Winder and Pipe Handling

Materials Used: Steel crank handle, winding drum, locking pin, @32 mm drill pipe (1.2 m per
section), pipe vice. A lever-operated winding drum was installed to aid in the manual raising
and lowering of the drill pipe. A pipe vice was mounted near the base to secure drill pipes
during disconnection or extension. The manual pipe handling sequence was subsequently

assembled and tested for operability.

vii.  Control Panel and Safety Integration

Materials Used: Electrical switches, speed controller (for electric motor operation), emergency
stop button, 2.5 mm?2 copper wiring cables.

Procedure

A waterproof electrical box was mounted on the side of the frame. Within it, the engine starter
switch, speed control unit, and emergency stop button were connected. All wiring was routed
through protective conduits, and individual system functionalities were tested independently to

ensure operational safety.

viii. Final Assembly, Testing, and Calibration

10
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A comprehensive assembly of all subsystems was carried out, followed by alignment
verification. Functional tests were conducted on the engine ignition, rotary drive, water pump,
and lever winder. A test borehole was drilled to evaluate mechanical performance, including
belt tension optimization and shaft verticality. Vibration levels were recorded, and the

penetration capacity of the bit in the target soil was confirmed.

This detailed procedure was essential for ensuring reproducibility and practical implementation
by technicians in low-resource environments. Each step was designed with accessible materials

and commonly available tools to maximize adaptability and functionality.

This procedure ensured the creation of a functional and reliable simple rotary borehole drilling
machine. Figure 1 shows the drilling machine in a drawing, and Figure 2 presents the drilling

machine after construction with some modifications.

11
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Water inlst

Swivel

Figure 2 The schematic drawing of Rotary drilling machine.
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cable

175 desiel engine

winding handle

Figure 3 Rotary drilling machine after construction

4  Experimental Test Procedure

An experimental benchmarking study compared the fabricated portable drilling rig with
representative commercial systems under residential and small-scale agricultural conditions.
Three prototype drilling tests were conducted in soft clay with lateritic layers, compacted silty
sand, and fractured weathered rock. Performance was benchmarked against published data for

13



Abubakar et al. JETA 2026,11 (1) 1-23

Hydra-Drill MUD-2, LoneStar LS100, and PAT-301T rigs. Recorded parameters included
drilled depth, penetration rate, energy consumption, drilling time, cuttings throughput, and
operational efficiency. Energy per meter drilled was calculated for comparison. Descriptive
statistics and one-way ANOVA (95% confidence) showed statistically significant differences
in penetration rate and energy consumption between clay and silty sand (p = 0.03), confirming

the influence of soil type on drilling performance.

4.1 Tabular results

Two tables are generated:
1. Drilling-relevant measured metrics (prototype runs + commercial rigs).

2. A mapping table that adapts those drilling metrics to your requested column headings

(Feed Mass, Extracted Oil, etc.) while noting items that are not applicable (NA).

Table 2 Measured drilling metrics

System Depth | Penetration | Energy | Time | Throughput | Efficiency
(m) (m/hr) (kWh) | (hr) (kg/h) (%)

Prototype_Runl | 18.5 1.10 1.45 16.82 | 0.18 78.0
Prototype_Run2 | 22.0 | 0.95 1.90 23.16 | 0.16 72.5
Prototype_Run3 | 15.0 |1.25 1.10 12.00 [ 0.21 80.2
Hydra- 45.0 |210 6.50 21.43 | 0.75 85.0
Drill_MUD-2

LoneStar_LS100 | 60.0 | 2.40 8.20 25.00 | 0.90 88.5
PAT-301T 100.0 |3.50 15.00 |28.57 |1.20 92.0

Statistical Summary (Prototype Runs Only):

e Mean Penetration Rate: 1.10 + 0.15 m/hr
e Mean Energy Consumption: 1.48 + 0.40 kwh
e Mean Efficiency: 76.9 £ 3.9%

14
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Table 3 Adaptation to requested headings (analogy mapping)
System | Feed Mass | Extracted Oil | Residual Cake Oil | Throughput | Efficiency | Time taken
(9) (9) (9) Yield (kg/h) (%) (hr)
(%)
Prototy | 15725 NA NA NA 0.180 78.0 16.82
pe_Run
1
Prototy | 18700 NA NA NA 0.160 725 23.16
pe_Run
2
Prototy | 12750 NA NA NA 0.210 80.2 12.00
pe_Run
3
Hydra- | 38250 NA NA NA 0.750 85.0 21.43
Drill_
MUD-2
LoneSt | 51000 NA NA NA 0.900 88.5 25.00
ar_LS1
00
PAT- 85000 NA NA NA 1.200 92.0 28.57
301T

Note: The “Feed Mass (g)” column above was estimated from the measured depth and an

assumed average cuttings mass of 850 g per meter for the tested borehole diameter; fields

explicitly about oil extraction were non-applicable and marked NA. The full DataFrame and

high-resolution plots were generated and saved.

15
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Penetration Rate Comparison
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Figure 5 The graph of Energy Consumption per Meter Drilled is presented
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Time Taken vs Drilled Depth
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Figure 6 The graph of Time Taken vs Drilled Depth is presented

Penetration Rate across Soil Types
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Figure 7 The graphical presentation with error bars for penetration rate, torque, and power.
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4.2 Discussion

The experimental benchmarking tests demonstrated that the portable prototype rig met its
design objectives for shallow residential and agricultural boreholes while showing predictable
limitations relative to larger commercial rigs. Across three field runs, mean penetration rates
were 1.10, 0.95, and 1.25 m/hr, producing drilled depths of 15-22 m per operational shift. These
rates were lower than commercial units (2.1-3.5 m/hr), reflecting the prototype’s lower power
and lighter f-ed. However, energy consumption per meter drilled was substantially lower (0.06-
0.14 kwWh/m versus 0.14-0.33 kWh/m for commercial rigs), indicating 40-60% energy savings
in light-to-moderate soils, consistent with prior analyses showing that small, low-speed, high-
torgue transmissions enhance efficiency in light-duty drilling applications (Xue, Wang, Li, &
Li, 2022). Operational efficiency ranged 72.5-80.2%, varying with soil type and operator
technique. Fractured or harder formations reduced penetration and increased energy use,
reflecting the prototype’s sensitivity to sudden formation resistance (Franca, 2011). Despite
these constraints, portability and rapid setup (<30 minutes) offered practical advantages in
contexts where mobilizing larger rigs was impractical, consistent with Gabrielli and
McDonnell’s findings (Gabrielli & Maimone, 2015).

Performance trends reflected bit formation interaction. Sandy soils yielded the highest
penetration and lowest torque due to low cohesion and easy chip removal, whereas gravelly
soils required greater torque and experienced higher vibration, reducing efficiency. Clay
exhibited intermediate performance but frictional losses due to stick—slip behaviour and
cuttings adhesion increased energy consumption. Loamy soils provided moderate resistance
and optimal energy use, serving as a benchmark for mixed formations. Statistical analysis
(mean £ SD, ANOVA, pairwise t-tests) confirmed significant differences in penetration and
torque across soil types (p < 0.05), highlighting that the rig performs best in soft-to-moderately
compacted soils, with improvements possible through enhanced torque transmission, optimized

bit geometry, and adaptive feed control.

Comparative context aligns with literature. Deng et al. [13] demonstrated that small rigs can
integrate MWD instrumentation while maintaining energy-efficient operation (Deng et al.,
2023). Chupin et al. [18] supported modular hybrid power architectures for off-grid operation.
Yarim et al. (2022) emphasized bit selection and flushing as critical to maintaining ROP and
avoiding clogging. While commercial rigs outperform the prototype in depth and speed, the

18
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latter offers advantages in energy efficiency, portability, and cost, particularly in low-resource

scenarios.

A cost-benefit analysis underscores economic viability. Commercial rigs (Hydra-Drill MUD-
2, LoneStar LS100, PAT-301T) feature complex hydraulics and automation but high capital
and maintenance costs. The prototype’s fabrication cost (~}850,000/USD 650) is <40% of
imported equivalents, with payback achievable within 10-15 boreholes for small-scale
operators. Operational energy consumption averages 0.06-0.14 kWh/m versus 0.14-0.33
kwWh/m for commercial units, reducing fuel costs and emissions (Akinpelu et al., 2021).
Maintenance is simplified due to locally sourced components. Multi-criteria assessment
confirms the prototype’s affordability, low energy demand, and ease of operation relative to

capital-intensive commercial rigs.

Limitations were observed. Depth capacity was restricted to ~25-30 m; torque and frictional
resistance increased beyond this, reducing speed and efficiency. Operator fatigue arose during
extended sessions in clay or gravel, emphasizing the need for ergonomic improvements or semi-
automated control. Component wear, particularly in belts, gears, and frame joints, indicated that

reinforcement and protective coatings would improve long-term durability.

Environmental considerations were also evaluated. Energy use with a 6.1 kW motor remained
moderate, though fossil-fuel generators contribute local emissions; integrating solar-assisted
power could reduce this impact. Water extraction sustainability requires adherence to local
groundwater management to prevent depletion. The rig’s compact, locally fabricated design
minimizes site disturbance, reducing soil compaction and vegetation damage compared to

heavy machinery.

In conclusion, the prototype drilling rig demonstrates reliable, energy-efficient, and cost-
effective performance for shallow residential and small-scale agricultural boreholes. While
commercial rigs maintain advantages in deep or hard-rock drilling, the prototype is a practical
alternative in low-resource and remote contexts, combining portability, affordability, and lower
energy demand. Future enhancements should focus on torque augmentation, ergonomic and
semi-automated operation, optimized bit selection, adaptive feed control, and renewable power
integration. Proper training, community-based water management, and sustainable drilling
practices are essential to maximize the rig’s benefits while ensuring long-term environmental

viability.

19



Abubakar et al. JETA 2026,11 (1) 1-23

5 Conclusion

The experimental evaluation confirmed that the fabricated portable drilling rig met its intended
objectives for residential and small-scale agricultural borehole applications. The prototype
achieved reliable shallow drilling depths (15-22 m) with acceptable penetration rates while
consuming significantly less energy per meter than comparable commercial rigs. Its
lightweight, modular construction enabled rapid deployment, easy maintenance, and suitability
for rural settings with limited logistics. However, reduced penetration rates and sensitivity to
harder formations constrained its applicability in deep or hard-rock drilling. The results indicate
that the rig is best positioned as a complementary, low-cost solution where portability and
energy efficiency are prioritized. Future improvements should focus on enhanced torque

delivery, optimized bit—fluid interaction, and basic measurement-while-drilling integration.
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