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Abstract. Guillotine shearing machines for metal sheet may be inadvertently operated at increased blade clearance. Typical cases
were studied using commercially available finite element software with an explicit solver. Loads causing elastic deformation to
the machine structure arise from plastic deformation of the sheet metal being processed, its behavior being modelled by modified
Johnson-Cook law. Excessive clearance was found to overload the machine considerably compared to normal clearance, owing to
considerable lateral forces. As a result, the guillotine and much less so the base of the machine, undergo oscillatory deformation
and the sheet is partly sheared and mostly bent. Such analysis helps the designer understand structural issues of the machine
tool in extreme situations and modify the design appropriately.
Keywords: Machine tool; Shearing; Sheet metal; Clearance; Structural analysis.

1. Introduction
Sheet metal shearing seems to be still unrivalled by laser cutting when it comes to long straight cuts in large production series.
Shearing is a simple process employing a stationary and a moving blade, the latter being usually inclined with respect to the
former by a rake angle. Thus, the moving blade cuts the metal sheet in a progressive manner. On top of sheet thickness there is a
small clearance, thus forming a gap between the blades. The sheet metal is held by a blank holder [1].
The process can be considered to progress in stages involving a failure mechanism with crack propagation, the main
parameters being material properties, sheet thickness, blade clearance, cutting edge wear, blank holder force and blade velocity
[2]. Blade clearance is a critical parameter. As clearance increases, the volume of the material undergoing shear increases, the
resulting sheared surface becomes rougher and the burr formed is more pronounced [3]. Optimum clearance is generally 10-15%
of sheet thickness, whereas clearance lower than 5% can lead to secondary shearing. However, more intricate inﬂuences may
exist for particular materials and setups, e.g. for temperature above 150 οC clearance needs reduction, whereas for ASTM 304
stainless steel optimum clearance is larger than for ASTM 410 steel [4]. As rake angle increases, cutting force decreases [5], but
also adversely influences cutting quality by inducing additional deformation on the sheet; therefore it is usually constrained to 3o
[6].
Lateral force, amounting to up to 30% of the cutting force, is also exerted on the blade by the sheet being cut [7]. It may result
in clearance increase, blade wear and associated quality problems, amplified by rake angle increase [8]. Thus, shearing long sheets
involves the risk of large dimensional deviations from one end to the other [9]. Machine tool design has to cater for these factors
taking into account machine elasticity.
In this work a hydraulic guillotine shearing machine is considered with a medium range cutting length. These machine tools
are intended for cutting large length and width sheets and plates. The stationary blade is fixed to the machine base, whereas the
moving blade is attached to a ram moving vertically or pivoting around an axis parallel to the stationary blade. The sheet is held
in position by a blank holder. Although analogous machines have already been studied experimentally for rigidity and vibration
response [10], this has been done for normal operation mode. In this work, a particular mishandling case by the machine operator
is studied numerically, namely setting a clearance much larger than its normal value. Both novice and experienced operators
alike may be susceptible, resulting in increased loading which may eventually lead to permanent deformation on the machine
structure, as well as to detrimental effects on product quality. Unlike most works that have analysed the process i.e. shearing of
the sheet metal, the subject of this work is structural analysis of the machine tool in terms of deformation. The peculiarity of FEA
modelling of this situation pertains to the fact that the loads causing elastic deformation to the machine structure arise from
plastic deformation of the sheet metal being processed, which required special formulation of the FE model. In Section 2 of this
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paper a literature review concerning numerical simulation of shearing and associated processes is given. Section 3 presents the
Finite element Model as formulated and implemented on a solver of an explicit type. Section 4 presents and discusses simulation
results especially focussing on forces, their influence on the machine and their dependence on various process parameters.
Section 5 summarises conclusions and provides cues for future work.

2. Literature Review
Essentially all work reported on sheet metal guillotining focuses on process mechanics. The machine tool on which the
process is performed has not drawn much attention, if any at all. Of course, modelling of the process is necessary in order to
study machine tool deformation, but very few of the papers reviewed have advanced that far.
Finite element formulations have been invariably used to study guillotining. Wisselink [11] constructed a 2D and a 3D model
employing a modified Oyane yield criterion based on damage accumulation for small cutting velocity and a pre-existing crack.
Arbitrary Langrangian Eulerian (ALE) formulation was used in order to avoid large deformations and remeshing, with penalty type
contacts. Solution on an implicit code took several days deviating from experimental results at large strains. A similar approach in
2D plane strain condition described failure by discrete crack and not by element deletion, resulting in calculation of the cut
surface shape as well as cutting force with respect to blade travel [12].
Anisotropic plasticity and isotropic ductile failure were considered in [13], following a Lagrangian formulation with
hexahedral and tetrahedral elements with reduced integration in an explicit solver involving Coulomb friction and detraction of
failed contact elements between tool and sheet. Cutting force was calculated for both rigid and elastic tools, the difference being
around 30%.
Comparison of a 2D and a 3D modelling approach for cutting force calculation concluded that the former can be trusted for
faster response, albeit for rigid tooling isotropic elasto-plastic sheet material with exponential hardening, Cockroft-Latham failure
model signalling crack onset [14]. Similarly, optimum blade clearance for rigid tooling and ideal plastic material was determined
using Cockroft-Latham failure criterion [15].
2D modelling for elastic tools, elastoplastic material and constant acceleration as input employed fully integrated tetrahedral
elements, adaptive remeshing, static and dynamic friction on an explicit solver with mass scaling, which was totally acceptable
for small accelerations [8].
A number of studies concentrated on blanking instead of guillotining, i.e. on shearing along a closed profile instead of an open
line respectively. Numerical modelling of both processes bears high similarity, hence these studies are included in this review.
Early on, analytical cutting force equations considering crack propagation and edge geometry were solved numerically [16]. A
little later, the differences between open line inclined blade cutting and closed profile blanking were highlighted, in terms of
power being absorbed by shearing and failure in the direction of cutting, blade bending, blank twisting and friction [17].
A simple 2D plane strain FE model using ALE formulation and von Mises yield criterion was validated with experimental data,
differences being attributed to neglecting strain rate, anisotropy and friction [18]. A failure criterion according to the maximum
hoop stress, maximum principal stress, energy release rate and crack tip angle was employed to study clearance influence on
stress at the blade edge [19]. Gurson-Tvergaard-Needleman (GTN) proved superior to the classic elastoplastic model due to its
accounting for grain coalescence, failure description by discrete crack method enabling representation of surface quality [20]. A
new viscoplastic model and a failure model that had been proposed by Husson including strain rate and temperature effects
proved superior to Johnson-Cook και Gurson models [21] and was employed to prove that as blade clearance increases fracture
angle increases and tool wear leads to higher burr, whereas friction does not influence surface quality. Variable clearance for
minimising tool wear was proposed in [22] using a numerical study employing no failure model.
High speed blanking was modelled in by a numerical model incorporating strain rate [23] and a 2D quasi-static model with
strain rate as well as temperature effects [24], showing increase of maximum force with increasing velocity. A simple elastic
linear model was used to study shape aberrations in punching, shearing and slitting in connection to residual stresses [25].

3. Finite Element Formulation
The finite element (FE) model constructed had to balance simplicity and accuracy within the LS-dyna solver capabilities
following the explicit scheme. The relevant development steps are described next.
3.1 Machine tool geometric modelling
The machine tool studied in this work is a Boschert-GizelisTM model G-Cut CNC 3006, hydraulically powered, see Figure 1(a)
and Table 1.

Fig. 1. Machine studied (a) full (b) guillotine CAD model (c) simplified guillotine CAD model (d) base CAD model (e) simplified base CAD model
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Table 1. Machine tool features
Feature
Length (mm)
Height (mm)
Width (mm)

value
3950
1950
3900

Feature
Throat depth (mm)
Back gauge stroke (mm)
Weight (kg)

value
180
1000
8300

Feature
Max cutting thickness ( inox steel) (mm)
Max cutting length (mm)
Cutting angle (o)

value
4
3100
1.42

Table 2. Material properties used (nn: not necessary)

Material
Young’s modulus (MPa)
Poisson ratio
Yield stress (MPa)
Strain at failure
Ultimate Tensile stress (MPa)
Density (kg/m3)

Sheet
AISI 304
195x103
215
0.45
505

Machine component
Guillotine
Base
AISI 305
AISI 305
195x103
195x103
0.29
240
240
nn
nn
620
620
3
7.9x10

Blades
AISI 450
220x103
640
Nn
985

The sheet interacting with the machine tool is geometrically simple: a plate of dimensions 1500 mm x 200 mm x 2 mm. The
machine, on the other hand, comprises a number of elements which are practically impossible to model in the analysis. Therefore,
it has to be simplified by keeping only the basic parts: guillotine (moving ram), base (stationary frame), upper (moving) blade,
lower (stationary) blade and blank holder. The guillotine and base models are shown in Figure 1(c) to (e), including the pivot area,
force application area and base feet. The upper and lower blades are modelled as separate bodies. A radius of curvature of 0.5 mm
was used for the blades’ cutting edges denoting light wear [13]. The blank holder in reality consists of a number of sequentially
placed pneumatic rams in a straight line, but it was simplified as a continuous plate.
Integration in 8-node hexahedral and 4-node tetrahedral elements that were used in this study may be either ‘full’ or ‘onepoint’. The former provides greater precision and helps avoiding hour-glassing, but is computationally three times more
expensive than one-point integration and also exhibits instability (negative or subcritical valued Jacobian, whilst the total volume
is positive) in high deformations. Therefore, one-point integration was preferred at a computational cost associated with their
degeneration with zero energy forms.
The guillotine was meshed with medium density tetrahedral instead of hexahedral elements with edge size of about 60 mm,
see Figure 2(a). The base is similarly meshed, see Figure 2(b). Evidently, the blades’ mesh is much denser than the guillotine’s, see
Figure 2(c).
Regarding sheet meshing, element size has to be comparable to that of blade elements with which they come into contact, for
reasons of contact stability. Given the small elements in the region of curved cutting edge sheet element size of 0.2 mm x 1 mm is
set in this area, see Figure 2(d). Furthermore, there should be enough elements across the thickness of the sheet (in this case: 4),
since it is expected that stress varies considerably in that direction, at least within a zone of width somewhat larger than the
blade clearance, see Figure 2(d). Hexahedral elements were used throughout due to the associated stability compared to
tetrahedral elements.
On the blade’s curved surfaces 4-element discretisation was selected leading to a maximum dimension of 0,0625 mm, whilst
in the direction of the blade’s length good resolution is needed not only due to contact and the associated forces but also to
monitor its deformation during cutting. Elements are hexahedral but neither structured nor uniform, see Figure 2(e)-(f). Regarding
the blank holder the mesh consists of 2D shell elements of relatively large size.
3.2 Boundary conditions
The upper blade is fixed on the guillotine. The guillotine is suspended by hinges at the two sides of the base and is subjected
to force from the hydraulic rams at both ends, see Figure 1(a). Cutting speed of 750 mm/s was assigned to the nodes at the
connection points of the guillotine and the hydraulic cylinder rod. Rolling contact was assigned to the hinge points. The base is
fixed on the ground by four screws, see Figure 1(b), the pertinent nodes being assigned zero displacement and rotation. The
vertical force exerted on the sheet by the blank holder rams was replaced by a 15 μm vertical displacement for the holder plate,
reached directly at simulation start.
3.3 Material model
Blade, guillotine and base were modelled as elastic, the blank holder was modelled as rigid and the sheet was modelled as
elasto-plastic in connection with a failure criterion. The full Johnson-Cooke model is computationally heavy; moreover, the aim is
not to predict with highest accuracy the behaviour of the sheet but to study machine deformation. Thus, a simplified JohnsonCooke model was applied neglecting temperature effects and dealing with sheet failure through effective plastic strain: σy = A +
B(εp )̅ n where Α=215, Β=1275, n=0.45 for inox steel [26]. Material properties used are shown in Table 2.

Fig. 2. Meshing (a) Guillotine (b) Base (c) Base-blade interface (d) Sheet (e) Upper blade (f) Lower blade
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3.4 Contacts
Surface-to-Surface type of contact was preferred, where contact is identified when the slave body’s surface nodes penetrate
the master body. The pertinent forces are calculated by considering a spring between master and slave nodes and multiplying the
pertinent displacement by the spring’s constant k, which is calculated from the compliance of the two bodies. The maximum
time step for a stable contact is proportional to min[√(m/k)] where m is the mass on which the contact spring is fixed. Penetration
may not be due to the time step but to the resulting elastic constant, in which case k is increased by using a penalty factor or k is
computed by reference to the time step itself: kcs(t) = 0.5 S’ m* / Δtc(t)2, where S’ is the scale factor, m* is a function of interfacing
nodes masses and Δtc is the time step. Note that the maximum of kcs and k is adopted.
Four kinds of Surface-to-Surface contact were used:
a) Automatic, where each body’s nodes are checked against penetration into the other’s, i.e. a symmetrical contact is defined,
increasing reliability, but also computational cost
b) One way, where only the slave node is checked against penetration into the master body; this is applied to the upper blade
and the sheet, since their orientation is approximately known beforehand
c) Eroding surface-to-surface, whereby the elements that fail are deleted from slave search and the interacting parts are
determined from scratch, making for costlier, yet sometimes necessary, computation. For instance, when clearance is large,
this type of contact is not needed, since the sheet elements coming into contact with the blades are initially not deleted. For
small clearance values, this type of contact is preferred to other types, which would lead to instabilities (negative volume)
even for small penetration of the edge into the sheet.
d) Tied, where slave nodes are fixed on the respective master nodes; this is applied to the blade to guillotine connection
allowing different materials to be assigned to them.
3.5 Mass scaling
Time step per element is calculated as: Δt = Le / c where Le is the characteristic element length and c the speed of sound. Time
step is determined by the element that results in the lowest value of Δt multiplied by a scale factor. Therefore, to increase the time
step one may increase the element size or the material density. Note that, if the mass across the whole model is increased beyond
5%, the results might by unrealistic.
Combining selective mass increase with a meticulous survey of the range of time steps of the model, credible results were
reached after some trials. In our case, the smallest elements are found at the sheet and blades. However, the sheet is light and its
behaviour can be adversely affected by even a small increase in mass, which effectively limits the time step to 8.2x10-8 sec. Very
few elements in the transient zone possessed somewhat lower time step value (7.588x10-8 sec). In the base and blades there will
be a moderate increase in mass, since comparatively more elements have a time step value lower than that of the sheet, see
Figure 3. Note that mass scaling resulted in a dramatic drop in the estimated solution time from 90 h to 30 h.
3.6 Preliminary model validation
Element quality is judged by aspect ratio. Indeed, only one row of elements at the edge of the blade and another two elements
at the guillotine side have aspect ratios exceeding the critical value of 5, see Figure 4(a). The same is true about the other blade. As
far as the sheet is concerned, see Figure 4(b), very few elements in the highly loaded critical central zone have an inevitably high
aspect ratio.
Stress distribution should be compatible with the material model deﬁned. In Figure 4(c) von Mises stress at the beginning of
shearing is maximum at the stationary blade edge, as expected due to stress concentration, its value being close to the defined
UTS, i.e. around 700 MPa.
Note that kinetic energy at the end of simulation should be lower than internal energy in order to ensure that mass scaling
has not introduced undesirable dynamic phenomena.

Fig. 3. Time step value distribution (a) sheet (b) blade (c) base

Fig. 4. (a) Blade elements (b) Sheet elements (c) Stress distribution at shearing onset
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4. Results and discussion
In this study, a clearance of 2.5 mm (blade gap: 4.5 mm) was tried as opposed to the normal clearance equal to 0.2 mm (blade
gap 2.2 mm). These cases were compared in terms of forces acting on the guillotine and the base, as well as resulting
displacement and its variation in time. In the case of excessive clearance the machine tool was modelled first as deformable and,
then, as rigid for the sake of comparison.
4.1 Normal clearance
Shearing mode is depicted in Figure 5, whereas in Figure 6(a) the cutting and lateral forces are shown. The cutting force is
relatively stable around 20 kN, showing a peak of 30 kN and decreasing towards the end of the process. This pattern is explained
by referring to Figure 7, noting that the latter corresponds to the end of the cutting process (48 – 52 msec). As the blade operates at
an angle, it tends to rotate the sheet upon coming into contact with it. Resistance to such rotation leads to the development of a
shearing force and is provided by the section of the sheet that has not been cut off yet. At time 50 msec the velocity distribution is
compatible with rotation of the sheet about an axis that is normal to the cutting direction and passes near the contact point with
the blade. The lateral force applied to the guillotine (as well as to the base) is of particular importance, see Figure 6(a). This is not
as stable as the vertical force, reaching, in general, lower values than the latter, except in some points where it exhibits a sharp
increase. The respective maxima emerge at the same points in time and along the sheared edge, too.

Fig. 5. Sheet shearing with normal clearance and elastic machine

Fig. 6. Normal clearance on deformable machine (a) Cutting and lateral force on upper blade (b) Lateral displacement of middle (A), left end (B), right
end (C) points on upper(up) and lower(down) blades

Fig. 7. Normal velocity vectors at the elements of the part to be sheared off
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The lateral displacement resulting from machine loading is shown in Figure 6(b). The three points examined correspond to the
middle (A), left end (B) and right end (C) of the machine. The guillotine’s vibration is noticeable, similar finds having been reported
in earlier experimental work [10], [27]. Referring to Figure 6(b) (up), a period of 0.01 sec can be identiﬁed, which is in fact the
response of the deformable guillotine to the lateral force varying between 0 and 20-40 kN. The mid-point A vibrates four times as
much as the endpoints, i.e. oscillatory displacement is about 1 mm. The base’s vibration is depicted in Figure 6(b) (down),
corresponding to much higher rigidity compared to the guillotine. In fact its displacement at the end points is practically zero,
whilst at the mid-point displacement is as low as 10% of the guillotine counterpart. The difference is obviously due to the
supports, being just two joints for the guillotine as opposed to the base’s full welded sides fixed on the ground.
4.2 Excessive clearance
Sheet deformation mode is depicted in Figure 8. Bending is mostly observed, whilst shearing is only partial. In Figure 9(a) the
cutting force between sheet and upper blade is shown. Note that the sheet has been modelled as two regions, namely one under
high loading and one under low loading. The upper blade first comes into contacts with the first region. As the sheet is being bent,
the blade comes into contact, later on, with the second region. Thus, the total force results by summing up forces from both
regions. The shearing force keeps on rising up to 159 kN reached at time 20 msec, then slightly varying around 125 kN up to time
point 60 msec when it decreases abruptly. This time point corresponds to completion of sheet bending. The low valued force
noted thereafter is due to friction between sheet and blade. The lateral force is also shown in Figure 9(a), following a pattern
similar to that of the cutting force’s. It ﬂuctuates around 125 kN up to the end of shearing. It does not decrease at the end after
the material has failed, because high friction causes the sheet to slip off the blank holder, revealing new material under loading.
Johnson-Cook’s model allows for strain rate and temperature effects. The latter are considered insignificant, due to the very
small duration of the process. The relatively large speed of the latter triggered the strain rate effect to be taken into consideration
in a model variation, see Figure 9(b). An increase in normal and lateral forces to a maximum of 192 kN and 208 kN respectively is
clear.

Fig. 8. Sheet shearing with excessive clearance and deformable machine

Fig. 9. Cutting and lateral force for excessive clearance on deformable machine (a) upper blade (b) upper blade with strain rate effect (c) lower blade
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Fig. 10. Displacement of endpoint (A) and midpoint (B) for excessive clearance on deformable machine (a) guillotine (b) base

Fig. 11 Sheet shearing with excessive clearance on rigid machine tool

Fig. 12. Cutting and lateral forces on the guillotine with excessive clearance on rigid machine tool

Fig. 13. Worst case of stress distribution (a) guillotine (b) base

Fig. 14. Stress distribution (a) normal gap of 0.2mm (b) excessive gap of 2.5mm
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Table 3. Gap influence for deformable machine
Clearance (mm)
0.2
2.5

Max Cutting force (kN)
Guillotine
Base
30
35
159
262

Max Lateral force (kN)
Guillotine
Base
38
14.6
181
190

Table 4. Maximum force on guillotine for different models and excessive clearance

Cutting force (kN)
Lateral force (kN)

Rigid machine

Deformable machine

68
25

159
181

Deformable machine
incl. strain rate effect
192
208

Figure 9(c) depicts the forces acting on the machine’s base. Shearing force reaches a maximum value of 262 kN being kept
above 200kN up to time point 60 msec. Thereafter, it decreases moderately, which shows loading being applied by the guillotine
through friction with the sheet. Lateral force ﬂuctuates around 135 kN reaching a maximum of 190 kN and slightly decreasing
after 60 msec. Note that the non-smooth variation in force is due to both discretisation and the nature of contact (penalty forces).
The lateral displacement of the end-point (A) and mid-point (B) is depicted in Figure 10(a) for the guillotine and in Figure 10(b)
for the base. Intense oscillation is conspicuous regarding the midpoint, whereas the endpoint deflects much less. Initially,
oscillation happens around zero deflection. However, as the guillotine is lowered and the point of application of the force moves
towards the mid-span the guillotine shows a bending deﬂection, which at the end of shearing is about 0.6 mm. Maximum
deflection amounts to 1 mm.
The base deﬂects in a similar way but to the opposite direction, see Figure 10(b). Deﬂection at mid-span reaches 0.44 mm at
the end of simulation, whereas its maximum value is 0.7 mm. Deﬂection of the end point is restricted to 0.1 mm. Taking into
account the higher loading that it bears, the base is much less compliant than the guillotine.
For comparison, Figure 11 shows that on a non-deformable machine tool the sheet is cut, but non uniformly, whilst it has
undergone considerable elongation before failure. The gap remains constant throughout the process, whereas in the case of a
deformable machine it increases considerably. As a result, the sheet is sheared more easily. In Figure 12 the shearing and lateral
forces are very considerably lower than in Figure 9, reaching a maximum of 68 KN and 25 kN respectively. Forces are also
considerably more stable, especially the shearing force.
4.3 Discussion
Maximum loads are exerted on the guillotine at time point 33 msec, when the upper blade has moved vertically by 24.75 mm.
This force is applied at an approximate distance of 795 mm from the end of the blade, see Figure 13. The regions in the middle of
the guillotine as well as the hinges are shown in lighter colour.
Maximum loads on the base are exerted at time point 60 msec, when the upper blade has moved by a vertical distance of 0.45
mm. This force is applied at an approximate distance of 1375 mm from the end of the blade, see Figure 13. Again, the middle of
the base seems to undergo the highest stresses, as well as the rear fixing point at the side where shearing begins.
Comparison of cutting and lateral forces for normal and excessive clearance can be made by referring to Figure 9 and Figure 6.
Forces in the case of excessive clearance are markedly larger, since in that case the whole of the sheet contributes to
accumulating force, whereas for normal clearance the sheet part that has failed does not have any contribution. A summary of
the influence of clearance to the maximum force observed is given in Table 3.
A summary of the differences due to the modelling assumptions is given in Table 4. Note that an increase in clearance also
signiﬁes an increase in the area undergoing shearing. This is clearly depicted in Figure 14, showing the stress distribution in both
cases corresponding to the same point in time. Partial shearing in the case of excessive clearance can be observed.

5. Conclusions
In this work the case where excessive blade clearance is set on a guillotine-type shearing machine was studied numerically.
This is a possibility that is due to reckless use, but nevertheless, it has to be taken into account by the machine designers. The aim
was to calculate the emerging forces and the repercussions for the machine’s accuracy and ultimately its structural health. This
was achieved by suitable simplified modelling of the machine tool’s geometry to allow the finite element solver to yield credible
results in reasonable time. A particular machine was studied, but conclusions are general enough. In designing the machine to
withstand loading, the lateral force magnitude cannot be neglected, since it is comparable to the cutting force. Indeed, it was
found that an excessive clearance causes multiplication of forces acting on the machine by a factor as high as 4 compared to
normal clearance. As a result, the guillotine and the base of the machine exhibit significant non-uniform displacement, of several
tens of a mm. This impacts the quality of the sheared edge of the sheet, especially since the displacement is not uniform along
the edge. In addition, if this happens repeatedly, permanent deformation of the machine may result which may render the
machine unusable. Future extension of the work as far as computational mechanics is planned in order to determine the
influence of shearing speed and especially blade wear. It may also provide an estimate as to the number of loading cycles that
lead to permanent deformation of the machine, especially taking into account the welding process parameters used to construct
the machine’s components [28], such as guillotine, base shell etc. In terms of experimental validation of the numerical model, it is
aimed to use strain gages at selected points of the structure as well as capacitive sensors at several points along the blades
following the approach demonstrated in [29]. However, this should be restricted to normal clearance (gap) in order to avoid
detrimental effects to the machine structure associated with excessive clearance, as clearly demonstrated in the present work.
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