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Abstract: Cutting is an essential and complicated process in many fields. Efficient and low-consumption cutting operations
are of great significance for environmental protection and energy conservation. The development of high performance cutting
parts relies on a deep understanding of the cutting process and cutting mechanism. In this research, a new type of cutting test
bench with high-speed photography was developed, and the cutting tests were conducted on the jute fiber bundle from
quasi-static cutting at 10 mm/s to dynamic cutting in the speed range of 0.6-2.4 m/s. The cutting process was captured by a
high-speed camera.  Analysis shows that compression exists before quasi-static cutting, and the compression force curve with
respect to the compression ratio follows an exponential function. The cutting speed has a significant effect on cutting energy.
The cutting energy consumption is not a monotonous function of cutting speed owing to the combined effect of elastic
deformation and friction of fibers. The cutting energy increases with increasing cutting speed in the range of 0.6-1.2 m/s due
to the increase of the friction within fibers and the friction between the blade and fibers. The cutting energy decreases with
increasing cutting speed in the range of 1.2-1.8 m/s, and tends to be a fixed value when the cutting speed exceeds 1.8 m/s due to

the stabilized elastic deformation and friction coefficient.
the blade speed excessively when cutting fiber bundles.

From the perspective of energy saving, it is meaningless to increase
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high-speed photography.

1 Introduction

Agriculture produces a vast amount of stalks every year, and in
maximum reports, it disposed of either by burning, dumping or
unplanned landfilling!).  Considering the rapid rising of the share
of renewable energy in total primary energy supply, agricultural
by-products are the most important renewable raw material.
However, they have to go through a pretreatment stage of cutting
before any subsequent procedure!?.,

Therefore, cutting is an inevitable procedure in agriculture, e.g.
ploughing, burrowing, sheep shearing and harvesting of crops.
However, cutting is one of the most energy-intensive or
energy-inefficient operations. Given the expected scale of future
biomass energy utilization, any improvement in efficiency or
energy reduction in the cutting process means substantial energy
saving™?.
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Research on cutting characteristics of fiber bundle with

Unfortunately, the interaction of rigid blades and flexible
nonmetal biomass is not as well understood as that of industrial
cutting such as machine tool cutting. Even with a use of an
elementary edge, the cut of plant material is a very complicated
process due to its structural heterogeneity and biological
diversity®,

Different kinds of stalks demonstrate different mechanical
properties in cutting processes, even for the same kind of stalks, the
mechanical properties are different due to different crop maturity,
moisture content and planting location, etc. Most of the previous
studies?*® on plant stem cutting use a specific type of stem as the
sample, despite the fact that many valuable conclusions were
revealed, nevertheless, it's still difficult to explain or predict the
cutting characteristics of other plant materials.

Structurally, the stalks can be viewed as materials with fibers
of high tensile strength oriented in a common direction and bound
together by the material of much lower strength***].  Studies also
evidenced that the mechanical properties of plant stalks accord with
characteristics of composite material®®461 As a result, taking
stalks as plant fiber reinforced composites, and conducting
researches on the reinforcement phase firstly would be a valuable
way to discover the cutting characteristics of plant stalks.
Unfortunately, a review of the literature revealed little information
from this perspective.

This contribution aims to take jute fiber bundle as the
specimen and conduct tests on the cutting process from quasi-static
to dynamic cutting using an elementary straight edge. This work
was expected to contribute to an understanding of the cutting
process of pure plant fiber bundle, and to provide valuable aid for
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designing biomass or fiber bundle cutting equipment.
2 Design of test bench

2.1 Mechanical structure and sensor system

Figure 1 presents the main structure of the test bench, which
consists of blade assembly, guide rails, lifting assembly and
high-speed camera. The cutting blade assembly was able to slide
along the guide rails. The frictional was reduced significantly by
installing linear bearings between cutting blade assembly and guide
rails.

Dragline
Lifting beam

Electromagnet
Guide rail

X Acceleration sensor
Cutting blade )
Cutting force sensor

Fiber specimen Linear bearing

Cushion block High-speed camera

Figure 1  Schematic diagram of test bench

In order to acquire real-time cutting force and acceleration data,
a piezoelectric force sensor and a piezoelectric acceleration sensor
were installed at the back of the cutting blade respectively. The
two sensors were placed coaxially, and the axis coincided with the
cutting force direction as shown in Figure 1.

The main parameters of the force sensor and the acceleration
sensor are listed in Table 1.

Table1l Main parameters of sensors

Characteristics Force sensor Acceleration sensor

Range 1000 N 2500 m-s™
Sensitivity 5 mv/N 2 mv/mes”?
Natural frequency 40 kHz 35 kHz
Linear error <1%FS <1%FS
Weight 109 149

The height of the lifting beam was controlled by a servo motor,
and an electromagnet was fixed under the lifting beam. When the
electromagnet was activated, the tool rest was attracted to the
lifting beam and slid up synchronously along the cylindrical guide
rails. The tool rest plummeted and cut the specimen when the
electromagnet was turned inactive.

Acceleration Alp
sensor
@ =
Force sensor
camera 3 R
Trigger signal

111 W

Image sequence Force data Acceleration data

Computer 1 Computer 2

[ E—

| E—

Figure 2 Schematic diagram of signal flow

A 4-channel synchronous data acquisition board (type
PCI8025) was used to ensure the synchronicity of all signals in
each test. The force sensor and the acceleration sensor connect
with the data acquisition board through an electricity amplifier.

In order to analyze the interaction of the blade and the
specimen, we use a high-speed camera type NAC MEMRECAM
HX-5 to track and shoot the cutting process. The measurement
software generates a trigger signal and outputs to the camera to
launch tracking, as shown in Figure 2.

The electromagnet turns inactive at the beginning of each test,
and the data acquisition board started to collect data from both
acceleration sensor and cutting force sensor. In the meantime, the
trigger signal starts the high-speed camera. Therefore, the cutting
force data, the acceleration data, and the recorded images are
strictly synchronized.

The camera and computer communicate using TCP/IP protocol.
The frame rate and image size are set to 20000 fps and 320x
480 pixels respectively during each test. The estimated cutting
process lasts for 2-3 ms; therefore, approximately 40-60 frames of
image are available for analysis during the cutting process.

2.2 Measurement software

The measurement software for this test bench was developed
using the C# programing language. In order to achieve
high-speed continuous acquisition on a multi-core CPU, a data
acquisition thread (DAT) and a data processing thread (DPT) were
set besides the main thread. The DAT manipulates the PCI8025
board and copies data to the pre-defined buffer. The DPT
converts data to a calibrated physical quantity and then sends a
message to the main thread to update the data curve. Figure 3
shows the synchronization mechanism of these three threads.
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Figure 3 Execution flow chart of three threads asynchronously

3 Cutting test using the test bench

3.1 Test material

The specimens used in this experiment are three strands
braided rope of jute fiber, which is made of jute (Corchorus
capsularis L) through retting for bast fibers, degumming, grading,
and twisting. The main compositions and characteristics of the
specimen are listed in Table 2.
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Table 2 Main compositions and characteristics of the
specimen

Tensile Moisture
Strength/MPa Content/%

Length Diameter Cellulose Hemicellulose Lignin
/mm /mm 1% 1% 1%

100 6 59-63 22-26 11-17 300" 12.7

Note: The length and diameter of the specimen were 100 mm and 6mm
respectively when measuring.

The specimen is a twisted assembly of three strands of jute
fibers, where single fibers are arranged in the same direction. The
loose structure was observed by scanning electron microscopy, as
shown in Figure 4.

b. SEM photo of the specimen '
Figure 4  Specimen used in this test

The porosity of the specimen was calculated to be 0.47 through

Equation (1).
2 2
Vo -V _ Lzry — I;m’ =(£)2 )
Vo Lzts 1)
where, 1y is the initial radius of the specimen’s section, mm; r is the
radius of the solid part of the specimen’s section, which was
measured by twisting the specimen until its diameter stops
decreasing before any rupture of single jute fiber, mm.

The friction coefficient of jute fiber and blade was measured
using a pin-on-disk tribometer, and the normal force was adjusted
to match the force applied on the sides of the blade when cutting a
jute fiber bundle.  All tests were conducted at least 5 times and the
average values were provided.

3.2 Cutting blade

All tests were conducted using a cutting blade made of high
manganese steel with a blade tip angle of 30 Figure 5 shows a
representative optical micrograph of the blade tip. The radius of

p:

a. y=0, the initial contact  b. y=0.2, the blade

of the blade edge with the begins compressing
fiber, and the yellow line the fiber
indicates the blade edge point

c. y=0.4, elastic
recovery was
observed before this increase of the cutting

d. y=0.6, subsequent
analysis proves that the

the blade tip had an average value of (25.140.5) um based on
measurements conducted using 3 similar images™*”. To simplify
the test, the cutting edge was fixed perpendicular to the sample
during all tests.

960.0

640.0

100 um

Figure 5 Representative optical micrograph of the blade tip

[17]

3.3 Test process and data analysis

The jute fiber specimen was simply placed orthogonal to the
blade edge on the aluminum cushion block. The cutting blade
assembly fell vertically along the guide rails under the force of
gravity from a certain height h calculated using h=v?%2g.

Ten speeds from the least cut off speed 0.6-2.4 m/s were set for
the test. The jute fiber assemblies in this test are anisotropic,
lightweight and any unexpected variations could have a relatively
substantial impact on the results obtained. Therefore, all cutting
tests were conducted eight times to minimize the random error.
The cutting process was captured by a high-speed camera.

The cutting energy was calculated by taking the displacement
of the blade edge S(t) as an independent variable and integrating
the cutting force F(t) on S(t). The lower limit of the integral was
determined through examining the high-speed camera pictures, and
the upper limit was the position that the cutting force curve drops
down to minimum after cutting off.

4 Results and discussion

4.1 Cutting process

To illustrate the cutting process, we define the compression
ratio y as the ratio of the penetration depth of the blade edge into
the specimen at any stage of cutting to the diameter of the specimen,
ie.

y:di,ye[o,u @

Due to the loose and porous structure of the specimen, a prior
process of compression arises inevitably while cutting™®.  Figure
6 shows a series of pictures captured by the high-speed camera
during a cutting test, which illustrate the compression process
before the real cutting.

e. y=0.8, partially
rupture occurs

f. y=1.0, the blade
servers the fiber
completely

g. The fiber bounces
off the blade

force turns sharp

Figure 6 Dynamic cutting process captured by high-speed camera
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The entire fiber bundle exhibits elastic properties in the early
stage of the compression process. In a quasi-static cutting test
using a Universal Test Machine, the sample was unloaded and
taken out when y reached 0.2, 0.4 and 0.6. It was observed that
few jute fibers have been severed during the compression process,
and elastic recovery of compressed jute fibers has been observed.

Figure 7a illustrates a representative cutting process of jute
fiber bundle at the speed of 10 mm/min. Curve OA can be
defined as the compression period before cutting. An exponential
relationship can be revealed between the cutting force F. and the
compression ratio within the compression period, i.e.

F.=0.638+0.078e>%%" R?=0.997 (3)

The increase of the cutting force keeps unapparent until the
compression rate approached the porosity value (0.47) of the
specimen.  This phenomenon is similar to the compression
characteristics of porous materials™®.  After the point P, the loose
structure of the specimen was compressed to solid-state, and the
cutting force manifests a sharp increase.

Practically in each cutting force-compression ratio curve, a
slight drop (point R) was observed, which can be explained by
relative slip between strands or partial rupture due to uneven fiber
strength™!,

Point A means the compressive stress exceeds the rupture
strength of the fiber bundle, the specimen starts being cutf®.
Three apparent drops (after point A, B, and C) were observed in
Figure 7a, which can be interpreted as the rupture of three strands
of the fiber bundle. Each drop in the curve indicates that part of
the jute fibers has been ruptured and the cutting force was unloaded
for ashort time. The specimen was completely cut off at point C.

Figure 7b shows the process of cutting at different blade
speeds. It is obvious that the maximum cutting force of dynamic
cutting is much lower than that of quasi-static cutting. The jute
fiber bundle behaves lower shearing strength in dynamic cutting,
and this is in agreement with a number of researches on cutting
plant material®2%-22]

In comparing Figure 7b to Figure 7a, more peaks were
observed on dynamic cutting curves. The rising stage of each
peak means the compression process and the falling stage means
severing part of the fibers.  The entire fiber bundle was thoroughly
compressed into solid state before severing due to extremely low
blade speed in the quasi-static cutting tests, but in the dynamic
cutting tests, fibers at upper layer were compressed immediately
and then severed almost simultaneously with very little
compression.

The initial kinetic energy of the blade is a fixed value at the
contact of the blade edge with the fiber. The compression process
consumes a part of the energy, reduces the blade speed, and the
remaining energy is just enough to sever a small number of jute
fibers. Then the cutting resistance decreases rapidly, and the
cutting continues with the next compression-cutting process until
the complete fracture of the fiber bundle.

The number of fibers being severed in a single
compression-cutting process increase with increasing initial kinetic
energy of the blade, as a result, the number of compression-cutting
peaks decreases with increasing cutting speed from 0.6 to 2.4 m/s.
We noted that three of the eight replications showed a pulse-like
cutting force curve with one single peak when the cutting speed
was increased to 2.4 m/s, as shown in Figure 7b. Therefore, it can
be inferred that the cutting force might be an impact as the cutting
speed exceed a certain value. lge and Finner®? also suggested the
nature of the cutting force at impact condition was essentially an

impulse.
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Figure 7 Cutting processes at different speeds

4.2 Effect of cutting speed on cutting energy

The energy consumed in a cutting with a counter shear can be

given as

Ec=E,+Ec+E,+E; 4)
where, Ec is the total cutting energy; Ey is the surface energy to
form new surfaces; E. and E, are the elastic and plastic deformation
energy consumption of the fibers before severing. Single jute
fiber is elastic, while the fiber bundle showed a degree of plasticity
during cutting due to the internal friction within single fibers. E,
is affected by the degree of elastic deformation. Higher cutting
speeds of the blade result in greater inertial forces on the fiber, and
the elastic deformation of the fiber decreases as the cutting speed
increases before severed; E; - the energy consumption by friction.

In Equation (4), E., E, and E; are all closely related to speed.
Therefore, it can be deduced that cutting speed has a significant
influence on cutting energy. The most interesting finding in this
work was that the cutting energy consumption is not a monotonous
function of cutting speed.

Figure 8 presents the relationship between blade velocity and
cutting energy requirement for jute fiber bundle. It shows that the
cutting energy consumption increased with increasing blade
velocity in the speed range of 0.6-1.2 m/s, and the maximum value
reaches 75.0 MJ corresponding to the blade velocities of 1.2 m/s.

The increasing trend was similar as compared to those reported
by Mathanker et al.! on energy cane stems, Prasad and Guptal®!
on maize stalk, Yiljep and Mohammed™ on sorghum stalks and
Alireza®? on rice stems, but with a different origin. These
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researches indicated that more energy imparted by the knife at high
knife speed wasted since more energy was transmitted in
accelerating the separated parts of the stalk after cutting. Johnson
et al.l®! supposed that more energy was transferred to the stem at
higher speed which might be absorbed in impact, vibration and
deflection. Elastic deformation of the fibers consumes too much
energy in this test due to the existence of the cushion block as a
counter edge.

90

80

70 -

60

Cutting energy/MJ

50 1

a0 I

30 F

0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 22
Cutting speed/m-s™

Figure 8 Effect of cutting speed on cutting energy

It was clearly observed through high-speed photography that
fibers have been bent, displaced and misaligned relatively during
the compression and cutting process. Therefore, energy
consumed by deformation, the friction within single jute fibers, and
the friction between fibers and blade should not be ignored. To
verify the effect of friction on cutting, a comparative test was
conducted. The low-viscosity silicone oil was used to minimize
the friction within fiber bundles as well as the friction between the
blade and the specimen.

The friction coefficient of the blade and the fiber as a function
of speed is consistent with that of the cutting energy in the speed
range of 0.6-1.2 m/s. The maximum cutting force reduced by
2.34%-11.84% in the speed range of 0.6-1.4 m/s, with an average
reduction of 5.93% when using silicone oil for lubrication, as
shown in Figure 9. As a result, the increase in cutting energy
consumption in the speed range of 0.6-1.2 m/s can be explained by
the increase of the friction between the blade and the jute fiber, and
the relatively slow decrease of the elastic deformation. In the
speed range of 2.0-2.4 m/s, the effect of friction on cutting force is
not significant.

The cutting energy decreases with increasing cutting speed
over 1.2 m/s and tends to a stable value of (56.530.2) MJ after
1.8 m/s. This trend is in agreement with the research of Kakitis et
al.”" on cutting hemp fibers, Neugebauer et al.?"! on cutting metals,
and McRandal and McNulty® on cutting forage crops.

In the speed range of 1.2-1.8 m/s, the increasing trend of the
friction coefficient gradually slows down, and the elastic
deformation of the fiber before severing decreases at a faster rate.
As a result, at higher cutting speeds, the fibers closest to the blade
edge are severed first with relatively smaller deformation, while the
other fibers are not compacted in the meantime. Therefore, the
overall energy consumption for cutting decreases.

Cutting energy is the result of the combined action of E., E,
and E;. The friction coefficient tends to be stable, and the effect
of friction weakened when the cutting speed exceeds 1.8 m/s. The
elastic deformation of the fiber also tends to be stable;
consequently, the cutting energy consumption appears stable.

Therefore, from the perspective of saving energy, it is meaningless
to increase the cutting speed excessively.

B Maximum cutting force 4 0.65
120 | Maximum cutting force with oil lubrication
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Figure 9 Effect of cutting speed on the friction coefficient and

cutting force

5 Conclusions

A new type of cutting test bench was designed, in which
high-speed cameras and high natural frequency sensors were used
to acquire detailed information during the cutting process. The
measurement software for this test bench was programmed using
multi-threaded technology.

Jute fiber bundle shows different characteristics in quasi-static
cutting and dynamic cutting. There exists an obvious
compression process before rupture in a quasi-static cutting, and
the compression force follows an exponential function curve.
Quasi-static cutting consumes much more energy than dynamic
cutting due to thoroughly compression before severing. The
compressing-cutting process repeats in the dynamic cutting test
until complete rupture of the fiber bundle. The cutting force has a
tendency to turn into an impact when the blade speed exceeds
2.4 m/s.

The cutting speed has a significant effect on energy
consumption. However, the cutting energy consumption is not a
monotonous function of cutting speed. The cutting energy
increases with increasing cutting speed in the range of 0.6-1.2 m/s
due to the effect of friction. The cutting energy decreases with
increasing cutting speed in the range of 1.2-1.8 m/s, and tends to be
a fixed value when the cutting speed exceeds 1.8 m/s.
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