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Summary

Press-brakes are machines for bending sheet-metal. These machines are generally built up
out of a stationary lower beam and a vertically moving upper beam connected by a frame.
Conventional press-brakes are driven using one hydraulic cylinder at each end of the moving
upper beam. Because the workpiece is made between these actuators, both beams are exposed
to three-point bending. Deflection of the beams lead to unwanted variations in the bend-
angle along the length of the workpiece. To reduce this deflection, SAFAN has introduced
a patented pulley and belt drive system for the upper beam. The actuators now create a
distributed load rather than two local forces, reducing the deflection to 2% of the original
situation. This report concentrates on improving the lower beam.
After analyzing the behavior of the lower beam, it was replaced by an assembly of a subframe
with a new lower beam stacked on top. This allows the lower beam to be supported directly
beneath the workpiece, preventing part of the bending. By making the supports between the
subframe and the lower beam moveable, the lower beam can be optimally supported for every
different workpiece.
Due to the difference in bending-shape between the subframe and the lower beam, the supports
need to allow rotation while transducing the maximum load of 200 ton. Several possible
solutions are offered for the supports. Attention is also paid to improving the stiffness of
the subframe and lower beam and the positioning of the supports. The benefit gained from
all suggested design-changes is quantified using simulations and shows great promise. The
concept of moveable supports in a press-brake lower beam assembly has been patented.
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Chapter 1

Introduction

1.1 SAFAN B.V. and press-brakes

This report concerns the Master’s Thesis of Jasper Simons, performed at Technische Univer-
siteit Eindhoven, the Netherlands. The project took place at the Constructions & Mechanisms
group of the Control Systems Technology division, and was guided by dr. ir. Nick Rosielle
and prof. dr. ir. Maarten Steinbuch. The project itself was submitted by SAFAN B.V.
in Lochem, the Netherlands. This company designs and builds shears and press brakes for
the sheet-metal industry and employs about one-hundred people. SAFAN has patented an
unconventional servo-electrical drive for their press brakes since 1989. Machines with this
drive-system have been successfully produced and sold and have now evolved to a four meter
version with a pressing force of two-hundred ton. This project concentrates on improving this
particular machine. If successful, the improvements will also be implemented on the smaller
range of machines.
Press brakes are machines used to bend sheet metal. To do so, a bottom tool is mounted on a
lower, stationary beam and a top tool is mounted on a moving upper beam. The sheet metal
is placed between the two tools and the top tool is pressed down (see figure 1.1). The force
exerted between the two beams is transferred through a frame (SAFAN uses O-frames for
their servo-electric press-brakes (E-brake), see figure 1.2). The beams and most other parts
of the frame are generally built out of steel plates (30-120 [mm]) that are either welded or
bolted together.

Top tool

Sheet

Bottom tool

Figure 1.1: Three steps in bending sheet metal
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Introduction

There are some rules of thumb considering the bending of sheet metal:

• The required tonnage is eight tons per meter per millimeter; this means that for a one
millimeter sheet, one meter in length, eight ton of force is needed; both a two millimeter
sheet of one meter long or a one millimeter sheet of two meters long require sixteen tons.
One ton equals a thousand kilograms or ten kilonewtons (10 [kN ]). This rule of thumb
only holds when the groove width of the bottom tool is at least eight times the thickness
of the sheet (see appendix A.1).

• The depth with which the top tool penetrates the bottom tool, determines the bend-
angle. To achieve a bending accuracy of ±0, 5◦, the penetrating depth needs to be
accurate to about one four-hundredth of the bottom tool’s groove width (or one fiftieth
of the sheet thickness, see appendix A.2). This means that along the entire length of the
workpiece, a certain error budget is available for the penetrating depth. Many different
factors like control accuracy and frame deflection use up this budget.

Although the current models of SAFAN meet the demands set by these rules of thumb,
the industry ever demands new and better products. By reducing the required groove width
from eight times sheet-thickness to six or even four times sheet-thickness, the bending-radii
can be reduced, resulting in an improved workpiece. The more powerful, efficient, fast and
accurate the press brakes become, the wider the range of application becomes for the cus-
tomer. Therefore, the current models are to be improved on several points, with the reduction
of frame-deformation being most important. Any improvements found, must fit within the
production capabilities of SAFAN and should be efficient for mass production (approximately
300 machines per year). This report will concentrate on the first and foremost improvement
to the machine; the lower part of the frame.

C-Frame O-Frame

Bridge beam

Upper beam

Upper tool

Side-frame

Lower tool

Lower beam

4100

Figure 1.2: Frame layout
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Introduction

1.2 Press-brake layout

When analyzing the forces during the bending of a sheet, it becomes clear that the workpiece
demands a distributed load along its length (see figure 1.3a). This load is created by moving
the upper and lower beam towards one another. Because these forces (up to two-hundred
ton) are much larger than the weight of the upper beam (about three ton), the forces between
the two beams cannot be generated by simply lowering the upper beam. The forces need to
be generated by an actuator (usually hydraulic) and transduced from upper to lower beam
through side-frames. Unfortunately, these side-frames can only connect the two beams on
a few discrete locations (usually either end) to leave room for the workpieces. This means
that the beams are supported at either end and suffer a distributed load, somewhere between
these supports. This clearly leads to (three-point) bending of the beams. All the deflection
that occurs in the beams directly affects the bent angle of the workpiece (see figure 1.4).
A way to compensate this deflection is called crowning. By predicting the deflection of the
beams, their shape can be altered to match the deflection. Usually this is done by pre-bending
the tool on the lower beam. This must be adjusted for every loadcase (see appendix C).
A way to reduce deflection rather than compensating it, is to support the beam directly
opposed to the distributed load instead of at its ends. For the upper beam, SAFAN has
already replaced the two supports (hydraulic actuators) by a distributed support (pulley and
belt drive[1]). By rolling the belt onto a drum, the pulleys on the upper beam are pulled
towards the pulleys on the frame. The placement of the pulleys along the beam, results in
a distributed driving force, reducing upper beam deflection to two percent of the original
situation. One realizes that the sum of the distributed support still needs to be transduced to
the lower beam through two side-frames. In order to do this, a subframe is introduced that
transduces all the individual forces from each frame-pulley to the side-frames. The upper
beam now supports a distributed load with a distributed driving force, minimizing deflection
(see figure 1.3b). In turn, the subframe will deflect significantly (dashed lines), but that is
irrelevant for the workpiece. Also, this system eliminates the use of hydraulics which is better
for the environment, it consumes less power and realizes a shorter cycle time. It unfortunately
does not improve the lower part of the machine.

a b

Upper Beam

Upper Beam

Lower BeamLower Beam

Subframe

Side-frames

Figure 1.3: The forces the beams and frame endure
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Introduction

α1

α2

α1α1 < α2

Figure 1.4: A skewed bend due to deflection of the beams

1.3 Problem description

The pulley and belt drive has been applied in the servo-electric press-brakes with working
lengths between 1250 [mm] and 3100 [mm]. Recently the range has been expanded by the
addition of a 4100 [mm] two-hundred ton version (200T-4100). The pulley and belt system can
be scaled while still keeping the upper beam adequately straight. The lower beam (exposed
to similar loading) has now become the bottle-neck. An obvious solution is to improve the

lower beam’s stiffness by increasing the height of its cross-section
(

I = b·h3

12

)

. Because the

work height for the operator is fixed, the beam’s height can only be increased by building
downward into the floor, which is too inconvenient for most customers. This means that
increasing the work length automatically increases the lower beam’s slenderness and thereby
its deflection.
A perhaps obvious way to reduce this deflection is to copy the belt-drive to the lower beam,
creating a distributed support through a subframe once more.
SAFAN has already tried this concept with a moving lower beam (called the Y3-axis); the
concept worked but the unconventional setup with both beams moving towards the workpiece
was not welcomed by the customers. Theoretically, the pulley-concept can also be used with
a stationary lower beam. The beam remains fixed but the deflection is compensated by
applying tension to the belt, leading the forces through to the subframe, whose deflection is
again irrelevant for the workpiece. This means that the shape of this compensation is fixed
and that it cannot be used for off-center workpieces. This is disadvantageous because most
customers have different tools mounted along the length of the machine to complete a single
workpiece with different bending steps without changing tools in between (see figure 1.5).
Using the pulley and belt system for the lower beam resembles crowning. It is too expensive
for a stationary part and limited to symmetrical loads, therefore, a different solution is to be
found.

Figure 1.5: Example of multiple tool-usage: a simple box, made from left to right
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Chapter 2

Beam supports

In order to quantify the deflection of the frame-parts, an analytical model has been made in
Matlab using discontinuity functions (see appendix B). The results of this model have been
verified with FEA (Finite Element Analysis). In this Matlab model, the machine-parameters
(dimensions of the frame and the beams and the location of the tools) and the workpiece
(length, material, thickness) can be adjusted. The model then calculates the reaction forces
at the supports and shear forces, bending moment, bending angle (slope) and deflection along
the length of the relevant elements. Finally, all the data is scaled and plotted and can be used
to estimate the local deflection for different settings. This model has been used to pinpoint
the problems and to quantify the benefit for each design-change.

Benefits

The benefit achieved by each design-change suggested in this report, depends on the type of
workpiece made. In order to properly quantify these benefits, a test group of 56 workpieces
is compiled that represent the machine’s capabilities. The total deflection1 is calculated for
every design-change and for all workpieces. All data has been organized in a table that shows
an average of the percentual benefit of each change, weighed with the frequency with which
each workpiece is made. Table 2.1 shows which workpieces are in the test group.

Length [mm] Thickness [mm] Tonnage [ton] Offset [mm from center ]

250 0,5 - 10 1 - 20 0, 500, 1000, 1500
500 1 - 15 4 - 60 0, 500, 1000, 1500
750 1 - 15 6 - 90 0, 500, 1000, 1500
1000 1 - 15 8 - 120 0, 500, 1000, 1500
1500 1 - 15 12 - 180 0, 500, 1000
2000 1 - 12,5 16 - 200 0, 500, 1000
2500 1 - 10 20 - 200 0, 375, 750
3000 1 - 8 24 - 192 0, 500
3500 1 - 7 28 - 196 0, 250
4000 1 - 6 32 - 192 0

Table 2.1: Workpieces in the test group

1the distance between the highest occurring point of the upper beam and the lowest occurring point of the
lower beam within the length of the workpiece
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Beam supports

2.1 Moveable supports

When one mounts a bookshelf, one considers where to place the supports. If a support is
placed at either end, the shelf will sag in the middle due to the distributed load of the books
placed on top (see figure 2.1a,b,c). When the supports are moved towards the middle, the
sagging will decrease, but the ends itself will start to deflect (figure 2.1d). One can imagine to
find an optimal placement of the supports (referred to as the bookshelf-rule) where the total
deflection is minimized (figure 2.1e). An analytical derivation of this book-shelf rule can be
found in appendix D.
It is clear that supporting the lower beam somewhere between its endpoints can reduce the
deflection. In order to realize this, SAFAN has also introduced a subframe for the lower beam,
supporting it at two fixed locations near the bookshelf rule’s optimum. The analytical model
has been used to calculate the deflection for all workpieces in the test-group. This shows an
average benefit of for the introduction of the subframe of 59%.
The fixed placement is only optimal for full-length workpieces (the bottom row in table 2.1.
All other workpieces require different support locations. By making the supports between
the subframe and the lower beam moveable, the bookshelf-rule can be applied locally for all
workpieces (including shorter lengths and workpieces that are bent off-center, see figure
2.1f 2). Evaluating this design-change with the test-group resulting in an additional 68%
reduction in deflection on top of the previous 59%.

In short: Under the assumption of two supports for the lower beam, placing those in accor-
dance with the bookshelf-rule results in an absolute minimal local deflection. This concept
drastically reduces the deflection of the lower beam, no longer making it the bottle-neck of
the machine; therefore, this concept is chosen and worked out in the following chapters.

2The far right side deflects a lot, but this is irrelevant since no workpiece is being made there
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Beam supports

1

A

2

B-C

3

D

4

E

5

F-G

6

H

7

I-J

8

K-L

9

M

10

N-O

11

P-R

12

S

13

T

14

U-V

15

W

16

X-Z

a

b

c

d

e

f

Figure 2.1: Explanation of the bookshelf-rule
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Chapter 3

Lower beam assembly

Now that the concept of moveable supports is chosen, it must be translated into a mechanical
design. As said before, SAFAN uses O-frames to connect their lower beam to the upper
frame that holds the upper beam; this means that the sum of the distributed load can only
be transduced at the far ends of the lower beam. To resolve this, a subframe is introduced.
This subframe is a beam that needs to be strong, but not necessarily stiff; it is mounted
between the O-frame’s vertical columns. The actual lower beam that holds the tooling is
then stacked on top of the subframe through moveable supports. The lower beam needs to
be as stiff as possible to minimize the deflection.

Figure 3.1 shows two extreme situations that illustrate the difference between strength
and stiffness. The top-left figure (3.1a) shows a beam with low stiffness stacked on a very stiff
subframe, when it is loaded (figure 3.1b) the beam that should stay as straight as possible, de-
flects a lot while the subframe hardly deflects. The top-right figure (3.1c) shows the opposite;
a very stiff beam mounted on a subframe with low stiffness, though sufficiently strong. When
this setup is loaded (figure 3.1d), the beam stays straight and produces a good workpiece.
The subframe however, deflects a lot, but this is irrelevant since the vertical translation of
the beam is compensated by the controlled movement of the upper beam. Of course it is not
required to make the subframe as flexible as depicted here; in fact, it too should be as stiff
as possible to minimize the elastic energy stored in it, since this cannot be won back (see
appendix A.3).

a

b

c

d

Figure 3.1: The difference between strength and stiffness
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Lower beam assembly

Due to the fixed work-height, the two high profiles cannot be stacked on top
of each other. In a prototype machine built by SAFAN, the lower beam is
built around the subframe as shown in figure 3.2. The supports between
the lower beam (light gray) and the subframe (dark gray) however, are not
moveable along the machine’s length, but pinned near the bookshelf rule’s
optimal location (for a four meter workpiece). This decreases deflection
significantly, but is only optimal for loading along the full length. In this
particular design, the moment of inertia of the lower beam (5, 14 · 103 [m4])
differs very little from that of the subframe (5, 19 ·103 [m4]), (unjustly) mak-
ing the subframe slightly stiffer. Realizing the difference between strength
and stiffness, the lower beam has to be stiffened -if necessary- at the cost of
the subframe.
Replacing the lower beam’s C-channel-shape with a built-up box-section im-
proves the stiffness of the lower beam by placing more material at a larger
distance from the neutral line. This will be elaborated on in the chapter 4.

Figure 3.2:
Current lower
beam assem-
bly used by
SAFAN

3.1 Supporting height

The supports that connect the lower beam to the subframe can generally be placed at three
heights in the cross-section: at the top, at the bottom or anywhere in between. All three
options are discussed. Figure 3.3 shows a possible solution for all three options:

Top

Considering the forces at work (figure 3.3), the design that connects the two pieces at the top
of the cross-section (3.3a) will load the supports with compressive force (the beam is pressed
down against the subframe). These supports can be realized with slender metal plates.

In between

One possibility to realize the supports somewhere between the top and bottom is shown in
figure 3.3b. Here, the single plate per support from the top is replaced by two plates between
the subframe and the side-walls of the box-section, so a total of four plates needs to be moved
in pairs to set the support-location. The horizontal components of the forces are supported
with tension-loaded elements between the side-walls of the box-section. These elements are
placed statically along the entire length of the box-section.

Bottom

Supports at the bottom require the direction of force to be reversed. In figure 3.3c, this is
done by tension-loading the support. In this case, a T-slot is machined in both the subframe
and the lower beam. 200 [mm] sections of I-profile will then serve as the supports that can
be moved to the desired support-location.

10
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Lower beam assembly

Lower beam (stiff)

Subframe (strong)

a) Top

b) In between

c) Bottom

Figure 3.3: Concepts for three support-heights
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Lower beam assembly

There is an issue that dictates the choice of support height. The tool is mounted on the
top-side of the lower beam and therefore this side should deform as little as possible. When
the lower beam is supported near this top-surface, this will result in large local deformation;
the further away from the bottom tool (i.e. the further down) the beam is supported, the
larger the area over which the force is distributed. This has been confirmed and quantified
with finite element analysis. Figure 3.4 shows simulation-results for both the top and the
bottom support. It becomes clear that the top support with u1 ≈ 117[µm] is worse than
the bottom support with u2 ≈ 49[µm]. The difference between top- and bottom-support has
been compared for all workpieces in the test-group, showing an average benefit of 22%. These
results have lead to the choice to place the supports at the bottom.
Different designs for the bottom supports are discussed in section 3.2.

u1

u2

Figure 3.4: The deformation for top and bottom support

12
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Lower beam assembly

3.2 Bottom support concepts

Three concepts for the bottom supports are shown in figure 3.5 and discussed separately. The
subframe, lower beam and supports are sketched in light gray, medium gray and dark gray re-
spectively. The lines of force are shown in red. The three suggested concepts are all analyzed
with finite element analysis. The lines of force can clearly be seen in the stress-concentrations.

Figure 3.5a

The support in the first concept is a length of I-profile (±200[mm]) that slides in a T-slot in
the box-section and in the plate. The 1 [MN ] that each element has to support will be lead
through the web of the I-profile. The remaining cross-section of the subframe’s plate has the
same surface-area as the I-profile so the stresses are evenly distributed. The same goes for all
the shearing and bending cross-sections. The ’lips’ of the T-slots are loaded on bending. To
reduce this bending moment, the edges of the I-profile and the T-slots could be tapered so
that they hook into one another.

Figure 3.5b

In the second concept, the subframe is machined to have an I-profile shape, mirrored to the
previous concept. The interface between the support and the beam remains similar. The
added width of the supports results in less bending in the bottom of the lower beam. The
line of force however, still has to change direction three times. In this design the edges could
again be tapered to reduce bending moments.

Figure 3.5c

This concept significantly improves the line of force; its direction now changes only once and
leads mostly along the material allowing pure tension and compression in most parts and
very little bending. Instead of using the supports to form I-profiles and/or T-slots, here the
bottom end of the subframe’s plate itself is shaped as an I-profile, and the lower end of the
box-section is shaped as a sort of T-slot. The supports are now replaced with slender plates
on either side that slide between the box-section and the subframe’s plate. These plates are
loaded on compression once more. The bulky lower end of the box-section is advantageous
because all the material on these outer fibres greatly contributes to the moment of inertia of
the profile (see chapter 4).

Concept choice

The last concept shows an improved line of force compared to the first two. This is con-
firmed by the lower stress-levels visible in finite element analysis. The interfaces on the lower
beam and subframe are easier to manufacture and the supports can once again be loaded on
compression. Therefore, the third concept is chosen.

R
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Lower beam assembly
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Figure 3.5: Concepts for bottom supports
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Chapter 4

Lower beam design

4.1 Cross sections

Now that the choice is made to support the lower beam on the subframe using concept 3.5c,
the cross-sections of the both parts can be designed in more detail. In doing this, the most
important goal is to maximize the stiffness of the lower beam. Secondly, the subframe must
be sufficiently strong and also as stiff as possible within the design-limitations (see appendix
A.2 and A.3). This must be done within the outer dimensions of the lower machine section
(± 930 [mm] high, 200 [mm] thick) while using the steel efficiently to reduce the material-
costs. In order to fairly compare the different designs, the ratios of moment of inertia (I)
and cross-section surface (A) are compared (stiffness per kilo of steel). The I/A-ratio for the
current situation (figure 4.1a) is set to 1.

Figure 4.1 shows four different cross-sections for the lower beam (light gray) and its subframe
(dark gray), the dashed lines indicate the neutral lines.
The first one (figure 4.1a) shows the cross sections that SAFAN currently uses: The channel-
shaped beam fits over the thick plate that acts as the subframe.
The second option (figure 4.1b) shows the lower beam with a closed box-section. The height
of the subframe is reduced, all other dimensions are unchanged. The distance between a
volume of material and the neutral line determines its contribution to the moment of inertia.
By building a box-section rather than a channel-shape, the neutral line is moved downward,
increasing the distance from the outer fibres to the neutral line, thereby increasing the moment
of inertia.
The third cross-section (figure 4.1c) adds more material to the vertical walls of the box-
section at the expense of the subframe’s thickness in an attempt to generate stiffness where it
is actually needed. Unfortunately, adding material near the neutral line does not add much
to the moment of inertia.
The fourth picture (figure 4.1d) shows what happens when material is added to the horizontal
walls of the box-section rather than the vertical walls. This material is as far away from the
neutral line as possible and therefore adds a lot to the moment of inertia and the I/A-ratio.
Table 4.1 shows the numerical values for these four cross-sections (see appendix B.2 for a
calculation-example).

R

15



Lower beam design
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Figure 4.1: The cross-sections for different beams

a b c d

Ibeam 10−3[m4] 5, 1 6, 9 9, 5 9, 1
Isubframe 10−3[m4] 6, 5 5, 1 2, 6 3, 0
Abeam 10−3[m2] 66, 9 71, 4 119, 4 87, 0
Asubframe 10−3[m2] 103, 8 96, 0 48, 0 80, 4
I/A − ratiobeam [−] 1 1, 26 1, 04 1, 35
I/A − ratiosubframe [−] 1 0, 86 0, 86 0, 60

Table 4.1: The numerical values for the cross-sections shown in figure 4.1

The I/A-ratios in table 4.1 represent material-utilization, which is obviously high for figures
4.1b and 4.1d. Unfortunately, placing a lot of material in the horizontal walls of the box-
section, means that the most useful material of the subframe needs to be removed (I = b·h3

12
,

reducing h rapidly reduces I), resulting in relatively low I/A-ratios. A way to place a lot
of material on the outmost fibres of the box-section without having to remove much of the
subframe’s material, is to build heavy C-profiles at each end of the box-section, connected
with slender vertical walls. The subframe can now retain most of its original height and
stiffness. Figure 4.2 shows four more cross-sections. The first one (figure 4.2e) implements
the two heavy C-channels mentioned above. The two channels efficiently contribute to the
box-section’s moment of inertia. They are connected with two plates. Figure 4.2f shows a
similar design. The moment of inertia for the box-section remains unchanged, but moving the
sidewalls inward reduces the thickness of the subframe within. This lowers its stiffness, but
since the removed material was located near the neutral line, the I/A-ratio for the subframe
does increase.
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Lower beam designreplacements
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Figure 4.2: The cross-sections for different beams

e f g h

Ibeam 10−3[m4] 8, 1 8, 1 7, 3 6, 7
Isubframe 10−3[m4] 4, 0 2, 5 3, 0 3, 0
Abeam 10−3[m2] 79, 8 79, 8 80, 8 78, 2
Asubframe 10−3[m2] 87, 6 47, 4 49, 2 49, 2
I/A − ratiobeam [−] 1, 32 1, 32 1, 18 1, 12
I/A − ratiosubframe [−] 0, 73 0, 83 0, 98 0, 98

Table 4.2: The numerical values for the cross-sections shown in figure 4.2

Figure 4.2g shows the first concept that incorporates the placement of the moveable sup-
ports at the bottom. The bottom tool is mounted on the C-channel at the top. The forces are
lead straight down into the vertical walls and onto the supports that rest on the subframe’s
T-flange (that adds much to the subframe’s stiffness). The bottom C-channel is enlarged to
fit around the supports and the T-flange. It only adds to the global stiffness of the lower
beam and does not take up any local forces from the supports.
Figure 4.2h shows a simplification of the 4.2g, replacing the upper channel by a plate and the
lower channel by a single piece, limiting it to a one wall-thickness.
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Lower beam design

Figure 4.3 shows a stacked bar chart for all eight cross-sections. It is clearly visible that
all lower beam designs are made stiffer at the expense of the subframe’s stiffness. Design
4.2g has the highest summed I/A-ratio and can accommodate the moveable supports at the
bottom as shown in figure 3.5c. This is why design 4.2g is chosen.
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Figure 4.3: Stacked bar diagram for different beam designs
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Lower beam design

4.2 Production and assembly

In reality, the cross-section shown in figure 4.2g will not be made as a single piece, but will be
built up out of several smaller pieces. This assembly can be realized with different production
methods. The details involved for the chosen cross-section are summarized and discussed.
Several connection methods with their pros and cons are also discussed.
When the built-up lower beam is loaded, all the separate pieces want to bend about their own
neutral lines. The connections between the pieces need to ensure that all pieces bend about
the neutral line of the assembly (i.e. act as one piece). The material at the largest distance
from the neutral line now experiences axial loading rather than bending (imagine the analogy
with a pin-joint truss structure). If the shear forces at the interfaces are greater than the
connection can take up, the interface will slip, reducing the overall stiffness and generating
hysteresis. When the connecting faces are bolted flat together, the contact-pressure Pc varies
along the length of the beam, with minimum values exactly between two bolts (figure 4.4a.
Experiments on SAFAN’s prototype machine have shown that when the beam is loaded, the
interfaces start to slip locally at these areas of lower contact-pressure. As the load increases,
these slip-fronts travel towards the bolts and generate hysteresis. This means that the beam
assembly does not return to its original shape. This has an adverse effect on the quality of
the workpieces. To prevent this, the preload force created by each individual bolt should be
concentrated on a known area to create a known pressure that will not slip (see figure 4.4b).
Because there is no contact, the contact-pressure everywhere besides these known areas is
zero. This eliminates slip and thereby hysteresis. The localization of the contact-pressure
can be achieved by placing washers on the interface or by machining islands on the contact
surfaces. The price for the bolts and the required machining (drilling/tapping) can make
bolting expensive.
Welding does not have the hysteresis problem and can be cheaper than bolting, but the welds
are difficult to inspect and cannot be disassembled for service which is undesirable. The choice
is made to build up the lower beam and subframe with bolts.

a

b

PC

PC

Figure 4.4: Contact-pressure (Pc) variation along the interface length
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Lower beam design

4.2.1 Top channel build-up

As explained in section 4.1, stiffness is created by placing material at the outmost fibres.
Unfortunately, doing this for the lower beam’s box-section results in less available height for
the subframe. This is resolved by building the box-section with a C-channels at the top and
the bottom to allow height for the subframe (see figure 4.2g). This leads to several production
possibilities for both C-channels.
The top channel (shown in figure 4.5) can be manufactured as a single piece by milling, hot
rolling, forging or welding. It could then be mounted on the side-walls using bolts along the
dashed lines shown in 4.5a. If manufacturing the channel in one piece proves to be too costly
for serial production, many configurations for building it up out of several simple pieces of
plate exist. Three options are shown in 4.5a,b,c; the dashed lines show the locations for the
bolts. All three configurations transduce the vertical force from the table into the sidewalls
through perpendicular (horizontal) interfaces, but 4.5a is the only one that preloads these
interfaces with the boltforce. This makes the interface stiffer and free of play.
For the prototype machine, the choice is made to mill the top channel out of a single piece
and bolt it to the side-walls as shown in 4.5a.

a

b

c

Figure 4.5: Detailed view of the top channel build-up

20
R



Lower beam design

4.2.2 Bottom channel build-up

Similar considerations are made for the bottom channel; Figure 4.6a shows a channel out of
a single piece of plate, hot rolled to the desired C-channel. Bending is impossible due to the
desired aspect-ratio. A disadvantage of this option is that only a constant wall-thickness is
possible.
The interface between the vertical walls of the box-section and the flanges of the C-channel
cannot be horizontal because the bottom face of the vertical walls is needed for the moveable
supports. This means that the interface will be vertical as shown in 4.6a,b,c. The connection
now has to rely on the friction created by the bolts; this will not be a problem because the
bottom channel only contributes to the beam’s global stiffness and not to any local forces.
The interfaces between the bottom of the C-channel and its flanges can be both horizontal
(4.6b) as well as vertical (4.6c). The vertical interface makes it possible to remove one of the
flanges from the lower beam without having to reach underneath it, creating access to the
moveable supports and their positioning for service. This is not possible with 4.6b.
Therefore, figure 4.6c is chosen.

a

b

c

Figure 4.6: Detailed view of the bottom channel build-up
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4.2.3 Subframe T-flange build-up

The subframe will be built up out of a central plate with a T-flange mounted on it. The
moveable supports that place the lower beam on the subframe sit on this flange. This means
that the flange needs to support 500 [kN ] over 200 [mm]. Figure 4.7 shows three options for
the flange. Figure 4.7a shows a plate bolted to the bottom of the subframe. This requires
a bolting pattern that guarantees enough bolts under each support to support 1 [MN ], re-
gardless of its position (40 M24 12.9 bolts at a 100 [mm] pitch would suffice). A different
possibility is to bolt strips to each side of the plate (figure 4.7b). By doing so, the bolts under
each 200 [mm] support block must generate 500 [kN ] in friction. When the bolted interfaces
are prepared very well, the maximum achievable friction coefficient f equals 0,55, resulting in
a required normal force of at least 910 [kN ] at each possible 200 [mm] interval. Taking some
safety in mind, this means that at least 120 M27 12.9 bolts are required to build the entire
subframe.
To make this solution more feasible, figure 4.7c shows a bolted construction with a form-
connection. The machined lip on the strip fits into a machined groove in the subframe,
creating an interface perpendicular to the direction of force. This interface will support the
load while the bolts serve to keep the strip in place. This results in much fewer and smaller
bolts. Figure 4.7c is chosen. More elaborate calculations on this connection can be found in
appendix E.

a

b

c

Figure 4.7: Detailed view of the T-flange build-up
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4.3 Instability

4.3.1 Buckling

When the chosen cross-section shown in figure 4.2g is loaded, there is a risk of buckling in the
lower beam. The bottleneck with respect to buckling lies in the 35 [mm] side-walls. In order
to asses the risk of buckling, analytical formulas have been compared to FEA simulations.
Figure 4.8 shows half of the cross-section. The length of the tested section is 200 [mm] (the
length of the supports). The load equals 20 ton (maximum load of 100 ton per meter, limited
by tool-strength). If the tested section does not buckle without the help of the adjacent
material, it will certainly not buckle in reality. The section is supported with a line contact
at the bottom and free at the top. The C-channels at the top and bottom prescribe the true
end conditions through symmetry.
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Figure 4.8: Buckling of the lower beam
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Lower beam design

Analytically, the buckling can be described by equation 4.1. The moment of inertia for
the 35 [mm] sidewalls is used. The effective length depends on the end-conditions (see table).
Symmetry in the C-channels resembles both ends to be built-in, resulting in a critical buckling
force of ±2, 2 · 106 [N ] while the section only has to support 1, 0 · 105 [N ]. This means that
even in worst-case, there is a safety-factor of 22 on buckling. This closely matches the factor
of 24 found with FEA. Buckling will not be a problem for the lower beam. The safety-factor
of 24 suggests that the 35 [mm] sidewalls could be thinner and still resist buckling. This
thickness however, is maintained to accommodate the M20 bolts that connect the sidewalls
to the top C-channel.

Furthermore, the subframe is not subject to buckling because the loads caused by the
supports apply at the bottom of the cross-section. The bending load does place the uppermost
fibres in compression, but stresses are too low to cause warpage (0-50 [MPa]).

Fcr =
E · I · π2

L2
e

(4.1)

with:

Fcr = Critical buckling force [N ]
E = Modulus of elasticity [Pa]
I = Moment of inertia [m4]

Le = Effective length [m]

End conditions Effective length Le

Both ends pinned Le = L
One end built-in, one end free Le = 2 · L
Both ends built-in Le = L

2

One end built-in, one end pinned Le ≈ 0, 7 · L

4.3.2 Lateral torsional buckling

Another type of instability is lateral torsional buckling (LTB, in Dutch: kip). LTB can occur
when beams are loaded on bending in their stiffest direction. When the beam loses lateral
stability, the cross-section rotates (see figure 4.9a). As the cross-section rotates, its height in
the direction of loading decreases and with it, its stiffness. Figure 4.9b shows an exaggeration
of the buckled subframe. The situation is similar to 4.9a but this beam is built-in at both
ends and is loaded with four forces (four supports) at the bottom of the cross-section. When
hooking onto the bottom of the cross-section, FEA shows a ± 30% increase in the critical
bending moment. Equation 4.2 shows an expression for the critical bending moment at which
LTB occurs. For the chosen cross-section shown in figure 4.2g and an effective length of L/2
(both ends built-in), the critical moment Mcrit ≈ 60 · 106 [Nm]. The maximum bending
moment that will ever occur in the subframe is about 2 · 106 [Nm]. FEA shows a similar
margin, so LTB will not be a problem either.
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Mcrit =
π

Le
·
√

E · Iy · G · J
√

1 +
π2 · E · Iw

L2
e · G · J (4.2)

with:

Mcrit = Critical moment for LTB [Nm]
Le = Effective length of the beam [m]
E = Module of elasticity [N/mm2]
Iy = Moment of inertia for the weak axis [m4]
G = Gliding module [N/mm2]
J = St. Venant torsion constant [m4]

Iw = Warping moment of inertia (= Iy · h2

4
for an I-section) [m6]

a

b

Figure 4.9: Lateral torsional buckling
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4.4 Clearances

The concept of moveable supports can minimize the deflection of the lower beam locally, but
when the workpiece is much shorter than the machine-length, or when the workpiece is bent
off-center, the supports will not keep the entire beam straight. This means that, although the
beam is locally straight, the other end will deflect significantly (see figure 2.1f). Although this
deflection does not affect the production of the workpiece and is therefore irrelevant, there
must be enough clearance for deflection without the beam and the subframe making contact,
causing damage and noise. The M-file shown in appendix B was used to find the maximum
occurring deflections. When a heavy workpiece is made on the far left (or right) side of the
machine, the box-section’s other end will deflect downward about 0,5 [mm]. The subframe
will deflect upward about 2 [mm] in the same loadcase. This means that a minimum clearance
of 3 [mm] is required.

4.4.1 Clearance for moveable supports

As previously explained, the supports slide in a groove between the beam and the subframe.
To be able to move these supports easily, friction must be minimized. This can be achieved
either by reducing the coefficient of friction or by reducing the normal force. The normal
force is caused by the weight of the lower beam resting on the four supports (±2600 [kg]). By
temporarily taking (part of) the weight of the lower beam off the supports, the driving force
for the supports can be reduced. This can be done in three ways:

• Raising the lower beam

Figure 4.10a shows the fixed subframe (mounted between the side-frames, stationarily
placed on machine-stands) and the lower beam moved up with the arrow. Springs
can be placed between the subframe and the beam to raise the beam when it is not
loaded. After moving the supports to their designated location, the press stroke will
first compress the springs (about 26 [kN ]) until it lands on the supports. This can be
altogether avoided by using an actuator (e.g. motor and excenter) to raise the beam
and lower it back down onto the supports when they are in place.

• Lowering the subframe

Figure 4.10b shows a different approach; the lower beam is now fixed (placed on machine-
stands) and the subframe is lowered to create clearance. Because the subframe is fixed
to the side-frames, the bridges to the side-frames and the upper beam to the bridges,
this means that the entire upper half of the machine needs to be lowered, this is disad-
vantageous. On the other hand, the lower beam including the tooling, the plate-stops,
electronics and housing can remain truly stationary (unlike the previous concept) be-
cause all clearances and play are concentrated into one moving part. This gives the
machine a robust feel which is important for the customer.

• Shrinking the supports

A third manner to take the weight off the supports is to make the supports flatter (figure
4.10c). As the supports drop out from under the lower beam, it lands on some stops.
An advantage of this idea is that much less mass has to be moved, a disadvantage is
that the supports themselves become more complicated.
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fixed fixed fixed

a b c

Figure 4.10: Three strategies of creating clearance for the supports

Creating this clearance for the supports with 4.10a,b has some disadvantages.
First of all: When making workpieces that require less than 26 [kN ] to bend, the lower beam
is supported at the location of the springs rather than at the location of the supports. It
can be argued that for workpieces this light, there will hardly be any beam deformation, so
supporting it at the right locations is not necessary. The stiffness of the beam supports (the
springs in this case) would be too low.
Secondly, when a workpiece is made off-center on the machine, the moveable machine parts
may close the gap on the side of the machine where the workpiece is made, but not at the
other side. This does not only result in wrongly distributed pressing forces, but also in a
physical misalignment of the upper and lower tool, resulting in a skewed workpiece.
Thirdly, moving the machine parts to close the gaps will require additional tonnage for every
stroke, reducing the machine’s usable tonnage to create workpieces.
Using an active mechanism to take the weight off the supports does require additional actu-
ators and control, but solves all the disadvantages of passive mechanisms (springs). Concept
4.10a is chosen to leave most of the machine stationary.
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Chapter 5

Supports

In order to design the supports between the lower beam and the subframe, the occurring
loading scenarios must be known. Next, several different concepts are suggested that can
withstand the loads.

5.1 Loading scenarios

In the chosen frame design shown in 4.2g, there is a total of four supports to support the
total pressing force of 2 [MN ]. This means that each support has to withstand a maximum
compressive force of 500 [kN ]. Since the supports will always be located according to the
bookshelf-rule, the load is by definition equally shared between the two pairs (neglecting the
weight of the beam at an asymmetrical load). Furthermore, because the supports are placed
according to the bookshelf-rule, the bending slope of the lower beam will always be horizontal
at the location of the supports, but the subframe will never have a horizontal slope since the
reaction forces of the supports are always located between the side-frames (see figure 5.1a).
The lower dashed line is the slope of the lower beam, the upper dashed line is the slope of
the subframe. The analytical model in appendix B has been used together with FEA to show
that the maximum angle that occurs between these two slopes is ± 0,1◦. This angle naturally
changes for different tonnages but also for different workpiece lengths and locations.
When loading the subframe’s T-profile, the T-flange will also deflect locally (see figure 5.1b).
The maximum deflection angle occurring here is approximately 1 · 10−3 ◦, which is negligible.
FEA-simulations have shown that the angle can cause problems when the supports are real-
ized as simple flat plates (i.e. the angle causes the supports to be loaded at its edges instead
of the entire surface).

Summarizing, the supports need to withstand any load between 0 and 500 [kN ] while being
rotated over 0,1◦.
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a

b

0,1◦

1 · 10−3 ◦

Figure 5.1: The occurring angles when loading the supports
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5.2 Static support concepts

This section describes different suggestions for the supports, starting with flat plates. Analysis
shows an unsatisfactory working life for the supports when loaded according to the worst case
scenario described before. The following support-designs are increasingly complicated to
solve these problems. Since the machines are rarely operated at their maximum capabilities
(most workpieces do not require 200 ton), the simpler and cheaper solutions may still suffice.
In order to choose one of the concepts, more insight is required in how customers use the
machines, and tests need to be done (see chapter 7).

5.2.1 Flat plates

The first concept that comes to mind is a flat plate. Although the loads are large (up to
500 [kN ]), the compressive stress drops to acceptable values rapidly by increasing the surface
of the plates. A plate of 30 × 100 [mm] results in acceptable stresses of approximately
170 [MPa]. Unfortunately, the 0,1◦ rotation causes the flat plates to suffer an unequally
distributed load. FEA has shown that this effect is so dominant that most of the square
millimeters meant to support the load remain unused. Figure 5.2 shows a 35 × 200 [mm]
plate, 15 [mm] thick loaded as it would be in the machine. It is clearly visible that the left
half of the plate does not contribute at all. The right side does support the load, but not
homogenously, leading to local stresses of over 400 [MPa]. Since every different stroke of the
press brake loads the plate slightly differently, the highly changing stress levels are expected
to result in rapid fatigue of the material. Simply pressing the plate past its yield stress once
will result in a shape that only suffices for one single loadcase.
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Figure 5.2: FEA analysis of a flat plate
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In order to get the entire surface of the plate to help support the load, different changes can
be made. By (locally) reducing the stiffness of the plate, larger deformation can be achieved,
allowing the entire surface to make contact and bear the load. The stiffness of a flat plate
(E·A

L
) can be reduced by decreasing E (different material), decreasing A (less surface) or by

increasing L (thicker plate). Decreasing A is undesirable because that would lead to much
higher stresses still, but the other two parameters have been changed. Plates of aluminum
and magnesium (E equals 70 [GPa] and 45 [GPa] respectively as opposed to 210 [GPa] for
steel) have been analyzed, but the differences were minimal. Furthermore, thicker plates have
been analyzed (up to 70 [mm]), but also to no avail.
Another way to reduce the stiffness of the plate is to drill holes into one side. Figure 5.3
shows two steel plates, equal to the plate shown in figure 5.2 but with drilled holes. Figure
5.3a has transversally drilled holes, 5.3b longitudinally. It is visible that slightly more surface
area is now in use, but still the stress levels are unacceptably high on the right sides of the
plates.
A possible solution might be a steel alloy called Hadfield1 steel. This alloy contains approx-
imately 12% manganese (Mn) making it tough (see appendix F). Hadfield steel is used for
tooling in stone crushers and for railroad tracks. Using this alloy or a similar one may avoid
fatigue problems and allow the implementation of a simple flat plate still. A durability test
is required to determine this.
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Figure 5.3: FEA analysis of weakened plates with holes

1Named after Sir Robert Hadfield who first invented it in 1882
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5.2.2 Wedges, arcs and slitted plates

Wedges

The skewed loading showed in figure 5.1 suggests to make wedge-shaped plates to match the
two slopes. The wedge angles have been varied from 0 to 0,150◦ with steps of 0,025◦. The
FEA pictures clearly show the effect of the changing angle, transferring the load from one
edge to the other bit by bit. At 0,075◦ the best results were found for this particular loadcase
(200 tons at 4 meters). Figure 5.4 shows nearly equal stress-levels on both sides. The absolute
values are now acceptable at approximately 250-300 [MPa]. Unfortunately, when the same
wedge angle is used for a different loadcase (lower tonnage or shorter workpiece), the situation
deteriorates again.
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Figure 5.4: FEA analysis of a wedged plate (0,075◦)
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Arcs

Figure 5.4 also shows that the center area of the plate remains unused, this suggests that
along the 200 [mm] length of the plate, the deflection of the subframe cannot be assumed
linear. In order to get more surface area to bear the load, one of the plate’s surfaces needs to
be machined to a radius. Figure 5.5 shows that the principle works (the center and the right
side are loaded). Different radii (up to 40 [m]) have been attempted, both on the top and
the bottom surface of the plate. Also, the radius has been combined with the wedge-shape
resulting in the most surface area in use yet, but again this shape is specifically tuned for one
single loadcase and will not perform nearly as well in a different loadcase.
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Figure 5.5: FEA analysis of a rounded plate (R=4 [m])
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Slitted plates

The high stresses that occur near the edge of the support-plates could be explained as follows:
Each small slice of the plate is loaded separately, the slices near the edge endure a larger load
than others. This causes larger deformation in these slices. The fact that all slices are con-
nected together means that this difference in deformation results in shear stresses between the
slices. By cutting grooves in the plate to disconnect the individual slices, these shear stresses
are removed and the overall stress is reduced. Figure 5.6 shows two examples of these slitted
plates. Analysis has been done on different slit-distances, and although the principle works
(the local stresses are slightly lower), slitting the plates does not result in acceptable usage
of the surface area.
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Figure 5.6: FEA analysis of slitted plates
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5.3 Setting support concepts

5.3.1 Elastic hinges

As previously shown, the difficulty of the supports lies in the 0,1◦ rotation. Generally, elastic
hinges are capable of taking up such angles. In this case, the elastic element also has to
transfer the compressing force, so it needs to be resistant to buckling. An hourglass-shape
could satisfy these requirements. Figure 5.7 shows FEA analysis of such a support. The
tapered ends focus the pressure to the waist. The waist suffers a combination of two loads;
the concentrated pressure (50 × 35 [mm] results in about 280 [MPa]) and the elastic rotation
(resulting in a gradient from +200 to -200 [MPa]). The gradient reduces the stresses on the
open side of the angle (right side) and increases the stresses on the other side. Altogether,
this results in too high stresses which can only be reduced by making the waist more flexible,
which in turn results in higher compressive stresses.
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Figure 5.7: Hourglass supports
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5.3.2 Oil and Rubber

A support that takes the shape of the available gap at any loadcase would be an ideal solution.
As shown by the previous examples, solid metal shapes do not appear to be able to deform
enough. Liquids like water and oil can flow into a different shape without introducing any
stress. To prevent the liquid from being forced out of the gap, it needs to be contained in a
certain flexible volume. When this volume is loaded, all the liquid in it will have the same
hydrostatic pressure. This means that all the surface area will help to bear the load, at any
loadcase.
Rubber has a poisson’s ratio of almost 0,5 meaning that it behaves as a liquid under certain
conditions and it is stiffer than oil. Figure 5.8a shows a possible support-design using the
hydrostatic properties of rubber; two thin deepdrawn plates form two shells. A slab of rubber
is placed between the shells. The shells are welded airtight on one of the straight faces of the
bellow, away from the rubber and away from the rolling fold. The shell is packed between to
solid steel pieces to guide and protect it. Figure 5.8b shows the loaded state of the support.
The lower steel block has followed the angle, pressing some of the rubber to the right while
the bellows roll elastically. The hydrostatic pressure created in the rubber decomposes into
a large vertical component (transferring the load to the subframe) and a small horizontal
component that will be taken up by the housing of the shell.
Because finite element simulations with hydrostatic behavior failed and it is difficult to fab-
ricate this concept for testing, it is abandoned.
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Figure 5.8: Supports with rubber
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5.3.3 Sliding bearing

The high loads, low sliding velocities and small angles that need to be supported seem suitable
for a sliding bearing. This can be realized by using a cylindrical segment with a matching con-
cave segment. Figure 5.9 shows one of these bearings. It is 200 [mm] wide and 35 [mm] thick
to fairly compare it to the other concepts. The radius of the cylinder segment is optimized
using FEA to 150 [mm]. The simulation shows homogenous stress levels between 120 and 240
[MPa]. The two halves can be machined on a lathe and hardened and ground afterwards. At
the suggested dimensions, all four required segments for one machine can be manufactured
from one full cylinder. The sliding interface will be lined with a low friction material such as
Glacier DU or Deva.bm (see appendix G). These materials provide a coefficient of friction
in the order of 0,05 when loaded and have excellent durability without maintenance. These
materials can be bought as flat strips that can be cut to the required size and mounted with
glue and/or countersunk screws.
An additional consideration is be to make a spherical bearing rather than a cylindrical one
to allow the settling in the second angle as well (see figure 5.1b), but since the rotation about
this angle is very small (1 · 10−3 ◦), this is not necessary and would only complicate the
manufacturing.
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Figure 5.9: Example of a sliding bearing in loaded position (exaggerated)
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5.3.4 Details for sliding bearing

After a stroke, the sliding bearing has to return to its starting position to prevent wedging
in the groove. This can be realized by mounting a slender bolt (acting as a strut) with a
discspring. In this case, one of these has been placed at either end, to prevent drilling holes
in the center of the support. These bolts also keep the two halves together as one.

Figure 5.10: Detailed drawing of the sliding bearing assembly

Finally, the friction-behavior of the bearing is analyzed. Because the bearing is circular,
the friction-torque (Tw) of the bearing is compared to the torque generated by the pressing
stroke. One realizes that the bearing will rotate when the friction-torque is lower than the
torque in the subframe. The worst-case situation is therefore: the highest occurring friction-
torque and lowest possible setting torque in the subframe. The analytical model described
in appendix B is used to find the lowest bending moment for a 200 ton stroke that occurs
at the support-location (1,25·105 [Nm]). Next, it is assumed that despite the curvature of
the bearing-interface, the normal pressure is constant along its circumference. This leads to
the following equation for the friction-torque. At full load the normal force equals 1 [MN ].
Solving the equation Tfriction < 1, 25·105 [Nm] results in f < 0, 83. Since f of the low-friction
material equals about 0,25 at worst conditions, the bearing will not have any trouble setting.
In reality however, the normal-pressure is not constant along the circumference of the bearing.
This results in variations in friction, which will cause localized slip-fronts, causing increased
wear. If tests show that this is problem, the low-friction material can be replaced with needle-
bearings (see appendix H) to reduce the coefficient of friction to about 0,005. This is more
expensive, therefore, the sliding material is preferred.

Tfriction = f · Fn · R (5.1)

with:

Tfriction = Friction-torque in bearing [Nm]
f = Coefficient of friction [−]

Fn = Normal force (tonnage/4) [N ]
R = Radius of the bearing [m]

With both analytical calculations and FEA showing that the bearing will rotate, and
FEA showing acceptable and homogenous stress-levels, it is decided to use the sliding bearing
concept.
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Chapter 6

Support Positioning

Before designing a system to position the supports, its requirements must be determined.
Ideally, the two supports are placed in accordance with the bookshelf rule for every loadcase.
However, some workpieces are smaller than the combined length of the supports, making it
impossible to place both the supports under the workpiece.
Assuming a 200 [mm] length for each support, the smallest workpiece for which the bookshelf
rule is relevant is 500 [mm] in length. For all shorter workpieces, one single support should
be placed directly underneath the workpiece and the other support at a default location on
the other side of the machine. This strategy requires that both supports can be positioned
independently and placed anywhere along the length of the machine. A less sophisticated
strategy is to position the supports symmetrically; this means that large workpieces will al-
ways need to be made in the center of the machine. An advantage of this strategy is that the
positioning of the supports becomes simpler. A third possible strategy is to leave the supports
at a default location for every workpiece requiring less tonnage than a certain threshold value.
This is sufficient since the deformation of the lower beam for low tonnages is negligible. For
the larger tonnages, the supports would move symmetrically, requiring these workpieces to
be made in the center of the machine.
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6.1 Symmetrical positioning

Geared belt

A possibility to position the supports symmetrically is to use geared belts. Figure 6.1 shows
the two supports and the belts; when the pulley on the right rotates clockwise, the upper
right part of the belt is tensioned and the right support is moved to the right. Through the
right support, the upper left part of the belt is also tensioned. This force is transduced by the
left pulley to move the left block to the left, synchronizing the movement of the two supports
around the center of the machine. This also works the other way around. An advantage of
this design is that SAFAN already uses geared belt technology to position the plate-stops, this
means that the parts are already in stock and the engineers and workers are familiar with the
technology. Also, the design is very simple. Disadvantages are the limitations in placement
of the supports, the fact that the belt needs to pass through or along the supports and the
fact the positioning forces do not act along the centers of mass or friction of the supports,
risking tilt within the grooves.

Figure 6.1: Side section view of synchronized positioning with a geared belt

Lead Screw

Another possibility is to use one lead screw with two counter-threaded sections (see figure 6.2).
The leadscrew is actuated with one motor on one side; the counterthreaded pitches will move
the blocks symmetrically around the center of the machine. The same could be achieved using
two regular leadscrews, but since the blocks can never travel past the center of the machine,
the placement of an additional motor would only allow individual movement within one half
of the machine. Disadvantages of this design are the high costs of the leadscrew, the fact that
holes need to be made in the supports to house the runners and the fact that at these lengths
(four meters) the leadscrews will display lateral vibrations.

Figure 6.2: Side section view of synchronized positioning with a leadscrew
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6.2 Individual positioning

Tensator-springs

The difficulty of individually positioning the two supports is that each support needs to be
pulled and pushed. If this is to be done with a flexible element such as a belt or a cable, it
needs to attach to both sides of the supports, automatically creating the need of holes in or
near the supports to allow the belts to pass through. One way to resolve this is to preload the
flexible belts so that they are always tensioned. In this particular concept, that preloading is
realized with a tensator spring (see appendix F). Tensator springs are made by winding up
a band of spring-steel and annealing it in its wound position. This causes the spring to want
to roll up with a constant stiffness at any unrolled length. By mounting one or more of these
springs between the two blocks (see figure 6.3) a constant preload is created on the belts. An
advantage of this design is the fact that no holes need to be made in the supports.

Figure 6.3: Side section view of individual positioning with tensator springs

Flat strip with filler-strip

A flat strip can also be made resistant to buckling by feeding one or more filler strips in along
with the driving strip. This way, a solid pushrod is assembled out of several flexible strips
that can be compactly stored.

Sleeved cable

If a slender steel cable is tensioned in the groove, then a flexible sleeve (axially stiff) that
slides around this cable can be used to position the supports. The tension in the inner cable
provides buckling-resistance for the sleeve. By feeding the sleeve into and out of the groove
using transport-wheels, the supports can be positioned.
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Measuring tape

Another way to realize both pulling and pushing forces on the two supports is to use an
element that has some resistance to buckling but can still be rolled. One example of this is
the curved metal tape from a tape-measure. A regular replacement tape from a tape-measure
can be used or a custom tape can be designed and manufactured. The advantage is of this
concept is that the tape can push and pull while it can be compactly stored on a small drum at
either end of the machine. Disadvantage is that if the block would jam somehow, the tape can
buckle when trying to move the block. Figure 6.4 shows a schematic drawing of the concept.
A torsional spring on the drum would store the tape, just like in a regular tape-measure. Two
curved pulleys (one fixed driven one and another preloaded) would feed the tape in and out.

Figure 6.4: Side section view of individual positioning with a measuring tape

Pushing Chain

Yet another way to push and pull with a flexible (compactly storable) element is the pushing
chain. These chains can only bend in one direction. When the chain is unrolled, each link
rests against the next creating a stiff pushrod to position the supports. The driving motor
can store the chain upward into the side-frames (see appendix F). A disadvantage of this
concept is the friction the chain has in the groove and the costs (about e1500,- per side).
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Geared belt

Besides the synchronized positioning, the geared belts can also be used to move the supports
individually. As can be seen in figure 6.5, this does complicate the layout of the belts and
pulleys. Figure 6.5a shows three parts of belt passing through each support. Each support
has its own loop of belt and its own driving pulley; this way, each support can be moved inde-
pendently left and right along the entire length of the machine. Figure 6.5b shows generally
the same setup, only with two parts of the belts outside the groove to reduce the amount of
holes in the supports. 6.5c shows a schematic top-view of a third possibility; in this case, the
drive-belts pass along the sides of supports. Each support attaches to one of these belts.

a

b

c

Figure 6.5: Top view of three methods for individual positioning with a geared belt
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In the cross-section chosen in chapter 4 however, there is no room to place the belts on
either side, so they are placed above each-other. Room for the belts is made by machining
a groove in the vertical walls of the bottom channel. The returning parts of the belt are
also lead through the groove to protect them. This means that two pairs of belt-parts run in
the groove (see figure 6.6). They are placed back to back to prevent the teeth from hooking
into each other. The bottom left belt-part attaches to the first support, the top left belt-part
attaches to the second support, the two right parts are the return parts. Figure 6.6 also shows
a 3D drawing that includes the driving cogs and reversing wheels.
The same design can be realized with other flexible driving elements such as a flat belt. The
usage of geared belts is preferred because the position can be guaranteed.

Figure 6.6: Four belt-parts in the groove
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Autonomous drive

A different approach is to build autonomous drive on each support. This can be realized with
a rack in the groove and a small motor with a pinion mounted on each support, or with a
friction wheel (not preferable because of positional uncertainty due to slip). Either solution
requires power feed to the supports and a returning measurement signal for position control,
achievable with flexible cables.

Quick cable

Another possibility is to mount a rack along the entire length of the groove. Each support is
driven by an individual pinion using the same rack. The pinion is driven with a cable through
a radius-reduction. Assuming a 1:5 reduction, the driving forces are divided by five and the
stroke is multiplied by five. This means that the cable feels twenty-five times stiffer and
travels five times faster than the supports, hence its name. The increased stiffness allows the
cables to be thinner than in direct-drive and decreases the pulley-radii required. Advantages
of this design are that the actual driving force is exerted near the supports (no buckling in the
driving element), only two racks are required to move all four supports and the high stiffness
of the drive. Disadvantages are that two parts of cable rub against each other on the drive
pulleys on the supports (causing friction and wear), that one part of cable still needs to pass
through the supports, and that an endless loop of cable is required because of the reduction1.
Figure 6.2 and page 49 illustrate this concept.

Groove

Rack

Pinion

Bearing

Drive pulley

Cable

Figure 6.7: Rack and pinion with quick cable

1the support-stroke is about four meters, which requires twenty meters of cable passing by; this requires
more than one full revolution of the cable-loop
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6.3 Concept choice

To gain the full benefit that the concept of moveable supports offers, individual manipulation
is needed. Geared belts are chosen because SAFAN is familiar with them and because they
are robust and offer a guaranteed position (no slip). To prevent the need for holes in the
supports, the drive belts are lead along the side of the supports as shown in figure 6.6.

6.4 Drive loads

Before every press-stroke, the supports must be moved to the right locations. Because the
addition of the moveable supports may not increase cycle-time, the positioning of the sup-
ports must be faster than the positioning of the plate-stops. This means that the entire cycle
of taking (part of) the weight off the supports, positioning the supports and putting the
weight back onto them must be quicker than the plate-stop positioning. In order to dimen-
sion the driving actuators for the positioning, all drive loads for a single support are estimated.

Mass forces

Accelerating and decelerating the mass of the supports requires most force. Assuming an
acceleration of 10 [m/s2] and a maximum velocity of 500 [mm/s] compared to the 4 [m/s2]
and 350 [mm/s] of the plate-stops, will ensure time to spare for taking the weight off the
supports. The mass of one support is approximately 3 [kg]. Using F = m · a leads to a
driving force of about 30 [N ].

Friction forces

Fw = f · m · g ≈ 15[N ] (6.1)

with:

Fw = Friction force [N ]
f = Coefficient of friction (assumed at 0,5) [−]
m = Mass of single support (≈ 3) [kg]
g = Gravitational acceleration [m/s2]
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Tilting

Because both supports need individual positioning, the driving element cannot attach in line
with the center of mass. This offset creates tilting of the support in its groove, resulting in
additional friction of Fw,additional = f · Fr. With an approximate driving force of 50 [N ] and
an offset of 7,5 [mm] this leads to a additional friction of only a few Newton. When the
driving force is applied altogether next to the support (as will be the case with the chosen
drive method with geared belts) this results in additional friction of approximately 5 [N ].

Fd

Fr

Fr

M

offset

Figure 6.8: Offset in driving force

Driving force 50 [N ]
Speed 300-500 [mm/s]
Acceleration 4-10 [m/s2]

Table 6.1: Summary of drive-requirements
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Chapter 7

Tests

As shown in the previous chapters, several possibilities exist for realizing the moveable sup-
ports. FEA is used to simulate the loading of these supports. This analysis shows stresses
that are too high to guarantee durability. The analysis is inconclusive, partly because only
ideal elastic behavior is simulated. Additionally, physical experiments are needed to verify the
behavior of the supports. These experiments could include a static test and several fatigue
and durability tests.
The goal of the tests is to choose between the sliding bearing support with low-friction mate-
rial or with needles, and to verify the behavior of flat plates because SAFAN currently uses
these. A test setup is designed that uses the prototype 4100 [mm] 200 ton E-brake SAFAN
currently has to apply the force. Quotations for all the parts are obtained and technical
drawings for all the necessary parts are made. Unfortunately, health-problems for the head
of the R&D-department and financial issues at SAFAN have lead to the last-minute decision
not to perform the tests.
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7.1 Setup

To test the supports, the forces and rotations that the supports will suffer in worst case need
to be simulated. This means that loads ranging from 0-500 [kN ] need to be applied. At
zero load, the gap between the lower beam and the subframe must be parallel. The bottom
surface of the gap (the subframe’s T-flange) needs to rotate progressively with the load to
a maximum of 0,1◦ at 500 [kN ]. Figure 7.1a shows a schematic representation of a setup
that matches the loadcase required. The guides shown in figure 7.1a are difficult to realize
because of the bending moment. By mirroring the entire layout about the guides, the bending
moment is supported by an opposed moment on the other side (see figure 7.1b). The plate
shown is supported in the middle, creating a built-in cantilever at each end. The clamped
length of one meter is required to stay within machine specification (200 ton/meter). By
changing the moment of inertia and free length of these cantilevers, they can be tuned to
rotate the required 0,1◦ at 500 [kN ]. Analytical calculations together with FEA show that
the cantilevers, built as a 45 [mm] plate1, 280 [mm] high with a free length of 325 [mm] meet
the requirements.
The 200 ton prototype machine is used only for applying the force. The plate is mounted
directly to the lower beam using clamps and threaded rods (M20 x 1.5, see page 53). Two
supports are placed on top, and the upper beam presses down directly onto the supports.
Because only two supports are tested at the same time, each support can be tested up to
1000 [kN ] (twice the required load). Only one of the supports is actually under test, the
other support is only there to keep the upper beam level and can therefore be replaced by
a simple steel block. Because only one side is relevant, the plate (shown in figure 7.1b) is
mounted directly above the support-plate in the prototype machine.
The partlist and technical drawings can be found in appendix H.

a

b

F

Fixed (lower beam)
Support under test
Bending plate (subframe)

Figure 7.1: Schematic lay-out of the test

1This thickness is chosen because SAFAN has a 45 [mm] piece of the right dimensions in stock
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7.2 Tests

Three different support-concepts will be manufactured and tested.
The first concept is a flat plate (regular steel) as shown in figure 5.2. SAFAN uses this con-
cept in their prototype machine. They have not been able to inspect these plates and it is
therefore interesting to see how they hold up. The top and bottom surface of the plates are
ground flat and parallel, then the thickness of the plate is accurately measured at a grid of
six measuring-points using a micrometer. After the plate is loaded in the test-setup, the same
grid is measured again, quantifying any plastic-deformation. Loading again with different
loadcases will show if work-hardening takes place. If necessary, the material’s microstructure
could also be examined.
The second concept to be tested is the sliding bearing shown in figure 5.9. Of all the concepts
that are able to support the 0,1◦ rotation, the sliding bearing is the best option. Uncertainties
of this concept are whether or not the low-friction material can withstand the loads without
damage and whether or not the bearing will rotate (as mentioned in 5.3.4). The first can be
checked visually after the support has been loaded, the latter is tested by measuring the trans-
lation on either side of the bearing. The 0,1◦ rotation corresponds to a translation difference
of about 0,25 [mm] which can be measured with two Millitron electronic micrometer-gauges
(available at the Constructions & Mechanisms lab).
Replacing the low-friction material (f ≈ 0,1) by needles (f ≈ 0,005), lowers the friction of
the bearing even further, which ensures a lower friction torque resulting in lower stresses.
Therefore a test is also to be done to see if the needle-bearings are able to bear the load. The
rotation of this bearing is measured in the same manner as the sliding bearing.
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Chapter 8

Conclusions and recommendations

8.1 Conclusions

An M-file is written that can analyze the behavior of any press-brake configuration and calcu-
late the optimal placement of the supports. This M-file is used to identify the lower beam as
the bottleneck in performance. Four design-changes are found that can be implemented inde-
pendently. The suggested designs have been evaluated using the test-group shown in table 2.1.

• Subframe SAFAN replaced the fixed lower beam with an assembly of a newly intro-
duced subframe and the lower beam (built around it). This allows the lower beam to be
supported directly beneath the distributed load, according to the bookshelf-rule. This
measure leads to an average decrease in deflection1 of about 59 %.

• Support-height The lower beam is currently supported directly underneath the table,
causing large local deformation. Moving the supports down as low as possible in the
cross-section of the lower beam, this local deformation is smeared out over a larger area,
increasing average accuracy by 22 %.

• Moment of inertia In the current assembly of subframe and lower beam, the cross-
sections are not optimal. Realizing that stiffness is required for the lower beam and
strength for the subframe, new cross-sections have been designed. These cross-sections
can accommodate the improved support-height and the moveable supports. The de-
formation of the lower beam scales linearly with the moment of inertia, therefore, the
achieved 35 % increase in moment of inertia results in a 35 % decrease in deformation.

• Moveable supports Placing the supports in accordance with the bookshelf-rule results
in minimal deflection, increasing the accuracy of the workpiece. The fixed supports
that SAFAN currently have, do reduce the deflection for all workpieces, but placing the
supports optimally for every individual workpiece, will lead to a further 68% reduction
in deflection on top of the first 59%.

1the distance between the highest occurring point of the upper beam and the lowest occurring point of the
lower beam within the length of the workpiece
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Old configuration New configuration Benefit

Lower beam mounted directly
between side-frames

Introduction of subframe,
fixed supports at 900 [mm]
from the ends

59%

Subframe, fixed supports at
900 [mm]

Centrally adjustable crowning
system

42%

Subframe, fixed supports at
900 [mm]

Introduction of moveable sup-
ports

68%

Conventional H-brake
H-Brake with centrally ad-
justable crowning system

75%

Conventional H-Brake
E-Brake with subframe, fixed
supports at 900 [mm]

50%

H-Brake with centrally ad-
justable crowing system

E-brake with moveable sup-
ports

51%

Supports at top of cross-
section

Supports at bottom of cross-
section

22%

C-channel lower beam Box-section lower beam 35%

Table 8.1: Summary of the achievable benefits

Table 8.1 shows that the E-brake with moveable supports outperforms the E-brake with
CVB, and the H-brake with and without CVB, making it the most accurate configuration.
The benefits in support-height and moment of inertia of the cross-sections can be implemented
independently and on all configurations. For determining the percentages, all workpieces in
the test group are weighed equally.

Implementing all of these improvements, leads to a average bending inaccuracy of less
than ± 0,1◦, compared to the ± 0,5◦ SAFAN currently offers. This means that the customer
will be able to make products on narrower tools (groove-width of eight times plate-thickness is
no longer required), resulting in smaller bending radii. The suggested improvements have also
been compared to the regular E-brakes with crowning and H-brakes (hydraulic press-brakes,
with and without crowning). The improved E-brake outperforms them all.
Furthermore, the analytical model has been used to test the principle of moveable supports
for larger machine-lengths. Angular inaccuracy stays within ± 0,5◦ for work-lengths up to 7
meters. The tests described in chapter 7 can test the supports up to 400 ton, therefore, if
the tests would show positive results, the designs shown in this report can be implemented
on the entire range of machines, from the 25 ton 1250 [mm] to a future 400 ton 7000 [mm].
For the past years, SAFAN B.V. has had a lead on the competition because of their patented
pulley and belt drive system. Soon, this patent will be released and the competition will start
to catch-up. To stay one step ahead, the principle of moveable supports has been patented
(see appendix I)
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8.2 Recommendations

The digital control units on SAFAN press-brakes already keep track of the amount of press-
strokes it performs. SAFAN would have a better idea of how their customers use their
machines if this software would also record the tonnage required at each stroke and the width
and location of the workpiece (estimated from the location of the plate-stops). This informa-
tion can be used to quantify the benefit of each individual measure for each customer and to
better judge the life of several components.
Before any further effort is put into the development of the moveable supports, their function-
ality should be verified by performing the tests described in chapter 7. Also, more attention
needs to be paid to creating the clearance required for moving the supports.
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Appendix A

Force required for bending

A.1 Required tonnage

As can be seen in figure 1.1, the sheet has three parallel line-contacts (i.e. two line-contacts
with the lower tool and one with the upper tool). The region directly under the upper
tool displays a gradient from pure tension to pure compression over the sheet thickness (t).
Assuming that the neutral line lies in the middle of the sheet, the following relation can be
derived:

Mb = σe ·
L · t2

6
(A.1)

with:

Mb = Bending Moment [Nm]
σe = Elastic stress [N/m2]
L = Length of the bend [m]
t = Thickness of the sheet [m]

The same situation can also be regarded as three-point bending. An equation for the
bending moment can also be derived from this point of view (equation A.2). Combining
equations A.1 and A.2 results in equation A.3.

Mb =
F · V

4
(A.2)

with:
Mb = Bending Moment [Nm]
F = Force exerted by upper tool [N ]
V = Width of the V-groove in the lower tool [m]

F =
2

3
· σe ·

L · t2
V

(A.3)
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Force required for bending

This equation describes the relation between the force applied by the upper tool and the
stress in the material (which results in a certain strain and bent angle), but only holds in the
elastic region of deformation. In practise, the required force is higher because the deformation
takes place in the plastic region. Also the sheet rotates with respect to reaction forces as it
deforms and friction and slip occurs between the lower tool and the sheet (depending on the
tool radius and the surface quality). This results in the following equation:

F =
k · Y · L · t2

V
(A.4)

with:

F = Force exerted by upper tool [N ]
k = Constant depending on tool shape (≈ 1.3 for V-tool) [−]
Y = Yield-stress of material [N/m2]
L = Length of the bend [m]
t = Thickness of the sheet [m]

V = Width of the V-groove in the lower tool [m]

When V = 8 · t is substituted into equation A.4 and the yield-stress for regular steel is
filled in for Y , the rule of thumb 8 tons per meter per millimeter emerges.
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A.2 Required stroke accuracy

Figure A.1 shows a graphic representation of the bending of a sheet. The stroke (z) (and
therefore its accuracy) relates to the bent angle as shown in equation A.5. Which can be
rewritten to equation A.6. Substituting δ = 0.5◦ yields a V

z
of ± 460.

V/2

z
= tan

α

2
(A.5)

V

z
= 2 · tan

(

90◦ − δ

2

)

(A.6)

with:

V = Width of the V-groove in the lower tool [N ]
z = Stroke of the upper tool [N ]
α = Bent angle [m]
V
z

= Ratio between required accuracy and V-groove [−]
δ = Angular accuracy [◦]

α/2

z

V /2

Figure A.1: Required stroke accuracy
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A.3 Power consumption in elasticity

As mentioned before, the stiffness of the beams not only determines the accuracy of the work-
piece, but also the amount of dissipated power. When the press-brake performs a stroke, the
beams are elastically deformed, which requires power. When the pressing force is released,
the beams spring back to their initial (straight) shape, returning all stored energy. Unfortu-
nately, this energy cannot be won back because the pulley-belt drive can only transduce force
in the direction of drive and not vice versa. The amount of energy stored in the beams can
be quantified by using a simple formula:

E = F · s (A.7)

with:
E = Stored energy [Nm]
F = Pressing force [N ]
s = Stroke of deflection [m]

For the subframe, the maximum deflection can be approximated with a formula for two
symmetrically applied forces to a simply supported beam (formula A.8). The result of this
formula umax is the stroke of the previous formula. That means that the dissipated power
in the subframe scales linearly with the moment of inertia. Assuming that the pressing
force increases linearly from zero to the maximum value of 2 [MN ], and using the maximum
deflection from the equation A.8 (which matches the results from simulations, see appendix
B), and finally assuming a moment of inertia of I = 3 ·10−3 [m4], the dissipated power equals
± 3000 [Nm] (≈ 2 [kW ] at 1,5 second per stroke).

umax =
a · F

(

4 · a2 − 3 · L2
)

24 · E · I (A.8)

with:

umax = Maximum deflection of the subframe [m]
a = Distance between the applied force and the beam support [m]
F = Applied force (1 [MN ] per support) [N ]
L = Length of the subframe [m]
E = Modulus of elasticity [Pa]
I = Moment of inertia [m4]
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Appendix B

M-files

B.1 Analytical calculation of frame parts

The following M-file was used to analytically calculate the shear forces, bending moments,
deflected angles and deflections for al separate frame parts. The first section defines the di-
mensions of the machine parts, followed by the calculation of the separate moments of inertia.
All variables such as the location of the driving belts and the location of the supports can be
altered. After defining the length of the workpiece, location and thickness and calculating the
reaction forces at the supports, discontinuity functions are used to compute the subframe,
the lower beam, the upper beam and the upper subframe. Additionally the elongation of
the sideframes are also taken into account. All the added deflections result in a stroke-loss
which is an indication for the dissipated power. Finally, the deflected shapes of the beams are
scaled and plotted to resemble the actual machine. By creating several frames with different
scale-factors, an animation can be generated that shows the flexing of the machine.
This M-file relies on formulas that only hold for slender elements, therefore, their results have
been verified with FEA simulations. Figure B.1 shows an example of the results from the
M-file. The upper and lower beam in red, the subframes in blue, the sideframes in green
and the supports in yellow. The bookshelf-effect is clearly visible in the lower beam, also the
skewed loading of the supports can be seen in the angle between the subframe and the lower
beam.
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M-files

Figure B.1: Example of M-file result

% ==================================================================

% == 29 september 2005 ==

% == Statische benadering voor belastingsprofielen ==

% == Laatste aanpassing: 07-12-2005 ==

% ==================================================================

close all;

clear all;

clc

% Machine

Lb=4300; % Lengte van de balken [mm]

D_o=100; % Dikte van de onderbalk [mm]

D_b=80; % Dikte van de bovenbalk [mm]

H_o=730; % Hoogte van de onderbalk [mm]

H_b=1200; % Hoogte van de bovenbalk [mm]

H_br=1200; % Hoogte van de bruggen [mm]

D_br=30; % Dikte van de bruggen [mm]

Ob=65; % Breedte van de staanders [mm]

Ot=200; % Dikte van de staanders [mm]

Ol=685; % Lengte van de staanders [mm]

K_o=(2.1e11*(5500*1e-6))/(Ol*1e-3); % Stijfheid O-frames [N/m]
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% __s__ __s__ ___ _____________

% | | | | | _____ | Ic

% | | | | |___| |___|

% | | | | | | | |

% --- | - | -- + | b | | | |

% | | | | | | | |

% Cx | |____h____| _ | ___ --- |-| - + | | 2 * Ib

% | | | | | |

% ___ |________d________| ___t | | | |

% D | | | |

% |_|__ __|_|

% | |___| | Ic

% ___ |___________|

s=65;

d=180;

h=d-2*s;

b=140;

t_k=65;

A=(2*s*b+h*t_k)*1e-6; % Oppervlak U voor Cx [mm^2]

Cx=(2*s*b^2+h*t_k^2)/(2*b*d-2*h*(b-t_k)); % Centroid U koker[mm]

Ic=((2*s*b^3+h*t_k^3)*1e-12)/3 -A*Cx^2*1e-6;% Oppervlaktetraagheid U

H_k=930;

t2=30;

D=(H_k/2-Cx)*1e-3;

Ib=((t2*(H_k-2*b)^3)/12)*1e-12;

At=(2*A+2*t2*(H_k-2*b))*1e-6;

I_k=2*(Ic+A*D^2) + 2*Ib; % Oppervlaktetraagheid koker

I_o=((D_o*1e-3)*(H_o*1e-3)^3)/12; % Oppervlaktetraagheid onderbalk

I_b=((D_b*1e-3)*(H_b*1e-3)^3)/12; % Oppervlaktetraagheid bovenbalk

I_br=(2e-12*D_br*H_br^3)/12; % Oppervlaktetraagheid beide bruggen samen

E=2.1e11; % E-modulus onder- en bovenbalk

T1=40; T2=T1; % Dikte van de tankjes [mm]

Tvoet=30; % Dikte machinevoeten [mm]

Tb=200; % Breedte van de tankjes [mm]

Fv=3750; % Gemiddelde veerkracht bovenbalk-veren [N]

X1=1042; % Eerste ophangpunt onderbalk

X2=Lb-X1; % Tweede ophangpunt onderbalk

Lt=1750; % Lengte verdeelde belasting riemaandrijving

X_b1s=150; % Start verdeelde belasting links

X_b1m=X_b1s+Lt/2; % Midden verdeelde belasting links

X_b1e=X_b1s+Lt; % Eind verdeelde belasting links

X_b2s=Lb-X_b1s-Lt; % Start verdeelde belasting rechts

X_b2m=X_b2s+Lt/2; % Midden verdeelde belasting rechts

X_b2e=X_b2s+Lt; % Eind verdeelde belasting rechts

x=1:1:Lb; % Positievector langs kantbank

% Het zetwerk

L=4000; % Zetlengte [mm]

t=200/8/(L/1000); % Plaatdikte [mm]

%t=1; % Plaatdikte [mm]

Fz=8000*10*t*L/1000; % Vereist tonnage (kracht [N]) volgens vuistregel

q=Fz/L; % Verdeelde belasting ten gevolge van zetwerk

offset=0; % Excentriciteit van belasting [mm]

Qs=Lb/2+offset-L/2; % Start verdeelde belasting zetwerk

Qm=Lb/2+offset; % Midden verdeelde belasting zetwerk

Qe=Lb/2+offset+L/2; % Einde verdeelde belasting zetwerk

% Reactiekrachten, Dwarskrachten, Momentlijn, Hoek en Doorbuiging koker

RX1 = Fz*(X2-Qm)/(X2-X1);

RX2 = -Fz*(X1-Qm)/(X2-X1);

F_o1 = -( (Lb-X1) * RX1 + (Lb-X2) * RX2 )/Lb - Fv;

F_o2 = -( X1 * RX1 + X2 * RX2 )/Lb - Fv;

V_k = ( RX1*H(x -X1).*(x -X1).^0 + RX2*H(x -X2).*(x -X2).^0 - ...
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q*H(x -Qs).*(x -Qs).^1 + q*H(x -Qe).*(x -Qe).^1);

M_k = ( RX1*H(x -X1).*(x -X1).^1 + RX2*H(x -X2).*(x -X2).^1 - ...

(1/2)*q*H(x -Qs).*(x -Qs).^2 + (1/2)*q*H(x -Qe).*(x -Qe).^2) /1000;

fi_k = ((1/2)*RX1*H(x -X1).*(x -X1).^2 + (1/2)*RX2*H(x -X2).*(x -X2).^2 - ...

(1/6)*q*H(x -Qs).*(x -Qs).^3 + (1/6)*q*H(x -Qe).*(x -Qe).^3) /(E*I_k*1e6);

u_k = ((1/6)*RX1*H(x -X1).*(x -X1).^3 + (1/6)*RX2*H(x -X2).*(x -X2).^3 - ...

(1/24)*q*H(x -Qs).*(x -Qs).^4 +(1/24)*q*H(x -Qe).*(x -Qe).^4) /(E*I_k*1e6);

C1_k = (u_k(Lb) + u_k(1))/Lb;

C2_k = -u_k(1);

fi_k = fi_k - C1_k;

u_k = u_k - C1_k*x - C2_k + Tvoet;

% Dwarskrachten, Momentlijn, Hoek en Doorbuiging onderbalk

V_o = ( -F_o1*H(x -1).*(x -1).^0 - F_o2*H(x -Lb).*(x -Lb).^0 - ...

RX1*H(x -X1).*(x -X1).^0 - RX2*H(x -X2).*(x -X2).^0);

M_o = ( -F_o1*H(x -1).*(x -1).^1 - F_o2*H(x -Lb).*(x -Lb).^1 - ...

RX1*H(x -X1).*(x -X1).^1 - RX2*H(x -X2).*(x -X2).^1) /1000;

fi_o = (-(1/2)*F_o1*H(x -1).*(x -1).^2 - (1/2)*F_o2*H(x -Lb).*(x -Lb).^2 - ...

(1/2)*RX1*H(x -X1).*(x -X1).^2 - (1/2)*RX2*H(x -X2).*(x -X2).^2) /(E*I_o*1e6);

u_o = (-(1/6)*F_o1*H(x -1).*(x -1).^3 - (1/6)*F_o2*H(x -Lb).*(x -Lb).^3 - ...

(1/6)*RX1*H(x -X1).*(x -X1).^3 - (1/6)*RX2*H(x -X2).*(x -X2).^3) /(E*I_o*1e6);

dT1 = RX1 / ((E * (1e-3*D_o*Tb))/T1); T1=T1+dT1;

dT2 = RX2 / ((E * (1e-3*D_o*Tb))/T2); T2=T2+dT1;

C1_o = (u_k(X2) - u_k(X1) + u_o(X1) - u_o(X2) - T2 + T1)/(X1-X2);

fi_o = fi_o - C1_o;

u_o = u_o - C1_o*x;

C2_o = u_o(X1) - u_k(X1) - T1;

u_o = u_o - C2_o;

% Deformatie staanders, Dwarskrachten, Momentlijn, Hoek en Doorbuiging bruggen

Q1 = (Fz*(Qm-X_b2m) + Fv*(Lb-2*X_b2m)) / (Lt*(X_b1m - X_b2m));

Q2 = -(Fz*(Qm-X_b1m) + Fv*(Lb-2*X_b1m)) / (Lt*(X_b1m - X_b2m));

dF_o1 = -F_o1/K_o;

dF_o2 = -F_o2/K_o;

V_br = ( F_o1*H(x-1).*(x-1).^0 + F_o2*H(x-Lb).*(x-Lb).^0 + ...

Q1*H(x-X_b1s).*(x-X_b1s).^1 - Q1*H(x-X_b1e).*(x-X_b1e).^1 + ...

Q2*H(x-X_b2s).*(x-X_b2s).^1 - Q2*H(x-X_b2e).*(x-X_b2e).^1);

M_br = ( F_o1*H(x-1).*(x-1).^1 + F_o2*H(x-Lb).*(x-Lb).^1 + ...

(1/2)*Q1*H(x-X_b1s).*(x-X_b1s).^2 - (1/2)*Q1*H(x-X_b1e).*(x-X_b1e).^2 + ...

(1/2)*Q2*H(x-X_b2s).*(x-X_b2s).^2 - (1/2)*Q2*H(x-X_b2e).*(x-X_b2e).^2) /1000;

fi_br = ((1/2)*F_o1*H(x-1).*(x-1).^2 + (1/2)*F_o2*H(x-Lb).*(x-Lb).^2 + ...

(1/6)*Q1*H(x-X_b1s).*(x-X_b1s).^3 - (1/6)*Q1*H(x-X_b1e).*(x-X_b1e).^3 + ...

(1/6)*Q2*H(x-X_b2s).*(x-X_b2s).^3 - (1/6)*Q2*H(x-X_b2e).*(x-X_b2e).^3) /(E*I_br*1e6);

u_br = ((1/6)*F_o1*H(x-1).*(x-1).^3 + (1/6)*F_o2*H(x-Lb).*(x-Lb).^3 + ...

(1/24)*Q1*H(x-X_b1s).*(x-X_b1s).^4 -(1/24)*Q1*H(x-X_b1e).*(x-X_b1e).^4 + ...

(1/24)*Q2*H(x-X_b2s).*(x-X_b2s).^4 -(1/24)*Q2*H(x-X_b2e).*(x-X_b2e).^4) /(E*I_br*1e6);

C1_br = (-u_br(1) + u_br(Lb))/Lb;

fi_br = fi_br - C1_br;

u_br = u_br - C1_br*x;

C2_br = -u_br(1);

u_br = u_br - C2_br;

% Dwarskrachten, Momentlijn, Hoek en Doorbuiging bovenbalk

V_b = ( Fv*H(x-0).*(x-0).^0 + Fv*H(x-Lb).*(x-Lb).^0 - ...

Q1*H(x-X_b1s).*(x-X_b1s).^1 + Q1*H(x-X_b1e).*(x-X_b1e).^1 - ...

Q2*H(x-X_b2s).*(x-X_b2s).^1 + Q2*H(x-X_b2e).*(x-X_b2e).^1 + ...

q*H(x-Qs).*(x-Qs).^1 - q*H(x-Qe).*(x-Qe).^1);

M_b = ( Fv*H(x-0).*(x-0).^1 + Fv*H(x-Lb).*(x-Lb).^1 - ...

(1/2)*Q1*H(x-X_b1s).*(x-X_b1s).^2 + (1/2)*Q1*H(x-X_b1e).*(x-X_b1e).^2 - ...

(1/2)*Q2*H(x-X_b2s).*(x-X_b2s).^2 + (1/2)*Q2*H(x-X_b2e).*(x-X_b2e).^2 + ...

(1/2)*q*H(x-Qs).*(x-Qs).^2 - (1/2)*q*H(x-Qe).*(x-Qe).^2) /1000;
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fi_b = ((1/2)*Fv*H(x-0).*(x-0).^2 + (1/2)*Fv*H(x-Lb).*(x-Lb).^2 - ...

(1/6)*Q1*H(x-X_b1s).*(x-X_b1s).^3 + (1/6)*Q1*H(x-X_b1e).*(x-X_b1e).^3 - ...

(1/6)*Q2*H(x-X_b2s).*(x-X_b2s).^3 + (1/6)*Q2*H(x-X_b2e).*(x-X_b2e).^3 + ...

(1/6)*q*H(x-Qs).*(x-Qs).^3 - (1/6)*q*H(x-Qe).*(x-Qe).^3) /(E*I_b*1e6);

u_b = ((1/6)*Fv*H(x-0).*(x-0).^3 + (1/6)*Fv*H(x-Lb).*(x-Lb).^3 - ...

(1/24)*Q1*H(x-X_b1s).*(x-X_b1s).^4 + (1/24)*Q1*H(x-X_b1e).*(x-X_b1e).^4 - ...

(1/24)*Q2*H(x-X_b2s).*(x-X_b2s).^4 + (1/24)*Q2*H(x-X_b2e).*(x-X_b2e).^4 + ...

(1/24)*q*H(x-Qs).*(x-Qs).^4 - (1/24)*q*H(x-Qe).*(x-Qe).^4) /(E*I_b*1e6);

C1_b = fi_b(Qm);

fi_b = fi_b - C1_b;

u_b = u_b - C1_b*x;

C2_b = u_b(Qm) - u_o(Qm) - t;

u_b = u_b - C2_b;

Slagverlies = abs(u_k(Qm)-Tvoet) + (dT1+dT2)/2 + abs((u_o(Qm))-(T1+T2)/2 - Tvoet) ...

+ (dF_o1+dF_o2)/2 + abs(u_br(Qm)) + (abs(u_b(Qm))-(u_b(X_b1m)+u_b(X_b2m))/2)

% Verschaling en Plotten

Scale=1;

if Scale ~= 1

dF_o1 = Scale*1e3*dF_o1;

dF_o2 = Scale*1e3*dF_o2;

u_k = Scale*2e1*(u_k-Tvoet) + Tvoet;

u_o = Scale*1e0*(u_o - (u_o(X1)+u_o(X2))/2) + (u_o(X1)+u_o(X2))/2;

u_br = Scale*1e0*(u_br);

u_b = Scale*1e1*(u_b - (u_b(X_b1m)+u_b(X_b2m))/2) + (u_b(X_b1m)+u_b(X_b2m))/2;

end

% Gedeformeerd

figure(1)

FdF = [dF_o1+((dF_o2-dF_o1)/Lb)*x];

patch([Qs, Qe, Qe, Qs], [500, 500, 1500, 1500], ...

[0.80 0.80 0.80]) % Plaatmateriaal

patch([[1:1:Lb], [Lb:-1:1]], [u_k, u_k(Lb:-1:1)+H_k], ...

[0.90 0.46 0.46]) % Gedeformeerde koker

patch([[1:1:Lb], [Lb:-1:1]], [u_b+FdF+H_k+t_k, u_b(Lb:-1:1)+FdF(Lb:-1:1)+H_k+t_k+H_b], ...

[0.90 0.46 0.46]) % Gedeformeerde bovenbalk

patch([[1:1:Lb], [Lb:-1:1]], [u_br+FdF+H_k+Ol, u_br(Lb:-1:1)+FdF(Lb:-1:1)+H_k+Ol+H_br], ...

[0.70 0.85 0.95]) % Gedeformeerde bruggen

patch([[1:1:Lb], [Lb:-1:1]], [u_o+t_k, u_o(Lb:-1:1)+t_k+H_o], ...

[0.80 0.65 0.70]) % Gedeformeerde onderbalk

patch([-Ob, 1, 1, -Ob], [u_o(01)+t_k, u_o(01)+t_k, H_k+Ol+dF_o1+H_br, H_k+Ol+dF_o1+H_br], ...

[0.65 0.85 0.75]) % Verlengde staander links

patch([Lb, Lb+Ob, Lb+Ob, Lb], [u_o(Lb)+t_k, u_o(Lb)+t_k, H_k+Ol+dF_o2+H_br, H_k+Ol+dF_o2+H_br], ...

[0.65 0.85 0.75]) % Verlengde staander rechts

patch([[1:1:Lb], [Lb:-1:1]], [u_br+FdF+H_k+Ol, u_b(Lb:-1:1)+FdF(Lb:-1:1)+H_k+t_k+H_b], ...

[0.80 0.65 0.70]) % Overlap bruggen en bovenbalk

patch([X1-Tb/2, X1+Tb/2, X1+Tb/2, X1-Tb/2], [t_k+u_k(X1), t_k+u_k(X1), ...

t_k+T1+u_k(X1), t_k+T1+u_k(X1)] , [0.95 0.95 0.80]) % Linker tankje

patch([X2-Tb/2, X2+Tb/2, X2+Tb/2, X2-Tb/2], [t_k+u_k(X1), t_k+u_k(X1), ...

t_k+T2+u_k(X1), t_k+T2+u_k(X1)] , [0.95 0.95 0.80]) % Rechter tankje

hold on

% Ongedeformeerd

% plot(x, 0, ’b’, x, ...

H_k, ’b’) % Ongedeformeerde onder-U

% plot(x, t_k + T1 + ((T2-T1)/Lb)*x, ’r’, x, ...

t_k + T1 + H_o + ((T2-T1)/Lb)*x, ’r’) % Ongedeformeerde onderbalk

% plot([-Ob:0], H_k + Ol + H_br, ’g’, [Lb:Lb+Ob],...

H_k + Ol + H_br, ’g’) % Ongedeformeerde staanders

% plot(x, H_k + Ol, ’b’, x, ...

H_k + Ol + H_br, ’b’) % Ongedeformeerde bruggen
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% plot(x, t_k + T1 + ((T2-T1)/Lb)*x + H_o+ t, ’r’, x, ...

t_k + T1 + ((T2-T1)/Lb)*x + H_o + t + H_b, ’r’) % Ongedeformeerde bovenbalk

axis([-300,Lb+300,-500,3500])

grid

units=get(1,’units’);

set(1,’units’,’normalized’,’outerposition’,[0 0 1 1]);

set(1,’units’,units);

shg

% plot(x((Lb/2-L/2):(Lb/2+L/2)),u_k((Lb/2-L/2):(Lb/2+L/2))-30);grid

% 8*t/(max(u_k((Lb/2-L/2):(Lb/2+L/2)))-min(u_k((Lb/2-L/2):(Lb/2+L/2))))

% Maximaal Tonnage

% T_max(1:820)=1862.9./(149.0589-0.1502*(1:820));

% T_max(821:2000)=(200/168)*(3.9793e-5*(1:1180).^2+.035174*(1:1180))+T_max(820);

% T_max(2001:4000)=T_max(2000:-1:1);

Discontinuity function

function [out]=H(x)

for t=1:length(x)

if x(t)<0

out(t)=0;

else

out(t)=1;

end

end
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B.2 Moment of inertia for profile 4.2g

The profiles and dimensions used in the M-file above are not the definitive choice. M-files
were written to calculate the properties of several different cross-sections, the file shown below
is one of them. The file starts with a sketch to show the cross-sections with their dimensions.
Next, the centroid and the individual moments of inertia for the separate pieces are calculated.
These are then weighed with their distance to the global centroid and added to yield the total
moment of inertia. These values are also divided by the surface area of the cross-sections to
yield the I/A-ratios. These files were used to optimize the dimensions of each profile.

% ====================================================

% = Stijfheden oud profielontwerp ==================

% = 12 januari 2006 ==================

% ====================================================

close all

clear all

clc

% __ _______________

% t1 | |

% __ |_______________|

% t2 | w4 | | | ____ __

% __ |____| |____| __ | |

% | | | | | |

% | | | | | |

% | | | | | |

% | | | | | |

% | | | | | |

% |w3| | | h2 | |

% | | | | | w6 | h3

% | | | | | |

% __ _| | _ | |_ | |

% | | | o | | | | |

% | |__| _ |_ | | __ | |

% | | | | | |

% | | | | | |

% h1 |w2 | | _|____|_ __

% | | | | | | t4

% | |___________| | __ |________| __

% | | | | t3

% __ |_|___________|_| __ | w5 |

%

% | w1 |

% Koker

t1=65e-3;

t2=65e-3;

t3=50e-3;

w1=180e-3;

w2=25e-3;

w3=35e-3;

w4=w2+w3;

o=50e-3;

h1=235e-3;

h2=930e-3-t1-t2-h1+o;

C1 = ( (t3*(w1-2*w2)) * (t3/2) ...

+ 2 * (h1*w2) * (h1/2) ...

+ 2 * (h2*w3) * (h1-o+h2/2) ...
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+ 2 * (t2*w4) * (930e-3-t1-t2/2) ...

+ (t1*w1) * (930e-3-t1/2) ) ...

/ ( (t3*(w1-2*w2)) ...

+ 2 * (h1*w2) ...

+ 2 * (h2*w3) ...

+ 2 * (t2*w4) ...

+ (t1*w1) );

I_pad1 = (1/12)*(w1-2*w2)*t3^3;

I_rib1 = (1/12)*w2*h1^3;

I_rib2 = (1/12)*w3*h2^3;

I_pad2 = (1/12)*w4*t2^3;

I_pad3 = (1/12)*w1*t1^3;

I_total = I_pad1 + (C1-t3/2)^2 * (t3*(w1-2*w2))...

+ 2*I_rib1 + 2*(C1-h1/2)^2 * (h1*w2)...

+ 2*I_rib2 + 2*(C1-(h1-o+h2/2))^2 * (h2*w3)...

+ 2*I_pad2 + 2*(C1-(930e-3-t1-t2/2))^2 * (t2*w4)...

+ I_pad3 + (C1-(930e-3-t1/2))^2 * (t1*w1);

A_total = w1*t1 + 2*w4*t2 + 2*w3*h2 + 2*h1*w2 + (w1-2*w2)*t3;

Box = 10*I_total/A_total

% Balk

t4=h1-o-t3-65e-3;

t4=300e-3;

w5=w1-2*w2-5e-3;

w6=w1-2*w4-5e-3;

w6=178e-3;

h3=930e-3-t1-t3-t4-10e-3;

C2 = ((t4*w5) * (t4/2) + (h3*w6) * (t4+h3/2)) / ((t4*w5) + (h3*w6));

I_pad4 = (1/12)*w5*t4^3;

I_rib3 = (1/12)*w6*h3^3;

I_total2 = I_pad4 + (C2-t4/2)^2 * (t4*w5) + I_rib3 + (C2-(t4+h3/2))^2 * (h3*w6);

A_total2 = h3*w6 + t4*w5;

Beam = 10*I_total2/A_total2
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Appendix C

Crowning

As mentioned earlier, the main problem that occurs while bending on press-brakes is deflection
of the beams. The problem can be solved by preventing this deflection or by compensating
it. This compensation is called crowning and can be done in many different ways. The most
common way is to prebend the toolholder on the lower beam. If one can mirror the bending-
shape of the lower beam in the toolholder, the assembly, when loaded, will be straight (see
figure C.1).

a

b

Toolholder

Crowning

Lower beam

Figure C.1: Example of crowning

Common ways of doing this are shimming (placing thin strips between the toolholder and
the lower beam), wedges (individual pairs of wedges along the length of the toolholder that can
be adjusted) or centrally adjustable crowing (Dutch: centraal verstelbare bombeerinrichting
(CVB)). Although the first two methods can create any prebend shape, it goes without saying
that they are very time-consuming and not suited for frequently changing workpieces.
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Centrally adjustable crowning uses two strips that have a sine-wave ground into them. The
amplitude of this sine-wave varies along the length of the toolholder. By translating one of
the strips, the sine-waves slide over each other and the assembly deforms. The manufacturer
of the crowning system designs the sine-waves to the machine-geometry in such a way that
the shape of the crowning matches the deformation of the lower beam at full load. The
adjustment can only change the amplitude of the crowning-shape. This means that the shape
of crowning is only optimal for full-length workpieces, not for smaller pieces or pieces made
off-center. Another disadvantage is the high cost of the system, the sine-waves are CNC
ground and deep hardened to withstand the high tonnages.

Figure C.2: Centrally adjustable crowning (CVB)
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Appendix D

Analytical derivation of the

bookshelf-rule

Figure D.1 shows a schematic representation of a beam loaded with a distributed load (w).
The beam has two supports at a distance (h) from the edge. At these support the reaction
forces can be calculated (F1,2 = w·L

2
). This results in the shear force diagram (V ) which in

turn results in the bending moment diagram (M).
If the supports are moved towards the edges of the beam (h → 0) the bending moment will

be M = w
2
·
(

L · x − x2
)

with a maximum of M = w·L2

8
at c.

With the supports moving towards the center (h → L
2
), each half of the bending moment

diagram is described with M = −w
2

·
(

L − x
)2

, with a minimum of M = −w·L2

2
.

To minimize the total deflection, both the effects must occur in equal magnitude; in other
words: |Mb| = |Mc|. This results in the following equations:

Mb =
−w · h2

2
(D.1)

Mc =
w · L

2
·
(

L

2
− h

)

− w

2
·
(

L

2

)2

=
w · L2

8
− w · L · h

2
(D.2)

Mb = −Mc ⇒ 4 · h2 + 4 · L · h − L2 = 0 (D.3)

h =
L

2
·
(

− 1 ±
√

2
)

=
(

− 1 +
√

2

2

)

· L ≈ 20, 7% (D.4)

These equations are based on standard deflection equations and only hold for slender
elements. Since the beams in this particular case are not slender at all (about 850 [mm]
high), these results are not entirely accurate. FEA has been used to determine this optimal
location of the supports at 21, 3%
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w

hh

L

V

M
a

b

c

d

e

Figure D.1: Shear force and bending moment
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Appendix E

T-flange connection

Figure E.1a shows a detailed view of a strip connection. A groove is milled into the subframe’s
main plate. The strip has a machined lip that fits into the groove, creating a form-closed
assembly. The vertical load of 500 [kN ] is supported by the contact pressure Fc and the
friction force Fw created by the bolts. The 500 [kN ] also generates a moment M that rotates
the lip out of the groove. This moment is supported by the preload of the bolts and the
friction created by Fc. When the entire strip’s height is in contact with the plate, the preload
of the bolts would result in undefined contact-pressure due to the bending of the strip (figure
E.1b). Loading the strip with the 200 ton results in figure E.1c.

500 [kN ]

Fw

Fc

M

15

15

10 17,517,5

40

a b c

Figure E.1: Detailed view strip on subframe
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T-flange connection

By creating two defined contact areas at the top and bottom of the strip with the bolts
in between, both areas would be preloaded with a known contact-pressure (figure E.2a).
Additionally, some sharp corners are chamfered and blended to lower stresses. By optimizing
the location of the bolts and the size of the contact-areas, the stresses can be lowered and
material usage optimized.

a b c

Figure E.2: Detailed view strip on subframe

80
R



Appendix F

Hardware

NeedIe roller flat cages (GLP series)

B

L
max

t

e

L W

DW

E

E1

H

Designation

Dimensions (mm) Mounting dimensions (mm)

B

20 2000 3 6 4,5 15,8 684

15 2000 5 8 5,5 11,8 750

23 2000 5 8 5,5 19,8 1 060

32 2000 5 8 5,5 27,8 1 444

28 2000 7 11 7,5 24 1 750

35 2000 7 11 7,5 30 2 160

22 2000 12 16 10 18 2 440

40 2000 12 16 10 36 3 940

39 500 102 000

60 000 123 000

91 000 211 000

119 000 300 000

165 000 365 000

197 000 455 000

260 000 460 000

455 000 930 000

L max Dw t e Lw Weight (g) 1) Dynamic C o Static C o
E E1 min H

20,4 +0,2 16 2,7

15,3 +0,2 12 4,6

23,4 +0,2 20 4,6

32,5 +0,3 28 4,6

28,4 +0,2 24 6,5

35,6 +0,3 30 6,5

22,4 +0,2 18 11

40,5 +0,2 36 11

min.

GLP 3020

GLP 5015

GLP 5023

GLP 5032

GLP 7028

GLP 7035

GLP 12022

GLP 12040

* Loads refer to the cage lenght of ten rolling elements

1) Weight for L max = 2000 mm

GLP = BF (INA)

Basic Load Ratings (N) *

Figure F.1: Catalog sheet for NBS flat cage needle bearings
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maximum push force: 3000 [N]

Figure F.2: Catalog sheet for Framo-morat push chain
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Figure F.3: Catalog sheet for INA tank-bearing
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H

H

D2

D1

J

LOAD +- 10%
EXTN

MATERIAL I/D*

mm
D2 D1 H J SPRING SPRING SPRING

NEWTONS Kg W T* L mm mm mm mm mm ENDS No.

· 255 · 026 155 3 · 175 · 051 203 8 · 02 8 · 84 5 · 74 11 · 05 6 · 68 E SR53

· 382 · 039 234 3 · 175 · 076 305 12 · 04 13 · 21 9 · 42 16 · 51 10 · 03 E SR54

· 520 · 053 155 6 · 35 · 051 203 8 · 02 8 · 84 5 · 74 11 · 05 6 · 68 E SR55

· 775 · 079 310 4 · 76 · 102 406 16 · 02 17 · 65 12 · 7 22 · 1 13 · 36 E SR56

· 971 · 099 234 7 · 94 · 076 305 12 · 04 13 · 21 9 · 42 16 · 51 10 · 03 E SR57

1 · 56 · 159 310 9 · 52 · 102 406 16 · 02 17 · 65 12 · 7 22 · 1 13 · 36 D SR58

1 · 94 · 198 389 9 · 52 · 127 508 20 · 0 21 · 97 15 · 67 27 · 43 16 · 66 D SR59

2 · 59 · 264 389 12 · 7 · 127 508 20 · 0 21 · 97 15 · 67 27 · 43 16 · 66 D SR60

3 · 10 · 316 465 12 · 7 · 152 610 24 · 05 26 · 42 18 · 85 33 · 02 20 · 04 A SR61

3 · 88 · 396 465 15 · 88 · 152 610 24 · 05 26 · 42 18 · 85 33 · 20 20 · 04 A SR62

4 · 67 · 476 623 14 · 29 · 203 813 32 · 0 35 · 31 25 · 4 44 · 2 26 · 67 A SR63

6 · 51 · 664 775 15 · 88 · 254 1016 40 · 13 44 · 2 31 · 5 55 · 12 33 · 53 A SR64

7 · 80 · 795 775 19 · 05 · 254 1016 40 · 13 44 · 2 31 · 5 55 · 12 33 · 53 A SR65

9 · 32 · 950 930 19 · 05 · 305 1219 48 · 26 53 · 09 37 · 85 66 · 29 40 · 13 A SR66

10 · 89 1 · 11 1085 19 · 05 · 356 1422 56 · 13 61 · 72 44 · 2 77 · 2 46 · 74 A SR67

12 · 45 1 · 27 930 25 · 4 · 305 1219 48 · 26 53 · 09 37 · 85 66 · 29 40 · 13 C SR68

14 · 51 1 · 48 1085 25 · 4 · 356 1422 56 · 13 61 · 72 44 · 2 77 · 22 46 · 74 C SR69

16 · 57 1 · 69 1242 25 · 4 · 406 1626 64 · 01 70 · 61 50 · 29 88 · 39 53 · 34 C SR70

18 · 63 1 · 90 1397 25 · 4 · 457 1829 72 · 14 79 · 76 56 · 9 99 · 57 60 · 2 C SR71

21 · 77 2 · 22 1085 38 · 1 · 356 1422 56 · 13 61 · 72 44 · 2 77 · 22 46 · 74 F SR72

24 · 91 2 · 54 930 50 · 8 · 305 1219 48 · 26 53 · 09 37 · 85 66 · 29 40 · 13 F SR73

27 · 95 2 · 85 1397 38 · 1 · 457 1829 72 · 14 79 · 76 56 · 9 99 · 57 60 · 2 F SR74

33 · 24 3 · 39 1242 50 · 8 · 406 1626 64 · 01 70 · 61 50 · 29 88 · 39 53 · 34 F SR75

38 · 93 3 · 97 1938 38 · 1 · 635 2540 100 · 58 110 · 74 79 · 25 138 · 43 83 · 82 G SR76

45 · 90 4 · 68 1707 50 · 8 · 559 2235 88 · 14 97 · 28 69 · 34 121 · 92 73 · 41 K SR77

52 · 07 5 · 31 1838 50 · 8 · 635 2540 100 · 58 110 · 74 79 · 25 138 · 43 83 · 82 K SR78

Average Fatigue Life 40,000 Cycles

Figure F.4: Catalog sheet spiroflex tensator springs
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CREUSABRO M  - Ed.11.02.2002 – Page 1

CREUSABRO• M
A  wear resistant steel

CREUSABRO M is a high Manganese, fully austenitic, quench annealed, non
magnetic, work-hardening steel with an exceptionnally high level of wear resistance
when subjected to work-hardening by shock or high impact pressure in service.

The main characteristics is a superior wear resistance :
Severe wear on the surface has a work-hardening effect on the austenitic structure
of this steel. This, when combined with the level of carbon in accordance with the
international standards, leads to an increase in hardness from 200BHN (in as
delivered plates) up to an in-service hardness of at least 600BHN.
This work-hardening capability renews itself through out in-service life. The
underlayers not work-hardened maintain an excellent resistance to shock and a
very high ductility.

 Trademark registred under the name of USINOR INDUSTEEL

STANDARD AFNOR……………………Z120M12

EURONORM……………...X120Mn12

WERKSTOFF Nbr………..W1.3401

OTHER STANDARD…….."HADFIELD"

ASTM………………………A128Grade B2

CHEMICAL

ANALYSIS

Typical values (% Weight)

C Si Mn S

1.15 0.40 13 ≤0.002

PROCESSING
Mechanical cutting :

Shearing can be easily achieved with sufficiently powerful machines and freshly
sharpened blades. When crossed cutting is necessary, intermediate local grinding
is required on edges (already work-hardened).

Machining

By standard methods allowing for work-hardening : the edges of the tool should bite

beyond the work-hardened zones, necessitating a rigid machine.

Drilling using supercarburized cobalt alloy high speed steel bits of HSSCO type
(AFNOR grade 2-9-1-8, AISI grade M42),with reinforced shape, 130° point
angle, long twist, low cutting speed (2-3m/min.), high feed, lubrication using
soluble oils.
The depth of the hole to be drilled should not exceed 3 times the bit diameter.
(Other solutions : 3 nibbed bits with carbide reinforcement, concrete drill bits, hot
drilling).

Milling using supercarburized high speed steel tools of HSSCO type (AISI grade
M42) or carbide tipped tools (ISO grade K10) and high feed (as for driling) to bite
beyond work-hardened zones.

Punching is possible on sufficiently powerfult equipment and with tools in good
condition (avoid denting shocks).

Our thickness range is one of the widest available on the word market : 3 to about
120mm (0.125"-(") and sizes up to 2500 (96") x 8000mm (315").

Standard dimensions :

- 1500 X 3000 (60" X 118")
- 2000 X 6000 (79" X 236")
- 2500 X 8000 (96" X 315")

Other dimensions on request.

DIMENSIONAL

PROGRAMME

Figure F.5: Catalog selection of Creusabro M (hadfield steel)
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Appendix G

Sliding materials

The following pages contain data sheets for several different gliding materials. All the ma-
terials mentioned meet the set requirements of maximum load and coefficient of friction.
Inquiries have been made at the GGB factory for advice in which material to use. Based
on the loading scenario described in section 5.1, they advised Deva.bm (see figure G.2). All
materials can be bought in flat strips that can be cut to size using conventional sawing or
laser/waterjet-cutting. If rolling the material to the right radius for the sliding bearing (see
subsection 5.3.3) is not possible at SAFAN, this can also be done at the GGB factory.
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Sliding materials

Materials

Material Backing Bearing Lining
Operating Temperature [ °C]

Maximum Load p lim  [N/mm 2]
Minimum Maximum

DU Steel PTFE+Lead -200 +280 250

Physical, Mechanical and Electrical Properties

Characteristic Symbol Value Unit Comments

Physical 

Properties

Thermal Conductivity λ 40 W/mK after running in.

Coefficient of linear thermal expansion : 
measured on strip 

1.9 mm thick.

parallel to surface α1 11 1/106K

normal to surface α2 30 1/106K

Maximum Operating 

Temperature
T max +280 °C

Minimum Operating 

Temperature
T min –200 °C

Mechanical 

Properties Compressive Yield Strength σc 350 N/mm2

measured on disc 

25 mm diameter x 2.44 mm 

thick.

Maximum Load

Static psta,max 250 N/mm2

Dynamic pdyn,max 140 N/mm2

Electrical 

Properties
Surface Resistance R OB 1 – 10 Ω

depends on applied pressure 

and contact area 

Nuclear 

Radiation 

Resistance

Maximum Thermal 

Neutron dose
DNth 2 x 1015 nvt

nvt 

= thermal neutron flux

Maximum gamma ray dose Dγ 106 Gy = J/kg 1 Gray = 1 J/kg 

Calculation for Slideways 

A
2 38 F U L H a L+( )⋅ ⋅,

10
3

a T a M⋅ ⋅
------------------------------------------------------

L L S+( )

L
-------------------- -

F

pl im

----------+⋅=

[mm2]

•

L

L S

W

DU/DU-B Strip

Mating Surface

DU Strip

All dimensions in mm

ss

W
u

L
+3

W

Inch sizes: L +.031
Inch sizes: sS ±.006

Part No. Length L Total Width W Useable Width W U

Thickness s S

max.
min.

S 07150 DU

500

160 150
0.744
0.704

S 10200 DU 225 215
0.990
0.950

S 15240 DU

254 245

1.510
1.470

S 20240 DU
2.000
1.960

S 25240 DU
2.500
2.460

S 30240 DU
3.060
3.020

Figure G.1: Catalog sheet for GGB DU-material88
R



Sliding materials

deva.bm®

Characteristics Applications deva.bm® 

• Maintenance-free, thin-wall bearing material sui-
table for hostile environments 

• High load capacity 
• Tolerant of dirty and corrosive conditions 
• Suitable for temperatures up to 250°C 
• Optimum performance with low speed and inter-

mittent movements 

Industrial

• Water turbines
• injection moulding machines
• tyre moulds
• packing machines
• printing machines
• construction equipment
• valves

Composition & 

Structure 
Operating Conditions Availability 

Steel + bronze + graphi-
te (sintered lining); 
Stainless Steel + bron-
ze + graphite (sintered 
lining)

dry good Ex Stock 

• Cylindrical bushes
oiled good

greased good To order 

• Large cylindrical bushes
• spherical bearings
• thrust bearings
• strip and special parts

water good

process fluid poor

Bearing Properties Unit Value Microsection

Dry

Maximum sliding speed U m/s 1

Maximum PU factor N/mm² * m/s = W/mm² 1.5

Coefficient of friction f – 0.08-0.15 

Oil lubricateed

Maximum sliding speed U m/s -

Maximum PU factor N/mm² * m/s = W/mm² -

Coefficient of friction f – -

General 

Maximum temperature Tmax °C +280 

Minimum temperature Tmin °C -150 

Maximum load P static N/mm² 250 

Maximum load P dynamic N/mm² 80

Shaft surface finish Ra µm 0,2-0,8

Shaft hardness HB >180 

Shaft hardness 
for longer service life

HB -

Sintered bronze 
and graphite

Steel or stain-
less steel

Figure G.2: Catalog sheet for GGB Deva.bm material
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Sliding materials

deva.metal®

Characteristics Applications deva.metal® 

• Maintenance-free bearing materials suitable for 
hostile environments 

• High load capacity 
• Tolerant of dirty conditions 
• Corrosion-resistant grades available 
• Grades available suitable for temperatures up to 

650°C 
• Optimum performance with low speed and inter-

mittent movements 

Industrial

• Iron foundry and steel works equipment
• furnace fans
• wastewater cleaning plants
• water, steam and gas turbines
• pumps and compressors
• food and drinks industry equipment
• packing machines
• construction equipment
• mechanical handling, etc.

Composition & 

Structure 
Operating Conditions Availability 

Bronze or Lead bronze 
or Iron or Nickel alloy + 
graphite or MoS2 or 
WS2

dry good Ex Stock 

• Cylindrical bushes (bronze alloy) 
oiled good

greased good To order 

• Plates
• components in special alloys
• cylindrical bushes (bronze alloy)
• flanged bushes
• thrust washers
• spherical bearings
• special parts 

water good

process fluid poor

Bearing Properties Unit Value Microsection

Dry

Maximum sliding speed U m/s 0.4

Maximum PU factor N/mm² * m/s = W/mm² 1.5

Coefficient of friction f – 0.09-0.13 

Oil lubricated

Maximum sliding speed U m/s 

Maximum PU factor N/mm² * m/s = W/mm² 

Coefficient of friction f –

General 

Maximum temperature Tmax °C +350 

Minimum temperature Tmin °C -100 

Maximum load P static N/mm² 260 

Maximum load P dynamic N/mm² 130 

Shaft surface finish Ra µm 0,2-0,8

Shaft hardness HB >180 

Shaft hardness
for longer service life

Bronze or lead 
bronze or iron or 
nickel + graphite 
alloy 

Figure G.3: Catalog sheet for GGB Deva.metal material
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Sliding materials

DH™

Characteristics Applications DH™

• Lead-free [Compliance with the Euro-

pean Parliament’s End of Life Vehic-

les directive (ref: 2000/53/EC) on the 

elimination of hazardous materials in 

the construction of passenger cars 

and light trucks] 

• Excellent dry wear performance 

under low speed, oscillating or reci-

procating conditions 

• Good lubricated wear performance 

• Low friction 

Automotive

• Door Hinge

• seats

• HVAC

• dampers

• valves 

Composition 

& Structure 

Operating 

Conditions 
Availability 

Steel + Porous 

Bronze + PTFE + 

Glass Fibres + 

Aramid Fibres 

dry good Ex Stock 

• N/Aoiled very good

greased fair To order 

• Cylindrical bushes

• flanged bushes

• thrust washers

• flanged washers

• strip

• non-standard parts

water fair

process fluid fair

Bearing Properties Unit Value Microsection

Dry 

Maximum sliding speed U m/s 2.5 

Maximum PU factor N/mm² * m/s = W/mm² 1.0 

Coefficient of friction f – 0.14 

General 

Maximum temperature Tmax °C +280 

Minimum temperature Tmin °C -200 

Maximum load P static N/mm² 250 

Maximum load P dynamic N/mm² 140 

Shaft surface finish Ra µm 0.4

Shaft hardness HB >200 

PTFE + Glass 
Fibres + Aramid 
Fibres 

Porous Bronze 

Steel 

Figure G.4: Catalog sheet for GGB DH material
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Sliding materials

GAR-MAX®

Characteristics Applications GAR-MAX®

• Filament-wound dry bearing material 
• High load capacity 
• Good friction and wear properties under slow 

speed oscillating or rotating movements 
• Resistant to shock loads 
• Good chemical resistance 

Industrial 

• Construction and earth-moving equipment
• conveyors
• agricultural equipment
• railway couplers
• chemical plant valves, etc. 

Composition & 

Structure 
Operating Conditions Availability 

PTFE + polyamide + 
glass fibre filament 
wound and impregna-
ted with epoxy resin 

dry good Ex Stock 

• Cylindrical bushes
oiled fair

greased fair To order 

• Non-standard lengths and wall thicknes-
seswater fair

process fluid poor

Bearing Properties Unit Value Microsection

Dry

Maximum sliding speed U m/s 0.2

Maximum PU factor N/mm² * m/s = W/mm² 1.8

Coefficient of friction f – 0.05-0.30 

Oil lubrication

Maximum sliding speed U m/s -

Maximum PU factor N/mm² * m/s = W/mm² -

Coefficient of friction f – -

General

Maximum temperature Tmax °C +160 

Minimum temperature Tmin °C -100 

Maximum load P static N/mm² 200 

Maximum load P dynamic N/mm² 120 

Shaft surface finish Ra µm 0.2-0.8

Shaft hardness HB >200 

Shaft hardness 
for longer service life

HB >350

Filament wound 
PTFE + poly-
amide fibres 

Glass fibre fila-
ment wound 
and impregna-
ted with epoxy 
resin

Figure G.5: Catalog sheet for GGB GAR-MAX material
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Appendix H

Technical drawings

Name Amount Supplier Manufacturing

Plate 1 SAFAN SAFAN
Clamp 5 GTDa GTD
Flat strip 1 GTD GTD
Sliding bearing assembly 2 GTD GTD
Sliding bearing base 2 GTD GTD
Sliding bearing shell 2 INA GTD
Sliding bearing axle 2 GTD GTD
Sliding bearing plane 2 INA GTD
Needle bearing assembly 2 GTD GTD
Needle bearing base 2 GTD GTD
Needles (NRB5X34,8-G2) 100 INA -
Needle bearing axle 2 GTD GTD
Needle bearing strip (BF 5032) 1 INA -

aCommon technical workshops of the Technische Universiteit Eindhoven

Table H.1: Partlist for test setup
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Appendix I

Patents

The patent for SAFAN’s pulley and belt drive system, issued in 1989 is shown, followed by
the patent-request for moveable supports.
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Datum: 29 maart 2006

Betreft: Octrooi-omschrijving verplaatsbare ondersteuning.

Titel: Verplaatsbare ondersteuning in een kantpers.

Van: Jasper Simons

1 Beschrijving Pers

De uitvinding heeft betrekking op een pers voor het buigen van plaatvormige delen. De pers
(figuur 1) is voorzien van een frame (1), een vast deel aan de onderzijde (2) en een in verticale
richting op en neer beweegbaar deel (3) aan de bovenzijde. Dit soort pers is ook bekend onder
de naam ’boven gedreven afkantpers’.
Bij dit soort persen is het bekend dat, als gevolg van de elastische vervorming van het vaste
deel (2) in combinatie met het beweegbare deel (3), de buighoek van het werkstuk niet con-
stant is over de lengte van de buiglijn. De elastische vervorming van (2) en (3) wordt bepaald
door de grootte en locatie van de belasting. Hierdoor zijn de conventionele technieken om de
vervorming te compenseren veelal ontoereikend. Deze uitvinding maakt het mogelijk om de
vervorming van (2) en (3) te compenseren voor elk specifiek belastings-scenario.

2 Uitvinding

De uitvinding betreft het vervangen van het onderste vaste deel (2) door een samenstelling
(zie figuur 2). De samenstelling bestaat uit een vast deel (4) aan het frame (1) waar door
middel van twee of meer (verplaatsbare) ondersteuningen (5) een tweede deel (6) op wordt
opgesteld. Het tweede deel (6) neemt de functie van het vaste deel (2) in de uitgangs-situatie
over. De samenstelling maakt het mogelijk om de ondersteuningen (5) van het tweede deel
(6) dichter naar elkaar te brengen waardoor de totale vervorming van (6) kleiner is dan de
vervorming van (2). Door vervolgens de ondersteuningen individueel instelbaar te maken, kan
het tweede deel (6) bij elke bewerking zodanig gesteund worden dat de vervorming van dit
tweede deel ter plaatse van het werkstuk verminderd wordt (figuur 2b).
De meeste compensatie technieken pogen de parallelliteit tussen het vaste deel (2) en het be-
wegende deel (3) te garanderen ten behoeve van de nauwkeurigheid van het werkstuk. Deze
uitvinding beoogt de nauwkeurigheid van het werkstuk te verbeteren door de absolute ver-
vorming van de delen (6) en (3) te verkleinen. De vervorming van het bewegende deel (3) is
reeds verminderd zoals omschreven in Nederlands octrooi nr. 8900429 ”Inrichting voor het
bewerken van plaatvormig materiaal”.
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3 Details

De stapeling van de delen (4) en (6) zoals weergegeven is schematisch. Het zal in de realiteit
praktischer zijn om de delen om elkaar heen te bouwen. Variaties in de opbouw van de delen
staan vrije keuze van de ondersteuningshoogte toe (figuur 3a,b,c). Deze keuze heeft tezamen
met de geometrie van de delen (4) en (6) invloed op de vervorming van het gereedschap-
montage-vlak van (6).

a

b

1
2

3

Figuur 1: Uitgangs situatie
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c

a

b

1 3

4

5

6

Figuur 2: Schets van de uitvinding
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a b c

4

4
4

5

5

5

6 66

Figuur 3: Dwarsdoorsneden
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