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ABSTRACT

Saffron (Crocus sativus L.) is one of the world’s most valuable agricultural products, with Iran
accounting for over 90% of global production. Harvesting is predominantly manual, resulting in high
labor demands, significant ergonomic strain on workers, and considerable floral damage. The narrow
blooming window—typically limited to 7-10 days—and the extreme mechanical fragility of the stigma-
pistil complex impose stringent requirements on harvesting precision and speed. These constraints
underscore the urgent need for mechanized solutions that can maintain product quality while improving
operational efficiency and worker welfare.

Introduction

Saffron (Crocus sativus L.), renowned as “red gold,” is among the world’s most valuable
agricultural commodities, valued for its unique coloring, aromatic, and pharmacological properties. Iran,
contributing over 90% of global production, remains heavily dependent on manual harvesting—a labor-
intensive practice that imposes severe ergonomic burdens on workers, particularly repetitive stress
injuries to the lumbar spine and knee joints due to prolonged bending and squatting. The harvesting
window is critically narrow, typically confined to 7-10 days of synchronous blooming, during which
flowers must be collected at dawn to preserve stigma quality. This time sensitivity, combined with the
extreme fragility of the stigma-pistil complex, renders the process highly susceptible to quality
degradation when performed manually. Despite the widespread mechanization of major field crops,
saffron harvesting has resisted automation due to three primary challenges:

The delicate morphological structure of the flower, comprising three stigmas, three stamens, and six
petals supported by a slender pedicel (~2 mm diameter); (ii) the high risk of mechanical damage during
detachment, which directly compromises the economic value of the stigmas; and (iii) field
heterogeneity, including uneven terrain, variable plant density, and inconsistent flower height. Existing
prototypes—such as rotary rollers, pneumatic suction systems, and multi-tine pickers—have generally
failed under real-world conditions, either causing excessive floral injury or requiring impractical power
inputs. Recent research into aerodynamic separation and electrostatic harvesting has shown promise,
yet these approaches often neglect the biomechanical response of saffron tissues under dynamic loading.
To bridge this gap, this study proposes a biomimetic harvesting mechanism inspired by the precision of
manual picking. A dedicated detachment blade was developed based on empirical characterization of
saffron’s physical and mechanical properties. The system was evaluated under actual field conditions
with respect to harvesting efficiency, flower integrity, adaptability to terrain irregularities, and
mechanical reliability. The overarching objective is to establish a scientifically grounded foundation for
semi-mechanized saffron harvesting that harmonizes plant-specific fragility with engineering
robustness.

Materials and Methods
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Saffron flowers consist of a central pistil bearing three vivid red stigmas—the sole economically
valuable component—surrounded by three yellow stamens and six violet petals. To inform the design
of a compatible harvesting tool, key physical and biomechanical properties were quantified under field-
moist conditions. Moisture content was determined using the oven-drying method yielding values of
89.5% (w.b.) in stems and 78.2% in petals. Stem diameter was measured at the detachment zone (pedicel
base) using a digital caliper (+0.01 mm), resulting in an average of 2.1 £ 0.3 mm. The force required for
floral detachment was assessed via quasi-static uniaxial tensile tests conducted with a universal testing
machine (Instron 3345, 10 N load cell, crosshead speed: 5 mm-min"). Flowers were gripped at the
stigma base, and force was applied vertically until separation occurred. The detachment force was
defined as the peak load preceding complete rupture. Based on these data, a harvesting blade was
fabricated from austenitic stainless steel (AISI 304, yield strength = 220.6 MPa) using precision laser
cutting (kerf width: 0.2 mm). The blade geometry featured a concave cutting edge designed to cradle
the stem and guide it into the shear zone, minimizing lateral displacement and ensuring clean severance
below the stigma attachment point. A polylactic acid (PLA) spacer, 3D-printed with 0.1 mm layer
resolution, maintained uniform inter-blade spacing (4.5 mm) and alignment along the rotating shaft.
Operational parameters were optimized through kinematic analysis. A rotational speed of 245 rpm was
selected to achieve a blade tip linear velocity of 1.8 m-s™'—sufficient to induce rapid detachment while
avoiding inertial damage. Structural integrity was evaluated via finite element analysis (FEA) in
SolidWorks Simulation 2018. A high-density mesh (element size: 0.4 mm at stress concentration zones)
was applied to the blade tip, with boundary conditions replicating the measured 0.46 N detachment
force. Theoretical stress was calculated using Euler—Bernoulli beam theory for cantilevered loading.
Field trials were conducted in a commercial saffron field (Khorasan, Iran) during peak bloom.
Performance metrics included effective field capacity, percentage of damaged flowers (classified by
stigma bruising, petal tearing, or stem bending), and adaptability to micro-terrain variations. A
protective elastomeric layer (Shore A 70) was tested to assess its impact-dampening efficacy.

Results and Discussion

Quasi-static testing yielded a mean detachment force of 0.46 = 0.08 N, consistent with the low
tensile strength of saffron pedicel tissues under high moisture conditions. This low force threshold
dictated the necessity of a controlled, non-impact harvesting mechanism. FEA of the blade under
operational loading revealed a maximum von Mises stress of 104.1 MPa at the tip root—the critical
failure location. Theoretical beam-bending analysis predicted a stress of 188.3 MPa, with the
discrepancy attributed to idealized assumptions in the analytical model (e.g., perfect clamping,
homogeneous material). Critically, both values remained well below the yield strength of AISI 304
(220.6 MPa), confirming a safety factor of >2.1 and eliminating the risk of plastic deformation during
field operation (HassanBeigi et al., 2010).

Field evaluations demonstrated an effective field capacity of 0.42 t-h™!, markedly higher than the
manual benchmark of 0.09 . The inclusion of an elastomeric protective layer reduced the percentage of
damaged flowers from 23.7 + 2.8% (bare metal configuration) to 8.2 + 1.3%—a 65.4% reduction (p <
0.01, two-tailed t-test).

Damage in the protected system was limited primarily to minor petal detachment, whereas the
unprotected variant exhibited severe stigma bruising and style bending, directly impairing saffron
quality. The sequential blade arrangement ensured uniform coverage across the row width (15 cm),
eliminating flower retention in inter-blade zones—a common flaw in prior designs. These results
confirm that successful saffron mechanization hinges not on brute-force automation, but on
biomechanical fidelity: the precise matching of tool dynamics to plant structural response. The concave
blade edge, optimized tip velocity, and elastomeric interface collectively replicate the dexterity of
manual picking while offering scalable throughput.

Conclusion

This study demonstrates that a scientifically informed, plant-centric approach to tool design can
overcome the longstanding barriers to saffron harvesting mechanization. By integrating empirical
biomechanical data—particularly the low detachment force (0.46 N) and high tissue moisture—into the
geometric and material configuration of a specialized harvesting blade, we achieved a system that
simultaneously ensures flower integrity, mechanical reliability, and field-level efficiency.The blade’s
stress response (104.1 MPa) remains safely within elastic limits, validating the structural design under
real operational loads. The 65.4% reduction in floral damage through elastomeric protection underscores
the critical role of contact surface engineering in preserving stigma quality. Furthermore, the 4.7-fold
increase in field capacity over manual methods highlights the system’s potential to alleviate labor
shortages and reduce occupational health risks. This work establishes a transferable framework for the
mechanization of high-value, mechanically sensitive crops: one that prioritizes biological compatibility
over mechanical dominance. Future efforts will focus on scaling the prototype to multi-row
configurations and integrating real-time vision systems for selective harvesting.
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Table 2. Analysis of the effects of pulling speed and plant age on pulling force, tensile strength, and energy consumption
per unit stem surface area
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Fig 6. Dimensions of the harvesting blade
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Table 3. Mechanical properties of part A (Plain Carbon Steel) and part B (PLA)

g

Plain Carbon

Descripti 55 P 5

(Description)zes g3 (Unit Stoel PLA (Property) 555
(Mass per unit volume) osle pox> axls ¢ > kg/m? 7800 1250 (Density) J&=
(Ratio of oVl ab o 5 )S 4 il Cond N/m? 2 1x10" 3 5] 0° (Elastic azwY! Jsoo
stress to strain in elastic range) Modulus)
(Ratio of lateral 70 (25,5 & (ol 23,5 o B 028 036 (Poisson’s :yguwly wo po
to axial strain) ' ' Ratio)
(Maximum zaS jo canSs 5l L8 s Sl N/m? 399.8x10°  50x10¢ (Tensile oizs plSo!
stress before fracture in tension) Strength)
(Stress at onset (?f Sy Ji.., s el o> N/m? 220.6x10 45%10° (Yield gl 0>
plastic deformation) Strength)
. 5l blads! co e
(Relative length L 5 5 ,s oy ®S o - il 2 e
chan )eS l;r i(;)b—‘é = c 12x10°¢ 68x107¢ (Thermal Expansion
&P Coefficient)
(Heat cuoles 5 loj axly jo &)l > JGl ol W/m-K 43 013 Sl culas oy s

transfer rate per unit thickness)

(Thermal Conductivity)

VIV B VO oo oo Sy @ azgil ol OBl il gl

Ve alols jo 1) 5,0 opl (Emadi et al., 2010) el asl » e
G5 Slanlne § 08,5 90 Jelos o 5l (6 S9i 40 9 ek

ol 00l 43|)| (f Jsd}) Be

Slobies B @illaz coz oY 59508 daais (2b o

YT 03l o Sl Samghy Lawgi oad (5155 gl (ulul » a4zl
@\)b S dadllao Qﬂ‘ 5 W PR ‘_g).:fo)‘b..?‘ e AR
Olgieds pgme [FF ke ( B el dnil> puols g 4l S aladlone



Olrie Culloy aid (SlSe b3yl 5 b

op Sg i Juloi (8L Olwlro -F Jgur
Table 4. Mathematical Calculations of Blade Tip Stress Analysis
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Fig 8. Arrangement and configuration of harvesting

blades
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Fig 9. Schematic view of the harvesting blade assembly
equipped with a rubber protective layer
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Table 5. Motor Performance Parameters
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Fig 12. Saffron Flower Harvesting Using a Blade
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Table 6. Comparison of performance and quality indicators for saffron flower harvesting methods

' o L TT N LI Sene Bl Sa0k (Harvesting c.slo » g,
Al ol g5 (Percentage of Damaged (Standard (Productivity) Method)
Flowers) deviation) etho
IR 7 Tt 8.2% 13 0.42 Lol ctlo
(Partial Petal Detachment) (Harvesting with Protector)
JEAWERUN S SO Oy el
(Stigma Bruising and 43L., 23.7% 2.8 0.45 (Harvesting without Liélxs
Style Bending) Protector)
A5l 5b S, S ™ s
anual S Cadls
(Petal Tearing Caused by 4.1% 0.9 0.09 = >

Nail)

Harvesting)




oy VE-0 Jlo/ Foylads Vo 0,90 /55,9laS )y gummsl 5ilSia 4y 5

e Sl g sl el

bl ailolus jo Ladlore 3l oolawl ¢ blie jo .auS oo 05l oyl jae;

o e 5 J%OW] Oliwe 58 5o sime JralS 4y yomie w0 35lS0
Jyame uisS lgi5as Laslres (08,5 a5 ol o] S0ls 4l ol
S8 g 5l sl el asly WS o Sguge | cablls 5

Sl oo el B 1) Sl cails y ldos

23.7

Ll b caslo

Ladlos cygay cudls

Jale oled obaw diadign b a5 auS o 0SSt mbs
S Ladlre Y Lol oad Cudlopy 5 ceodlw Laas o gullS
50055 83 1y U b aiss o oled 51 (53 slitys (s i
ol Al S g 5 S 3kr S o slacdly 4 a8t i 5
e il 30555 1S 35 oS SVl 1,5 Ll o e
w8 o iyl Sl s
o9y &S wes o lis Zasga (VY SE) )0 ouds &l s

N
|

L
s bl

sy b,

Caloy gy 50 olyhe S5 (Swdcums] wioyd dulio 1Y IS
Fig 13. Comparison of saffron flower damage percentage in harvesting methods
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