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ABSTRACT
Experiments comparing conventional and ultrasonic vibration assisted guillotine cutting of paper stacks have been performed on plain and aluminum coated label paper. It is shown
that ultrasonic vibration assisted cutting reduces the cutting
force for both paper species. Reduction of the cutting force allows the down holder force to be decreased and lowers the compression of the paper stack necessary to prevent pull-out of the
top sheets of paper. Using a higher amplitude setting on the
ultrasonic generator further decreases the cutting force for the
paper stack. For three different cutting speeds, it is shown that
ultrasonic vibration assisted cutting force reduction depends on
the average speed of the tool for both paper species. A linear
regression with present experimental data is done to obtain an
equation for the relation between input generator power and resulting cutting force. Finally, the quality of the cutting edge is examined, quality parameters are defined, and according to these
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the cutting edge quality is assessed.

INTRODUCTION
In the label paper industry, the demand for higher output,
higher quality, and lower cost requires new technology and conventional processes to be modified. One big part in the production of label papers is the cutting of label paper stacks with
preferably high speed and high precision. Label papers are usually printed with offset printing or gravure printing in rows and
columns on large paper sheets, which are bundled to stacks of
approximately 1000 sheets of paper, and then cut along the label columns into stack stripes. These paper stack columns are
then cut with a swivel-guillotine cutter into individual packets.
With cutting the paper stack columns into packets being the final
step before bringing the stacked labels into their final shape, the
cutting performance directly influences the output performance
of the entire label cutting process. Due to the relevance of the
1
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swivel-guillotine cutter, enhancements to the cutting process are
of great interest. The ultrasonic vibration assisted cutting as
a hybrid-process allows the conventional process of cutting to
be improved by adding vibrations of 20 kHz and higher to the
cutting tool. Low amplitudes at high frequencies are causing a
non-continuous contact between tool and workpiece as explained
in [1]. Ultrasonic vibration assisted cutting has been researched
and applied in the food industry [2,3] with reduced cutting forces
and improved cutting quality being the main advantages. Ultrasonic vibration assisted machining is also widely investigated in
manufacturing processes [4,5] with lower cutting forces allowing
diamond turning of ferrous and brittle materials [6].
Regarding fibrous materials, ultrasonic vibration assisted
machining of carbon-fiber reinforced plastics has been considered in [7] with the main advantages of ultrasonic vibration assisted cutting being reduced surface roughness and lower cutting forces. Surface quality of carbon composites using ultrasonic vibration assisted turning is much better than surface quality achieved by using conventional cutting, because less fibres
are pulled out [8]. Sinn et al. [9] studied the ultrasonic vibration
assisted cutting of dry and wet spruce and beech. Ultrasonic vibration assisted cutting of the softwood and hardwood reduced
the cutting forces depending on the amplitude of the vibration.
Higher vibration amplitudes resulted in a lower cutting force at
the same vibration frequency. Similar observations were made
when ultrasonic vibration assisted cutting of foods at higher amplitudes significantly reduced the cutting force [10].
Generally, an ultrasonic vibration machining system consists of the tool, the horn, which can be part of the tool or the
tool itself, a transducer, and a generator. The generator provides
the transducer with an operation voltage. The transducer consists
of piezo-electric elements that transform the electric energy into
mechanical work [11]. With the mechanical work of the transducer a longitudinal vibration in the horn and tool is generated.
Regarding ultrasonic vibrations, the vibration excites a specific
resonance frequency in the horn and the tool. Usually, this resonance mode is a longitudinal mode allowing the vibration to be
in the same direction as the cutting movement. It is essential for
the hybrid process to ensure a uniform and maximized amplitude at the cutting edge. A very good figure of a basic scheme
can be found in [12], where ultrasonic vibration assisted drilling
is discussed. If the transducer does not provide large enough
amplitudes, an amplitude amplifier also known as a booster can
be integrated between the transducer and horn to amplify the vibration amplitude. Most boosters use a decreasing cross-section
area to achieve the amplification or an increasing cross-section
to decrease the amplitude.
In this investigation, a test setup for ultrasonic vibration assisted guillotine cutting of paper stacks is constructed to examine
the cutting force and power consumption by the transducer over
time. Two different kinds of paper materials are utilized, which
are commonly used for paper labels. A specially designed knife

is used to cut the paper stacks for all experiments. This way, a direct comparison of conventional cutting and ultrasonic vibration
assisted cutting can be made. Vibration amplitude and cutting
speed are systematically altered according to a full factorial design of experiments [13].

Experimental Procedure and Materials
Materials
The work piece consists of two paper stacks with a width of
37 mm and a height of 50 mm per stack. Two different types of
paper are used in the experimentation: Type 1 is a plain label paper on which typical designs are printed via offset printing with
an average thickness of 0.06 mm and an area density of 68 g m−2 .
Type 2 is an aluminium coated label paper with additional printing on the aluminium coating. Its average thickness is 0.07 mm
and area density is 80 g m−2 . All paper stacks are stabilized for
handling with a carton board underneath. The thickness of the
cardboard is 1 mm.
Experimental Procedure
To carry out the experiments in ultrasonic vibration assisted
guillotine cutting, the test setup shown in Figure 1 was constructed. A maximum constant cutting speed of vc = 0.5 m s−1
can be achieved. The position of the z-carriage is directly measured with a Heidenhain LIP 481A linear scale. The cutting edge
is positioned 30 mm above the paper stack, resulting in a total of
st = 80 mm travelling distance. To measure the cutting force, two
Kistler press force sensors 9323A (A and B) are placed under the
cutting platform. The cutting platform is positioned with some
space horizontally from the base of the test setup to ensure that
the flux of forces is not absorbed by the surrounding base in order to ensure a more accurate force measurement. For measuring
the amplitude of the vibration at the tool edge, a laser-vibrometer
is used. In the middle of the cutting edge a 2 mm gap is cut out
to allow the laser beam to be reflected by a small area perpendicular to the cutting edge. This allows a snapshot of the vibration
amplitude to be taken before the cutting process. As visible below the paper-stacks, the three slots in the cutting platform with
a width of 4 mm enable the laser beam of the laser-vibrometer to
be directed onto the edge of the knife. Only amplitude measurements at the middle of the knife are conducted for this investigation. The generator output power ranges from 0 W to 1200 W,
with 900 W being the maximum power for continuous operation.
All data, force, position, and power are recorded synchronously
with a sampling rate of fs = 350 kHz from start to stop of the
travelling of the knife. However, the force sensors only have a
sampling frequency of approximately 10 kHz.
The knife for cutting the paper stacks is directly connected
via a M8 grub screw to a booster, which is connected to the zcarriage by being clamped in a holding device at the vibration
2
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node of the booster. On the other end of the booster is the piezoelectric transducer. Before cutting the paper stack, a down holder
presses the paper stack onto the cutting platform with an average
pressing force of FN = 90 N. While this is a very low pressing
force compared to the force used in the industry, it allows a better
observation of the force incline during the cutting process. The
down holder reduces the pull out of the first few paper sheets
during the compression of the stack before the cutting process
begins and presses the air between the sheets out of the stack to
limit the bending of the paper sheets at blade entry. Stack pieces
with a length of ls = 40 mm are cut off from the feed in stack for
each experiment.
The amplitude of the vibration is set via the generator. An amplitude setting in percentage sets the amount of
power provided by the generator to the transducer to achieve
a specific amplitude. The amplitude is deduced from an internal mathematical model based on a cylindrical horn [14].
Experiments are carried out for three cutting speeds vc =
1000 mm min−1 , 3000 mm min−1 and 5000 mm min−1 , and three
amplitude settings 50 %, 75 % and 90 %. Table 1 shows the
amplitude settings with the measured power consumption, and
measured (real) amplitude. During the experiments, the setup
was never disassembled, and amplitude measurements were conducted before and after the set of experiments to ensure that the
relation of power consumption to vibration amplitude remained
constant throughout the experiments. The vibration frequency is
approximately 34.6 kHz.
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FIGURE 1. Test setup: position of force sensor A (A), position of
force sensor B (B), cutting platform (C), paper label stack/workpiece
(D), paper cutting knife (E), down holder (F), gap for laser beam (G),
booster (H), clamp/holder (J), linear scale (K), transducer (L), z-carriage
(M).

TABLE 1. Power consumption and vibration amplitude of the
contact-free cutting knife, with amplitude setting (AS ), power consumption (PC ), and measured amplitude (AM ), averaged over five measurements. Measured amplitude is presented as displacement in [µm] and
velocity in [m s−1 ].

AS [%]

K

pendicular to the cutting direction and cutting edge, and a lateral
mode has a maximum displacement perpendicular to the cutting
direction and parallel to the cutting edge. To enable the ultrasonic
vibration assisted cutting of paper with a longitudinal mode near
35 kHz, a special knife needed to be designed. Unlike in the food
industry [15] or the cutting of bone [16] with ultrasonic vibrations, the cutting knife for guillotine cutting of paper stacks is
not symmetrical. In order to cut the paper stack compressed with
the down holder, the cutting knife needs to be asymmetrical with
the flat surface of the knife facing the compressed side of the paper stack to ensure straight cuts [17]. Since the vibrations are
generated through a longitudinal resonant mode, the shape of an
asymmetrical cutting knife needs to be modified to meet the geometrical specifications for both cutting and resonance. This is
achieved by using shape optimization [18] with a Genetic Algorithm [19] to search for the appropriate geometry. The Genetic
Algorithm changes the geometric genes for height, thickness on
one side, position and size of four holes, and position of the M8
threaded hole on the top of the knife. For each individual knife
the geometry with a modal analysis for a longitudinal mode near
35 kHz is evaluated. Figure 2 shows the result of this shape opti-

Cutting Knife
There are three basic vibration modes that can be used individually or in combination for ultrasonic vibration assisted cutting: longitudinal, transversal, and lateral. At the cutting edge,
a longitudinal mode has a maximum displacement in cutting direction, a transversal mode has a maximum displacement per3
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mization.

can be seen in the cutting force measurement. An increase in the
generator power causes the cutting force to decrease and vice
versa. The changing of the generator power during the process
can be explained by an inconsistency of the internal generator
control system.
For further analysis, the cutting process is divided into three
phases denoted I, II, III in Figures 3 and 4 as shown in [20]:
• Phase I: contact of cutting knife and paper stack, compression of the paper-stack, and submerging of the knife into the
workpiece.
• Phase II: stable continuous cutting.
• Phase III: cutting knife emerges from the workpiece.
A main advantage of the cutting force reduction resulting from
ultrasonic vibration assistance is the lower down holder force
necessary for preventing the top sheets of the paper stack from
being pulled out. Less down holder force allows the stack to
be compressed faster, because the delay due to air being pressed
out is lower. The paper stack can be regarded as a mass-springdamper system, where the spring is the separate sheets and the
damper is the air between the sheets. Atkins et al. [21] examined the guillotining of sheet material and also observed the top
sheets to be pulled in at the start of the cutting process. The paper
sheet stack has similar characteristics of a leaf spring regarding
force and displacement. A lower cutting force requires less compression path for phase I. Figure 5 shows the cutting process at
the transition from phase I to phase II. Since the down holder
force was less than the maximum cutting force, the deformation
of the paper stack can be clearly seen when comparing the run of
the paper sheets to the inserted reference line. This deformation
causes the top layers of paper sheets to be pulled in.
For the following considerations only phase II is examined,
because the steady cutting process is of major interest. Therefore, the analysis is limited to the position interval from 10 mm
to 45 mm within phase II, where no acceleration and deceleration
occurs. Since the generator power is not constant during the cutting process and the cutting velocity is changed for three sets of
experiments, the correlation of the cutting force regarding generator power and cutting velocity is analysed. Figure 6 and Figure
7 show the cutting force depending on generator power for the
three cutting speeds tested and both materials. The data is approximated using linear regression with the following equation.

FIGURE 2. Asymmetrical cutting knife for ultrasonic vibration assisted guillotine cutting of paper stacks. The longitudinal mode at
35 kHz is shown. Colors show absolute values of displacement with
an increasing amplitude at the cutting edge.

Results and Discussion
Since two force sensors are used to measure the total cutting
force in the experiments, the total cutting force can be calculated
by adding the measurement data of force sensors A and B. For
better comparison, the cutting force is presented as a normalized
cutting force per cutting length in N mm−1 .

Fc =

FcA + FcB
∑ wi

(1)

where FcA is the measurement of force sensor A, FcB is the force
measurement of force sensor B, and ∑ wsi the contact length of
the two paper stacks with the cutting knife edge.
Figure 3 top graph shows the cutting forces for conventional
cutting (CC) and ultrasonic vibration assisted (VA) cutting of paper type 1 at the cutting velocity of 1000 mm min−1 . Figure 4
top graph shows the conventional cutting and ultrasonic vibration assisted cutting forces of paper type 2 at the cutting velocity
of 1000 mm min−1 . The corresponding generator power is shown
in the bottom graphs of Figures 3 and 4. It can clearly be seen
that ultrasonic vibration assisted cutting of paper reduces the cutting forces and that higher amplitude settings increase this effect.
While the generator power changes during the process, its effects

F̂c = α · PG + β ,

(2)

where F̂c is the normalized cutting force, PG the generator power,
and the coefficients α and β are listed in Table 2. Regarding
the plotted data, a dependency regarding the cutting velocity can
be seen for both materials. For low cutting speeds, the cutting
force reduction is higher than for high cutting speeds at the same
generator power.
4
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FIGURE 4. Paper Type 2: 2 CC cutting force, 4 VA cutting
force at 50 % amplitude setting, 3 VA cutting force at 75 % amplitude setting, and # VA cutting force at 90 % amplitude setting for
vc = 1000 mm min−1 . Error bars show variability of repeated measurements.

FIGURE 3. Paper Type 1: 2 CC cutting force, 4 VA cutting
force at 50 % amplitude setting, 3 VA cutting force at 75 % amplitude setting, and # VA cutting force at 90 % amplitude setting for
vc = 1000 mm min−1 . Error bars show variability of repeated measurements.
TABLE 2. Linear regression factors for both paper species and three
cutting speeds.

Material

Type 1

Type 2

vc [mm min−1 ]

α

β

1000

-0.78

11.6

3000

-0.56

11.4

5000

-0.72

12.9

1000

-1.01

13.6

3000

-0.56

11.9

5000

-0.40

11.3

due to heating up of the paper stack. The ends of the entire paper stack were bend upwards and slightly plasticized as shown
in Figure 9. The low cutting speed and high velocity relative
movement of the flat knife to the paper stack resulting from the
vibration causes a thermal response due to friction. Similar observations were made for ultrasonic vibration assisted cutting of
bone [16]. For the higher cutting speeds, the cutting quality was
improved by less frazzles at the cutting area. Thermal effects at
higher cutting speeds were not observed as shown in Figure 10.
Thermal effects resulting in the plasticized paper are assumed be
the main contributor to lower cutting forces at low cutting speeds.

Conclusion
It was shown that for paper label cutting, the ultrasonic assistance in the cutting process of paper stacks reduces the cutting
force. As a result, the down holder force may be reduced as
well as a better cutting quality is obtained. The cutting force is
dependent on the cutting speed when using ultrasonic vibration
compared to conventional cutting. At the same power input, the
cutting force is lower at lower speeds. The supplied generator

Regarding the cutting quality with and without ultrasonicassistance, a slight improvement of the macroscopic cutting quality of the entire stack was observed at high cutting speeds. For
vc = 1000 mm min−1 , the cutting quality of ultrasonic vibration
assisted cutting is worse than the conventional cutting (Figure 8)
5
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FIGURE 5. Cutting blade at the transition from phase I to phase II
of the cutting process. A reference line is displayed to highlight the
deformation of the paper stack during phase I.
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FIGURE 6. Normalized cutting force and normalized generator
power for paper type 1 at 2 1000 mm min−1 , 4 3000 mm min−1 , and
3 5000 mm min−1 .

power and the resulting cutting force can be linearly approximated for all tested speeds.
For future research, the effect of ultrasonic vibration assisted
cutting at very high cutting velocities (0.5 m s−1 and higher) is
considered as well as conducting experimentation on thermal
and frictional behaviour when cutting stacks of fibrous materials. However, a suitable generator still needs to be designed for
high cutting velocity experiments. New optimized asymmetrical
cutting knives for ultrasonic vibration assisted cutting need to be
designed as well.
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FIGURE 9. View on feed in stack after cut: cutting quality at 90 %
amplitude setting with a cutting speed of 1000 mm min−1 . The upward
bend end of the paper stack (A) and plasticized areas (B) are visible.
Plasticized area is visible as smudges.
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FIGURE 7. Normalized cutting force and normalized generator
power for paper type 2 at 2 1000 mm min−1 , 4 3000 mm min−1 , and
3 5000 mm min−1 .

C

C

D

D
FIGURE 10. View on feed in stack after cut: cutting quality at 90 %
amplitude setting with a cutting speed of 5000 mm min−1 . Less pulled
in top sheets (C) and reduced frazzle (D) is visible.

FIGURE 8. View on feed in stack after cut: cutting quality at a cutting
speed of 5000 mm min−1 using conventional cutting. The pulled in top
sheets (C) and frazzle (D) is visible. Frazzles are the dark lines along
the cut.
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