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Abstract

Feed handling activities in cattle feedlots—such as feed leveling, reconditioning, and the
removal of feed refusals along the trough—remain largely manual in many developing
countries, resulting in high labor demand and inconsistent feed availability. This study
aimed to design, develop, and evaluate an integrated machine capable of leveling feed,
conditioning refused feed, and collecting feed refusals. The machine was developed
using trough-geometry data (550–650 mm) and feed-residue properties (particle size, bulk
density, terminal velocity), integrating a shovel–dual-brush unit with pneumatic suction.
A prototype was subsequently fabricated and tested under practical feedlot conditions
using various trough widths and operating speeds. Performance evaluation included
feed-pile geometry, distribution uniformity, suction efficiency, suction capacity, and fuel
consumption. The leveling mechanism significantly improved feed distribution uniformity,
reducing the coefficient of variation for feed-pile height and feed mass by up to 67%
and 73%, respectively. During conditioning, the machine increased feed-pile height by
8–10 cm and reduced pile width by 6–13 cm. The suction system maintained high efficiency
(94–97%) with an average capacity of 14.1 ± 0.8 kg·min−1. Fuel consumption ranged from
0.54 L·h−1 during leveling to 1.30 L·h−1 during suction. Overall, the machine offers a
practical solution for improving feed shaping, uniformity, and residue removal.

Keywords: agricultural machinery; feed conditioning machine; integrated feed handling;
feed trough geometry; machine performance; cattle feeding system

1. Introduction
Demand for beef in developing countries continues to increase due to population

growth, urbanization, rising household incomes, and shifts in dietary preferences. Indone-
sia, the world’s fourth most populous country, had an estimated 287.6 million people in
2025, yet per capita beef consumption remains low at 2.25–2.91 kg per year [1]. Although
the national cattle population reached approximately 11.75 million head in 2024, domestic
production has not fully met national beef demand, resulting in continued reliance on
imports. At the same time, the sector’s growth has been driven by several market dy-
namics, including the expansion of domestic commercial feedlot enterprises, increasing
numbers of imported feeder cattle for fattening, and rising consumer demand associated
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with urban population growth; collectively, these factors contribute to the observed sec-
toral expansion [1]. Recent data indicate that Indonesia’s feedlot sector has continued to
grow, with more than 200 thousand head of cattle handled annually in feedlot operations,
including the intake of feeder cattle and the turnover of finished cattle prepared for slaugh-
ter. Most feeder cattle are imported from Australia at entry weights of 280–350 kg live
weight. Under these systems, cattle typically achieve an average daily weight gain (ADG)
of 1.5–2.0 kg·day−1, which aligns with performance commonly observed in Indonesian
commercial feedlot operations finishing Brahman-cross feeder cattle [2]. To reduce feeding
costs, Indonesian feedlots rely extensively on agricultural and agro-industrial by-products
such as rice straw, sugarcane tops, rice husks, soybean hulls, corn stalks, palm-kernel
cake, rice bran, molasses, tapioca waste, and pineapple waste [3], which are generally
high in fiber and low in crude protein, with only a few exceeding 20% CP [4]. Properly
formulated complete feeds based on local ingredients can improve animal performance
when nutritional requirements are met [5]. However, their fibrous and moist nature makes
them susceptible to compaction—due to moisture retention and prolonged mechanical
pressure—and to segregation during transport or loading, when particles of different sizes
and densities separate. Both forms of physical deterioration can reduce feed uniformity
and accessibility, ultimately affecting animal intake if not properly managed [6]. As feeding
operations strongly influence production efficiency and cost structure in integrated live-
stock systems, these challenges highlight the need for practical, locally adaptable feeding
technologies [7].

In response to labor constraints and efficiency demands, automated cattle feeding
systems have increasingly been adopted in intensive livestock operations [8]. Such systems
have been reported to influence feed alley design and daily farm management practices
by improving feed accessibility and the consistency of feed distribution [9]. Several au-
tomatic feeding machines have been developed to mechanize feed delivery and reduce
labor requirements [10]. Nevertheless, in many cattle feeding facilities—particularly in
developing countries—feeding infrastructure remains dominated by fixed concrete feed
troughs, and critical tasks such as feed reconditioning, leveling, and removal of refused feed
are still performed manually. This mismatch between available automation technologies
and prevailing on-farm practices highlights the need for integrated feeding machines that
can operate effectively within existing trough configurations.

Most commercial feedlots in Indonesia employ open concrete feed troughs with
concave bottoms. Based on onsite measurements at several commercial feedlots in East
Java and Lampung provinces, these troughs generally have an inner width of 55–65 cm
and a depth of 40–45 cm. Feed is commonly delivered two or more times per day in
the form of mixed rations containing moist or fibrous materials. As feeding progresses,
cattle tend to avoid consuming feed remaining at the bottom of the trough, particularly
when it becomes compacted or partially decomposed. Diets containing fibrous roughage
sources can exacerbate feed compaction and uneven distribution, emphasizing the need
for effective feed reconditioning and leveling mechanisms [11]. Consequently, remaining
feed must be manually turned and piled toward the center of the trough using simple
tools, such as shovels, to restore feed accessibility. Although automatic feeding systems
with dynamic feed delivery have been shown to improve feed accessibility and feeding
behavior [12], these systems are rarely applicable in feedlots with fixed concrete troughs,
where manual feed turning and redistribution remain necessary. Locally designed livestock
feed machinery has been shown to reduce labor requirements and improve operational
efficiency when tailored to specific on-farm conditions [13].

In addition to feed reconditioning, uneven feed distribution along the trough length
frequently occurs due to variations in feed delivery patterns and animal feeding behavior.
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Such unevenness leads to feed accumulation in certain sections and shortages in others,
increasing competition among animals and resulting in unequal feed intake and growth
performance [14]. Manual feed leveling is therefore required, further increasing labor
demand. Feed refusals—defined as the portion of total mixed ration remaining in the
trough before the next feeding—represent another persistent challenge. These refusals
must be removed prior to subsequent feeding, as mixing them with fresh feed can reduce
feed quality, increase spoilage, and negatively affect animal intake [15,16]. In Indonesian
feedlots, refusal removal is typically conducted manually, requiring significant labor input
and raising concerns related to hygiene, worker safety, and operational efficiency. Feed
losses and refusals at the trough level have been shown to significantly reduce feeding
efficiency and complicate accurate assessment of livestock productivity [17].

Although various feeding machines—such as feed mixers—have been developed to
improve feed preparation efficiency using locally available materials [18], most existing
equipment is designed primarily for feed preparation rather than in-trough feed manage-
ment. As a result, essential tasks such as feed reconditioning, leveling, and refused-feed
collection remain predominantly manual, and no integrated machine is currently available
to perform these functions simultaneously within the feed trough. Existing mechanized
equipment generally addresses only a single operation and is rarely engineered for in-
trough use under the spatial and structural constraints of Indonesian feedlots, where fixed
concrete troughs typically measure only 55–65 cm in inner width, feature concave bot-
toms, and offer limited working space. Meanwhile, automated and mechanized feeding
technologies widely used in intensive cattle systems worldwide—including robotic feed
pushers, belt-type feeding systems, automatic feed mixers, and vacuum-based residue
collectors—are designed for wide, open feeding alleys or standardized trough geometries,
making them incompatible with Indonesia’s narrow and fixed trough configurations. More-
over, these systems lack multifunctional capability: they cannot simultaneously recondition
compacted feed, level uneven piles, and collect refusals within confined trough interiors.
This clear mismatch between available technologies and local infrastructure highlights
a significant technological gap and underscores the need for a compact, multifunctional,
affordable, and locally adaptable machine aligned with future feed-technology directions
emphasizing efficiency and sustainability [19].

In this study, we highlight four key innovations of the proposed machine: it (1) integrates
feed turning, leveling, and pneumatic residue collection into a single unit; (2) employs a
brush–shovel assembly tailored for confined concrete troughs; (3) uses a suction subsystem
adapted for moist, fibrous feed residues; and (4) applies parameter-based modeling to
determine essential geometric and operating parameters.

Therefore, the objective of this study was to design and develop an integrated feed-
conditioning machine designed to handle feed within cattle feed troughs, capable of
(i) leveling feed piles, (ii) turning and reconditioning feed, and (iii) collecting feed refusals.
A prototype machine was fabricated and experimentally evaluated to assess its functional
and mechanical performance under practical feedlot operating conditions.

2. Materials and Methods
2.1. Measurement of Feed Trough Dimension and Feed Characteristics

To design the head section of the machine that operates inside the feed trough, accurate
geometric data of the trough are required. Identification of the trough shape and dimensions
was carried out at a commercial feedlot facility owned by one of the largest livestock
companies in Indonesia, located in Lampung Province, where the developed machine was
tested. This feedlot has 20 pens and uses a mechanized Total Mixed Ration system, with
the feed mixed and delivered directly to the feed troughs by TMR feed trucks.

https://doi.org/10.3390/agriengineering8030117

https://doi.org/10.3390/agriengineering8030117


AgriEngineering 2026, 8, 117 4 of 33

The measured geometric parameters included the height of the outer front wall from
the road surface (Ho), front wall thickness (Tw), inner front wall height (Hi), inner width (Wi),
and trough depth (Hb) (Figure 1). All measurements were carried out using a ruler with an
accuracy of 1 mm. Preliminary observations revealed that multiple trough configurations
were used at the feedlot; therefore, measurements were performed on all existing trough
types to capture this variability. In total, four types of troughs were identified. For each
type, two trough units were measured, and each dimensional measurement was repeated
five times. In addition, the concavity of the trough bottom was measured using a relief
meter with a pin spacing of 5 cm and an accuracy of 1 mm.

Feed alley

Hb

Hi

Ho

Tw

Wi

Figure 1. Geometric parameters measured on the feed trough.

To determine the appropriate dimensions and operating mechanism of the feed turning
system, data on the physical characteristics of the feed are required. Similarly, the design of
the pneumatic suction system for collecting residual feed necessitates information on the
terminal velocity of the feed fractions.

The physical characteristics of cattle feed evaluated in this study included: (1) feed
fraction composition based on form (leaves, stems, and granules) and granule size; (2) bulk
density; (3) moisture content; and (4) terminal velocity. The classification of feed fractions
was adapted from [20] and modified to reflect the actual conditions of feed used in the
feedlot. Feed samples were collected from refused feed remaining in the feed trough.

The collected feed was manually sorted according to its form and separated for
subsequent measurements (Figure 2). The granular fraction was further classified using
sieves with 5 mm and 7 mm openings. Based on particle size, granules were grouped into
three categories: large granules (>7 mm), medium granules (5–7 mm), and small granules
(<5 mm).

(a) (b) (c)

Figure 2. Classification and separation of cattle feed fractions for physical property measurements:
(a) leaf fraction, (b) stem fraction, (c) granules.
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Bulk density of each feed fraction was determined by filling a 1000 mL graduated
cylinder with the sample and weighing it using a digital scale (CHQ, Dongguan, China)
with an accuracy of 0.01 g. Each measurement was conducted in three replications. Feed
moisture content was measured using the gravimetric oven-drying method at 105 ◦C for
24 h, with five samples analyzed for each feed fraction.

The terminal velocities of the feed fractions were measured using a vertical wind
column apparatus (Pudak Scientific, Bandung, Indonesia), following the procedure out-
lined by [18]. In this method, upward airflow was gradually increased until the parti-
cles reached suspension, thereby allowing the determination of their terminal velocities.
This technique is widely applied to assess the aerodynamic properties of agricultural
granular materials [21]. For each feed fraction, 50 samples were randomly selected, each
weighed with a digital scale (accuracy 0.01 g) and measured using a digital caliper (accu-
racy 0.01 mm). Specifically, for the leaf fraction, length and width were recorded; for the
stem fraction, length and diameter were measured; and for the granule fraction, particle
diameter was determined. From the collected samples, the ten heaviest specimens in each
feed fraction were selected, as higher mass is associated with larger and more compacted
particle aggregates that require greater airflow to be entrained. These samples therefore
represent the most severe conditions for terminal-velocity measurement and the most
critical scenario for pneumatic conveying design. The maximum terminal velocity obtained
was then used as the design reference for determining the minimum required suction air
velocity of the feed collection pneumatic system.

2.2. Machine Design Concept

The integrated machine was conceptually designed to perform three essential
in-trough operations—feed turning and conditioning, feed leveling, and refused-feed
collection—within the concrete troughs commonly used in Indonesian feedlots. Its con-
figuration (Figure 3) was guided by the geometric constraints of existing troughs and
the physical characteristics of the feed material, requiring reliable operation in troughs
550–650 mm wide with varied bottom profiles while accommodating the maximum ob-
served leaf and stem dimensions to avoid wall contact. The leveling and turning mech-
anisms were engineered to handle fibrous feed materials such as corn and Napier grass,
with particle lengths up to 400 mm and bulk densities of 0.10–0.30 g·cm−3, whereas the
suction system was sized to recover refused feed based on particle terminal velocities of
approximately 8–10 m·s−1 to prevent clogging and ensure stable pneumatic transport.
Overall, the design emphasized compatibility with trough geometry, adaptability to feed
physical properties, compact integration of multiple functions, and safe, straightforward
operation under practical on-farm conditions.

Figure 3. Configuration of the main components of the integrated feed-handling machine: (1) shovel;
(2) rotating brushes; (3) rake; (4) blower; (5) feed-collection sack; (6) head unit; (7) brush motors;
(8) slider mechanism; (9) AC generator set; (10) cyclone separator; (11) three-wheeled mini truck.
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Feed turning and conditioning were accomplished using a shovel combined with
dual rotating brushes. The use of a rotating brush system to draw in and collect scattered
materials has been proven effective in gathering substances such as cattle feed [22,23]. The
shovel (1) acted as the primary lifting and guiding element, elevating compacted feed from
the trough bottom, while the rotating brushes (2) promoted feed loosening, flipping, and
controlled rearward redistribution. This interaction enabled effective feed reconditioning
while reforming the material into a centralized and accessible pile.

Feed leveling was integrated into the same shovel–brush assembly through the addi-
tion of a rake (3) positioned above the feed pile. The rake suppressed excessive feed height
and prevented localized over-piling, while the shovel lifted feed from the trough base and
the rotating brushes redistributed it along the trough length. This coordinated mechanism
improved feed uniformity without the need for separate leveling devices.

Collection of feed refusals was carried out using a pneumatic suction system powered
by a centrifugal blower (4). This type of system is well-suited for handling granular
and fibrous materials such as feed [24]. The concept was selected because feed residues
accumulate at the bottom of the trough and must be directly transported into a collection
sack (5) mounted on the machine. The suction intake head (6) was designed for insertion
into the trough and for both vertical and lateral repositioning during operation to ensure
complete removal of residual feed. To enhance performance, a rotating brush system (7) was
integrated to loosen compacted feed and direct scattered particles toward the suction
inlet. This dual mechanism ensures that both fine particles and larger feed fragments are
efficiently conveyed into the collection sack. Compared with mechanical conveying systems,
the brush–vacuum approach offers greater flexibility, reduced mechanical complexity, and
improved adaptability to confined trough geometries under practical feedlot conditions.
By contrast, Vásquez Llave et al. [25] employed a combination of inclined belt conveyor
and vacuum for highway trash collection, which is suitable for spacious environments.
In feedlot applications, however, the brush–vacuum system provides a more precise and
efficient solution for localized residues within narrow troughs.

The rotating brush unit was driven by a pair of AC electric motors (7), while the
positioning of the shovel–brush assembly was achieved using a sliding frame mechanism
(8) actuated by a chain-driven screw. The left–right and vertical (up–down) movements of
the sliding frame were independently controlled by dedicated AC electric drive motors.
Electrical power for all electric motors was supplied by an onboard AC generator (9). The
blower of the pneumatic suction system was driven independently by a gasoline engine
(Honda, Bangkok, Thailand), and a cyclone separator (10) was employed to separate feed
particles from the airflow prior to collection in feed-collection sack.

All components were mounted on a commercially available three-wheeled mini truck
(11), which served as the prime mover. This platform was selected due to its wide avail-
ability on the local market, relatively low cost, adequate payload capacity, and sufficient
cargo-bed space for accommodating the integrated system components. In addition, its
compact dimensions and tight turning radius provide high maneuverability along nar-
row feed alleys and between opposing feed troughs under confined feedlot conditions
commonly encountered in Indonesia. The mini truck was powered by an engine rated
at 7.5 kW at 7500 rpm, which was sufficient to support machine mobility and auxiliary
system operation.

The operational concept of the machine, in which it travels along the feed alley adjacent
to the feed trough during feed-handling activities, is illustrated in Figure 4.
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Figure 4. Conceptual operation of the integrated feed handling machine along the feed trough.

2.3. Head Unit of Feed Collecting and Turning System

The head unit operates directly inside the feed trough and is designed to perform
three main functions: leveling uneven feed piles, conditioning and turning uneaten feed,
and collecting feed residues for suction. To carry out these functions under varying trough
geometries and feed conditions, the head unit integrates a rake, a shovel assembly, and a
counter-rotating dual-brush assembly.

To analyze the flow of material within the brush–shovel mechanism, a schematic is
developed to illustrate the mass velocity and the cross-sectional areas traversed as the
shovel moves forward and the brushes rotate to draw the material, push it onto the shovel
surface, and discharge it through the rear opening to form a pile behind the machine,
as shown in Figure 5. Furthermore, an additional schematic diagram was prepared to
illustrate the relationship between the feed-material velocity at the rear opening and the
desired pile height, as shown in Figure 6.

Figure 5. Schematic diagram of volumetric feed flow in head unit with shovel and brush mechanism.
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Figure 6. Schematic diagram of feed flow velocity at the rear opening to achieve the target rear
pile height.

By referring to Figure 6, the required initial ejection velocity at the rear opening (the
back end of the shovel) can be analyzed to ensure that material from the lower layer can be
projected upward onto the intended pile. Using the kinematics of uniformly accelerated
motion, the initial ejection velocity v′ro required to reach the target conditioned pile height
h f o can be expressed as:

v′ro =

√
2ghm

sin δ
(1)

v′ro =

√
2g

(
h f o − hs

)
sin δ

(2)

v′ro =

√
2g

(
h f o − (lssin δ)

)
sin δ

(3)

where v′ro is the ejection velocity (m·s−1), hm is the maximum projection height measured
from the rear end of the shovel (m), δ is the shovel inclination angle (◦), h f o is the target
pile height (m), hs is the height of the rear end of the shovel (m), and ls is the shovel
length (m).

The motion at the end of the shovel is generated by the pushing action of the brush;
therefore, its velocity originates from the linear velocity of the lower brush-wire tips. Since
a reduction in velocity occurs from the lower point of the shovel to its upper end due to the
height gain hs, the required initial velocity vK at the lower point must be greater than v′ro.
Assuming no friction for simplification, the relationship becomes:

vK =
√

v′ro
2 + 2ghs =

√
v′ro

2 + 2g(lssin δ) (4)

When the brush is mounted at an incline matching the shovel plane, vK corresponds
to the linear velocity of the lower brush-wire tips. In this concept, the lower layer of feed
is projected upward, while the upper layer is simply passed through to the rear opening
and allowed to fall onto the trough bottom, resulting in the feed being flipped as it moves.
Accordingly, the required brush rotational speed nb can be determined as:

nb =
30 vK
π rlb

(5)

where nb is the rotational speed of the brush (rpm), and rlb is the radius of the lower brush
circle (m).
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To maintain smooth feed flow from the feed trough through the brush segment to the
rear opening, the flow rates must satisfy:

QABCD ≤ QKLMN ≤ QEFGH (6)

where QABCD is the volumetric intake flow rate (m3·s−1), QKLMN is the volumetric flow
rate in the KLMN section (m3·s−1), and QEFGH is the volumetric flow rate at the rear
opening (m3·s−1).

The volumetric feed-intake flow rate is given by the cross-sectional area of the feed
pile (ABCD plane) multiplied by the forward velocity of the shovel:

QABCD = AABCD × vm (7)

AABCD = lAB × hAD (8)

where AABCD is the area of the ABCD segment (m2), vm is the forward velocity of the
shovel (m·s−1), lAB is the shovel width (or feed-trough width) (m), and hAD is the feed
pile height (m).

The feed then enters the region between the two brushes (KLMN), with volumetric
flow rate:

QKLMN = AKLMN × vKLMN (9)

where AKLMN is the area of the KLMN segment (between the two brushes) (m2). The area
of the KLMN section can be calculated as follows:

AKLMN =
llb + lub

2
× hb =

(lbs − 2rlb) + (lbs − 2rub)

2
× hb (10)

AKLMN = (lbs − (rlb + rub))× hb (11)

where llb is the distance between the lower brush tips (m), lub is the distance between the
upper brush tips (m), hb is the brush height (m), lbs is the brush shaft spacing (distance
between left and right brush shafts) (m), rub is the radius of the upper brush circle (m), and
rlb is the radius of the lower brush circle (m).

The average pulling velocity vKLMN on the KLMN plane is obtained from the com-
bined contributions of the left and right brush assemblies (Figure 6). Because the brush
wires are arranged at an inclination, the upper and lower brush regions generate different
linear velocities (vub and vlb). These velocities decrease toward the midpoint between the
two brushes, resulting in reduced effective velocities (v′ub and v′lb). Under these conditions,
the average velocity on the KLMN plane is expressed as:

vKLMN =

(
vub + v′ub + vlb + v′lb

)
4

(12)

where vub is the linear velocity at the upper brush region (m·s−1), vlb is the linear velocity at
the lower brush region (m·s−1), v′ub is the minimum linear velocity in the upper mid-region
between the two brushes (m·s−1), and v′lb is the minimum linear velocity in the lower
mid-region between the two brushes (m·s−1).

The minimum velocities are expressed using coefficients:

v′ub = λuvub and v′lb = λlvlb (13)

where λu and λl are the minimum-velocity coefficients for the upper and lower regions,
respectively (–). These coefficients represent the effective decrease in pulling speed experi-
enced by feed material located outside the brush-tip rotational path.
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Because both regions rotate at the same brush rotational speed nb, their linear velocities
scale with radius:

vub =
rubvlb

rlb
(14)

Substituting (13) and (14) into (12) yields:

vKLMN =

(
rub
rlb

vlb

)
+ λu

(
rub
rlb

vlb

)
+ vlb + λlvlb

4
(15)

The velocity vlb represents the horizontal component of vK, thus:

vlb = vKcos δ (16)

At the rear opening:
QEFGH = AEFGH × vro (17)

AEFGH = lEF × hFG (18)

vro = v′rocos δ (19)

where AEFGH is the rear-opening area (m2), vro is the horizontal discharge velocity at
the rear opening (m·s−1), lEF is the rear-opening width (m), and hFG is the rear-opening
height (m).

In this design, the rear pile is reshaped to be narrower but taller: the original feed
width of 55–65 cm in the trough is reduced to about half (≈30 cm), and the rear-opening
height is set to 25 cm to ensure smooth flow.

To determine the pulling-brush rotational speed, the design parameters listed in Table 1
are used as inputs. The design considerations include the measured dimensions of the feed
trough, the feed pile height to be turned and reconditioned, the requirement to overturn
and reshape the pile into a narrower and taller form, and the machine operating speed.

Table 1. Parameters used in the brush–shovel feed flow analysis.

Parameter Symbol Unit Value

Target height of the feed pile after
conditioning hfo m 0.2

Shovel length ls m 0.15
Shovel inclination angle δ o 25
Upper-region minimum-velocity coefficient λu - 0.6
Lower-region minimum-velocity coefficient λl - 0.8
Radius of the upper brush circle rub m 0.08
Radius of the lower brush circle rlb m 0.14
Forward velocity of the shovel vm m·s−1 0.4
Feed trough width lAB m 0.6
Feed pile height hAD m 0.1
Brush shaft spacing lbs m 0.32
Brush height hb m 0.15
Width of the rear opening lEF m 0.3
Height of the rear opening hFG m 0.25

Using the input parameters in Table 1 and Equations (3)–(5), the required brush
rotational speed was obtained as 284 rpm. Accordingly, an AC geared motor rated at
290 rpm—readily available on the local market—was selected.

Next, using Equations (8)–(16) together with the initial feed-pile conditions and the
selected brush rotational speed (290 rpm), the volumetric flow rate generated by the brush
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push (QKLMN) was obtained as 0.04 m3·s−1. This is higher than the feed-intake flow rate
QABCD of 0.02 m3·s−1, calculated using Equations (7) and (8), indicating that the brush can
sustain smooth feed flow at the target forward speed of 0.4 m·s−1. At the rear opening,
the larger area (0.075 m2) combined with the higher corresponding discharge capacity
ensures that the maximum achievable outflow rate exceeds the incoming feed flow, thereby
preventing bottlenecks and maintaining smooth discharge.

Although the brush–shovel assembly can maintain a continuous feed flow, the in-
coming feed profile in practical trough environments is typically irregular and uneven.
To ensure more consistent material presentation, a rake element (1) was installed at the
upper-front section of the head unit, positioned upstream of the rotating brushes (Figure 7).
The rake functions to pre-shape, advance, and preliminarily level accumulated feed before
it undergoes conditioning by the shovel (2) and brush assemblies (3). Field measurements
showed that feed accumulation height in the troughs ranged from 50 to 250 mm, measured
immediately after feed distribution by the TMR feed truck using a steel ruler with 1 mm
accuracy, with a total of 12 observations collected across different pens and feeding times
to capture natural variation. Based on these values—representing typical accumulation
heights in commercial feedlot operations—the vertical position of the rake element was set
to ensure consistent and reliable engagement with the feed pile while preventing excessive
resistance or scattering. This pre-conditioning stage stabilizes the feed layer and enhances
uniformity prior to subsequent turning and collection processes.

(a) (b)

Figure 7. Conceptual design in suction mode (a) and prototype of the head unit (b) for feed condi-
tioning, leveling, and residue collection. (1) Rake; (2) shovel; (3) rotating brushes; (4) vertical side
shovels; (5) suction inlet; (6) roller bearings; (7) roller with an automatic switch; (8) AC gear motors;
(9) pull-cable system.

As illustrated in Figure 7, the shovel assembly comprises a horizontal shovel (2) and
a pair of vertical side shovels (4), all fabricated from 6 mm nylon plates. The horizontal
shovel is mounted at the base of the head unit and designed to follow the geometric profile
of the trough floor, enabling effective operation across flat, slightly concave, and fully
concave bottom surfaces. Its primary functions include scooping feed from the trough
floor, lifting compacted material during conditioning, and directing the material either
toward the trough center or into the suction inlet (5) during residue-collection tasks. The
side shovels, positioned on both sides of the unit, gather feed adjacent to the trough
walls while preventing lateral displacement. To accommodate common trough widths
(550–650 mm), each side shovel is mounted on a hinged, spring-loaded support equipped
with roller bearings (6), allowing automatic lateral adjustment. This hinge–spring–roller
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configuration ensures smooth adaptation to dimensional variations without increasing
mechanical resistance or causing damage to the trough walls.

Positioned above the shovel assembly is a counter-rotating dual-brush mechanism
(3) that actively redistributes, conditions, and consolidates the feed. The brushes move
material from the trough edges toward the center, facilitating leveling, overturning, and
transferring to the suction inlet. Each brush consists of six stainless-steel coiled wires
(8 mm diameter) mounted on a rotary disc connected directly to a motor shaft. The
brushes have a base diameter of 280 mm and are driven by 90 W AC gear motors (PEI-EI
Precision Machinery Co., Ltd., Taoyuan, Taiwan) (8) with a 1:5 reduction ratio, producing
an operating speed of 290 rpm. To accommodate varying trough widths, the brush motors
are mounted on hinged frames that allow lateral expansion or contraction. During insertion
or withdrawal of the head unit, these frames can be retracted using a pull-cable system
(9), preventing interference with overhead steel rails or cable barriers commonly found in
feed fence. This ensures safe and unobstructed maneuverability within existing feedlot
infrastructure.

The head unit operates in two modes depending on the task, as shown in Figure 8.
In the feed-leveling and conditioning mode, the rear discharge opening (10)—measuring
30 cm in width and 25 cm in height—remains open (Figure 8a). This configuration allows
unrestricted operation of the shovel–brush system, enabling efficient lifting, redistribution,
and reshaping of feed along the trough. In contrast, during feed-residue collection, the
suction-inlet funnel (11) is folded forward and aligned with the suction-hose port on the
cover door (12), which connects to the flexible suction hose (13). The cover door is then
closed to seal the rear discharge opening (Figure 8b), directing refused feed into the suction
inlet and ensuring efficient pneumatic transport toward the suction blower. This dual-mode
configuration enables rapid switching between conditioning and collection without any
disassembly of the head unit.

(a) (b)

Figure 8. Head unit configuration: (a) outlet door open for feed leveling and conditioning; (b) suction
mode for feed collection. (10) Rear discharge opening; (11) suction-inlet funnel; (12) cover door;
(13) flexible suction hose; (14) permanent-magnet plate; (15) spring-loaded roller.

To prevent contamination of recovered feed, a high-strength permanent-magnet plate
(14) is installed on the shovel floor near the discharge opening to capture metallic debris
entrained in the feed. Additionally, a spring-loaded roller equipped with a limit switch
(15) is mounted at the lower rear end of the unit to ensure consistent positioning inside
the trough. When the shovel reaches the trough bottom, the roller actuates the switch,
automatically stopping further downward movement and preventing excessive impact
with the trough floor.
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2.4. Sliding Frame for Positioning the Head Unit in the Feed Trough

During transportation along the feed alley, the head unit is lifted and retracted toward
the machine body to provide sufficient clearance and avoid interference with surround-
ing structures. Prior to operation, the head unit is translated laterally toward the feed
trough and subsequently lowered into the trough, while after completion of feed leveling,
conditioning, or refused feed collection, it is raised again to allow safe repositioning or
movement to the next feeding section. These motions are enabled by a combined ver-
tical and horizontal positioning system based on a sliding frame mechanism (Figure 9),
in which the vertical and horizontal movements are independently driven by dedicated
AC electric motors, allowing precise control of the head unit position relative to the feed
trough. Accurate positioning of the head unit within the feed trough is essential to ensure
effective feed leveling, feed conditioning, and efficient collection of refused feed during
machine operation.

(a) (b)

Figure 9. Sliding-frame mechanism for vertical and horizontal positioning of the head unit (a) and
generator set unit (b). (1) Main sliding frame; (2) base frame; (3) electric gear motor; (4) gear reduction
box; (5) rotating shaft; (6) chain–sprocket mechanism; (7) inner sliding frame; (8) electric gear motor.

The vertical positioning system consists of a vertical sliding frame (1) that moves
up and down along two pairs of guide columns rigidly mounted to the mini-truck bed
via a base frame (2). Vertical motion is driven by a single-phase electric gear motor
(3) equipped with a 1:60 reduction gearbox (4). Power is transmitted through a rotating
shaft (5) to a double chain–sprocket mechanism (6), providing synchronized and stable
vertical movement of the head unit during operation.

Horizontal (left–right) positioning is achieved using a telescopic mechanism, in which
an inner sliding frame (7) is housed within the main sliding frame (1). Lateral movement
of the telescopic frame is controlled by a screw mechanism enclosed within the telescopic
frame and driven by a dedicated single-phase electric gear motor (8) with a rated power of
90 W and a gear reduction ratio of 1:3. This configuration enables precise lateral adjustment
of the head unit to accommodate variations in feed trough width and to maintain proper
alignment during operation. Electrical power for the vertical and horizontal positioning
motors is supplied by a 2-kW portable gasoline generator (Honda, Bangkok, Thailand)
installed at the rear of the vertical–horizontal positioning mechanism unit.
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2.5. Design of Pneumatic System for Feed Suction and Collection

The feed suction system was developed based on pneumatic conveying principles;
whereby feed residues are transported from the trough to a collection unit by an induced
airflow stream. In the present design, the suction inlet is integrated into the head unit and
positioned within the feed trough, where it captures feed residues directed toward the
center by the shovel and brush assemblies. Once entrained, the feed material is conveyed
through a flexible hose that accommodates the vertical and lateral motion of the head unit
and transports the material toward the centrifugal suction blower. The blower generates the
negative pressure required at the inlet while simultaneously providing positive discharge
pressure. After passing through the blower, the air–feed mixture is delivered to the cyclone
separator, where solid feed residues are separated from the airflow by centrifugal action.
The separated feed material is collected in a polypropylene woven sack, while the cleaned
air exits through the cyclone’s upper outlet. This flow pathway establishes the overall
functional sequence of suction, conveying, and separation within the pneumatic system.

The system employs a combined negative–positive pressure configuration to ensure
stable suction, conveying, and effective separation. The design and evaluation of the
pneumatic collection unit were guided by the principle that particles can be entrained
when the conveying air velocity exceeds their terminal velocity, which depends on particle
properties and moisture content [26].

In determining the required blower capacity, the design considered the target feed in-
take rate of 20 kg·min−1, the characteristics of the stem fraction—particularly stem segments
that cannot be folded—the maximum terminal velocity of the feed fractions (15.9 m·s−1),
and the suction pressure necessary for stable entrainment. Based on these considerations,
the suction system was designed to generate an inlet air velocity of 16 m·s−1, providing
a slight margin above the terminal velocity threshold to ensure reliable entrainment and
transport of all feed components under operating conditions.

The total pressure drop in the pneumatic conveying system was calculated as the sum
of losses across major components, following the methodology described by [27,28]. The
total pressure drop is expressed as:

∆p = ∆pL + ∆pa + ∆ps + ∆pg + ∆pb + ∆pc (20)

where ∆p is the total system pressure drop (Pa); ∆pL is the pressure loss due to airflow (Pa);
∆pa is the pressure drop for particle acceleration (Pa); ∆ps is the solids-friction loss (Pa);
∆pg is the loss due to vertical lifting (Pa); ∆pb is the loss in pipeline bends (Pa); and ∆pc is
the losses in fittings and connectors (Pa). The pressure-drop calculation was performed
for a suction line comprising a 2-m pipe with a 0.1-m diameter, two smooth bends with an
R/D ratio of 3, a vertical lift of 1.4 m, and additional minor losses from the blower inlet and
cyclone. An airflow velocity of 50 m·s−1 was used to ensure adequate entrainment of feed
particles with a bulk density of 0.3 g·cm−3 and an average size of 6.3 mm, under a target
intake rate of 20 kg·min−1. Based on these system parameters, the total pressure drop was
calculated to be 3.65 kPa.

Blower development began with preliminary trials using a commercially available
4-inch blower to establish baseline performance. This diameter was selected to accommo-
date the largest and most rigid feed components—particularly corn stalks up to 88.4 mm in
length—thus minimizing blockage risk. Data from these initial tests, along with measured
feed characteristics such as terminal velocity and stem dimensions, were used to calculate
the required airflow rate, suction pressure, and duct geometry. The suction system was
sized to ensure unobstructed passage of the largest particles while maintaining sufficient
negative pressure for continuous residue transport. The blower impeller was subsequently
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redesigned based on these calculations, following blade-shape and blade-size design prin-
ciples described by Thai et al. [29]. The resulting centrifugal blower impeller and housing
dimensions are shown in Figure 10, and the blower–cyclone assembly configuration in
Figure 11. The blower is powered by a 5 hp (3.7 kW) gasoline engine via double V-belts and
pulleys, providing adequate power to achieve the required suction velocity and pressure.

(a) (b)

Figure 10. Dimensions of the centrifugal impeller (a) and its housing (b).

(a) (b) (c)

Figure 11. Model configuration of the suction blower unit (a) and cyclone separator (b) with dimen-
sional specifications (c).

The separation of entrained feed from the airflow is carried out using a cyclone
separator (Figure 12). This device was selected for its simplicity, robustness, and effective
performance at relatively low-pressure losses. Following the design recommendations
of [28], the cyclone geometry was defined using explicit dimensional criteria. The inlet
dimensions were chosen to achieve an inlet velocity within the recommended range of
15–27 m·s−1, while the ratio of cylinder cross-sectional area to inlet area was maintained
at approximately 5–6 to promote strong tangential acceleration. The cone angle was
set within the standard 15–20◦ range to ensure a stable downward spiral and minimize
short-circuit flow. The vortex-finder diameter and penetration depth were also selected
according to established design ratios to achieve high separation efficiency. These criteria
collectively guided the determination of the inlet size, body diameter, cone geometry, and
vortex-finder configuration.
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Figure 12. Configuration of the pneumatic feed suction and collection system.

During operation, the air–feed mixture enters the cyclone tangentially, generating a
swirling vortex that drives particles toward the wall and downward into a polypropylene
woven sack, while the cleaned air exits through the upper outlet. This mechanism follows
established cyclone principles in which separation efficiency is governed by airflow velocity,
cyclone dimensions, and particle properties [30].

To accommodate the dynamic movement of the head unit, the suction pipeline in-
corporates a flexible hose between the inlet and the blower. This configuration prevents
mechanical stress, misalignment, or leakage during relative motion, ensuring stable airflow
and uninterrupted conveying performance. The overall configuration of the pneumatic
feed suction and collection system is shown in Figure 12.

2.6. The Machine Control System

The machine control system comprises five main subsystems: (a) a control subsystem
for the collector brush drive motor; (b) a control subsystem for the sliding frame drive
motor used to position the feed collector and suction head; (c) a control subsystem for
operating the suction blower; (d) a control subsystem regulating the electrical power supply
from the AC generator to the electrical panel; and (e) a control subsystem for operating the
three-wheeled mini truck.

Control of the vertical and horizontal sliding-frame system is used to position the head
unit, activate the brush drive motors, and distribute electrical power from the onboard
generator. The control system employs a DC switching circuit powered by the three-
wheeled mini-truck battery, integrated with solid-state relays to ensure reliable operation
and enhanced operator safety. The corresponding electrical schematic is presented in
Figure 13.

Positioning of the head unit is achieved through a sliding-frame mechanism driven by
two independent AC electric motors, one dedicated to vertical movement and the other to
horizontal movement. Both motors are controlled via a dedicated switch panel installed
near the operator’s right-hand handle (Figure 13, lower left). The panel consists of four
directional buttons that enable vertical (up–down) and lateral (left–right) positioning of the
head unit.

To ensure safe operation, multiple safety mechanisms were integrated into the system.
Each motion axis is equipped with an electrical limit switch that automatically cuts power
to the corresponding actuator when the head unit reaches its maximum travel position. If a
limit switch fails, permanent mechanical end-stops located at the ends of the slider frame
physically prevent further motion, ensuring that the head unit cannot over-travel. The
vertical and horizontal drive motors are also protected by over-current protection circuits,
which interrupt power under excessive load conditions. In addition, the system is equipped
with a manual emergency stop button, allowing the operator to immediately shut down all
actuators if abnormal behavior is observed. During downward motion, once the shovel

https://doi.org/10.3390/agriengineering8030117

https://doi.org/10.3390/agriengineering8030117


AgriEngineering 2026, 8, 117 17 of 33

section contacts the bottom of the feed trough, a limit switch mounted at the lower rear
of the head unit cuts off electrical power to the vertical sliding motor. Conversely, when
the sliding frame reaches its upper travel limit, another limit switch disconnects the power
supply to the vertical drive motor to prevent overtravel.

Figure 13. Control circuit diagram for head unit positioning (left–right and up–down) and brush
drive motor activation.

This configuration allows the operator to safely and precisely adjust the position of the
feed-collecting and suction head while continuously monitoring its alignment through the
rearview mirror (Figure 14), which is also equipped with a spotlight to enhance visibility
under low-light operating conditions.

 
Figure 14. Rearview mirror and spotlight assisting the operator in positioning the feed-collecting and
suction head.
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The collector brush drive motors are operated via a two-position switch (ON—up,
OFF—down) mounted on the right side of the operator’s seat (Figure 15b). Electrical power
distribution from the onboard generator to the entire system is regulated by a main power
switch in the form of a miniature circuit breaker (MCB) with an ON–OFF configuration,
installed on the left side of the operator’s seat.

(a) (b)

Figure 15. Control system for brush-assembly retraction-extension (a), and brush rotation (b).

A full prototype incorporating the design improvements identified during functional
testing was successfully constructed, as shown in Figure 16.

Figure 16. Fabricated prototype of the Integrated Feed Conditioning Machine ready for
performance testing.

2.7. Performance Evaluation of the Integrated Feed Conditioning Machine

The performance of the developed integrated machine was evaluated through field
tests conducted in a commercial cattle feedlot. The evaluation focused on three main
operational functions: (1) leveling of newly distributed feed, (2) conditioning and turning
of uneaten feed, and (3) collection of feed residues. All performance tests were carried
out under practical feedlot conditions using actual feed troughs. Each test was conducted
along a designated feed trough length and repeated three times to ensure repeatability
and reliability of the results. Measurements of feed pile height were performed using a
measuring ruler with an accuracy of 1 mm.

2.7.1. Feed Leveling Test

The feed leveling test was conducted to evaluate the ability of the machine to evenly
distribute newly supplied feed along the feed trough under different initial feed distribution
conditions. Three initial feed pile patterns were prepared prior to testing (Figure 17). The
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first pattern consisted of a series of feed-pile height segments arranged to form a segmented
wave-like pattern. The pile was constructed from sequential 2-m sections with heights
of 15 cm, 25 cm, 15 cm, and 5 cm, followed by an increase back to 15 cm and 25 cm
before decreasing again to 15 cm and 5 cm. The second pattern consisted of a stepped
configuration, where feed pile heights of 25 cm, 15 cm, and 5 cm were arranged in 2-m
segments and repeatedly increased and decreased following the same sequence along the
trough. The third pattern represented an irregular distribution, with feed pile heights
varying irregularly between 5 cm and 25 cm along the feed trough.

(a)

(b)

(c)

Figure 17. Schematic representation of initial feed pile distribution patterns used in the feed leveling
test: (a) segmented wave-like pattern, (b) stepped pattern, (c) irregular pattern.

To standardize feed loading conditions, feed pile heights of 25 cm, 15 cm, and 5 cm
corresponded to approximately 10.0, 3.6, and 0.4 kg of feed per meter of trough length,
respectively. The feed leveling test was conducted along a 30 m feed trough, with the
machine operating at a constant forward speed of 0.6 m·s−1.

After the leveling operation, feed pile height was measured at 15 randomly selected
points along the trough using a measuring ruler. Feed mass distribution was evaluated by
weighing the amount of feed contained within 1 m trough sections at 10 randomly selected
locations. Each test was repeated three times to ensure repeatability.

Data analysis focused on quantifying feed-distribution uniformity before and after
leveling. Feed-pile height and feed-mass-per-meter values were summarized using the
mean, standard deviation, and coefficient of variation (CV), with lower CV values indicating
more uniform distribution. Because each initial feed-distribution pattern produced only
one initial CV value, these were reported descriptively. To statistically determine whether
leveling reduced non-uniformity, one-sample t-tests were performed for each pattern by
comparing the mean post-leveling CV (three replicates) with the corresponding initial
CV (H0: µafter = CVinitial; H1: µafter < CVinitial), applied separately to height CV and
mass-per-meter CV.

To evaluate whether post-leveling uniformity differed among the segmented wave-
like, stepped, and irregular patterns, the post-leveling CV values were analyzed using one-
way ANOVA, followed by Tukey’s HSD when significant effects were detected (α = 0.05).
Normality and homogeneity of variances were assessed using the Shapiro–Wilk and Levene
tests, respectively, and η2 was reported as the effect size.
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2.7.2. Feed Conditioning and Turning Test

The feed conditioning and turning test was conducted to evaluate the machine’s
ability to recondition uneaten feed remaining in the feed trough under actual feedlot
conditions. The test utilized feed present in the trough in its existing condition, without
any additional preparation or reshaping, to reflect realistic operational scenarios. Under
these conditions, the uneaten feed was typically distributed as a relatively flat layer along
the bottom of the trough, making it difficult for cattle to consume due to its low height and
limited accessibility.

The test was performed along a 30 m length of feed trough under two different inner
trough width conditions, namely 55 cm and 65 cm. The feed present in the trough during
the test represented the actual field condition at the time of experimentation, as observed
across multiple feed troughs in routine cattle feeding practices, without prior reshaping or
artificial preparation. Before machine operation, the initial feed geometry was characterized
by measuring feed height and width at 10 randomly selected points along the trough for
each width condition. The machine was then operated to turn and recondition the feed
with the objective of forming a piled geometry with a cross-sectional shape approaching
an isosceles triangle or trapezoid. Such a geometry increases the central feed height and
concentrates the feed toward the middle of the trough, thereby improving feed accessibility
for cattle.

The conditioning and turning process was evaluated at two forward speeds, namely
0.4 m·s−1 and 0.6 m·s−1. After the conditioning process, feed height and width were
measured again at the same number of randomly selected points. Each test was repeated
three times to ensure repeatability and reliability of the results.

Data analysis focused on quantifying changes in feed pile geometry before and after
conditioning, particularly feed height, width, and cross-sectional shape. Feed height
and width data were analyzed by calculating the mean and standard deviation for both
pre-conditioning and post-conditioning conditions. The increase in average feed height
after conditioning was used as the primary indicator of improved feed accessibility, while
changes in feed width reflected the degree of feed concentration toward the center of
the trough.

To assess the formation of a triangular or trapezoidal cross-sectional profile, a geomet-
ric shape indicator was derived from the ratio of feed pile height to base width. Higher
height-to-width ratios indicated a more pronounced and concentrated pile geometry. Where
applicable, pile symmetry was evaluated by comparing feed heights on both sides of the
trough’s central axis.

The effectiveness of the feed-conditioning process was evaluated at operating speeds
of 0.4 m·s−1 and 0.6 m·s−1. For each speed, independent-samples Welch t-tests were used to
compare the before-and-after changes in feed-pile height, width, and height-to-width ratio.
A two-way ANOVA was then performed to assess the main effects of operating speed and
feed-pile pattern, as well as their interaction, on the magnitude of these geometric changes.

This analytical approach enabled an objective assessment of the machine’s capability to
recondition uneaten feed and to form a stable and symmetric feed pile geometry conducive
to improved feed intake.

2.7.3. Feed Residue Collection Test

The feed residue collection test was conducted to evaluate the performance of the
machine in collecting remaining feed from the feed trough under controlled feed loading
conditions. Five levels of feed residue were applied, namely 2, 3, 4, 5, and 6 kg·m−1 along
the feed trough. To eliminate the influence of trough geometry on collection performance,
all tests were performed using feed troughs with a uniform inner width of 60 cm. For each
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feed loading condition, the test was conducted along a 50 m feed trough and repeated
three times.

During the test, the feed residue collected by the suction system was conveyed through
a cyclone separator and discharged into a plastic collection bag. The mass of collected feed
(mc) was determined by weighing the feed retained in the collection bag. After the suction
process, any feed remaining in the trough was manually collected and weighed to obtain
the mass of uncollected feed (mu). The forward speed of the machine was maintained at a
constant value of 0.6 m·s−1 for all tests.

The effectiveness of the feed residue collection process was evaluated by comparing
the mass of feed collected by the machine with the total feed mass initially present in the
trough. The feed residue collection efficiency (ηc) was calculated for each trial as the ratio
of the collected feed mass to the sum of collected and uncollected feed masses, expressed
as a percentage:

ηc =
mc

(mu + mc)
× 100 (21)

where ηc is the collection efficiency (%), mc is the mass of feed collected (kg), and mu is the
mass of uncollected feed (kg).

For each feed residue level, the collected and uncollected feed masses obtained from
three repetitions were analyzed to determine their mean values and standard deviations,
representing the average performance and variability of the collection process. The mean
collection efficiency and its corresponding standard deviation were used as the primary
indicators of machine performance.

One-way ANOVA was used to evaluate the effect of feed-residue level on the measured
collection performance, with suction-collected mass, uncollected mass, and collection
efficiency as the dependent variables. Tukey’s HSD was used for post hoc comparisons,
while normality and homogeneity of variance were assessed using the Shapiro–Wilk and
Levene tests (α = 0.05). Effect size was quantified using η2. This analytical approach
enabled a quantitative and objective evaluation of the machine’s feed residue recovery
performance under varying feed loading conditions.

2.7.4. Fuel Consumption Measurement Method

Fuel consumption measurements were conducted to evaluate the energy requirements
of the machine under different operating modes. The assessment covered three primary
operations performed along a 50 m feed trough: (1) feed-pile leveling, (2) feed conditioning
and turning, and (3) feed suction and collection. In addition, fuel consumption during
traveling operations between feedlot pens was measured separately.

Fuel usage was recorded individually for each power unit, namely the electric gen-
erator, the suction-blower engine, and the three-wheeled mini-truck engine. Each unit
received fuel from a graduated auxiliary container, enabling accurate determination of fuel
volume consumed.

For feed-pile leveling, feed turning, and feed-suction operations, the machine was
operated continuously along the 50 m feed trough. The actual operating time required for
each task was measured using a digital stopwatch. Fuel volume consumed by each power
unit was determined by recording the initial and final fuel levels in the auxiliary containers,
using a graduated cylinder with a resolution of 10 mL.

Fuel consumption for each operation was calculated from the measured fuel volume
and the recorded operating time, and subsequently converted into an equivalent hourly
fuel-use rate (L·h−1). During feed leveling and feed turning, only the electric generator
and mini-truck engine consumed fuel, as the suction blower was not activated. During
feed-suction operations, fuel consumption was measured simultaneously for all three
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power units. For traveling operations, only the mini-truck engine’s fuel consumption
was recorded.

Each measurement was repeated three times for every operating mode to ensure
repeatability and minimize random variation. The average hourly fuel-consumption values
and their ranges were then calculated and used for comparative performance evaluation.
This measurement procedure provided a realistic representation of fuel use under practical
operating conditions and enabled clear comparison of energy requirements across the
machine’s functional operations.

3. Results and Discussion
3.1. Feed Trough Dimension and Feed Characteristics

Based on the measurements, two trough sizes were identified according to inner
width, namely 550 mm and 650 mm. Consequently, the feed scoop was required to
accommodate both widths. The height of the outer front wall ranged from 460 to 690 mm,
while the inner front wall height varied between 512 and 680 mm. The wall thickness (Tw)
ranged from 120 to 150 mm, indicating dimensional non-uniformity attributable to manual
construction practices.

The trough bottom was generally not strongly concave and could be classified into
three profile types: flat (Figure 18a), slightly concave (Figure 18b), and concave (Figure 18c).
These bottom profiles were used as the basis for designing the feed scoop geometry. Accord-
ingly, the feed scoop was designed with an adjustable width mechanism to accommodate
trough widths of 550–650 mm and sufficient flexibility to conform to variations in trough
bottom concavity.

(a) (b) (c)

Figure 18. Typical bottom profile variations in the feed trough: (a) flat (b) slightly concave,
(c) concave.

As a result of measurements on refused feed samples, the largest proportion was
granules (56%), while stems constituted the smallest fraction (7.98%). The leaf fraction
exhibited lengths ranging from 26 to 372 mm, with an average length of 144 mm, and
widths between 7 and 40 mm, averaging 19 mm. The stem fraction showed lengths ranging
from 5.4 to 88.4 mm, with diameters between 7.1 and 23.6 mm.

The maximum dimensions of the leaf and stem fractions were used as key design
considerations for determining the suction pipe diameter and the blade spacing of the
suction blower. The average dry bulk density of the refused feed was 0.16 ± 0.01 g·cm−3.
The bulk densities of individual refused feed fractions are presented in Table 2. Among the
fractions, small granules exhibited the highest bulk density (0.30 ± 0.01 g·cm−3), whereas
the leaf fraction had the lowest bulk density (0.10 ± 0.02 g·cm−3).

The moisture content of the refused feed ranged from 36% to 44% (dry basis). The
lowest moisture content was observed in the leaf fraction, while the highest moisture
content occurred in the small-sized granule fraction.
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Table 2. Fraction of the refused cattle feed collected from the feed trough.

Feed Fraction Mass Fraction (%) Bulk Density (g·cm−3)

Leaves 35.42 0.10 ±0.02
Stems 7.98 0.20 ±0.01
Large granules 17.07 0.18 ±0.01
Medium granules 16.96 0.22 ±0.01
Small granules 22.58 0.30 ±0.01

Notes: Large granules diameter > 7 mm; medium granules 5–7 mm; small granules < 5 mm.

The measured maximum terminal velocities were 12.7, 15.9, 6.7, 6.2, and 5.9 m·s−1

for leaves, stems, large granules, medium granules, and small granules, respectively. The
corresponding average terminal velocities were 10.5 ± 2.1, 14.0 ± 1.2, 6.2 ± 0.4, 5.8 ± 0.3,
and 4.9 ± 0.7 m·s−1 for leaves, stems, large granules, medium granules, and small granules,
respectively. The highest terminal velocity was observed for the stem fraction (15.9 m·s−1),
and this value was therefore adopted as the governing parameter for determining the
minimum suction velocity at the inlet of the feed suction system.

The terminal velocity of feed particles is strongly influenced by their physical prop-
erties, particularly moisture content, shape, and size [21,31,32]. The maximum terminal
velocity measured in this study is considered reasonable when compared with values
reported for similar materials. Hemmat et al. [31] reported mass mean terminal velocities of
corn silage of 7.1, 7.3, and 7.8 m·s−1 at moisture contents of 40–50%, 50–60%, and 60–70%,
respectively, while the mean terminal velocities of corn leaf, stem, and cob pieces were 3.8,
6.8, and 8.8 m·s−1, respectively. In the studied feedlot, the primary forage materials con-
sisted of corn and Napier grass. Sutejo et al. [33] reported terminal velocities ranging from
8.6 to 9.7 m·s−1 for tea shoot stems at a moisture content of 68% (wet basis). Furthermore,
Chenarbon and Movahhed [34] reported a maximum terminal velocity of 12.41 m·s−1 for
large corn kernels at a moisture content of 25%.

3.2. Uniformity Improvement of Feed Distribution After Leveling

The evaluation results demonstrate that the leveling process substantially improved
the uniformity of feed piles in the feeding trough for cattle across all initial distribution
patterns, as summarized in Table 3. This improvement is clearly reflected by the pronounced
reduction in the coefficient of variation (CV) for both feed pile height and feed mass per
meter when compared with the initial conditions.

Table 3. Uniformity evaluation of feed pile height and feed mass distribution based on coefficient of
variation (CV).

Feed Pile Distribution
Pattern

CV of Feed Pile Height (%) CV of Feed Mass per Meter (%)

Initial
Condition

After
Leveling

Reduction
(%)

Initial
Condition

After
Leveling

Reduction
(%)

Segmented wave-like pattern 50.40 16.84 66.59 83.56 22.38 73.22
Stepped pattern 56.34 22.49 60.08 88.53 30.71 65.31
Irregular pattern 31.28 20.72 33.76 40.13 24.57 38.77

For the segmented wave-like distribution pattern, the initial condition exhibited a very
high degree of non-uniformity, with a CV of 50.40% for feed pile height and 83.56% for
feed mass per meter (Table 3). After leveling, the CV of feed pile height decreased sharply
to 16.84%, corresponding to a 66.59% reduction from the initial condition. This value falls
within the range generally classified as moderately uniform (CV 10–20%). Similarly, the CV
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of feed mass per meter was reduced to 22.38%, representing the largest reduction among
all patterns (73.22% reduction; Table 3). Although the final CV remained slightly above the
ideal uniformity threshold, the substantial decrease indicates that the leveling mechanism
was highly effective in smoothing continuous, wave-like variations in feed distribution
for cattle.

In the stepped distribution pattern, which represents an extreme form of non-
uniformity characterized by abrupt changes in feed pile height, the initial CV values
were the highest among all patterns (56.34% for pile height and 88.53% for feed mass;
Table 3). Following leveling, the CV of feed pile height was reduced to 22.49 (60.08%
reduction), while the CV of feed mass per meter decreased to 30.71 (65.31% reduction).
Despite these significant reductions, the final CV values remained in the non-uniform
category (CV > 20%), suggesting that sharp, discrete height transitions limit the ability of
the leveling system to achieve higher uniformity along the feeding trough for cattle.

For the irregular distribution pattern, which better represents realistic feeding condi-
tions in cattle operations, the initial CV values were comparatively lower. After leveling,
the CV of feed pile height decreased from 31.28% to 20.72%, corresponding to a 33.76%
reduction (Table 3), bringing it close to the upper limit of the moderately uniform range.
Likewise, the CV of feed mass per meter decreased from 40.13% to 24.57%, indicating a
38.77% reduction. Although the relative reductions were smaller than those observed for
the segmented wave-like and stepped patterns, the improvement in distribution uniformity
remained clear.

Overall, the results presented in Table 3 confirm that the leveling process significantly
reduced the degree of non-uniformity relative to the initial condition for all feed-distribution
patterns, as supported by one-sample t-tests showing that post-leveling CV values were
significantly lower than the initial CV values for both height and mass variability. For
height CV, the reductions were significant for the segmented wave-like pattern (p = 0.00058),
the stepped pattern (p = 0.00315), and the irregular pattern (p = 0.00194). Likewise, for mass-
per-meter CV, significant reductions were observed for the segmented wave-like pattern
(p = 0.00047), the stepped pattern (p = 0.00059), and the irregular pattern (p = 0.00225). The
leveling mechanism was most effective under segmented wave-like conditions, showed
substantial improvement under stepped conditions, and achieved meaningful, albeit more
limited, improvements under irregular conditions. Importantly, the resulting CV values
for feed pile height after leveling reached or approached the level considered adequately
uniform, indicating the potential of the leveling system to enhance feed distribution consis-
tency along the feeding trough and promote more equitable feed access for cattle.

3.3. Feed Conditioning Performance

The performance of the developed feed conditioning machine, operated in feed con-
ditioning mode, was evaluated based on changes in feed pile geometry, with particular
emphasis on the height–width (H/W) ratio, under different feed trough widths and for-
ward speeds. Feed pile characteristics before and after conditioning are summarized in
Table 4.

Operation of the machine consistently modified the initial feed distribution, resulting
in a more centralized and elevated feed pile under all tested conditions. Across both
trough widths and forward speeds, conditioning led to a substantial increase in feed height
accompanied by a reduction in feed width, yielding a marked increase in the H/W ratio.
This indicates an effective shift from a laterally spread feed distribution toward a more
concentrated pile geometry.
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Table 4. Changes in feed pile geometry before and after conditioning under different trough widths
and forward speeds.

Trough Width
(cm)

Forward Speed
(m·s−1) Condition Feed Height (cm) Feed Width (cm) H/W Ratio

55 0.4
Initial 7.93 ± 1.48 49.47 ± 4.99 0.16 ± 0.03
After conditioning 17.89 ± 2.16 36.20 ± 3.12 0.50 ± 0.05

65 0.4
Initial 9.13 ± 1.80 53.40 ± 4.47 0.17 ± 0.03
After conditioning 18.51 ± 2.41 40.87 ± 3.43 0.45 ± 0.05

55 0.6
Initial 7.67 ± 1.73 47.83 ± 4.86 0.16 ± 0.04
After conditioning 16.19 ± 1.62 39.77 ± 3.88 0.41 ± 0.06

65 0.6
Initial 8.17 ± 1.53 47.93 ± 5.02 0.17 ± 0.03
After conditioning 16.31 ± 2.19 42.07 ± 4.46 0.39 ± 0.06

At a trough width of 55 cm, conditioning at a forward speed of 0.4 m·s−1 produced the
most pronounced geometric transformation, with the H/W ratio increasing by more than
threefold relative to the initial condition. This response reflects efficient feed lifting and
accumulation toward the center of the trough. Increasing the forward speed to 0.6 m·s−1

reduced the magnitude of this increase, although the conditioned feed pile still exhibited a
substantially higher H/W ratio than the initial distribution. A similar trend was observed
for the wider trough (65 cm), where lower forward speed promoted greater vertical feed
accumulation, while higher speed resulted in a comparatively broader and flatter pile.

Visual observations supported these quantitative results. In the narrower 55 cm trough,
the conditioned feed pile typically formed either a triangular or a trapezoidal cross-section,
characterized by a central crest and relatively steep side slopes. In contrast, the wider
65 cm trough—illustrated in Figure 19b—generally produced a more stable trapezoidal
profile with a gently curved or flat-top surface, reflecting reduced lateral confinement
and improved material spreading. Both resulting pile shapes represented substantial
improvements over the initial irregular feed distribution.

(a) (b)

Figure 19. Feed pile condition inside the feed trough before (a) and after (b) turning and conditioning
at forward speeds of 0.4 m·s−1.

The statistical significance of these changes was confirmed using independent-samples
t-tests (Table 5), as the before- and after-conditioning measurements were collected at
different randomly selected points. For all combinations of trough width and forward speed,
feed height increased significantly after conditioning (p < 0.001), while feed width decreased
significantly (p < 0.001). These concurrent changes resulted in a highly significant increase
in the H/W ratio (p < 0.001) across all treatments, demonstrating that the conditioning
process consistently altered feed-pile geometry regardless of initial conditions.

https://doi.org/10.3390/agriengineering8030117

https://doi.org/10.3390/agriengineering8030117


AgriEngineering 2026, 8, 117 26 of 33

Table 5. Independent-samples Welch t-test (Before vs. After conditioning) of feed-pile geometry by
trough width and forward speed.

Trough Width
(cm)

Forward Speed
(m·s−1) Variable Mean Difference

(After—Initial) t (Welch) p (Two-Sided)

55 0.4 Feed height (cm) +9.96 21.14 8.26 × 10−27

Feed width (cm) −13.27 −12.24 6.29 × 10−17

H/W ratio +0.34 30.67 1.35 × 10−32

65 0.4 Feed height (cm) +9.38 19.95 1.27 × 10−27

Feed width (cm) −12.53 −6.86 5.62 × 10−9

H/W ratio +0.28 20.91 7.37 × 10−26

55 0.6 Feed height (cm) +8.52 16.66 1.99 × 10−22

Feed width (cm) −8.06 −12.02 4.24 × 10−17

H/W ratio +0.25 26.80 2.20 × 10−28

65 0.6 Feed height (cm) +8.14 17.04 7.79 × 10−23

Feed width (cm) −5.86 −4.68 1.78 × 10−5

H/W ratio +0.22 16.64 1.39 × 10−20

The magnitude of improvement varied with operating conditions. At the lower
forward speed (0.4 m·s−1), the increase in the H/W ratio was consistently greater than at
0.6 m·s−1 for both trough widths. This behavior can be attributed to the longer interaction
time between the feed material and the conditioning elements at lower speeds, which
enhances feed lifting, turning, and vertical accumulation. At the higher forward speed,
reduced contact time limited piling intensity but did not eliminate the conditioning effect.

The influence of feed trough width and forward speed on the post-conditioning H/W
ratio was further examined using a two-way ANOVA (Table 6).

Table 6. Two-way ANOVA results for the effect of feed trough width and forward speed on the
height–width ratio of the conditioned feed pile.

Source of Variation Degrees of
Freedom (df)

Sum of Squares
(SS)

Mean Square
(MS) F-Value p-Value

Feed trough width 1 0.00333 0.00333 13.33 0.0065
Forward speed 1 0.01763 0.01763 70.53 <0.001
Width × Speed 1 0.0003 0.0003 1.2 0.305
Error 8 0.002 0.00025 – –

Total 11 0.02326

The ANOVA results indicated that forward speed had a highly significant effect on the
H/W ratio (p < 0.001), with higher speed producing lower ratios. Feed trough width also
had a significant main effect (p < 0.01), with narrower troughs promoting steeper feed piles
and wider troughs yielding broader profiles. However, the interaction between forward
speed and trough width was not statistically significant (p > 0.05), indicating that the effect
of operating speed on feed pile geometry was consistent across both trough configurations.
These findings should not be interpreted as favoring one trough width over another, as
both 55 cm and 65 cm represent actual and commonly encountered feeding conditions.

From a practical standpoint, the geometric changes resulting from conditioning were
consistent with favorable field impressions. Across all tested conditions—including opera-
tion at the higher forward speed of 0.6 m·s−1—the conditioned feed remained visibly acces-
sible within the trough, and no difficulties in animal access were noted during operation.

In addition to altering pile geometry, machine operation improved feed distribu-
tion uniformity, as reflected by the reduced coefficients of variation for feed height and
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width after conditioning (Table 3). Post-conditioning variability generally fell within
ranges associated with acceptable feed distribution, indicating effective feed leveling
and homogenization.

Overall, the results demonstrate that the developed machine, when operated in feed
conditioning mode, reliably performs feed turning, leveling, and redistribution func-
tions. The system produces a stable, uniform, and accessible feed pile across a range
of trough widths and operating speeds. While moderate forward speed (0.4 m·s−1) en-
hanced vertical feed piling, operation at 0.6 m·s−1 still yielded a feed configuration suit-
able for cattle consumption, supporting the machine’s adaptability to practical feeding
management conditions.

3.4. Feed Suction Performance

The developed machine demonstrated consistently high feed-suction performance
across all tested feed-mass levels. As shown in Figure 20a, the mean suction efficiencies
for feed masses of 2, 3, 4, 5, and 6 kg·m−1 were 95.8 ± 0.6%, 96.8 ± 1.1%, 97.1 ± 1.2%,
95.7 ± 1.0%, and 94.1 ± 1.4%, respectively. Suction efficiency increased from 2 to 4 kg·m−1,
reaching its maximum at 4 kg·m−1, and then declined slightly at higher feed masses. The
initial increase is attributed to improved interaction between the feed material and the
suction inlet, which enhances particle pickup. At higher feed masses (5–6 kg·m−1), the
slight reduction in efficiency is likely associated with partial system saturation, where
increased material density promotes turbulence, congestion, or localized blockage at the
inlet. As reported by [35], particle-suction efficiency increases with reduced sweeper speed,
a shorter suction-port-to-surface distance, appropriate control of secondary airflow, and
higher airflow rates at the suction port—conditions that collectively allow efficiencies of
up to 95% even at high particle densities. These findings align with the performance
observed in the present study, in which the developed machine consistently achieved high
feed-suction efficiencies (≈94–97%) across a range of feed-mass levels, reaching optimum
performance at intermediate loads before exhibiting a slight decrease attributable to the
onset of system saturation.

(a) (b)

Figure 20. Feed suction performance at various feed mass levels: (a) suction efficiency,
(b) suction capacity.

The relatively low standard deviations (0.6–1.4%) indicate stable and repeatable per-
formance across operating conditions. Across feed-mass levels of 2–6 kg·m−1, a one-way
ANOVA indicated a statistically significant effect on suction efficiency (F(4, 10) = 3.61,
p = 0.045, η2 = 0.59). Tukey’s HSD identified a single significant contrast—4 vs. 6 kg·m−1

(mean difference ≈ 3.01 percentage points, padj = 0.041)—while all other pairwise compar-
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isons were not significant (padj ≥ 0.067). Notwithstanding this effect, absolute efficiencies
remained high across all levels (≈94–97%).

Feed suction capacity displayed a distinct decreasing pattern, as shown in Figure 20b.
The capacity dropped sharply from 19.7 kg·min−1 at a feed mass of 2 kg·m−1 to
9.8 kg·min−1 at 4 kg·m−1, after which it stabilized at approximately 10 kg·min−1 for feed
masses of 5–6 kg·m−1. This trend indicates that while the system can rapidly intake feed at
low loading, increasing feed mass introduces greater resistance within the suction pathway.
As congestion grows inside the flow channel, the system approaches its operational limit,
such that further increases in feed mass no longer result in higher suction throughput.

A one-way ANOVA confirmed that feed mass (2–6 kg·m−1) has a significant effect on
suction capacity (F (4,10) = 24.25, p = 3.94 × 10−5), with a very large effect size η2 ≈ 0.91.
The mean suction capacity decreased from 19.63 kg·min−1 at 2 kg·m−1 to 13.47 kg·min−1

at 3 kg·m−1 and remained within the range of 9.77–10.00 kg·min−1 for feed masses of
4–6 kg·m−1. Post hoc Tukey tests showed that the 2 kg·m−1 level was significantly higher
than all other feed-mass levels, whereas the differences among 3, 4, 5, and 6 kg·m−1 were
not statistically significant. Assumption checks showed no violations, with homogeneous
variances (Levene p = 0.63) and normally distributed residuals (Shapiro–Wilk p = 0.96).

The corresponding standard deviations (0.70–2.36 kg·min−1) indicate acceptable re-
peatability, with slightly higher variability at low feed mass due to the system’s greater
sensitivity to short-term fluctuations when operating near its maximum intake rate. Across
all feed-mass conditions, the average suction capacity reached 14.13 ± 0.77 kg·min−1,
and the overall suction efficiency was 95.92 ± 1.42%, demonstrating the robustness of the
suction system under varying load conditions.

Forward speed showed a strong inverse relationship with feed mass. As feed mass
increased from 2 to 6 kg·m−1, the mean forward speed decreased from 0.16 ± 0.020 m·s−1

to 0.03 ± 0.003 m·s−1, with the most pronounced reduction occurring between 2 and
4 kg·m−1. This coordinated reduction does not reflect an adaptive response by the machine,
as the forward speed was fixed for each treatment level. Instead, the observed pattern
arises from the interaction between preset forward speeds and the reduction in suction
capacity under higher feed loads. At lower feed masses, the available suction capacity was
sufficient to maintain effective pickup even at higher preset speeds. Under heavier feed
loads, lower forward speeds inherently increased the residence time of feed within the
suction zone, which helped maintain pickup efficiency despite the limited suction capacity.

From a mechanical and fluid–particle interaction perspective, feed suction capacity is
governed by the balance between machine forward speed and the suction rate generated
by the blower. Excessively high forward speeds were observed to cause feed accumulation
in front of the suction inlet [35], indicating that the feed delivery rate exceeded the instanta-
neous pneumatic conveying capacity. This behavior is consistent with pneumatic conveying
theory, which states that stable particle pickup requires the inlet air velocity to exceed the
terminal velocity of the conveyed particles; otherwise, particle accumulation occurs near
the inlet region [36]. As feed mass increases, intensified particle interaction and compaction
may elevate the effective terminal velocity, further limiting suction performance [26].

Recent numerical analyses have identified several factors influencing suction effi-
ciency, including sweeping speed, suction-port distance, secondary airflow, local pressure
distribution, and inlet airflow rate [35]. Although the present study did not quantify these
parameters individually, several of the reported trends show qualitative agreement with
our observations. For example, the literature emphasizes that maintaining sufficiently
high airflow near the suction port is essential for sustaining performance under heavy
particle loading, which aligns with our finding that suction efficiency remained stable
even as feed-mass levels increased. Likewise, the reported sensitivity of particle capture to
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the proximity and presentation of material is consistent with our observation that, once
the feed is guided into the suction zone by the brush assembly, collection performance
becomes largely insensitive to mass variation. Numerical simulations have also shown that
secondary-airflow recirculation can reach 60–80% at forward speeds of 6–10 km·h−1, with
pressure drops of 2.2–2.4 kPa yielding particle-removal efficiencies of up to 95% [35]. These
findings provide useful mechanistic context and identify airflow velocity, suction-port
positioning, and secondary-airflow control as key parameters that can be optimized to
enhance pick-up head performance.

Independent blower testing indicated an average suction capacity of 22.22 kg·min−1

at a rotational speed of 3000 rpm, suggesting that further performance improvements may
be achieved through optimization of blower speed or inlet geometry. Visual observations
support the quantitative results: before operation, feed residues were clearly accumulated
along the trough bottom, whereas after suction the trough appeared clean, indicating
effective removal of refused feed (Figure 21).

(a) (b)

Figure 21. Feed trough condition showing (a) remaining feed prior to suction collection and (b) clean
trough bottom after feed residue removal.

Overall, the results demonstrate that the developed machine maintains high and
stable feed suction efficiency across a wide range of feed mass conditions. Although higher
feed loads and excessive forward speeds can reduce instantaneous suction capacity, the
integrated adjustment of forward speed and suction performance ensures reliable operation
within practical limits, confirming the suitability of the system for effective feed residue
recovery in cattle feeding facilities.

3.5. Fuel Consumption Characteristics of the Machine

Table 7 presents the fuel consumption of the machine under different operating func-
tions, including feed pile leveling, feed turning, feed suction (collection), and traveling
operations. The results indicate clear differences in fuel consumption depending on the
activated subsystems and the associated mechanical load.

During feed pile leveling, the total fuel consumption was relatively low, averaging
0.54 ± 0.01 L·h−1. In this operation, only the electric generator and the three-wheeled
mini-truck engine were active, supplying power to the positioning system and brush drive
mechanism. The electric generator accounted for most of the fuel use (0.45 ± 0.01 L·h−1),
while the mini-truck engine consumed a comparatively small amount (0.09 ± 0.01 L·h−1),
reflecting the moderate power demand of the leveling process.
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Table 7. Fuel consumption of the machine for different operating functions.

No. Type of Operation
(Function)

Electric Generator
Engine (L·h−1)

Blower Drive
Engine (L·h−1)

Three-Wheeled Mini-
Truck Engine (L·h−1)

Total Fuel
Consumption (L·h−1)

1 Feed pile leveling 0.45 ± 0.01 – 0.09 ± 0.01 0.54 ± 0.01
2 Feed turning 0.46 ± 0.01 – 0.10 ± 0.02 0.56 ± 0.02
3 Feed suction (collection) 0.46 ± 0.01 0.75 ± 0.13 0.09 ± 0.01 1.30 ± 0.14

4 Traveling operation
(moving between pens) – – 0.09 ± 0.01 0.09 ± 0.01

A similar trend was observed during feed turning, with a slightly higher total fuel
consumption of 0.56 ± 0.02 L·h−1. The marginal increase compared to feed leveling can be
attributed to the greater mechanical resistance encountered when lifting and reconditioning
uneaten feed. Nevertheless, the absence of blower operation kept the overall fuel demand
relatively low, indicating that the turning function is energy efficient.

In contrast, feed suction (collection) required substantially higher fuel consumption,
reaching 1.30 ± 0.14 L·h−1, which is more than double that of leveling or turning operations.
This increase is primarily due to the activation of the suction blower, which consumed
0.75 ± 0.13 L·h−1, representing the dominant share of total fuel use in this mode. The higher
variability observed in blower fuel consumption reflects fluctuations in feed loading and
suction resistance during operation. Despite the increased energy demand, this operation
enables effective recovery of feed residues, which may offset fuel costs through reduced
feed losses.

For traveling operations between feedlot pens, only the mini-truck engine was active,
resulting in the lowest fuel consumption of 0.09 ± 0.01 L·h−1. This value represents
the baseline energy requirement for machine mobility without engagement of any feed-
handling mechanisms.

Overall, the results demonstrate that fuel consumption is strongly influenced by the
number of active subsystems and the mechanical workload associated with each operating
function. Feed leveling and turning operations exhibit low and stable fuel consumption,
while feed suction is the most energy-intensive function due to the high-power demand of
the pneumatic system. These findings provide valuable insight into the operational energy
efficiency of the machine and can be used to optimize work scheduling and functional
deployment in feedlot management.

4. Conclusions
An integrated feed-conditioning machine for cattle feed troughs was successfully

designed, fabricated, and evaluated under practical feedlot conditions. The machine
effectively combined feed turning and reconditioning, feed-pile leveling, and refused-
feed collection into a single operational system, addressing the labor-intensive and time-
consuming practices commonly found in Indonesian feedlots. Performance evaluation
demonstrated that the leveling mechanism substantially improved feed-pile uniformity
across all initial distribution patterns, reducing the coefficient of variation for pile height
and feed mass by up to 67% and 73%, respectively. When operated in conditioning
mode, the machine consistently reshaped feed piles across both trough widths (55 and
65 cm) and forward speeds (0.4 and 0.6 m·s−1), increasing feed-pile height by 8–10 cm,
reducing pile width by 6–13 cm, and elevating the height-to-width ratio from 0.16–0.17 to
0.39–0.50, thereby producing a more concentrated and stable feed profile. Two-way ANOVA
confirmed significant effects of trough width and forward speed on post-conditioning pile
geometry, while their interaction remained nonsignificant, indicating consistently stable
performance across trough configurations.
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The pneumatic feed-collection system also exhibited strong and reliable performance,
maintaining suction efficiency within 94–97% across all feed-mass levels and achieving an
overall efficiency of 95.92 ± 1.42% with an average suction capacity of 14.1 ± 0.8 kg·min−1.
Although suction capacity decreased from 19.7 to approximately 10 kg min−1 as feed mass
increased, adaptive forward-speed adjustment enabled effective residue recovery without
performance loss.

Overall, the developed machine provides a practical, mechanically reliable, and mul-
tifunctional solution for improving feed accessibility, uniformity, and hygiene in cattle
feedlots. Its adaptability to existing trough geometries and reliance on locally available
components support its potential for commercial application, with further optimization
of blower capacity and operating parameters recommended to enhance residue collection
under higher feed loads.
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