
Abstract
Rotary tillage facilitates conservation agriculture in rice-based

crop farming systems through minimal soil disturbance for
seedbed preparation and crop residue management. However, effi-
ciency of rotary tiller blades is hampered by degraded paddy soils
and excessive crop residue conditions. Biomimetics presents an
edge in the optimisation design of cultivation tools and can be
employed to improve the efficiency of rotary tiller blades. This
study was designed to evaluate the adaptability and performance
of biomimetic rotary tiller blades inspired by the geometric struc-
ture of a mole rat’s claw. Field experiments were conducted to
evaluate the blades’ torque and power requirements, soil fragmen-
tation, displacement characteristics, and the rate of straw incorpo-
ration at three tillage depths (i.e., 40, 70, and 100 mm). Results
revealed that the biomimetic blades minimised torque by up to
21.05%, had lower specific power requirements, and produced
finer tilths with granular and more even clod sizes than conven-
tional blades. It also achieved more redistribution of topsoil and
improved the straw burial rate. The biomimetic rotary tiller blades
are thus energy-efficient and can improve soil structure and the
quality of seedbeds, besides managing crop residues through
incorporation, and therefore advance conservation tillage in inten-
sive farming systems.

Introduction
Soil tillage is an essential farming operation that creates work-

able seedbeds for crop establishment, manages weeds and crop
residues, and incorporates fertilizers, manures, pesticides, and
amendments into the soil (Srivastava et al., 2006). Traditionally,
farms are prepared using energy-intensive ploughs, which cause
rigorous loosening and inversion of topsoil. Modern conservation
tillage systems are designed to minimise soil disturbance to con-
serve soil, water, and energy, besides ensuring crop residue reten-
tion on the field (FAO, 2014). Rotary tillage machines play a cru-
cial role in realising conservation tillage since they can perform
minimal soil manipulation in a single pass, thus eliminating the
need for heavy machines (Yang et al., 2018; Matin et al., 2021).
Rotary tillers have been widely adopted in rice-based farming due
to their simplicity of use and ability to create finely-tilled and even
seedbeds and incorporate crop residues into the soil (Ahmadi,
2017). However, conventional rotary tillers used for conservation
tillage in intensive rice-based farming systems experience low
efficiency due to the challenge of handling the degraded clayey-
paddy-soils and working in extreme crop-residue cover conditions
(Yang et al., 2019; Sirisak and Niyamapa, 2010). The blades often
experience high resistance, lower soil and straw cutting efficien-
cies, and have high energy demands (Ahmad et al., 2017; Zhao et
al., 2018). This causes poor seedbed quality, straws incorporation,
and seeding machine clogging. Consequently, farmers end up per-
forming time, energy, and cost-intensive rototilling of soil with up
to 3-5 passes to achieve satisfactory seedbeds (Mottalib et al.,
2019). In order to realise optimal conservation farming, there is a
need for high-efficiency and energy-saving rotary tiller blade
designs that are adaptable to the pervasive working conditions of
the intensive rice-based rotational farming systems (Saimbhi et
al., 2004; Matin et al., 2021). The ideal rotary tillage blade should
transfer maximum power from the rotor to the soil with minimal
resistance and save on energy; produce the best tilth with good soil
structure; break and incorporate residues into the soil; and prevent
straws from coiling on the rotary shaft (Beeny and Khoo, 1970).

Researchers in the past focused on establishing the optimal
shape of rotary tiller blades, and various design configurations
were developed (Saimbhi et al., 2004). The commonly available
rotary tiller blade designs include straight blades, L-shaped types,
J-shaped blades, C-type blades, and twisted/curved blades (Yang
et al., 2018). These designs have been constructed by simple alter-
ation of the geometric shape of the blade. Biomimetics represents
a viable approach to optimise the design of rotary tiller blades for
conservation tillage. Biomimetics studies the well-adapted forma-
tions, structures, and biomechanical functionalities of living
organisms and mimics them as prototypes for new engineering
parts and/or systems. Biomimetic designs of cultivation tools are
suggested to reduce resistance, enhance the structural strength of
tools and improve working performance (Zhang et al., 2016; Yu et
al., 2021).
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Several researchers have employed biomimetics to develop
and optimise soil-engaging tools. Tong et al. (2009) modelled the
geometrical structures of the cuticle surfaces of a dung beetle
(Copris ochus Motschulsky) on the surface of a tine furrow opener.
The biomimetic furrow opener reduced stresses by up to 14.0%
and power requirements by up to 28%. Zhang et al. (2018) devel-
oped a bionic imprinting toothed wheel based on the contour curve
of the foreleg end of a dung beetle. They achieved up to a 16.5%
reduction in draft forces and a 24.9% increase in the size of the
imprinted micro basin. Ji et al. (2010) examined the curvature, and
the derivative of the contour curve of the fore claw toes of a mole
rat and uncovered that the claw structures presented perfect bionic
prototypes for the design of soil cutting tools. Tong et al. (2015)
developed biomimetic blades for soil-rototilling and stubble-
breaking by learning from the geometrical structure of the tips of
toes of a mole rat (Scaptochirus moschatus). They realised that the
biomimetic blades required lower torque than the universal blade.
Yang et al. (2021) simulated the convex contour curves of the five
claws of a mole rat on biomimetic rotary tiller blades. They
revealed that the geometrical structure of the five foreclaws
reduced the torque requirements during soil-cutting by up to
13.99%. With the apparent advantages that biomimetics presents to
optimising tool designs in mechanised crop farming, it is crucial to
explore the benefits of this concept in advancing conservation
tillage technologies in the face of declining soil fertility and pro-
ductivity in intensive farming systems. Therefore, the purpose of
this study was to evaluate the operational performance and adapt-
ability of biomimetically designed rotary tiller blades in realizing
conservation tillage goals in intensive rice-based farming systems.
The performances of the biomimetic rotary tiller blades were eval-
uated with regard to torque requirements, soil cutting and fragmen-
tation characteristics, displacements of topsoil, and the rate of crop
residue incorporation.

Materials and Methods

Design of the biomimetic rotary tiller blade
The biomimetic rotary tiller blade was developed by mimick-

ing the geometrical structure of the toe claw of a mole rat
(Scaptochirus moschatus), which has been established to possess
high soil digging efficiency (Ji et al., 2010; Tong et al., 2015).
Following the work of Tong et al. (2015), the arch-shape of the
middle claw toe was replicated on the curved scooping edges of a
conventional blade to form the biomimetic rotary tillage blade. As
a result, five concave arcs were created and equally arranged on
the curved cutting edges, as shown in Figure 1. The bionic arcs had
a distance of 20 mm between the crests and 8 mm deep.

The performance of the biomimetic rotary tiller blade was com-
pared to that of an equivalent conventional blade. Both blades were
made of high carbon steel, had a thickness of 6 mm, an operational
radius of 208 mm, and a single-blade working width of 
45 mm. Properties of soil samples collected from the experimenta-
tion field were determined. The samples were composed of 37.56 %
sand (>0.2 mm), 40.24 % silt (0.2-0.002), and 22.10 % clay (<0.002
mm); and classified as clay-loam, according to USDA soil taxono-
my (ASTM, 2017). Cylindrical soil cores (50 mm in diameter and
50 mm in length) were collected randomly from 15 locations and
three depths of 50, 100, and 150 mm, and three samples at each
depth. The soil samples were weighed before and after oven-drying
at 105°C for 24 h and used to determine soil bulk density and mois-
ture content (dry basis) (Carter and Gregorich, 2008). Soil cone-
index was measured at 15 random locations in the field to a depth
of 150 mm using a digital cone-penetrometer (TJSD-750-IV
Zhejiang TOP Agricultural Technology Co., China) (ASABE,
2006). Soil cohesion and internal friction angle were determined
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Figure 1. A) Toe claw of the mole rat (Scaptochirus moschatus) (Tong et al., 2015); B) geometric outline of the mole’s toe-claw (Yang 
et al., 2021); C) configurations of the biomimetic rotary tiller blade; D) 3D impression of the biomimetic tiller blade; E) modified bion-
ic rotary tiller blade; F) conventional curved rotary tillage blade.
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using direct shear box apparatus (Fredlund and Vanapalli, 2002).
The soil properties were as summarised in Table 1. 

Field experimental setup
Experiments were conducted in an experimentation farm

located in Luhe District, Nanjing, China (32°25’53.4” N,
118°55’51.0” E), using a multi-functional in-situ test-rig facility
developed at Nanjing Agricultural University. The test rig mea-
sured 8m long by 1.8m wide and stood on steel wheels resting on
rails that allowed its mobility across experimental plots. It was
powered by a 13.5 kW generator and consisted of a tool-carriage
unit, a 4-kW traction motor, chain drives, depth adjustment
motors, power & data transmission cables, and force sensors. The
setup was as shown in Figure 2.

Experimental design
A flat portion of dry ground on the field was cleared of surface

cover and divided into 6 rectangular plots (of 6 m by 2 m). Twelve
rotary tiller blades, spanning a width of 500 mm, were fastened
onto the rotor shaft of the tool carriage. The rotary tiller blades
were then driven through a ground distance of 3 m, at a constant
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Figure 2. Setup of the test-rig platform: 1- height adjustment motor, 2- control panel, 3- power connection, 4- data cable, 5- rail, 
6- traction motor, 7- data acquisition computer, 8- portable generator, 9- Advantech data acquisition module, 10- mudguard, 11-
rotary shaft, 12- bionic rotary tiller blade, 13- tool holder, 14- rotary shaft motor, 15- assembled experimental rotavator, and 16-
drawing chains.

Table 1. Soil mechanical properties.

Parameter                                                                      Value

Soil bulk density, γ (Mg m–3)                                                             1.398
Cohesion, c (kPa)                                                                                 40.52 
Soil moisture content, % (dry basis)                                               22.90
Young’s modulus, E (MPa)                                                                   2.84
Poisson’s ratio, υ                                                                                   0.43
Coefficient of soil-metal friction, m                                                  0.42
Internal friction angle (°)                                                                   12.90
Soil cone index, (kPa)                                                                        795.00 
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forward speed of 0.1 m s–1 and rotational speed of 300 rpm. Tillage
depth was varied at 40, 70, and 100 mm, and each test was repli-
cated three times in a randomised block design.

The torque on the rotary shaft was measured in real-time using
calibrated torque transducer mounted on the shaft transmission
mechanism. Data acquisition was made using LabVIEW2010 soft-
ware (National Instruments Corporation, Austin, TX, USA), inter-
faced with Advantech portable module USB-4704-AE (Advantech
Co., Ltd, Taipei, Taiwan). Acquired data were saved to a laptop in
LabVIEW measurement format (LVM), at a rate of 500 Hz and
later converted to MS-Excel spreadsheets for processing.

From the measured values of torque in each case, the specific
work requirements of the rotary tiller blades were calculated using
the equation below (Matin et al., 2015).

                            
(1)

where T is torque (kN.m), N is the rotational velocity (rpm), V is
the forward velocity (m s–1), b is the working width (m), and h is
the tillage depth (m). To determine the vertical displacements and
rate of soil mixing within the tilth layer, ten small square plastics

(15 mm by 15 mm), marked 1-10 were used (Figure 3A). The trac-
ers were aligned evenly across the path of rotary tillage. After the
ground had been tilled, tracers on the surface were identified while
a trowel was used to dig up tracers buried in the soil, and then their
depth was measured.

The rate of crop-residue incorporation into the soil was esti-
mated using coloured straws (Figure 3A). Straws (of an average
length of 150 mm) were spray-painted with distinct colours (i.e.,
red and green), marked, and then placed along the path of tool trav-
el. Red-coloured straws were placed parallel to the tillage direc-
tion, while the green straws were placed perpendicular to the
tillage direction. There were 18 stalks in each set. After each test,
the coloured straws (both cut and uncut) present on the surface
were collected. The amount of straw collected was subtracted from
the original amount initially applied on the surface and used to cal-
culate the rate of straw incorporation, Si, as in Eq. 2.

                                         
(2)

where No is the initial amount of straws before rotary tillage while,
Ns is the amount of marked straws on the surface.
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Figure 3. A) Plastic and coloured straw tracers (red and green) were used to determine soil displacements and the rate of straw incor-
poration; B) vibrating shaker sieving machine for determining soil clod sizes; C) sieved soil and categorised into different aggregate
sizes.
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To determine the soil cutting effects and the distribution of soil
clod aggregate sizes after tillage, dry sieve analysis was performed
on three soil samples randomly collected from each replication.
First, equal proportions (1000 grams) of soil were weighed, and
each stratified into ten aggregate sizes (i.e., >20, 16-20, 10-16, 8-
10, 5-8, 4-5, 3-4, 2-3, 1-2, and <1 mm) using a vibrating shaker
stacked with wire sieves containing progressively smaller open-
ings from top to bottom (Figure 3B). The mass of soil aggregates
retained on each sieve was determined and expressed as a percent-
age of the total dry weight in each case. The ratios were calculated
using Eq. 3.

                                                                                                 

   
(3)

From the proportions of soil clod sizes, dry mean weight diam-
eters MWD was calculated to establish the extent and nature of soil
disintegration by tillage loads. MWD was calculated as Eq. 4
(Kemper and Rosenau, 1986).                                                       

   (4)

where is the mean diameter of each aggregate size, Wi is the pro-
portion of total sample weight in the corresponding aggregate size,
while n is the number of fractions into which the soil is graded.

Data analysis 
Statistical analysis was performed using IBM-SPSS Statistics

22 software (IBM Corp., Armonk, N.Y., USA) at a 95% confidence
interval. Levene’s test for equality of variances revealed hetero-
geneity within-group variances; therefore, Brown-Forsythe test
(F*-test ANOVA) with Games-Howel post hoc tests of ‘equal vari-
ances not assumed’ was used to determine the effects of changing
tillage depth on the measured torque. Independent samples t-tests
were used to compare the torque values recorded by the individual
rotary tiller blades. Descriptive statistics, percentages, and abso-
lute values were used to describe the characteristics of soil mixing,
straw incorporation, and soil particle sizes.

Results and Discussion

Torque and power requirements
The conventional rotary tiller blades registered higher mean

torque values than the biomimetic blades. Independent samples t-
tests used to compare the performance of the two designs revealed
statistically significant differences in their mean scores at all tillage
depths. At the 40 mm depth, the scores were: t (3996.691)=7.046,
P<0.05, with the bionic blades having (M=24.9458, SD=9.57109)
while the conventional blades had (M=27.0981, SD=9.74590). At
70 mm depth, the scores were: t (3682.047)=20.723, P<0.05, with
the bionic blades having (M=42.0972, SD=11.37048) while the
conventional blades had (M=50.9588, SD=15.37573). At 100 mm
depth, the scores were: t (2647.180)=9.829, P<0.05, with the bion-
ic designs having (M=56.8470, SD=13.44435) while the conven-
tional blades had (M=64.6655, SD=32.93568).

The performance of the two designs was as plotted in Figure 4.

The biomimetic blades minimised torque by 8.63%, 21.05%,
and 13.75% at the 40, 70, and 100 mm depths, respectively, com-
pared to the conventional blades. This corroborates the earlier find-
ings of Tong et al. (2015), who experimented on a similar design
and postulated that increasing the number of bionic features on the
tiller blades would further improve the working efficacy.

The mean torque values recorded from both rotary tiller blade
designs increased with tillage depth. F*-test ANOVA revealed that
changing the tillage depth significantly affected the loads experi-
enced on the rotary shaft. The statistics for the conventional tiller
blades were: F(2, 3228.846)=1531.270, P<0.05; while the statistics
of the biomimetic rotary tiller blades were: F(2,
5581.299)=3807.884, P<0.05. Post hoc comparisons using the
Games-Howell test indicated that the mean scores of both blades
were significantly different across all three tillage depths.

Analysis of the energy demands of the rotary blades revealed
that the bionic design had lower power requirements than the con-
ventional design. This was evident with the bionic blade register-
ing lower specific work values at all the three tillage depths, as
seen in Figure 5. 

During soil engagement, the curves and crests on the
biomimetic rotary tiller blades enhanced penetration and cutting
into the soil with minimal resistance, thus the reduced torque and
specific power requirements. Similar observations were made by
Yang et al. (2021), who experimented on a blade with simulated
five profile curves of the mole rat’s claws. In addition, the bionic
modifications on the tool improved stress distribution on the soil
cutting surfaces, thus optimising its structural capability (Guo et
al., 2009).

The specific work of the rotary tiller is a derivative of the work
carried out by the tool during each rotation of blades per the vol-
ume of broken soil. The analysis gives a more precise prediction of
the tools’ performance since it considers the influence of the work-
ing speed and working depth (Matin et al., 2015). In this case, it
was evident that the bionic blade was more energy-efficient as it
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Figure 4. Mean torque was measured from the biomimetic rotary
tiller (BRT) blade compared to the conventional (CRT) blade at
the three tillage depths.
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had less specific work requirements and thus optimised for eco-
nomical tillage. Reduced power requirements will improve the
working rate and enable the use of light-duty tractors and lighter
machine parts (Zhu and Chen, 2013). Achieving lighter machines
would allow for the design of multi-functional implements which
would combine several field operations, thus minimising the num-
ber of farm passes; consequently saving on energy, labour costs,
and turnaround time, besides minimising soil compaction
(Srivastava et al., 2006; Zhang et al., 2016).

Rate of soil displacement
Tracer displacements and distribution in the soil were used to

estimate the tool’s ability to mix upper and lower soil layers during
tillage. Out of the ten pieces, the tracers found on the surface for
the conventional rotary tiller blades were 7, 5, and 4 for tests at the
40, 70, and 100 mm depths, respectively. The biomimetic blades
buried more tracers, with only 4, 3, and 2 tracers found on the sur-
face at three depths.

Table 2 below summarises the vertical displacements and dis-
tribution of tracers by the rotary tiller blades

The biomimetic blades displaced the tracers furthest into the
soil with higher maximum depths of 2.9, 6.2, and 8.6 cm at the
40, 70, and 100 mm working depths, respectively, compared to
2.2, 5.2, and 7.7 cm of the conventional blades. The improved
soil displacement capability would enable the biomimetic blades
to achieve more disturbance that would be useful in breaking
plough pans and tough clods. This will, in turn, improve soil aer-
ation, water infiltration, mixing of fertilisers and soil, root devel-
opment space, and the quality of seedbeds (Celik et al., 2008;
Yao et al., 2015).

Straw incorporation performance 
The number of coloured straws collected on the surface after

tillage was used to estimate the tools’ rate of straw incorporation
into the soil tilth. Figure 6 below summarises the rates of straw
burial by the two rotary tiller blades at the three tillage depths.

The rate of straw burial increased with tillage depth. The per-
pendicularly aligned straws were buried more than those posi-

tioned parallel to the tillage direction. The biomimetic rotary tiller
blades generally had higher rates of straw burial than the conven-
tional design, with the highest difference being 12.5% when work-
ing at 70 mm depth in both arrangements. Therefore, the curved
cutting surfaces of the bionic modifications optimised the blades’
straw cutting and incorporation capability. This would enhance the
handling of the excessive crop residues generated after the farming
seasons and would minimise the coiling of straws around the
blades during seeding, thus creating better and smoother machine
operation. Moreover, with the improved straw incorporation and
better soil mixing rate, decomposition, and nutrients cycling would
be enhanced, increasing the utility of the crop residues and improv-
ing soil fertility and productivity. This advantage contributes to the
realisation of conservation tillage in intensive farming systems
(Matin et al., 2021).

                             Article

Figure 5. Specific work requirements of the bionic (BRT) and the
conventional rotary tiller (CRT) blades at the three tillage
depths.

Figure 7. Distribution of soil aggregate sizes after tillage using
the conventional rotary tiller blades (CRT) and biomimetic
blades (BRT).
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Figure 6. Straw incorporation rates of the biomimetic rotary
tiller (BRT) blades and the conventional (CRT) blades (The (-)
sign is used to indicate displacements of perpendicularly
arranged straws while positive represents displacements of paral-
lelly aligned straws).
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Soil cutting characteristics and particle size analysis 
The soil aggregates due to rototilling were graded into the var-

ious categories of clod sizes retained on each sieve after particle
size analysis. The distribution of the aggregate sizes over the total
dry weight of soil sieved was as plotted in Figure 7.

The biomimetic blades produced smaller particles than the
conventional blades, as indicated by the more significant propor-
tions in the smaller aggregate sizes.

Mean weight diameter (MWD) clearly portrayed the
biomimetic rotary tiller blades’ soil cutting and failure behaviour
(Liu et al., 2019). The MWDs of the two blades and the clod sizes
at the three tillage depths were summarised in Figure 8.

The differences in the MWD indicate that the two designs had
distinct soil failure properties. The clod sizes from both designs
increased with working depth. However, the MWD values of the
biomimetic blades were much lower and spread over a small range
of 0.47 mm between the highest and lowest tillage depths, whereas
the conventional design had higher MWD values with a range of

0.8 mm. It was thus clear that the biomimetic blade designs gener-
ated much finer tilth with granular and more even soil clod sizes
than the conventional blades and thus improved soil fragmentation
ability. These observations agree with Yang et al. (2019), who
showed that a functional combination of all the mole rat’s claws
had a smaller soil failure wedge with a rupture ratio of 19.6% less
than normal.

On the other hand, Saimbhi et al. (2004) revealed that the con-
ventional rotary tiller blades engaged soil with slide-cutting action
that tends to cause compactions on the flat underside of the blade.
This slide-cutting action produced larger and irregularly shaped
clods with a platy structure, as observed in our analysis (Figure 8).
Therefore, by employing the biomimetic design adopted from the
claw structure of the mole rat, the slide cutting and compaction of
the conventional rotary tiller blades are minimised. This will
improve the soil structure faster, thus avoiding the need for multi-
ple tillage passes to achieve satisfactory tilth and lower power
requirements. Furthermore, achieving granular and finer soil struc-
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Table 2. Vertical displacements and distribution of the tracers in the soil tilth.

Tracer designation                                                Depth of tracers in tilled soil (cm)
                    40 mm depth        70 mm depth         100 mm depth
                                           CRT                          BRT                        CRT                            BRT                          CRT                              BRT

1                                                          0                                        0                                     2.9                                        3.6                                     6.4                                            5
2                                                          0                                       1.4                                     0                                          5.2                                      0                                            4.8
3                                                          0                                       2.7                                     0                                           0                                      7.7                                            0
4                                                        1.9                                     2.9                                   5.2                                        6.2                                      0                                            4.3
5                                                          0                                        0                                     4.7                                        4.3                                     4.4                                           8.6
6                                                          0                                        0                                      0                                           5                                        0                                            5.8
7                                                          0                                       3.5                                   0.3                                         0                                      4.7                                            4
8                                                        2.2                                     1.9                                     0                                          4.7                                      0                                            6.6
9                                                        1.5                                     2.6                                     3                                           0                                      5.2                                            0
10                                                        0                                        0                                      0                                          5.6                                     3.8                                           3.7
CRT, conventional rotary tiller blades; BRT, biomimetic rotary tiller blades.

Figure 8. Mean weight diameter (MWD) and tillage effects of the biomimetic rotary tiller blades compared to conventional blades.Non
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ture will improve seedbed quality with better water infiltration and
retention, soil strength, pore size distribution, and aeration (Srivastava
et al., 2006). This will be particularly instrumental in removing soils
and creating conducive crop growing conditions in the intensive rice-
wheat crop rotation farming, where highly compacted and degraded
soil structure due to puddling and anaerobic conditions needs to be
rehabilitated for guaranteed crop yield (Yao et al., 2015).

Conclusions
Field experiments were conducted to evaluate the performance

of biomimetic rotary tiller blades that mimic the geometrical struc-
ture of the mole rat’s claw. Torque and specific power require-
ments, soil fragmentation, displacement characteristics, and straw
incorporation performance of the biomimetic blades were com-
pared to those of conventional blades at three tillage depths. The
study revealed that the biomimetic rotary tiller blades enhanced
soil cutting and significantly reduced torque on the rotary shaft by
up to 21.05%, lowered specific power requirements, and produced
finer tilths with granular and more even soil clod sizes. They also
improved the redistribution of topsoil and straw incorporation.
Therefore, the biomimetic rotary tiller blades are energy-efficient
and can improve the quality of seedbeds in a single-pass field oper-
ation, besides enhancing straw management. Therefore, biomimet-
ic designs of rotary tiller blades present an opportunity to optimise
the operational performance of rotary tiller blades and contribute
to the implementation of minimal conservation tillage in intensive
farming systems. In future work on bionic designs for optimised
soil-engaging tools, there is a need for in-depth study on appropri-
ate biomimetic materials and design approaches such as bionic
electro-osmosis to develop bio-inspired working surfaces.
Furthermore, there is a great protentional application of bionic
designs in intelligent and automated farm machinery by simulating
the perception mechanism and bio-receptors of external stimuli
such as changes in working environments and improving machine
stability and precision.
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