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Abstract: This study presents the design and experimental validation of a high-speed, drum-type pomegranate thresher driven
by an innovative single-drive,  multi-shaft  transmission system. This  design integrates  crushing,  feeding,  and threshing into a
compact  unit,  significantly  reducing  mechanical  complexity  and  energy  consumption.  Finite  element  analysis  verified  the
structural  integrity of  key components  under  operational  loads.  Systematic  experiments  identified an optimal  speed of  220 r/
min, achieving a threshing efficiency of 28.6 pieces/min, a peel removal rate of 88.3%, and an aril damage rate of 12.6%. The
incorporation of a pre-crushing mechanism enhanced overall efficiency by 30.6%, a performance gain analyzed as a trade-off
against  a  manageable  increase  in  aril  damage.  The  device  demonstrated  robust  adaptability,  processing  fresh  and  stored
pomegranates  at  rates  of  33.9  and  27.9  pieces/min,  respectively,  while  revealing  critical  correlations  between  pomegranate
physical  properties and threshing outcomes.  This work provides an efficient  and scalable solution for  industrial  pomegranate
processing and establishes a foundation for future intelligent control systems.
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 1    Introduction
Pomegranate  is  a  highly  nutritious  fruit,  rich  in  vitamins,

polyphenols,  and  trace  elements,  which  have  garnered  increasing
attention  due  to  their  health  benefits[1-3].  As  market  demand  for
pomegranates  continues  to  rise,  the  fruit’s  processing  has  become
increasingly  important[4-6].  However,  industrial  pomegranate
processing faces significant challenges, particularly in the dehulling
process,  which  remains  inefficient  and  labor-intensive.  Manual
threshing  not  only  incurs  high  labor  costs  but  also  leads  to
inconsistent product quality[7,8].

Current  mechanical  threshing  technologies  for  pomegranates
are  primarily  classified  into  two types:  impact-type  and  drum-type
devices[9-12]. Impact-type threshers typically require the fruit to be cut

and manually positioned before threshing via oscillating or striking
mechanisms.  These  devices,  though  effective,  suffer  from  low
throughput  and  high  dependency  on  manual  labor[13-16].  Drum-type
threshers,  which  utilize  rotating  drums  and  beating  rods,  are  more
automated  but  often  result  in  high  energy  consumption  and  aril
damage  due  to  mechanical  impacts  and  inefficient  transmission
systems[17-19]. Additionally, many drum-type devices rely on complex
multi-motor  configurations,  which  increase  both  structural
complexity and maintenance requirements[20-23].

To address these challenges, this study introduces a new type of
drum-type  high-speed  pomegranate  threshing  device.  Beyond
structural optimization, this study addresses a key scientific gap: the
lack  of  a  systematic  understanding  of  the  intrinsic  correlation
between  pomegranate  physical  properties  and  threshing
performance.  To  overcome  these  engineering  bottlenecks  and
investigate  their  underlying  mechanisms,  this  work  is  built  upon
three complementary pillars:

1)  An  innovative  single-drive  multi-axis  transmission  system
has  been  proposed  to  eliminate  complex  multi-motor
configurations,  thereby  directly  reducing  mechanical  complexity,
energy consumption, and costs.

2)  Adopting  rigorous  finite  element  analysis  (FEA)  to  verify
the structural strength and reliability of key components under high-
speed  operating  loads,  ensuring  their  robustness  and  design
adequacy.

3)  A  comprehensive  experimental  activity  was  conducted,
including  speed  optimization  and  variety  adaptability  testing,  not
only  to  find  the  optimal  working  parameters,  but  also  to
quantitatively  analyze  how  fruit  status  and  equipment  parameters
affect threshing efficiency and aril integrity.

Through  a  combination  of  mechanism-driven  design,  virtual
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strength  validation,  and  empirical  performance  decision  analysis,
this  study  aims  to  provide  an  efficient,  reliable,  and  scientific
solution  for  the  pomegranate  processing  industry,  as  well  as  a
scalable  model  for  other  fruit  processing  industries.  The  following
section provides a detailed introduction to the design, analysis, and
experimental verification of the proposed equipment.

 2    Structure and principle
 2.1    Overall structure

The  drum-type  high-speed  pomegranate  threshing  device
integrates the key processes of crushing, feeding, and threshing into
a compact and efficient system, all powered by a single gear motor.
The  system  employs  a  multi-shaft  chain  and  gear  transmission
mechanism that drives all key components: counter-rotating, rubber-
coated  crushing  rollers,  a  screw-type  feeding  mechanism,  and  a
cylindrical  threshing  drum  equipped  with  helically  arranged
threshing rods. These components are mounted on a shared frame to
ensure structural stability and coordinated operation.

The motor delivers power to the system through a chain drive,
which  transmits  torque  to  the  main  spindle,  the  spiral  feeding
mechanism,  and the  rotating threshing drum.  To facilitate  counter-
rotation  between  the  rollers  and  the  sieve  drum,  appropriately
designed gear pairs are used. These gear pairs allow the rollers and
drum to rotate in opposite directions, thereby increasing the relative
impact  speed  between  components,  which  enhances  threshing
efficiency while reducing aril breakage.

The  system  is  designed  for  optimal  synchronization  of  all
subsystems. Speed regulation ensures that each component operates
in  harmony,  ensuring  smooth  transitions  between  processes.  By
combining  these  functions  into  a  single-drive,  multi-shaft
transmission  system,  this  design  reduces  mechanical  complexity
and  improves  energy  efficiency.  This  innovative  approach
simplifies the structure and minimizes the need for additional power
sources,  leading  to  lower  energy  consumption  and  more  efficient
operation.  The  overall  system  layout  is  shown  in  Figure  1,  where
the key components and their integration can be observed.
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1.  Feeding  port  2.  Dual-roller  squeezing  and  crushing  device  3.  Spiral  feeding
mechanism  4.  Single-drive  multi-shaft  transmission  system  5.  Gear  motor
6. Counter-rotating sieve-based threshing mechanism 7. Discharge port 8. Frame
9. Speed control cabinet 10. Aril collection box

Figure 1    Overall structure of the drum-type high-speed
pomegranate threshing equipment

 
 2.2    Working principle

The  drum-type  high-speed  pomegranate  threshing  device
integrates crushing, feeding, and threshing functions into a compact
system  powered  by  a  single  gear  motor.  A  multi-shaft  chain  and
gear  transmission  system  drives  key  components:  counter-rotating

rubber-coated  rollers,  a  screw-type  feeding  mechanism,  and  a
cylindrical  threshing  drum  with  helically  arranged  threshing  rods.
The  motor  transmits  power  to  all  components  via  a  chain  drive,
ensuring synchronized operation. Gear pairs enable counter-rotation
between  the  drum  and  rollers,  optimizing  impact  speed  and
reducing aril breakage. This modular design minimizes mechanical
complexity,  enhances  energy  efficiency,  and  reduces  the  need  for
additional motors.

 3    Key component design and analysis
 3.1    Design of the single-drive multi-shaft transmission system

The  single-drive  multi-axis  transmission  system  distributes
power from a 4 kW gear motor (output speed: 150-450 r/min) to the
screw  feeder,  dual-roll  crusher,  and  counter-rotating  threshing
cylinder.  Chain  drive  was  employed  for  effective  power
transmission  between  parallel  shafts.  As  shown  in  Figure  2,  the
motor  drives  the  main  shaft  via  chain,  which  subsequently  powers
both  the  crushing  rolls  and  threshing  drum.  Counter-rotation
between  components  such  as  the  rolls  and  screen  cylinder  is
achieved through integrated gear pairs.
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1.  Motor  output  sprocket  2.  Sieve  drive  sprocket  3.  Main  shaft  drive  sprocket
4. Small sprocket on main shaft 5. Crushing roller sprocket 6. Gear set for rollers
7. Sieve gear ring 8. Threshing rods 9. Sieve gear 10. Gear motor

Figure 2    Design of single-drive multi-shaft combined
transmission system

 

To meet the design goal of processing 1800 pomegranates per
hour,  a  transmission  scheme  featuring  a  2:1  reduction  ratio  was
implemented.  Based  on  GB/T1243  standards,  16A-type  roller
chains  were  selected.  Detailed  calculations  were  performed  to
determine  the  optimal  sprocket  tooth  numbers,  chain  pitch,  wrap
angles,  and  center  distances.  The  final  transmission  parameters—
including  gear  ratios,  shaft  spacing,  chain  lengths,  and  link
counts—are  summarized  in  Table  1,  confirming  that  all  design
conditions satisfy mechanical and operational requirements.
 
 

Table 1    Reduction ratios between shafts of multi-shaft
combined transmission system

Transmission pair Speed
ratio

Center
distance/mm

Chain
links

Chain
length/m

Motor output shaft–main shaft 2.0 757 84 2.130
Main shaft–sieve drive shaft 1.5 346 50 1.270
Main shaft–roller drive shaft 1.5 498 62 1.575

 

 3.2    Design  of  the  dual-roller  squeezing  and  crushing
mechanism

The  crushing  unit  uses  two  rubber-coated  rollers  with  ridged
surfaces  rotating  in  opposite  directions  via  gear  coupling  to  gently
pre-break  the  pomegranates.  When  the  fruit  enters  the  roller  gap
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along the bisector of the roller axes, it is clamped and entrained into
the  narrowing  space.  As  shown  in  Figure  3,  the  fruit  experiences
symmetrical  normal  and  frictional  forces,  along  with  gravity.  The
crushing  performance  is  influenced  by  roller  radius,  spacing,  and
surface characteristics[24,25].
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Figure 3    Force analysis of pomegranate entering roller
extrusion work area

 

The  condition  for  successful  clamping  and  crushing  can  be
expressed as:

θ < arcsin
Å

G
2Fn cosφ

ã
−φ (1)

θ

φ

where,   is the angle between the line connecting roller centers and
the direction of  the applied normal  force,  °;    is  the friction angle
between the squeezing roller and the surface of the pomegranate, °.

A simplified force analysis shows that the relative magnitude of
normal  and  frictional  forces  is  governed  by  the  roller  radius  and
center  distance.  When  the  roller  radius  is  too  small  or  the  spacing
too  wide,  the  pomegranate  may  slip  through  the  rollers  without
sufficient  compression.  Conversely,  excessive  pressure  angles
caused by large spacing or undersized rollers may lead to inefficient
crushing or damage. Therefore, appropriate sizing of roller diameter
and  gap  is  essential  to  ensure  reliable  crushing  and  high  threshing
efficiency.
 3.3    Design of the counter-rotating sieve-based threshing unit

As shown in Figure 4, the rotary screen cylinder adopts a two-
stage design: the front section is a spiral feeding blade, and the rear
section  is  a  perforated  screen  with  a  hole  diameter  of  15  mm,
optimized  for  Xinjiang  Piaman  pomegranate,  with  an  average  aril
diameter of 10 mm. The drum is driven by a gear ring connected to
the  gear  shaft  and  rotates  opposite  to  the  motor  output  shaft.  This
reverse  rotation  configuration  increases  the  relative  speed  between
the rod and the drum. At the same time, the spindle of the threshing
rod equipped with a spiral arrangement rotates in the same direction
as  the  motor.  The  shape,  geometry  and  spatial  arrangement  of  the
threshing  rod  are  key  parameters  that  directly  determine  the
threshing  efficiency  and  aril  damage  rate.  The  selection  of  these
specific  parameters  is  to  achieve  high  peel  removal  rate  while
actively managing aril damage rate.

1)  Shape  and  geometry:  The  threshing  rod  is  designed  as  a
cylindrical shape and coated with a soft rubber layer. The choice of
this shape factor is to minimize stress concentration when colliding
with  arils,  thereby  reducing  puncture  and  crushing  damage
compared  to  sharp  edges  or  rigid  profiles.  The  threshing  rod
provides  sufficient  stiffness  for  force  transmission  while
maintaining a flexible contact surface.

2)  Arrangement  rule:  The  rods  are  arranged  in  a  double  helix

along  the  main  axis,  and  the  two  main  functions  of  this  helix
arrangement  are  axial  conveying  and  uniform  threshing  and
covering.  The  spiral  angle  produces  a  continuous  spiral  conveying
effect,  ensuring  that  the  crushed  pomegranate  material  is  pushed
axially  from  the  feed  end  to  the  discharge  port.  This  controls  the
residence time of the material in the threshing cylinder. The double
helix structure ensures that the rod scans the entire internal volume
of the sieve cylinder, preventing local dead zones and promoting a
more uniform and thorough separation of the aril and fruit peel.

3)  Interaction  with  the  sieve  cylinder:  The  reverse  rotational
motion between the main shaft and the sieve cylinder creates a high
shear,  rolling compression zone in  the  gap between them.  The rod
mainly  connects  larger  fruit  peel  fragments,  applying  bending  and
shear  stress  to  release  the  arils.  The  released arils  are  smaller  than
the  sieve  aperture  and  are  quickly  discharged  through  the  sieve,
minimizing  their  repeated  impact  and  thus  reducing  secondary
damage.
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1.  Threshing  spindle  2.  Sieve  gear  shaft  3.  Feed  barrel  4.  Sieve  drum  5.  Spiral
feeding blades

Figure 4    Mechanical structure of opposite rotary screen
thresh device

 

 4    Strength analysis of key components
During  operation,  pomegranates  are  first  crushed  by  the  dual-

roller mechanism and then conveyed by the spiral blade on the main
spindle into the counter-rotating sieve for threshing. The dual-roller
crushing  unit,  main  spindle,  spiral  blade,  and  threshing  rods  are
therefore  key  components  of  the  system.  To  validate  their
mechanical  robustness,  finite  element  analysis  (FEA)  was
conducted using the Simulation module in SolidWorks.
 4.1    Strength analysis of the crushing roller

The  dual-roller  squeezing  device  consists  of  a  central  drive
shaft and an outer rubber-coated roller, as shown in Figure 5a. The
drive  shaft  is  made  of  stainless  steel  and  is  subjected  to  torsional
loading  during  operation.  To  evaluate  its  mechanical  performance
under  extreme  conditions,  the  FEA  was  performed.  In  the
simulation, the end of the shaft was fixed, and a maximum torque of
414.66 N·m, derived from the motor output and chain transmission
ratio,  was  applied  at  the  shaft  center.  The  FEA  mesh  model  is
shown in Figure 5b.

Simulation  results  under  torsional  load  reveal  the  stress
distribution and deformation characteristics shown in Figure 5c and
Figure  5d,  respectively.  The  maximum  von  Mises  stress  reached
135 MPa, which is well below the material’s yield strength, indicating
structural  safety.  The  maximum  displacement  was  7.75  mm,
primarily  concentrated  in  the  outer  rubber  layer.  This  localized
deformation  does  not  interfere  with  normal  roller  functionality,
confirming the adequacy of the design for operational reliability.
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a. 3D model of the roller b. Mesh and applied torque c. von Mises stress distribution d. Displacement distribution
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Figure 5    Strength analysis of single extrusion roller
 

 4.2    Strength analysis of the main spindle and assembly
After the pomegranates are crushed, they are conveyed into the

cylindrical sieve drum by the main spindle, which drives the spiral
feeding  blades  through  rotational  motion.  The  spindle  and  its
associated  components  are  shown  in  Figure  6a.  Except  for  the
threshing rods, which are coated with soft rubber, all other parts are

made  of  stainless  steel.  The  spindle  is  subjected  to  multiple  loads
during  operation,  including  a  spindle  drive  torque  of  170  N·m,  an
axial  resistance  force  of  200  N  from  the  spiral  blades,  and  a
combined  reaction  force  of  100  N  generated  by  the  impact  of  the
threshing  rods  on  the  fruit.  These  loads  were  applied  to  the  finite
element model, and meshing was performed as shown in Figure 6b.

 
 

a. 3D model of the spindle with

spiral and rods 

b. Mesh and loading scheme c. von Mises stress distribution d. Displacement field
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Figure 6    Strength analysis of spindle and its assembly parts
 

The simulation results are presented in Figure 6c and Figure 6d,
showing  the  stress  distribution  and  deformation  patterns  of  the
spindle assembly. The maximum von Mises stress, located near the
spindle’s  input  section,  is  24.0  MPa—well  below  the  material’s
yield  strength—indicating  sufficient  structural  strength  for  safe
operation. However, due to the use of rubber on the threshing rods,
the  maximum  deformation  reaches  24.4  mm  at  the  rod  tips.  This
suggests that the rubber layer is prone to wear and fatigue over time.
To  ensure  long-term  stability  and  threshing  performance,  periodic
replacement  of  the  rubber  coating  is  recommended  during  routine
equipment maintenance.

 5    Prototype testing and results
 5.1    Evaluation metrics

To evaluate the threshing performance of the proposed device,
three key metrics were adopted:  threshing efficiency,  peel  removal
rate,  and aril  damage rate.  To determine the peel  removal  rate  and
aril  damage  rate,  it  is  necessary  to  sample  the  arils  after
experimental  cleaning  three  times,  separate  damaged  arils  and
residual peels, measure the sample mass using a grammage electronic
scale (0-500 g), and calculate the indicators. The schematic diagram
of sampling separation and weighing is shown in Figure 7.

Threshing efficiency, reflecting the processing capacity per unit
time of the equipment, is calculated by:

q =
n
t

(2)

q n
t

where,    is  the  threshing  efficiency,  pieces/min;    is  the  total
number  of  pomegranates  processed,  pieces;  and    is  the  total
processing time, min.

Peel  removal  rate,  characterizing  the  thoroughness  of
separation, is given by:

µ = 1− mr

mg

×100% (3)

µ mrwhere,   is the peel removal rate;   is the mass of residual peel, g;

mgand   is the total mass of sampled arils, g.
Aril  damage  rate,  evaluating  threshing-induced  damage,  is

calculated as:

v =
mi

mg

×100% (4)

v mi

mg

where,   is the aril damage rate;   is the mass of damaged arils, g;
and   is the total mass of sampled arils, g.
  

a. Sampling separation

b. Weighing

Total of
sampled arils

Damaged aril

Residual peel

Figure 7    Schematic diagram of sampling separation and weighing
 

 5.2    Speed optimization experiment
Based  on  the  proposed  mechanical  structure,  motor

specifications,  and selected materials,  a functional prototype of the
high-speed pomegranate threshing device was developed. As shown
in  Figure  8a,  the  system  features  a  compact  layout  that  integrates
crushing, feeding, and threshing modules.

For  the  experiment,  Xinjiang  Piaman  pomegranates  with
diameters of 5-7 cm and average mass of 350-450 g were selected.
Preliminary  tests  verified  effective  threshing  results  as  seen  in
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Figure 8b.
Prototype  tests  were  conducted  at  six  gear  motor  speed  levels

(200-250  r/min),  testing  50  pomegranates  per  level.  Performance
metrics of the drum-type equipment were quantified to characterize
speed-dependent  effects  on  threshing  performance,  as  listed  in
Table 2.
 
 

a. Physical prototype b. Ariled pomegranate sample

Figure 8    Pomegranate thresher prototype and its threshing effect
 
 

Table 2    Test data of pomegranate thresher

Level Motor speed/
r·min–1

Threshing
time/min

Total mass of
sampled arils/g

Residual peel
mass/g

Damaged aril
mass/g

1 200 2.06 87.3 9.2 11.6

2 210 1.92 89.3 7.8 11.3

3 220 1.75 78.4 9.2 9.8

4 230 1.68 66.0 8.0 8.9

5 240 1.65 66.6 10.0 12.2

6 250 1.59 59.7 9.7 11.5
 

Based on these measurements, the relationships between motor
speed and the three evaluation metrics were plotted and analyzed, as
shown in Figure 9. The data show that both threshing efficiency and
peel  removal  rate  exhibit  a  positive  linear  relationship  with
operating speed. Their empirical models are expressed as:

y1 = 0.1424x−3.6458

y2 = −0.0014x+1.1831
(5)

y1 y2

x
where,    is  the  threshing  efficiency,  pieces/min;    is  the  peel
removal rate; and   is the motor speed, r/min.

Through the above experiment, the relationship between motor
speed  and  performance  indicators  can  be  directly  attributed  to  the
dynamics  of  the  threshing  rod.  The  linear  increase  in  threshing
efficiency  with  speed  is  the  result  of  the  increase  in  impact
frequency  and  shear  rate  generated  by  the  helical  arrangement  of
rods.  As  the  spindle  rotation  speed  increases,  the  number  of  times

the rod passes through and stirs the material per unit time increases,
thereby accelerating the separation process.

The  nonlinear  trend  of  rod  damage  rate  is  a  key  result  of  the
interaction between rod materials.  At  lower  speeds (such as  200 r/
min),  the  impact  energy  may  not  be  sufficient  for  cleaning  and
separation,  causing  the  arils  to  be  repeatedly  rubbed  and  squeezed
by the rod and peel  fragments,  resulting in cumulative damage.  At
the  optimal  speed  (220  r/min),  the  impact  and  shear  forces  are
sufficient  to  cleanly  separate  arils  with  minimal  contact  repetition,
thereby minimizing damage. At higher speeds (such as 250 r/min),
the  kinetic  energy  of  the  rod  becomes  too  high.  The  impact  force
during collision may exceed the breaking stress of arils, leading to a
sharp increase in fracture. This indicates that the rubber coating on
the rod can alleviate but not completely eliminate damage caused by
excessive energy input.
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Figure 9    Relationship curve between pomegranate running speed
and related test indices

 
When  the  output  speed  of  gear  motor  reaches  the  optimal

equilibrium  point  at  220  r/min,  its  threshing  efficiency  is
28.6  pieces/min,  an  increase  of  17.7%  compared  to  the  lowest
speed. At the same time, the peel removal rate is 88.3% and the aril
damage  rate  is  12.6%,  which  fully  meet  the  industry  standard
requirements. The determination of this optimal parameter provides
benchmark conditions for subsequent experiments.
 5.3    Efficiency verification of crushing device

To  quantify  the  synergistic  effect  of  the  roller  squeezing  and
crushing  device  on  threshing  performance,  two  groups  were
compared: a control group without this device and an experimental
group  with  the  complete  equipment  configuration  as  shown  in
Figure 10. All experiments were conducted at the optimal speed of
220  r/min  using  50  Xinjiang  Piaman  pomegranates  per  group,
repeated  in  triplicate.  Pomegranates  were  manually  fed  into  the
threshing  machines,  with  processing  times  recorded  and  the
procedure video-recorded.

 
 

a. Control group: Equipment 1 b. Experimental group: Equipment 2 

Figure 10    Control group and experimental group device

　306 　 February, 2026 Int J Agric & Biol Eng　　　Open Access at https://www.ijabe.org Vol. 19 No. 1　

https://www.ijabe.org


Experimental  results  in  Table  3  demonstrate  that  the  pre-
crushing  mechanism  significantly  improves  both  threshing
efficiency and peel removal rate. However, this enhancement comes
at  the  cost  of  increased  aril  damage,  which  rose  from  12.8%  to
17.0%. This trade-off arises from two primary factors:

1)  Aril  pre-weakening:  The  compressive  and  shear  forces
applied  by  counter-rotating  rollers  to  fracture  the  hard  peel  are
essential  but  may  induce  microcracks  or  residual  stresses  in  arils
within  the  compression  zone.  Such  pre-weakened  arils  are  more
susceptible to subsequent damage during intensive threshing in the
rotary  drum.  In  contrast,  the  control  group,  lacking  this  pre-
compression step, processes fruits with pre-broken peels but without
aril pre-weakening.

2)  Roller  wear:  As  discussed  in  the  strength  analysis  (Section
4.2), roller rubber coatings undergo progressive wear. Worn rollers
lose  uniform  flexibility,  creating  localized  high-pressure  points
rather  than  distributing  gentle  compressive  forces.  This  uneven
loading exacerbates aril damage during pre-crushing.
 
 

Table 3    Comparison of threshing performance indicators with
and without crushing devices

Index Control
group

Experimental
group

Increase
amplitude

Threshing efficiency/pieces·min–1 24.2 31.6 30.6%
Peel removal rate/% 82.4 89.7 7.3%
Aril damage rate/% 12.8 17.0 4.2%

 

Despite the elevated damage rate, threshing efficiency and peel
removal  rate  increased  by  30.6%  and  7.3%,  respectively,
confirming the overall effectiveness of the ‘pre-crushing differential
threshing’  mechanism.  The  substantial  gains  in  throughput  and
separation  quality  justify  this  controlled  damage  increase.  Future
research  will  focus  on  optimizing  extrusion  parameters—including
roller gap, speed, and rubber hardness—and implementing adaptive
control systems to precisely regulate pre-crushing intensity, thereby
minimizing damage while preserving efficiency gains.
 5.4    Variety adaptability experiment

To compare device threshing performance across pomegranate
conditions  and  against  manual  methods,  two  experimental  groups
were  established  alongside  a  concurrent  manual  control.  Group  A
comprised  pomegranates  stored  for  six  months,  exhibiting  severe
dehydration  (peel  thickness:  2.8±0.3  mm);  Group  B  comprised
freshly  harvested  pomegranates  (<24  h  post-harvest)  with  high
turgor (peel thickness: 4.2±0.5 mm) (Figure 11). Machine threshing
trials  were  conducted  at  the  optimal  speed  of  220  r/min  using
50 fruits per group, repeated in triplicate. The manual control group
utilized  identical  fruit  batches  processed  by  skilled  workers,  with
the entire process timed via stopwatch and video-recorded.

As  listed  in  Table  4,  threshing  efficiency  for  fresh
pomegranates (33.9 pieces/min) significantly exceeds that for stored
pomegranates  (27.9  pieces/min).  This  disparity  stems  from  post-
storage  moisture  loss,  which  increases  peel  fracture  toughness  and
requires  greater  rupture  forces.  Simultaneously,  dehydration-
induced aril brittleness is not matched by proportional weakening of
aril-septum attachments, further elevating separation difficulty.

Accordingly,  the  aril  damage  rate  for  stored  pomegranates
(15.3%)  exceeds  that  for  fresh  fruit  (12.6%).  Stored  arils  exhibit
increased  brittleness  and  reduced  impact  tolerance.  To  overcome
toughened peel and persistent adhesion, the equipment must prolong
action  time  or  concentrate  force  at  equivalent  speeds,  heightening
the  risk  of  excessive  mechanical  loading.  Additionally,  intrinsic

brittleness  of  stored  arils  contributes  to  this  elevated  damage
susceptibility.
 
 

a. Fresh pomegranate state

before threshing 

b. Fresh pomegranate state

after threshing

c. Stored pomegranate state

before threshing 

d. Stored pomegranate state

after threshing

Figure 11    Status of pomegranate varieties before and
after threshing

 
 

Table 4    Comparison of threshing performance indicators with
and without crushing devices

Index Experimental
group A

Experimental
group B

Artificial control
group

Threshing efficiency/pieces·min–1 27.9 33.9 3.2
Increase/% 762.5 959.4 -

Peel removal rate/% 82.1 88.3 91.7
Aril damage rate/% 15.3 12.6 8.4

 

Collectively,  these  results  preliminarily  establish  an  intrinsic
relationship between pomegranate physical properties and threshing
performance:

Peel thickness: a critical factor influencing threshing efficiency
and  peel  removal  rate.  Freshly  harvested  pomegranates  with  thick
peels fracture readily during compression and initial impact, thereby
facilitating  subsequent  threshing  operations.  Conversely,
pomegranates  with  thin  peels  demand  significantly  greater  energy
and  time  inputs,  often  yielding  incomplete  separation  with  peel
fragments contaminating the arils.

Aril  adhesion:  directly  influences  aril  damage  rates.  Elevated
adhesion  necessitates  greater  separation  forces;  however,  if
inadequately  controlled,  these  forces  may exceed  the  compressive/
shear  strength  thresholds  of  the  arils,  resulting  in  mechanical
damage. The rotary kneading threshing mechanism employed in this
equipment  generates  sustained  shear  forces  that,  compared  with
pure  impact-type  methods,  more  effectively  overcome  adhesion
while concurrently reducing peak impact forces.

The  ‘pre-crushing  differential  threshing’  mechanism  of  this
device  is  specifically  engineered  to  accommodate  these
characteristics. The reverse-rotating drum gently pre-cracks the fruit
through compressive stress, effectively reducing the peel toughness
barrier. Subsequently, the reverse-rotating threshing drum generates
sustained  shear  forces  that,  being  more  effective  and  controllable
than  pure  impact,  successfully  overcome  aril  adhesion  while
optimizing the efficiency-damage trade-off.

At the optimal speed of 220 r/min, fresh pomegranate threshing
efficiency  reached  33.9  pieces/min  in  the  variety  adaptability
experiment,  exceeding  the  31.6  pieces/min  recorded  at  the  same
speed  in  the  crushing  device  comparison  (Section  5.3).  This
discrepancy  is  attributed  primarily  to  inherent  batch-to-batch
variations in physical properties (size and peel toughness) between
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the  samples  used  in  these  independent  studies—a  common
phenomenon in agricultural product processing.

 6    Conclusions
This  study  designed  and  validated  a  drum-type  high-speed

pomegranate threshing device,  providing a comprehensive solution
to  the  bottleneck  of  low  efficiency  and  high  damage  in  existing
mechanical  processing  methods.  The  core  innovation  lies  in  the
single-drive  multi-axis  transmission  system,  which  integrates
crushing, feeding, and threshing functions under one power source,
significantly  reducing  mechanical  complexity  and  energy
consumption.  The  structural  reliability  of  key  components,
including the  crushing roller  and spindle  assembly,  was  rigorously
verified  through  finite  element  analysis,  confirming  that  all
maximum  stresses  remained  within  a  safe  range  under  operating
loads. This virtual verification ensures the robustness of the device
during high-speed operation.

A  quantitative  relationship  between  operating  parameters  and
threshing performance was established through system experiments.
The  speed  optimization  experiment  determined  220  r/min  as  the
optimal  working  point,  achieving  a  balance  between  a  threshing
efficiency of  28.6 pieces/min,  a  peel  removal  rate  of  88.3%, and a
aril  damage  rate  of  12.6%.  The  comparative  experiment  of  the
crushing device  ultimately  proved the  key role  of  the  pre-crushing
mechanism,  which  increased  the  overall  threshing  efficiency  by
30.6%  and  the  peel  removal  rate  by  7.3%.  In  addition,  the  study
conducted an in-depth  analysis  of  the  intrinsic  correlation between
the  toughness  of  pomegranate  peel  and  the  adhesion  of  aril  with
threshing  results.  This  mechanical  understanding  explains  the
performance  difference  between  fresh  pomegranates  and  stored
pomegranates, with the equipment achieving processing efficiencies
of  33.9  pieces/min  and  27.9  pieces/min  for  fresh  and  stored
pomegranates, respectively.

This  device  has  excellent  engineering  applicability  and
scalability.  Its  modular  design  allows  for  adaptation  to  different
pomegranate  varieties.  Future  work  will  focus  on  developing
intelligent  adaptive  control  systems.  The  system will  use  real-time
sensor  signals  to  drive  motor  torque  and  machine  vibration
characteristics  as  inputs.  Then,  the  control  algorithm  will
dynamically adjust key parameters such as roller clearance and feed
rate in real time. This closed-loop strategy aims to further improve
the balance between efficiency and integrity, paving the way for the
next  generation  of  intelligent  fruit  processing  equipment.  The
technical solutions and design methods proposed in this article have
significant value for the pomegranate industry and provide valuable
references for the development of other fruit processing machinery.
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