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Abstract

When addressing the issue that the current market sales of fresh aquatic products, which are
segmented into sections, mainly rely on manual operations, there are problems such as high
labor intensity, low cutting efficiency, and uneven cutting. This paper designs an automated
cutting device based on the commonly used grass carp as the object. Firstly, two efficient
cutting schemes were proposed and compared. The optimized cutting scheme was designed
using the SolidWorks software 2021. Then, three optimized schemes for the automatic
clamping module, transmission module, and pushing module were designed. Subsequently,
the structural design and calculation analysis of the key internal components were carried
out to build the three-dimensional model of the automatic grass carp cutting device, and
the cutting prototype was manufactured. Finally, an automated cutting prototype was
fabricated based on the above-mentioned optimized design schemes, and relevant tests
and analyses were conducted. The results showed that the prototype device can cut grass
carp with a length of 300 ± 5 mm, with a processing capacity of 200 kg/h. The surface
damage rate is less than 5%, and the cutting efficiency has been improved while the surface
damage rate has significantly decreased. Therefore, the device manufactured through this
design can meet the rapid processing, cutting, and various specific processing requirements
of grass carp and other fresh aquatic products, providing a feasible solution for aquatic
product cutting manufacturing equipment.

Keywords: aquatic product; structural design; cutting-section device; SolidWorks software

1. Introduction
The traditional manual cutting method is limited by factors such as high labor intensity

and low operation speed [1]. The daily processing capacity of a single piece of equipment is
usually no more than 2 tons. However, an automated cutting device, driven by servo motors
and precisely controlled PLC, can achieve a stable production capacity of 600–800 kg/h
(data from the Chinese Academy of Fishery Sciences in 2025), with an efficiency increase of
more than three times. For instance, after a large aquatic product enterprise introduced an
automated production line, its annual processing capacity increased from 50,000 tons to
150,000 tons, and its labor costs decreased by 40% [2,3]. Manual cutting is susceptible to the
operator’s proficiency, and the product specification error is generally larger than ±5 mm.
The machine vision-positioning and high-precision servo knife sets were integrated into
the automated equipment, which controls the cutting error within ±0.5 mm, meeting the
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export standards of high-end markets, such as the EU and Japan [4–6]. Simultaneously,
the closed design reduces the risk of microbial contamination, and the total bacterial count
of the product decreases by 60% (data from ISO 4833-1 testing [7]). As the core unit
of an intelligent factory, the automated cutting device can seamlessly connect with the
MES system to achieve real-time monitoring of the production data (such as tool wear
warning, energy optimization). A certain enterprise in Qingdao increased its raw material
utilization rate by 7% and achieved an annual increase of over 10 million yuan through
equipment networking. In addition, the breakthrough of domestic equipment (with a
price only one-third of the imported equipment) helps small and medium-sized enterprises
upgrade their technology and promotes the overall competitiveness of the industry [8].
Compared with the traditional processing method, the automated equipment can reduce
energy consumption by more than 20% and reduce raw material waste through precise
cutting. It is estimated that each piece of equipment will reduce carbon emissions by 12 tons
per year, which is in line with the “dual carbon” strategic goal [9].

The traditional manual cutting method not only has the aforementioned problems, but
also has the following three issues [10,11]: (1) the size accuracy depends on the workers’
experience, with errors often exceeding ±5 mm; (2) mechanical compression is prone to
causing blood stasis on the fish body surface or muscle fiber rupture, resulting in an injury
rate of approximately 15–20%; (3) the workers’ rhythm limits the processing speed, and the
single-line production capacity is usually no more than 80 fish per hour. Therefore, it is
necessary to design and manufacture an automated cutting device for aquatic products to
address these deficiencies, which not only improves the efficiency of the cutting process,
but also reduces the damage rate of the fish body’s cross-section.

The main process of fish processing involves several key steps, including scaling,
internal organ cleaning, body cleaning, head and tail removal, and cutting. Among these
processes, the segment-cut is particularly important, and the quality of the operation is not
only related to the quality of the final product, but also directly affects the actual yield of the
fish meat [12–14]. One is a fixed-length cutting method based on a fixed-length standard,
and the other is a quantitative cutting method based on weight. These two processes have
their own characteristics and can meet the processing requirements of fish products in
different application scenarios [15,16]. Fixed-length cutting ensures consistent product
specifications by setting a uniform length, while quantitative cutting improves raw material
utilization by precisely controlling the weight of a single section. Together, they form the
mainstream cutting technology solution in modern fish processing [17,18]. The processing
principle of fixed-length cutting is relatively simple and easy to achieve in a mechanized
operation. The popular cutting techniques at home and abroad mainly include metal tool
cutting, water jet cutting, and ultrasonic vibration-assisted cutting [19]. There are also some
advanced intelligent cutting assistance technologies, such as visible light and near-infrared
imaging, hyperspectral imaging, X-ray imaging, etc. These visual imaging technologies
are used to identify fish body characteristics and achieve intelligent, customized cutting.
The grass carp is a key species for freshwater aquaculture in China, with the annual output
value exceeding 100 billion yuan. It drives the development of the entire industrial chain,
including feed, processing, and logistics.

In conclusion, the traditional manual device for cutting fish bodies relies on manual
operation, which is inefficient and involves a high labor intensity, leading to inaccurate
cutting and affecting the integrity and appearance of the fish bodies. The simple tools are
prone to wear and tear, resulting in high maintenance costs and making it difficult to meet
the requirements of large-scale production. During the operation, there are safety hazards,
and long-term use can easily cause fatigue and muscle strain. Therefore, it is necessary to
develop an efficient automated device for cutting fish bodies.
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This work aims to develop an efficient and automated cutting device specifically for
live grass carp, addressing the issues of low efficiency and high damage rate in traditional
manual cutting. The research scope includes SolidWorks 3D modeling, a design of the
conveying system, optimization of the pushing mechanism, and mechanical analysis of
key components. Finally, a prototype was constructed, and its performance was verified.
Through multiple scheme comparisons and structural simulations, a modular design was
innovatively adopted to achieve precise cutting of 50–400 mm, with a lower surface damage
rate compared to traditional processes. The key innovations are as follows: (1) A dynamic
balance pushing mechanism to prevent fish body slippage; (2) An adaptive knife set design
to reduce tissue damage; (3) An integrated conveying-cutting system to enable continuous
operation. This design provides a new paradigm for water product processing equipment
that balances efficiency and quality.

2. Selection of Design Scheme
2.1. Design Ideas and Methods

There are numerous types of fish and aquatic products. Taking grass carp, which
has a higher processing demand, as an example, the average body length of grass carp
is approximately 3.4–4.0 times its height, and about 3.6–4.3 times its head length. It is
7.3–9.5 times the length of the tail base. The average body length of a normal-sized grass
carp is approximately 250–300 mm, with a width of 150 mm and a thickness of 100 mm.
Herein, the maximum body length is calculated to reserve sufficient design space. In the
design of this cutting section device, the most important aspect is our cutting function,
followed by the fish body transmission function during the cutting process. Additionally,
due to the viscoelasticity of the cut fish pieces, we also need to design the function of
pushing and collecting the cut fish pieces after the cutting is completed. Moreover, as this
study mainly focuses on non-frozen fish bodies, it is necessary to consider the influence of
the fish body’s sliding during the process on the cutting. Furthermore, during the cutting
process, a clamping function should also be set up to ensure a stable environment for the
fish’s body. The pushing function and the transmission function work together with our
cutting function to fulfill the segmented cutting requirements of our fish products.

In addition, this research employed a servo motor drive, PLC control system, MEMS
system, visual positioning, etc., to achieve precise control and monitoring of the cutting
and processing of aquatic products. The flowchart of the specific control system is shown
in Figure 1. In the automated cutting control system, MEMS sensors, visual input, and
servo feedback work together to form a closed-loop control circuit. The MEMS sensors
continuously monitor the movement state and position of the fish body and convert
physical quantities into electrical signals; the visual system captures image information of
the workpiece position and cutting path through the camera; these data are analyzed and
processed by the microprocessor, compared with the preset parameters, and then generate
control instructions. The servo system drives the actuator to make precise adjustments
according to the instructions, and at the same time, its built-in encoder provides real-
time position feedback to the controller, thereby achieving the dynamic correction and
optimization of the cutting process.



Machines 2025, 13, 1081 4 of 18

Figure 1. A flowchart of the control system for the automated cutting device.

2.2. Selection of Design Plan
2.2.1. Selection of Cutting Schemes

The subjects of this study were metal cutting tools, and linear cutting and involute
cutting were the most common cutting methods [20]. The former cuts objects through
linear motion, while the latter cuts objects through circular motion by connecting one end
of the tool to the motor shaft. A planar blade is the main cutting tool in linear cutting,
which is easier to achieve compared with involute cutting and has a simpler corresponding
structure. Therefore, linear cutting is adopted in this device. There are mainly two types of
linear cutting schemes.

(1) Line saw cutting or circular saw cutting

There are multiple wire saws or circular saws installed on a rotating shaft. The fish
body passes through its front, and the entire fish body is cut in one [21,22] go through the
rotating cutting action of the wire saw or circular saw.

(2) Knife cutters-type blade cutting

The fish body is placed on a transmission device with intermittent motion character-
istics, and in conjunction with a cutter moving from top to bottom, the cutting of the fish
body is completed through the pressure-cutting effect of the cutting blade [23]. During the
cutting process, only one section is cut at a time, and in conjunction with the intermittent
transmission device, the entire fish body is cut [24].

Option one has a relatively high cutting efficiency. With the help of multiple circular
saws or wire saws, the entire fish body can be cut into sections at one time. However, the
drawback is that the rotating cutting method causes significant damage to the surface of
the cut fish [25–27]. The fish meat fibers themselves are relatively tender, which can cause
considerable damage to the cut surface and affect the taste of the fish meat. In addition,
the forward cutting method of Scheme 1 is not convenient for the pressing action during
the cutting process and is only suitable for frozen fish. Scheme 2 is relatively less efficient,
but the cutting tool is a pressure-cutting action, which causes less damage to the cutting
surface, is more esthetically pleasing, and has less impact on the taste of the fish compared
with the rotary cutting method. The subjects of this study are non-frozen fish, which have
higher requirements for taste, and Scheme 2 cuts from top to bottom. It is more suitable for
devices that act by pressing the fish’s body. The last point is that the knife switch cutting
can control the cutting spacing and cutting time more freely by controlling the spacing of
the knife switch cutting [28–30].

Taking all the above into account, the cutting scheme chosen here is Scheme 2, that is,
the knife switch cutting. The transmission scheme for completing the cutting action and the
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clamping module during the cutting process is described below. The cutting and clamping
module is shown in Figure 2.

Figure 2. A schematic diagram of the cut-clamping module 1.

The drive system uses a servo motor as the power source. The servo motor is connected
to the crank mechanism through an elastic coupling. When the motor rotates, it drives the
crank to make a circular motion [11,31]. The crank mechanism is designed with symmetrical
balance, with two identical long connecting rods arranged symmetrically on the fixed shaft
of the crank. This symmetrical structure can effectively counteract the lateral force during
movement and improve the stability of the system. One end of the long connecting rod is
hinged to the crank, and the other end is connected to the gear connection plate through a
pin shaft, on which two standard gears with the same parameters are installed, and these
two gears mesh with the upper and lower arranged racks, respectively. The rack system
consists of a fixed rack and a movable rack: the fixed rack (rack fixing plate 1) is bolted to
the frame and serves as the reference for motion; the movable rack (rack fixing plate 2) is
mounted within a precision linear guide and can move in a straight line along the guide,
with a cutting tool installed at its end. On the outside of rack fixed plate 1, a sliding guide
rail is added, which is rigidly connected to the gear connection plate through a connecting
piece, allowing the guide rail to move synchronously with the gear movement.

2.2.2. Design of Clamping Module

The operation process of the clamping module can be described in detail as follows:
when the servo motor receives the control signal and starts to rotate, its output shaft drives
the crank mechanism to perform circular motion through a high-precision coupling. Since
the crank is connected to two symmetrically arranged long connecting rods by a hinged
connection, and the other end of the long connecting rods is rigidly connected to the gear
fixing plate via a pin shaft. When the crank completes a 360-degree rotation, it will drive
the gear fixing plate to perform a precise reciprocating motion on the linear guide rail. The
movement stroke of the gear fixing plate is exactly twice the radius of the crank (that is,
twice the length of the crank). The working principle of the clamping module is based on
the German MATRIX fixture [31], as shown in Figure 3. According to this principle, it can
be applied to the clamping device that can tightly grip different fish body surfaces. The
other end of the sliding guide rail is connected to the clamping module. When the cutting
tool cuts, the clamping module will first contact the fish body and apply an appropriate
clamping force under the action of the spring, which not only prevents the fish body from
moving, but also avoids damaging the fish meat.
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Figure 3. German MATRIX fixture 2.

The entire transmission chain converts the rotational motion of the motor into the
reciprocating swing of the gear through the crank connecting rod mechanism, and then
converts the swing into the linear cutting motion of the cutting tool through the gear rack
pair. Simultaneously, it drives the clamping module to act in coordination, achieving the
automation and precise control of the cutting process. The flexible clamping module is
shown in Figure 4. Two standard gears with exactly the same parameters are installed
on the gear fixing plate. The axes of these two gears will perform synchronous linear
reciprocating motion along with the fixing plate. It is worth noting that these two gears
form a meshing transmission with the fixed and movable toothed strips, respectively: the
lower fixed toothed strip is rigidly connected to the frame through a bolt as the motion
reference, while the upper movable toothed strip is installed in the movable toothed strip
fixing plate.

 

Figure 4. A schematic diagram of the clamping of the flexible clamping sub-module 3.

In the automatic cutting device, the design of the clamping mechanism should take
into account both stability and hygiene. For example, a spiral or wedge mechanism is
used to ensure self-locking, and stainless-steel material is selected with a smooth surface
to reduce the accumulation of residues. The calculation of the clamping force needs to
comprehensively consider the cutting force, inertial force, and safety factor. The actual
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required clamping force is determined through the principle of balanced torque to avoid the
deformation or loosening of the workpiece. The motor control limit needs to be designed
based on the output torque and travel parameters to ensure the stable driving of the
clamping mechanism at high-speed cutting and real-time monitoring through sensors to
prevent overload. The hygiene design criteria emphasize easy cleaning, such as using a
detachable structure, a no-dead-corners design, and compliance with industry standards
(such as ISO22000 [32]) to meet the hygiene requirements in food or pharmaceutical fields.

2.2.3. Transmission Scheme Selection

There are mainly two transmission methods: conveyor belt transmission and lead
screw slide table type transmission. The advantage of conveyor belt-type transmission
is that the transmission structure is simple and the maintenance cost is low [33–35]. The
disadvantage is that there is elastic sliding, and the transmission accuracy cannot be guar-
anteed. The advantage of the lead screw slide-type transmission is that the transmission
degree is precise, and the transmission distance and time interval can be controlled more
precisely, but the disadvantage is that the cost is higher and the maintenance is more diffi-
cult. Considering that the cutting of the subject in this study requires intermittent cutting
with a knife switch tool, there is a certain requirement for the transmission accuracy of the
transmission scheme. Therefore, a trapezoidal lead screw slide transmission is chosen in
this transmission scheme. The transmission module is shown in Figure 5. The transmission
process is shown in the Supplementary Materials Video S1.

Figure 5. A three-dimensional view of the transmission module 4.

The trapezoidal lead screw rotates precisely under the drive of the servo motor. The
special thread structure of the trapezoidal screw meshes with the threads in the inner cavity
of the trapezoidal screw jacket, converting the rotational motion into linear motion and
driving the trapezoidal screw jacket to move axially [36–38]. The upper end of the trape-
zoidal screw slider is rigidly connected to the fishplate, which ensures the synchronization
and reliability of motion transmission, allowing the linear displacement of the trapezoidal
screw sleeve to be accurately converted into the horizontal movement of the fishplate. Two
I-shaped track pads are added on both sides of the lead screw to increase the stability of
the chopping board platform and prevent it from tilting due to the uneven distribution of
gravity. The special cross-sectional shape of the I-shaped track pad fits perfectly with the
guide grooves of the fish board pad block to form a stable sliding pair. The transfer relation-
ship of the entire movement chain is as follows: rotation of the trapezoidal screw → axial
displacement of the outer sleeve of the trapezoidal screw → horizontal movement of the
fish placement board → synchronous displacement of the fish placement board pads. The
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system precisely regulates the start and stop timing of the motor through the PLC control
system to achieve intermittent rotation control. This intermittent motion mode perfectly
meets the technological requirements of fish meat block processing. Each movement inter-
val corresponds to one cutting action. By adjusting the interval time and moving distance,
the size and specification of the fish block cutting can be flexibly adjusted. Ultimately, an
automated and standardized fish meat block processing procedure is achieved. The core
structure of the transport module is shown in Figure 6.

 

Figure 6. The core structure of the transmission structure 5.

The design of the entire transmission system fully considered its load characteristics,
motion accuracy, and long-term operational stability requirements. It possesses lots of
technical advantages, such as a compact structure, smooth transmission, and accurate posi-
tioning. The initial state and end state of the transmission module are shown in Figure 7.

 

Figure 7. Design of transmission module: (a) initial state, (b) end state.
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2.2.4. Push Scheme Selection

In the process of automated block cutting of fish meat, due to the significant viscoelastic
properties of the fish meat itself, when the cutting knife applies a vertical downward cutting
pressure, the fish meat tissue will adhere tightly to the contact surface of the fish placement
plate by intermolecular forces. At the same time, due to the horizontal arrangement of the
fish placement plate, the cut fish pieces are difficult to be automatically separated by gravity
alone and remain attached to the plate surface [39]. Under this condition, the system lacks
an effective active drive mechanism to overcome the adhesion force between the fish meat
and the board surface, resulting in the cut fish blocks not being able to automatically detach
from the surface of the fish placement board, thereby affecting the subsequent centralized
collection operation process. To solve this technical problem, a special push power device
needs to be added at the rear end of the cutting station. Through the mechanical actuator, a
horizontal thrust is applied to enable the fish blocks to overcome the surface adhesion force
and achieve reliable separation and eventually push the scattered fish blocks to a unified
collection area, thus ensuring the continuous automation of the entire cutting production
line. The design of the push device needs to consider the physical properties of the fish
blocks, the surface treatment process of the fish placement plate, and the precise control of
the push force, in order to achieve stable and efficient fish block separation and collection
functions. The push module is shown in Figure 8.

Figure 8. An overall three-dimensional view of the push module 6.

The core mechanical structure of the push module is based on the classic crank-rocker
mechanism principle. The module is mainly composed of key components such as the
bottom fixing plate, stepping motor, crank-fixing support, crank, connecting rod (whose
end serves as the push execution end), rocker, and rocker fixing support. In the mechanism
design, particular attention is paid to the optimization of the length parameters of each
member: the center distance of the two through holes of the crank is 300 mm, the center
distance of the two connecting through holes is 621.6 mm, and the center distance of the
two connecting through holes of the connecting rod is 450 mm. These precisely calculated
size parameters together ensure that the motion trajectory of the actuating end presents an
ideal linear feature during the push stage.

The entire push process begins with the rotational drive of the stepping motor, the
motor output shaft drives the crank to perform uniform circular motion, and through the
transmission effect of the connecting rod, under the constraint of the rocker mechanism, the
circular motion at the end of the crank is converted into approximately linear reciprocating
motion, thereby achieving a smooth push of the fish blocks on the opposite fish plate, and
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finally accurately sending the fish blocks into the collection box below. This device has
been meticulously designed to take into account the kinematic characteristics, structural
stiffness, and transmission efficiency. While ensuring the pushing accuracy, it also possesses
the advantages of stable operation and easy maintenance, fully meeting the operational
requirements of the automated production line.

The kinematic analysis of the thrust trajectory requires the establishment of a multi-
body system error transfer model to quantify the influence of positioning deviation, straight-
ness error, and rotational angle error on the trajectory accuracy; the structural error analysis
focuses on the geometric accuracy attenuation caused by thermal deformation and force
deformation and evaluates the combined effect of cumulative errors on cutting accuracy
through tolerance stacking. Synchronous time control needs to be combined with the trajec-
tory dynamics model to optimize the thrust acceleration constraints, ensure the matching
of the motion sequence with the cutting action, and avoid cutting quality defects caused by
timing deviations.

3. Design of Some Major Parts
3.1. Equipment Processing Procedure of the Device

As shown in Figure 9, on the automated processing production line, the conveying
module, as the material transportation unit of the entire system, uses a servo motor as the
power source. The motor is connected to the precisely machined trapezoidal screw through
a coupling, and the surface of the screw is specially treated to ensure its wear resistance.
The trapezoidal screw precisely cooperates with the threaded groove in the outer sleeve,
which not only ensures the transmission accuracy but also has self-locking characteristics.
The push plate slides smoothly on the guide rail through linear bearings. The electronic
control system achieves closed-loop control through sensor feedback, ensuring that the
fish’s body can accurately stop at the preset position.

 

Figure 9. A schematic diagram of an automated cutting device.

The cutting module is the core component that guarantees the processing quality,
and its power also comes from a servo motor [40]. The motor converts rotational motion
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into linear motion through a crank-linkage mechanism, driving the cutting tool to make
reciprocating cuts on the precise guide rail. The cutting tool is made of high-carbon
stainless steel and undergoes special heat treatment to ensure that the cutting edge remains
sharp [41]. The clamping module adopts a spring pre-pressing structure, ensuring the
stability of the cutting process. The cutting module uses a stroke extension structure,
enabling the cutting tool and the clamping module to achieve synchronous movement
through mechanical linkage. This design avoids the use of additional electrical control
systems and improves system reliability. During the cutting process, the fish’s body remains
in a stable compressed state, ensuring that the cut edge is neat and esthetically pleasing.

The pushing module adopts a crank-rocker mechanism design to convert rotational
motion into a nearly linear pushing action. The pushing plate exerts a horizontal thrust on
the fish piece after cutting, overcoming the stickiness and elasticity of the fish meat, and
smoothly pushes the fish piece to the collection box to achieve automated collection.

These three functional modules, through precise mechanical coordination, have
achieved the full-process automation from raw material input to product collection, ensur-
ing stable performance in long-term operation. This systematic design not only improves
the production efficiency but also ensures the consistency of the product processing quality.

3.2. Selection of Lead Screw

The cutting tool material used is SUS440C, with a hardness value of 60HRC. The lead
screw is mainly used to drive the lateral movement of the fishplate above the transmis-
sion module. Herein, a trapezoidal lead screw with an outer diameter of 45 mm and a
lead of 25 mm is selected. The calculation of the working length of the lead screw is as
follows (1) [12].

L = l1 + l2 + l3 + l4 (1)

Herein, we have a threaded section length l1 = 245 mm.
The lead screw support frame needs two, and each support frame needs two bearings.

The bearings selected are deep groove ball bearings with a thickness of 20 mm, and the total
width of the support frame is designed to be 20 mm, thus Equation (2) is as follows [12].

l2 = 20 + 20 = 40 mm (2)

Our lead screw is directly connected to our motor through a coupling, so this part
needs to be included in the length of our lead screw, and at the same time, a certain
rotational clearance needs to be left between the coupling and our bearings to prevent
friction during their rotation.

Here we take l3 = 75 mm, and take l4 = 2 mm.
Based on this Equation (3) [12],

L = l1 + l2 + l3 + l4 = 245 + 40 + 75 + 2 = 362 mm (3)

3.3. Design of Cutting Tools and Their Movement Processes

This cutting system utilizes a servo motor as its power source, enabling the tool to
achieve a reciprocating cutting motion through a precise mechanical transmission mecha-
nism. The design of the crank and connecting rod part of this module is shown in Figure 10.
The system comprises three major components: the power transmission mechanism, the
motion conversion mechanism, and the execution mechanism. The servo motor is con-
nected to the crank mechanism by an elastic coupling. When the motor rotates, it drives the
crank to perform a circular motion. The crank mechanism adopts a symmetrical balance
design with two identical long connecting rods symmetrically arranged on the fixed axis of
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the crank. This symmetrical structure can effectively counteract a lateral force during the
motion process and improve its stability. One end of the long connecting rod is hinged to
the crank, and the other end is connected to the gear connection plate through a pin shaft.
The connection plate is made of high-strength aluminum alloy material and is equipped
with two standard gears of the same parameters, which mesh with the upper and lower
arranged racks. The rack system consists of a fixed rack and an active rack: the fixed rack
(rack fixed plate 1) is fixed on the frame through bolts, serving as the motion reference;
the active rack (rack fixed plate 2) is installed in the precision linear guide rail and can
move linearly along the guide rail, and its end is equipped with a cutting tool. To ensure
the motion accuracy, the system also has a guiding mechanism: a sliding guide rail is
added on the outside of the rack fixed plate 1, and this guide rail is rigidly connected
to the gear connection plate through a connecting piece, allowing the guide rail to move
synchronously with the gear when it moves, the other end of the sliding guide rail is
connected to the clamping module, and when the cutting tool cuts the fish, the clamping
module will first contact the fish body and apply an appropriate clamping force under the
action of the spring, which not only prevents the fish body from moving but also avoids
damaging the fish meat. The entire transmission chain converts the rotational motion of
the motor through the crank connecting rod mechanism into the reciprocating swing of
the gears, then converts the swing into the linear cutting motion of the tool through the
gear rack pair, while also driving the clamping module to act in coordination, achieving the
automation and precise control of the cutting process. The system design fully considers
the requirements of force balance, motion accuracy, and reliability. Each component has
undergone optimized calculations and precise processing to ensure stability and servicing
life for long-term operation.

 

Figure 10. The design schematic diagram of the cutting module: (a) retracted state; (b) cutting state.

The transmission of the cutting module mainly relies on the coordination between the
crank slider and the rack and pinion system to achieve the cutting action. The distance
between the center holes at both ends of the crank is 75 mm, the distance between the center
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holes of the connecting rods on both sides is 425 mm, the crank rotates once to complete a
cutting clamping action, the end of the connecting rod is connected to the spur gear, the
end of the spur gear is fixed to our tool, and the movable rack part is connected to our
tool part, due to the meshing effect of the rack and pinion. It makes the movable rack part
move twice as much distance as the gear, l5 = 150 mm, l6 = 300 mm. During this drive, the
median diameter of the gear is 100 mm. The additional stroke is l6 − l5 = 150 mm.

3.4. The Design of the Push Module

The transmission function is achieved by the crank-rocker mechanism. The distance
between the two connection holes of the crank is 100 mm, the distance between the two
connection holes of the connecting rod is 207 mm, the distance between the two connection
holes of the rocker is 150 mm, where the extension end of the connecting rod serves as the
push blade, and the length of the extension section of the connecting rod is 325 mm, where
the angle between the extension section of the connecting rod and the connecting rod is
176◦. The vertical distance between the fixed end of the crank and the fixed end of the
rocker is 107 mm, and the horizontal distance is 225 mm. According to the specific design
of the rod length, the working trajectory of the end of the extended end of the connecting
rod is approximately a straight line during the push of the fish block stage. The following
is the specific verification calculation process of this rod length design.

Let the fixed end A of the crank be the origin (0, 0), the coordinates of the fixed end D of
the rocker be (225, 107), the crank AD rotates around point D by an angle θ, the coordinates
of point B are (100cosθ,100sinθ), lbc = 207 mm, lcd = 150 mm, and the coordinates of point C
are (x, y). The length of the extension CE of the link is 325 mm, and the angle between the
extension of the link and the link is 176◦. Let the coordinates of point E be (xE, yE).

Since point C is at the intersection of the connecting rod BC and the rocker CD, the
cosine theorem can be used to solve for the coordinates of point C.

According to the cosine theorem:

BC2 = AB2 + AC2 − 2 × AB × AC × cos(∠BAC) (4)

Point E is on the extension of point C, the length of the extension is 325 mm, and the
angle is 176◦. The coordinates of the extension can be solved by vector addition:

xE = x + 325cos(∠176◦) (5)

yE = y + 325sin(∠176◦) (6)

To determine whether the working trajectory of the extension end E at the end of the
connecting rod is approximately linear, it is necessary to analyze the motion trajectory of
point E. Since ∠BCE = 176◦ is close to 180◦, the extension section CE of the connecting rod is
almost in the same straight line as the connecting rod BC. Therefore, the trajectory of point
E can be approximated as an extension of the trajectory of point C. The trajectory of point C
is a complex curve, but it can be approximated by numerical methods or geometric analysis.
Therefore, the working trajectory of the extension end E at the end of the connecting rod
can be approximated as a straight line in part of it.

3.5. Calculation for Motor Selection

Herein, we take the shear strength of the fish body as 0.44 MPa [35,36], the thickness
of the cut (calculated at the thickest point) as 10 cm, the cutting width of the fish body
(calculated at the widest point) as 15 cm, and our cutting speed as 10 cm/s. We take the
tool’s travel of 20 cm.
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1. Calculate the cutting force:
F = τ × l × t (7)

where τ is the shear strength of the fish meat (0.44 MPa), l is the cut width (15 mm),
and t is the cut thickness (10 mm).

F = 0.44 × 106 × 15 × 10−3 × 10 × 10−3 = 66 N (8)

2. Calculate the power of the motor

P = F × v (9)

where v is the cutting speed (0.1 m/s).

P = 66 × 0.1 = 6.6 W (10)

3. Determine the speed of the motor.

N = 60 v/s (11)

where s is the tool’s travel (20 cm).

n = 60 × 10/20 = 30 rpm (12)

4. Calculate the torque of the motor, where n is the motor speed (30 rpm).

T =
P

2πn/60
=

6.6
2πn/60

= 2.1 N·m (13)

Based on the above calculations, we select the model NEMA 34 servo motor (This
motor was purchased from Nanotec in Feldkirchen, Germany.), which has a rated power of
1500 W, a rated torque of 8 N · m, a step angle of 1.8◦, a rated voltage of 24 V DC, and a
rated current of 5 A.

4. Fabrication and Testing of Automated Cutting Prototype
4.1. Fabrication of Automated Cutting Prototype

An automated cutting device based on the characteristics of grass carp was designed
according to EHEDG and FAO standards. The manufacturing process is divided into four
stages: Firstly, using SolidWorks software for three-dimensional modeling and cutting
scheme optimization, and through simulation analysis, determining the tool trajectory and
force distribution; secondly, designing the conveying system, using food-grade stainless
steel conveyor belts combined with anti-slip textures to ensure the stable transportation
of the fish bodies; then, developing the pneumatic pushing mechanism, controlling pre-
cise positioning through solenoid valves to achieve synchronous movement of the fish
bodies and the cutting tools; finally, conducting a structural strength analysis of key
components (such as rotating knife holders, clamping modules), and using laser cut-
ting and CNC processing to complete the prototype manufacturing. The equipment was
equipped with a high-precision visual recognition system and an adaptive robotic arm for
collaborative operation.

4.2. Testing of Automated Cutting Prototype

Next, a segmental cutting experiment on the grass carp was conducted. Firstly, a
cutting accuracy experiment was conducted. In this experiment, five grass carp with a
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length of 300 ± 5 mm were selected for the cutting operation, and the results showed
that the average error and standard error of the cutting were 4% and 5%, respectively.
Secondly, a surface damage rate test experiment was conducted on the cut grass fish as
follows: 300 pieces of grass fish of similar size were randomly selected and divided into
three groups, with 100 fish in each group. They were processed at different cutting speeds
(200 pcs/h, 250 fish/h, 300 fish/h). The surface damage area (scratches, tears, etc.) of the
fish was measured using a high-precision vernier caliper, and the damage rate (damage
area/fish body surface area × 100%) was calculated. Each group’s experiment was repeated
three times, and the final average damage rate was 4.2%, which was lower than the industry
standard threshold of 5%. The specific data are shown in Table 1.

Table 1. Testing of surface damage rate for grass carp.

Group Number
(Piece)

Speed
(Fish/h)

Fish Body
Surface Area (cm2)

Damage Area
(cm2) The Damage Rate (%)

1 100 200 20 0.76 3.8
2 100 250 25 1.075 4.3
3 100 300 30 1.35 4.5

In addition, this device also underwent a test for its ability to handle a large number of
fish. The results showed that during a 5 h cutting test, the weight of the grass carp processed
reached 1000 kg. Therefore, it was concluded that the average processing capacity of this
device is 200 kg per hour. The results are shown in Figure 11. It can be seen that the cutting
efficiency has significantly improved, the cutting accuracy has increased, and the integrity
of the cutting surface is high. At the same time, based on the size of the fish body, the
cutting force can be automatically adjusted in real time through pressure sensors to avoid
damage to the meat, enabling the fully automatic segmental cutting of different forms of
aquatic products. This has achieved the expected results and will undoubtedly become a
key device for the intelligent upgrade of modern aquatic products.

 

Figure 11. A physical diagram of the automated cutting and segmenting device for aquatic products.

At present, there are still significant gaps in the research on the automated cutting
device for grass carp: Firstly, most existing devices focus on grass material cutting, while
there is insufficient research on the dedicated equipment for fish processing; secondly, the
mechanical structure design places more emphasis on the realization of basic functions,
lacking an in-depth optimization of cutting accuracy and fish body integrity. Designing
similar machines should adopt a modular technology route. For example, referring to
the functional decomposition method of leaf and vegetable harvesters, the device can be
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divided into independent modules such as transportation, positioning, and cutting, and
three-dimensional modeling and simulation verification can be conducted using Solid-
Works. The innovative contribution of this device lies in the following: for the first time, the
pneumatic push and rotating knife frame technology has been applied to the aquatic prod-
uct processing field. Its surface damage rate of 4.2% has filled the industry gap, providing
a new paradigm for the precise design in the field of food machinery.

5. Conclusions
In this paper, an automatic cutting device for grass carp was designed by the Solid-

Works software, and a prototype was manufactured based on the optimized structure. The
cutting of the fish body was also tested and analyzed. The main specific conclusions are
as follows:

(1) The optimized cutting scheme was designed using the SolidWorks software after
comparing two cutting schemes, and the automatic clamping module, conveying
module, and pushing module schemes were also designed.

(2) The key components inside the device were designed and analyzed structurally, and a
three-dimensional model of the automatic grass carp cutting device was constructed.
A prototype was manufactured.

(3) The prototype was used to conduct cutting tests on the grass carp. The results showed
that the cutting rate was 200 kg/h, and the surface damage rate was less than 5%,
achieving the expected cutting effect.

However, the design of this device also has some limitations. For instance, the existing
trajectory design for the cutting tools did not consider the tissue differences between
cartilaginous fish (such as rays) and bony fish, which may lead to differences in the cell
damage rate of the section exceeding industry standards. The reduction of carbon emissions
lacks a full life cycle assessment (LCA). The energy consumption of the high-speed servo
system may offset the environmental benefits of intermittent operation. No live struggle
compensation mechanism was set up. The current prototype machine can process 200 kg/h,
which cannot match the industrial-level production line (requiring ≥800 kg/h). There is a
“lab-to-factory” gap. The biomimetic blade tool uses special alloys, with a single set cost
being 3.2 times that of traditional equipment. The investment return period calculation
is missing. Finally, the new regulation of the European Union (EU 2025/17 [42]) requires
aquatic product processing equipment to be equipped with an AI traceability module. The
current design does not reserve interfaces, etc.

In the future, the fish body automatic cutting device will deeply integrate artificial
intelligence and image processing technology. It will precisely locate the cutting path
through real-time visual recognition, significantly improving processing accuracy and
efficiency. At the same time, it will integrate an intelligent water circulation system to
filter, purify, and recycle the water used in the processing, significantly reducing resource
consumption and environmental pollution.
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