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Abstract— Underactuated grippers that are designed for the pick and place industry tend to pull objects into the gripper
when a firm grip is required. This movement within the gripper is sometimes undesired and can damage the object. Therefore,
the goal of this study is to design an underactuated gripper mechanism that is able to establish a final and stable grasp without
moving the object. The objects are laying on a flat surface and should be grasped from above without damaging the object.
By examining the grasping process, we determine the elements needed to create the new gripper mechanism. A mathematical
model and simulation tool are developed to study the grasp performance of the gripper. The gripper performance is measured
as the feasible grasp range with respect to the complete grasp range. The complete grasp range is determined by an object size
range and a horizontal displacement of the object. We optimise the design parameters of the gripper for maximum gripper
performance whilst a minimum coefficient of friction is present. With this gripper mechanism, we created a gripper that can
cope with large variance in object size and that outperforms a pinch gripper when low contact friction force is required.

Index Terms— Pick and place industry, grasping, underactuation, force equilibrium, friction forces

1 INTRODUCTION

HE pick and place industry is in need for a mechani-

cal end-effector that can handle irregular, delicate and
fragile products. An end-effector is the part of an automa-
tion system that makes physical contact with the object to
be handled. Nowadays, mechanical end-effectors like linear
grippers and vacuum grippers are often being used to grasp
and handle objects. Although these end-effectors have pro-
ven to be very useful, they are only effective for a small
range of products. Since automation is more and more
being applied to industry, also the variety of products to be
handled is increasing. There is an increasing demand for
grippers that can handle a complete object range, where the
objects vary in shape and size. By means of many sensors,
actuators and a control system, an end-effector can be crea-
ted that is able to handle most products. However in indu-
stry a complex and expensive end-effector is not desirable.
Therefore, a new type of mechanical gripper was introdu-
ced, the underactuated gripper. Examples of underactuated
grippers especially designed for industry can be found in
Fig.[I} A gripper is underactuated when it has more degrees
of freedom (DOF) than numbers of actuators. It allows the
gripper to be designed in such a way, that the gripper intrin-
sically adapts its configuration and is able to grasp different
shaped objects without the need of a sensory system.

A disadvantage of these underactuated grippers is that
when they are used to establish a firm grasp, small objects
will be pulled into the gripper, as is demonstrated in Fig.
] The movement of the object within the gripper some-
times damages a product. When the object finally is re-
leased again, the object can not be placed onto a surface,
but has to be released above the surface and falls out of the
gripper. This can result in a positioning error of the object.
More recently, another underactuated gripper was designed
for industry by Kragten et all. [3]. This gripper design au-

tomatically grasps small objects with only the tips of the
gripper, a so called precision grasp is established. These
grippers are also referred to as pinch grippers. This type of
grasp heavily relies on friction forces, which causes a pro-
blem when: (1) delicate products are being handled that get
easily damaged by shear forces, (2) pollution, like water or
dirt, gets between the gripper and object and reduces the
friction forces.

Figure 1: Underactuated robotic hands that were designed for industrial
applications. Left top: BarretHand [12]], right top: ROBOTIQ
Adaptive Gripper [11]] , bottom: Delft Hand 2 [9]]

The objective of this research is to develop an under-
actuated gripper mechanism with which a final and stable
grasp can be established without moving the object. This
gripper mechanism should make it possible to grasp and
release delicate and fragile products from and onto a flat
surface, without damaging the product. The products vary
in shape and size and should be approached from above
since neighbouring products might prohibit access from the
sides.
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Figure 2: Sequence of images where an object is being pulled into a grip-
per during the grasping process.

The structure of this paper is as follows. Section [2] pre-
sents a complete model of the gripper design. The design
choices on the configuration of the CE and actuation me-
chanism that are made to obtain the final model, are elabo-
rated in this section as well. Section[3|gives a force analysis
of the created model and some dimensional design choi-
ces are discussed. These elements are combined and finally
the performance of the gripper is evaluated. In Sect. ] we
investigate the influence of static friction on the grasp per-
formance. In Sect. [5 we use the performance evaluation
from Sect. []to create an optimization method for the de-
sign parameters of the gripper. This allows the design of a
gripper that shows optimal grasp performance with respect
to the objective for a given product range. Following are the
discussion and conclusion in respectively Sect[6]and[7]

2 DESIGN

The goal of this section is to present a new underactu-
ated gripper concept. To be able to design a new gripper
concept, we first analyse the grasping process of underac-
tuated grippers and the elements involved. To get a better
understanding of the complex behavior of an underactuated
gripper, we divide the gripper mechanism into two parts,
the configuration of the connecting elements (CE) and the
configuration of the actuation mechanism. The CE are the
parts of the gripper that are designed to get in contact with
the object. The actuation mechanism distributes the actua-
tion force from the actuator over the CE.

The outline of the remainder of this section is as fol-
lows. First some designs simplifications are introduced in
Sect. [2.1] Subsequently, the most important design require-
ments and choices for the configuration of the CE are dis-
cussed in Sect. [2.2] This is then repeated for the actuation
mechanism in Sect. 23] Finally, in Sect. [2.4] the configura-
tion of the CE and actuation mechanism are combined into
a complete model.

2.1 Design simplifications

Due to the complex nature of underactuated grippers,
we introduce some design simplifications. In this work, we
use similar design simplifications as were used in earlier
studies on underactuated grippers [3], [9].

Model simplification:

As in the design of the Delft Hand 2 [9]], the final design of
the gripper consists out of three identical gripping elements.
Two of these elements have the same working direction and
the third element is opposing the other two (see Fig. [I).
This configuration can be seen as two fingers of a hand with
an opposing thumb. The force distribution is such that the

force applied by both fingers together equals the force ap-
plied by the opposing thumb. For modeling of the Delft
Hand 2, a planar design is used with only two identical op-
posing fingers. In this research, we apply the same method.
The model is only considered in a plane and two opposing,
equally driven gripping elements are used.

Element properties:
All elements used in the design, are rigid and have zero
thickness.

Friction force:
The objective is to create a gripper design where friction
forces are kept to a minimum. This can be achieved by
using a material for the CE that has a very low coefficient
of friction. In the model of the gripper design, we neglect
the friction force to ensure that the proper working of the
gripper does not depend on friction force.

2.2 Connecting elements

With most underactuated hands or grippers, the term
phalanges is used for the elements that are designed to get
in contact with the object. This refers to the finger bones of
the human hand, which often is a source of inspiration for
the design of these grippers. In this work, we use the term
connecting elements (CE), because thinking about human
hands might limit the design solutions.

The shape of the gripper is mainly determined by the
configuration of the CE. Therefore, we will now discuss the
amount of CE needed to completely constrain an object and
what type of CE we use.

Amount of CE:

To create a robust grasp, the CE should enclose the object
[1]]. The contact points between the CE and object are mo-
deled as frictionless contact points that can exert only com-
pressive forces. According to Reuleaux [10]], at least 4 fric-
tionless contact points that can exert arbitrary compressive
forces are needed to completely restrain an object in a plane
(2-dimensional). For an extensive proof, see [7]]. It needs
to be noted, that rotational symmetric objects can not com-
pletely be restrained by frictionless contact points since no
contact is able to prohibit a rotation around the central axis
of the object.

Type of CE:

There are two types of CE, fixed and movable CE. The fixed
CE are rigidly connected to the base of the gripper and can
not move with respect to the base. These elements can also
be seen as part of the base. Movable CE are connected di-
rectly or indirectly to the base and can translate and/or rotate
with respect to the base. When comparing translating and
rotating CE, the following information needs to be taken
into account:

e Rotating elements exert a contact force that depends
on the contact location of object and CE, whereas
translating elements exert a constant contact force
over the whole contact area.

e To create a translating CE, some sort of guiding sys-
tem or complex bar mechanism is needed.

The gripper is designed for being used in industry. There-
fore, we try to realise the most simple and cheap grasping
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solution. The most important design objective is that the fi-
nal grasp should be established without moving the object.
This means that the object should not move upwards or si-
deways when the gripper closes. For the design, this means
that all the CE should be able to move with respect to the
object. A fixed CE can only move with respect to the object
by moving the whole gripper. This would mean a sensory
system is needed for positioning the whole gripper. The ac-
tual goal is to create a gripper that works without a complex
sensory system. From this, we conclude that fixed CE are
not suitable for this gripper.

Since shape and size of the object may vary, it is best
to use 4 individual movable CE to create 4 contact points
with the object. A single CE that creates multiple contact
points will sooner result in a restriction on object size than
when each contact point is established by a single movable
CE. Figure [3] shows a list of CE configurations, each CE
configuration consists out of 4 CE and can completely res-
train an object. A more elaborated overview can be found

in Appendix

Figure 3: Four groups with gripper configurations that can completely res-
train an object, where a) is a group with three different CE confi-
gurations that all consist out of two rotating CE and two transla-
ting CE, b) is a group with two different CE configurations that
both consist out of four rotating CE, c) is a group with three dif-
ferent CE configurations that both consist out of four translating
CE, d) is a group with three different CE configurations that all
consist out of four CE where two CE are able to rotate as well as
translate.

2.3 Actuation mechanism

The actuation mechanism combined with the actuator
are the driving part of the gripper. The idea is to drive all

the CE with just one single actuator. We will now discuss
what actuation mechanism we use to distribute the actuation
force over the CE.

According to Krut [6], three different types of underac-
tuated mechanisms can be distinguished:

e Differential mechanisms: using any type of differen-
tial mechanism, one input is converted into multiple
outputs.

e Compliant mechanisms: an additional degree of free-
dom is created by using non-rigid bodies [8].

e Triggered mechanisms: the degree of underactuation
changes during the grasping process, e.g. a locking
mechanism reduces a degree of freedom of the sys-
tem after a given torque threshold has been reached.

In this study, we only focus on grippers that are driven by
electrical motors and achieve underactuation by means of
differential mechanisms. We can separate the distribution
of the actuation force into two parts: (/) The distribution of
the actuation force over the left and right part of the grip-
per. (2) The distribution of the actuation force of one half
of the gripper over the belonging CE. For the distribution of
the actuation force over the left and right half of the gripper,
we use the same differential mechanism as was used in the
Delft Hand 3 [3]. This is a patented technology and ma-
kes sure both halves of a gripper receive the same actuation
force. The focus of this chapter will only be on distributing
the actuation force of one side of the gripper over the corres-
ponding CE. For this, we can use the following differential
mechanisms (see Fig. [):

e Cable-pulley mechanism: a cable and two pulleys
transfer the actuation forces over the CE. There is a
constant transmission ratio that is determined by the
radii of the pulleys.

e Cam-tendon mechanism: two cams and a cable trans-
fer the actuation forces over the CE. The force distri-
bution over the CE is not constant and depends on the
shape of both cams.

e Gear differential: the actuation force is transfered
over the CE by several connected gears. The trans-
mission ratio is determined by the gear ratio of the
gear train.

e Bar-linkage mechanism: a framework of linkages
transfers the actuation force over the CE. The trans-
mission ratio is influenced by the length and orienta-
tion of the individual linkages.

The mechanisms shown in Fig. [] all have two DOF and
only one actuation input is needed to drive both DOF. Due
to negative experience with cable/tendon systems in the
past, we decide against the use of a cable/tendon system.
Since the gripper is force controlled instead of position con-
trolled, it is favorable for the proper working of the gripper
to have as little friction as possible in the mechanism. Gear
differential mechanisms are subjected to high friction for-
ces and therefore we choose to make use of a bar-linkage
differential mechanism.
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Figure 4: Four different differential mechanisms to actuate two linkages
connected with a single joint. From the left to the right: cable-
pulley, cam-tendon, gear differential and bar-linkage mechanism

[6l .

The actuation force distributed to one CE relative to
the actuation force distributed to the other CE, is called the
transmission ratio [2]. The transmission ratio is mainly de-
termined by the design of the actuation mechanism, which
can be made such that the transmission ratio is a constant or
depends on some variables in the system, e.g. the orienta-
tion of the CE. The transmission ratio has a large influence
on the grasp behavior of the gripper. According to [3], the
grasp configuration that results in force equilibrium of grip-
per and object, is mainly determined by the transmission
ratio.

2.4 Gripper concept

One of the CE configurations from Fig. [3]is now com-
bined with a bar-linkage differential mechanism to form
the new gripper design. It is opted for to design a grip-
per with as few linkages and joints as possible. This results
in a simple gripper design with low production costs. Since
the gripper is force controlled instead of position control-
led, friction forces in the system should be kept to a mini-
mum. Therefore, we do not choose CE configurations with
a sliding mechanism. This leaves us with only two options
from the possible CE configurations. The final design of the
gripper mechanism can be seen in Fig. [5] It consist out of
merely rotating linkages (with respect to each other), it has
4 CE and therefore should be able to completely restrain an
object. To distinguish between the several CE, from now
on we call the CE that make contact with the lower side of
the object lower connecting elements (LCE) and the CE that
make contact at the upper side of the object upper connec-
ting elements (UCE). The CE are connected such that the
UCE is part of the actuation mechanism, therefore very few
linkage are needed for the complete system. A spring is po-
sitioned between the LCE and UCE, see Fig. E], to ensure
that the initial contact of the gripper and object will be with
the LCE. When the LCE is in contact with the object, the
gripping strength increases and the resistance of the spring
is overcome. The UCE starts to rotate with respect to the
LCE and also makes contact with the object. The gripper is
dimensioned by the design parameter set S,

S ={Lo, L1,Lo, L3, Ly, L5, L, L7, Lg} (1
The design parameters are shown in Fig. [6] In this figure,
also the actuation torque from the actuator that is distributed
over both halves of the gripper is represented, it is denoted
by T, which is a constant torque active on the linkage with
parameter Lg.

2.5 Conclusion
The model of the final gripper design consists out of
4 rotating CE. Therefore, it should be able to completely

constrain an object without moving it. A bar-linkage me-
chanism distributes the actuation force over the CE.
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Figure 5: Representation of the grasping sequence of the new gripper de-
sign. The gripper grasps an object from above that is positioned
on a table top. First the LCE and UCE rotate as one part, ensu-
ring first contact is made with the LCE. Subsequently, the spring
force of the spring connected between the LCE and UCE is over-
come by the actuation force active on the UCE. The UCE starts
to rotate with respect to the LCE and makes contact with the
object as well. Final design of the gripper model.
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Figure 6: Schematic with design parameters of (a) the configuration of the
CE. (b) the configuration of the actuation mechanism.
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3 MODEL

The goal of this section is to investigate whether the pre-
sented gripper mechanism of the previous section can esta-
blish a final stable grasp without moving the object. In other
words, we test the performance of the gripper mechanism
towards the research objective.

In Sect. [3.1]a mathematical model is composed that de-
scribes the configuration of the gripper when the gripper is
in contact with an object. Section describes the impor-
tant aspects for a proper dimensioning of the design para-
meters. In Sect. [3.3] we investigate whether force equili-
brium of gripper and object is possible with the new gripper
mechanism. In Sect. [3.4]the stability of an established grasp
is determined.

3.1 Mathematical model

For the creation of the mathematical model of the grip-
per mechanism, the objects are modeled as massless cylin-
drical objects that are positioned in the centre of the gripper.

The creation of the mathematical model is performed in
two steps. (/) We determine the configuration of the CE
when the gripper is in contact with the object. (2) We deter-
mine the configuration of the actuation mechanism.

Configuration of the CE:

The configuration of the CE, when the gripper is in con-
tact with the object, is described by the two independent
variables 61 and 6 (see Fig. [7). We obtain an expression
for 6; and 6, by rewriting the following loop closure vector
equations that describe the configuration of the gripper in
contact with the object. For the contact between the LCE

and object:
0
R
) ()

(o
0
@)
_ Xobj —Tobj
“(3 ) w5

and for the contact between the UCE and the object:

—L 0 0
() w5 owm(5)
() ()
3)

Yobj

Here, p; is the point on the LCE where the LCE and the
object make contact, ps is the point on the UCE where the
UCE and the object make contact, X,;; and Y,; are the
coordinates of the object with respect to the gripper base,
Tobj 18 the radius of the object, and Ry, is the rotation ma-
trix. The loop closure vector equations give 4 equations and
4 unknown, i.e. 01, 02, p; and ps. Rewriting the loop clo-
sure vector equations (see Appendix|B) gives the following
expression for 67 and 65 ,

0, = arccos (

Tobj
(Xovj+Lo)*+Y3,

4
Youj
-+ arctan (Xobj+L0)
6> = arccos e _
\/(Xobj+Lo—L2 sin 91) +(Yobj+L2 cos 91)
Yobj + Lo cos 61 _
+ arctan (—Xobj+L0_L2 Sl 61
(5)

Figure 7: Schematic with; gripper angles that describe the configuration of
the CE (61 and #2) and the configuration of the actuation mecha-
nism (¢1 and ¢2), contact points p1 and p2, and gripper joints.

We can also rewrite the loop closure vector equations such
that we obtain an expression for the contact point p; and po,

Yo ) — Toby in 0
pr= TR (©)
—cos b1

~ Yop; +7opjsin (0y + 602) + Lo cos 0y o
P2 = —cos (61 + 0)

Configuration of the actuation mechanism:
The configuration of the actuation mechanism can be de-
scribed by the angles ¢; and ¢o (see Fig. [7), which are
dependent of 6, and #5. An expression for ¢1 and ¢ is ob-
tained by using trigonometric equations (see Appendix [C)).
¢1 =

2 2 2
T — arccos (7‘12 —ds_—Ls )

—2dsLsg
3
— arccos (7L52:2(1532L:3L62)
d 2 — L 2 L 2
P2 = % — arccos (3225%6) +o1 9

where dy is the distance between joint C and E, d3 is the
distance between joint A and C (see Fig. [7).

3.2 Dimensioning design parameters

To be able to examine the proper working of the gripper
mechanism, we need to dimension the design parameter set
S (see Eq. [T). In this section we will manually select proper
values for the design parameters. To be able to do this, we
will first examine the boundary conditions that we need to
adhere to. In Sect. [3.2.1] the important elements for a pro-
per dimensioning of the CE are discussed. In Sect. [3.2.2]the
important elements for a proper dimensioning of the actua-
tion mechanism are discussed. Section presents a set
of design parameters that can be used to examine the proper
working of the gripper mechanism.
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3.2.1 Boundaries on connecting elements

The CE are parameterised by the design parameters Lg, L1,
Ly and Ly (see Fig. [6h). The following relations between
the CE and object size form boundary conditions for the
dimensioning of the design parameters.
Gripper width and object size:

To make sure the object is in force equilibrium, the sum-
mation of all horizontal force components and the summa-
tion of all vertical force components active on the object,
should both be zero. This means that each force applied
onto the object, should have an opposing force component
of the same magnitude. Looking at circular objects, this
means a contact point should have or an exactly opposing
contact point, or on each side a contact point that is positi-
oned more than 90 degrees and less than 180 degrees apart.
For frictionless contact points, this means that the maxi-
mum object size is determined by the design parameter L.
When the radius of the object is larger than L, the contact
points on the left and right LCE are spread more than 180
degrees apart. This means that force equilibrium is not pos-
sible and the object will always be ejected. This leads to the
following upper bound on the object size,

Tobj < Ly (10)

LCE length and object size:
A grasping sequence starts by positioned the gripper over
the object in a full open state, i.e. §; = 0. The distance
between the base of the gripper and the ground surface is
determined by the length of the LCE. The base of the grip-
per should not interfere with the product, which leads to a
second upper bound on the object size,

L
Tobj < 71 (11)
Joint position and object size:
For the grasp to exist, both the LCE and UCE should be able
to make contact with the object. The UCE can only make
contact with the object if the contact point on the LCE ful-
fills the following condition, Ly < p; 3 < L1. This can be

translated to a third upper bound on the object size,

Tob; < L1 — Lo (12)

Ratio LCE length and object width:
The LCE should be long enough to be able to make con-
tact with the lower half of the object, i.e. LCE and object
are tangent to each other. The combination of minimal ob-
ject size and LCE length (L), gives an upper limit on the
gripper width (Ly),

Lo < Ly sin6 ¢ + rmin cos 0 ¢ (13)
with 6; . the angle of the LCE when in contact with the
object,

Tmin — Ll

Tmin2 + (_L1)2

T'min
01 . = arccos + arctan < )
) _ Ll
(14)
and where r,,;, is the minimum object size. Figure E]
shows, that when the gripper width and LCE length are

known, Eq. (I3) can be interpreted as a lower bound on
the object size.

(a) (b)

Figure 8: Lo and L1 represent the gripper width and LCE length, respec-
tively. The angle of the LCE when in contact with the object
is denoted by 61 . (a) Gripper configuration where object is too
small for the LCE to make contact with the object. (b) Gripper
configuration and object size that results in a proper contact by
the LCE.

LCE and UCE length:
Since only cylindrical objects are considered and for a suc-
cessful grasp the CE should be tangent to the object, the
contact points p; and ps are equally distanced from joint D
(see Fig. . Therefore, the UCE should be the same size as
the part of the LCE where the object can make contact with,

Li=1IL,— Ly (15)

3.2.2 Boundaries on actuation mechanism

The actuation mechanism is parameterised by the design pa-
rameters L3, Ls, Lg, L7 and Lg (see Fig. [6b). These design
parameters should be chosen such, that they do not limit the
desired grasp range. A bad dimensioning can limit the ope-
ning range or closing range of the gripper. An example of
a limitation on the closing motion can be seen in Fig. Pp.
Here, the maximum closing motion is limited by linkage
L5 and Lg that are in line with each other and have reached
the maximum distance between base joint and LCE connec-
tion. An example of a limitation on the opening motion can
be seen in Fig. [Ob. Again, the maximum closing motion
is limited by linkage L5 and Lg that are in line with each
other, but now the minimal distance between base joint and
LCE connection has been reached.

(@)

(b)

Figure 9: (a) Limitation on closing motion of gripper by actuation mecha-
nism. (b) Limitation on opening motion of gripper by actuation
mechanism.
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3.2.3 Design parameter set

Sections [3.2.1| and [3.2.2] show that for a proper dimensio-
ning of the design parameters, a desired object range is re-
quired. To evaluate the gripper mechanism, we introduce
a similar object range as was used for the evaluation of the
Delft Hand 2 [9]]. The gripper mechanism is dimensioned
for objects ranging from 60mm to 120mm diameter. To as-
sist in the selection of proper values for the design parame-
ters, a graphical users interface (GUI) is constructed (see
Appendix [E). Using the GUI and the boundary conditions
described in the previous sections, manually a set of design
parameters (S, see Table [I) is selected. Due to the many
design parameters and intertwined relations, the calculation
of a set of design parameters that results in a feasible grasp
configuration is a complex task. Therefore a trial and error
method is used by selecting the design parameters manually
using the GUI. The selected design parameter set 57, has at
least one known object size for which force equilibrium of
object and gripper exists.

Table 1: Dimensions of the design parameters set S1, used for the analy-
sis. See Fig. @for the design parameters.

Parameters Lo L1 Lo Ls Ly Ls Lg Ly Lg

Size[mm] 80 130 60 40 50 60 50 2 10

3.3 Force equilibrium

A key question is whether the gripper mechanism can
establish a final stable grasp for the complete object range
without moving any object. To answer this question, this
section presents a simple force analysis, discusses some
grasp configurations that should be avoided and discusses
the effects of non-cylindrical objects.

T1

Figure 10: (a) Force components from the contact forces by the CE. (b)
Representative torques 77 and T%.

For the force analysis, we make use of the actual applied
contact force by the CE and the required contact force for
force equilibrium. The following steps are followed. First
we determine the configuration of the CE using Eqgs. 4|and
Bl Then the required contact force is determined and fi-
nally the actual applied force is determined. For force equi-
librium to exist, the applied en required contact force should
be equal.

Required contact force:

Since a cylindrical object in the centre of the gripper is as-
sumed, only vertical force components applied on the ob-
ject are of interest. For force equilibrium at initial contact

the following should apply to the situation (see Fig. [I0h),
Fp1, + Fpa, =0 (16)

To eliminate the magnitude of the actuation torque, we use
the ratio of the applied forces by the LCE and UCE. The ra-
tio (F2,q) gives an expression for the relation between the
forces exerted by the LCE and UCE that are required for
force equilibrium,

F, sin(6;)
Ryeg= 22 = ————— 17
1 Fpl sin (01 —+ 92) ( )
Applied contact force:

Using free body diagrams, the force within the complete
system (configuration of the CE and actuation mechanism)
is examined (see Appendix [D). From this analysis the ac-
tual applied forces by the LCE and UCE are determined
and an expression for the ratio of the applied normal forces
(Rappliea) 1s obtained.

Figure shows R, and Rppiieq for the given object
size range and the given design parameter set S; (see Table
[I). The figure shows that for the given set of design para-
meters, only one object size achieves force equilibrium at
initial contact. Several sets of parameters have been analy-
sed and it turns out that each set of parameters only has one
corresponding object size that results in force equilibrium
at initial contact. All other object sizes in the given object
size range, can not be grasped without moving the object.

Force equilibrium gripper design - 31

25
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Figure 11: Graph with required (Rreq) and applied (Rqppiieq) force ra-
tios for object sizes ranging from 60 mm to 120 mm diame-
ter. The gripper is dimensioned with the design parameter set
S1. When Ryeq and Rgppiieq have the same force ratio, the
gripper can establish force equilibrium of object and gripper at
initial contact.

During the force analysis, several grasp configurations
are encountered that required a pulling force by the object
on the LCE or UCE to achieve force equilibrium of the grip-
per. This occurs when the distribution of the actuation force
results in a negative torque on the respective CE. These con-
figurations should be avoided since force equilibrium of ob-
ject and gripper will never be possible.

Negative torque on LCE:

A negative torque on the LCE is caused by the UCE that
pushes the LCE away from the object. These situations can
be recognized as follows. There are three points at the UCE
where forces are exchanged with other elements:

e Joint C, actuation forces transmitted by bar BC, line
of action in the direction of bar BC (see Fig. [12).
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e Contact point ps, reaction force from object, line of depends on the configuration of the actuation mechanism,

action perpendicular to UCE.

e Joint D, reaction forces from LCE.

Figure 12: Grasp configuration where the common point of the concurrent
forces is positioned on the left side of the LCE. Consequently,
no force equilibrium of object and gripper is possible.

For the UCE to be in total equilibrium and at rest, the three
external forces should be concurrent. When the common
point of the concurrent forces is positioned on the left side
of the LCE, the reaction forces at joint D create a negative
torque on the LCE. The common point of the concurrent
forces is always at the intersection of bar BC and a line per-
pendicular to the contact point po.

Negative torque on the UCE:
A negative torque on the UCE is caused by the actuation bar
BC that pulls the UCE away from the object. This situation
only occurs when in a grasp configuration linkage BC, or an
extension of the linkage in the direction of joint B, crosses
the UCE (see Fig. [13).

Figure 13: Improper gripper configuration. The gripper configuration re-
sults in a pulling force by the actuation mechanism on the UCE.
Consequently, no force equilibrium of object and gripper is pos-
sible.

When we look at non-cylindrical objects, a short ana-
lysis quickly reveals that shape varying objects result in a
force equilibrium problem for underactuated grippers. Two
objects can be grasped that require a similar configuration
of the CE, but have different contact points on the LCE
and/or UCE (see Fig. [14). When the configuration of the
CE does not change, i.e. 61 and 6, do not change, equation
shows that the required force ratio (12,.¢,) stays unchan-
ged. The required force ratio does not depend on the actual
contact location p; and p2 on the LCE and UCE. Howe-
ver, the actuation system distributes the actuation force over
the LCE and UCE. How this actuation force is distributed

this counts for any underactuated gripper mechanism. The
distributed actuation force can be represented by a torque
Ty and T, applied on the LCE and UCE, respectively (see
Fig. [I0p). These torques are responsible for the applied
normal forces by the LCE and UCE, this means the actual
applied forces by the LCE and UCE onto the object do de-
pend on the contact points p; and ps. In the situation sket-
ched in Fig. it shows that only the contact point on the
LCE changes. Since the configuration of the CE does not
change, the configuration of the actuation mechanism does
not change either, consequently the representative torques
Ty and 75 remain unchanged. The required force ratio is
for both situations the same, but due to the different contact
point ps, the actual applied torque ratios differ. This shows
that for any set of design parameters, there will always be
objects for which force equilibrium at initial contact can not
be established.

P2 P2

P1

Py

(a) (b)

Figure 14: Two situations where the configuration of the CE is similar, but
different contact points between object and LCE (p1). Since
for both situations the actuation force is the same, force equili-
brium of object and gripper is not possible for these situations
both.

3.4 Grasp stability

When force equilibrium of gripper and object is achie-
ved, it is important that the gripper configuration is a stable
configuration. When the object is slightly moved with res-
pect to the gripper, an unstable configuration can result in a
loss of the object. Therefore, it is important to look at the
grasp stability of the gripper. A grasp is stable when a suc-
cessful grasp (i.e. force equilibrium of object and gripper
is established) returns towards its equilibrium point after a
position disturbance. The stability of the gripper is investi-
gated by examining the force ratios (see Sect. [3.3).

Figure [I5] shows a graph of the required and applied
force ratios for different y-position of the object. The used
design parameters of the gripper can be found in Table
The object size used, is an object diameter of 90mm. The
graph shows there is force equilibrium when the centre of
the object is located about 84mm below the base of the grip-
per. When the object is located further below the base of
the gripper, the applied force ratio is lower than the requi-
red force ratio. A lower applied force ratio means that the
force applied by the UCE is too low with respect to the
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force applied at the LCE to achieve force equilibrium. In
other words, the magnitude of the vertical force component
applied by the UCE is lower than the magnitude of the ver-
tical force component applied by the LCE, this results in
an upwards motion of the object. When the applied force
ratio is higher than the required force ratio, a similar reaso-
ning can be made and it shows that the object will start a
downwards motion. Thus, for stability we require that for
positions above the equilibrium point, the applied force ra-
tio should be be larger than the required force ratio; the ap-
plied force ratio should be smaller than the required force
ratio for positions below the equilibrium point. From this,
we can be conclude that the shown grasp configuration is
stable.

Force equilibrium gripper design - S1

req ,

0.8+ . : S |
== Rapp\led ,I
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Force ratio: R
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-105 -100
Y-position object with respect to base gripper [mm]

-95 -9 -8 -80 -75 -70 -65

Figure 15: Graph with required and applied force ratios for different verti-
cal positions of object with respect to the gripper. The gripper
is dimensioned with the design parameter set S1, and the object
has a radius r,p; = 45mm.

3.5 conclusion

The study shows that without contact friction, the pre-
sented gripper can only achieve a final and stable grasp
without moving the object, when the gripper mechanism is
specifically designed for this object. This means, that wit-
hout contact friction the gripper can not handle a range of
products that vary in shape and size. In fact, we can con-
clude from this study that for a range of products that vary
in shape and size, no underactuated gripper mechanism can
be designed that is able to establish a final and stable grasp
without moving the object (provided that all CE are part of
the underactuated system).

4 MODEL INCLUDING FRICTION

In this section, we add static contact friction to the grip-
per model. The goal of this section is to investigate whether
static contact friction has a positive influence on the grasp
behavior or not. It is important to keep in mind that the de-
sign should not be made to rely on friction force. Although
the previous chapter has shown that friction force is a neces-
sity for achieving an instant stable grasp for a wide range of
products, friction force should still be limited to avoid ex-
cessive damage. To expand our research, we will also study
the effects of horizontal object displacement and gravity on
the grasp behavior.

In Sect. we define a new method, which includes
contact friction, to determine the possibility of force equi-
librium of object and gripper. This method is used in Sect.

[.2) to study the effects of changing object parameters on
force equilibrium. Section{.3]describes the effects of con-
tact friction on the grasp stability. Section[d.4]describes the
influence of mass and actuation torque on the grasp beha-
vior. In Sect. [4.5] we address the possibility of grasping
non-cylindrical objects.

4.1 Force equilibrium determination

Due to the addition of static contact friction to the model
and the possibility of horizontal displacement of the object,
force equilibrium can not be determined anymore as in Sect.
[B3] Therefore, we will now describe an alternative method
to determine force equilibrium of object and gripper.

Due to the horizontal object displacements, we will en-
counter asymmetric grasp configurations. Therefore, the
full gripper needs to be modeled now. The contact points
on the LCE and UCE of the right half of the gripper are
named, p3 and py respectively. From now on, the normal
forces at the contact points p;, with ¢ € {1,2,3,4}, are
referred to as F),; ., with ¢ € {1,2,3,4}. Since static con-
tact friction is taken into consideration, four variables (Fj;,,
1 € {1,2,3,4}) are added to the equilibrium equations (see
Appendix [F]). The complete model of the gripper including
object, comprises 27 equilibrium equations and 28 varia-
bles. This means the system is under determined and there
are multiple solutions to solve this system. When we exa-
mine the equilibrium equations (Appendix [F), we see that
the normal force at contact point 2 and 4 are directly de-
termined by the configuration and design parameters of the
system. The normal force at contact point 1 and 3, and the
friction force, are related and dependent of each other. The
friction force at a contact point is bound by the static fric-
tion model,

_/’LFZH'N S Fpit S MFP Z € {15 27374} (18)

TN Y
where, 1 is the static friction coefficient, F}; is the normal
force and F),;, is the friction force at contact point i. These
inequality constraints limit the solution space of the sys-
tem. In some situations the solution space is limited in such
a way that there is no feasible solution available anymore.
This means that in this specific situation there is no grasp
stability at initial contact possible. Therefore, we define a
possible force equilibrium at initial contact as the existence
of at least one set of solutions that adheres both the equili-
brium conditions of gripper and object, and the inequality
constraints on the friction forces.

To check whether force equilibrium is possible or not,
we need to look at the inequality constraints (Eq. [T8). As
already mentioned, the normal forces at contact points 2 and
4 are determined by the configuration of the gripper and the
design parameters. For a given situation we can calculate
these normal forces. Using the equilibrium equations (Egs.
[E1)-[F15), the dependent normal force and the friction force
(Fpins Fp1,» Fpay, I3, and F,4,) can be written as functi-
ons of F,5,. This means that the inequality constraints can
be rewritten in the following form,

g < Fpa, < ¢
*ﬂ-f(Fp%)l < f(FP2t)2 < /u"f(FPQt)l (19)
—/L.f(szt)g < f(FPQt)4 < /j"f(FPQt)3

s < f(Fp2)s <
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where, f(Fp2,):, ¢ € {1,2,...,5} are linear functions and
ci,t € {1,2,3,4} are known constants for a given configu-
ration and parameter set. For each inequality constraint in
(T9),we can now determine the lower and upper bound of
the domain of Fj,. If and only if the following holds,

{Ly1, Ly, L3, Lya} < {Up1,Ub2,Up3,Upa} (20)
where, L ; and U, ; are respectively the lower and upper
bound of the i-th inequality constraint (Eq. [I9), there is
force equilibrium possible at initial contact. The feasible

domain of F},3,, is the part of the domain of F,5, for which
Eq. 20/ holds.

4.2 Force equilibrium

Using the method described in the previous section, we
can now study the effects of changing object and design pa-
rameters on force equilibrium configurations. In Sect.
we examine the influence of changing object parameters.
Section 4.2.7] describes the effect of changing design para-
meters.

4.2.1 Varying object parameters

For a gripper with design parameter set Sy (see Table[I), we
examine the feasible grasp range. The feasible grasp range
is here defined as the configurations of object and gripper,
for which force equilibrium at initial contact can be esta-
blished without moving the object. With configurations of
object and gripper, we mean various object sizes and hori-
zontal displacements of the object with respect to the grip-
per. Figure [I6] shows the resulting force applied onto the
object for a range of object sizes. The object is laying on a
surface and is positioned in the centre of the gripper. The
resulting force shown, is normalised by the actuation torque
that is applied by the actuator. When the resulting force is
zero, it means force equilibrium at initial contact is possible.
The value of a non-zero normalized resulting force does not
necessarily represent the actual resulting force onto the ob-
ject, it merely shows force equilibrium at initial contact is
not possible. The gripper model is analysed for three diffe-
rent static friction coefficients (1 € {0.1,0.2,0.3}). Figure
also shows the normalized resulting force for these three
models, but here a constant object radius (ro,; = 45mm)
and a varying horizontal displacement are used.

From Sect. [3] we concluded that the gripper mechanism
with frictionless contact points could only establish force
equilibrium at initial contact for one specific object. Figu-
res [16] and [T7] show that with contact friction, the gripper
mechanism can establish force equilibrium at initial contact
for multiple configurations, i.e. various object sizes and ho-
rizontal displacements of the object. The figures also show
that an increase of the coefficient of friction results in an
increase of the feasible grasp range. We can explain the lat-
ter finding as follows. A larger coefficient of friction results
in larger possible friction force when the applied normal
force stays the same, a larger friction force allows the ob-
ject to be better constrained and therefore force equilibrium
at initial contact for more configurations can be established.
The friction force compensates for the unbalance created
by the normal forces that is applied by the LCE and UCE.

However, a larger friction force can result in more product
damage. Each product has a limit of tolerable shear force,
before it gets damaged. Increasing the coefficient of fric-
tion, e.g. by using different materials on the LCE and UCE,
until the desired feasible grasp range is achieved, is there-
fore not an option.
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Figure 16: Normalised resulting force active on an object positioned in the
centre of a gripper with design parameter set Sy for varying
object size.
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Figure 17: Normalised resulting force active on an object for varying hori-
zontal displacements. A gripper with design parameter set Sp
is used and the object has a radius of 7,,; = 45mm.

4.2.2 Varying design parameters

Figures [18] and [T9] show the effect of a different dimensio-
ning of the design parameters. We use the design parameter
set S and Sy (see Table 2). For both models a static coef-
ficient of friction of 0.2 is used. The figures shows that a
slight alteration of the design parameters, only design para-
meters L3 and L7 are altered, result in a large effect on the
feasible grasp range. With respect to object size, it can be
concluded that design parameter set So has a larger feasible
grasp range. However, the maximum object size for which
force equilibrium at initial contact can be established, is lo-
wer. Design parameter set .S, also has a larger feasible grasp
range when it comes to horizontal displacements of the ob-
ject. These results show that the design parameters have
a large influence on the behavior of the gripper. However,
the mechanism is too complex to determine the effect each
single design parameter has on the grasp behavior.

Table 2: Dimensions of the design parameters set S2. See Fig. E]for the
parameters.

Parameters  Lg

Size [mm)] 80

L1 Lo L3 Ly L5 L6 L7 LS
130 60 45 50 60 50 10 10

10
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Figure 18: Normalised resulting force active on an object positioned in the
centre of the gripper for a varying object size. Two different
design parameter sets are used.
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Figure 19: Normalised resulting force active on an object for varying hori-
zontal displacements. A friction coefficient of ;1 = 0.2 is used
and the object has a radius of ropject = 45mm.

4.3 Grasp stability

The former stated definition on grasp stability, i.e. after
a disturbance the object will return to its equilibrium po-
sition again, does not hold anymore now friction is taken
into consideration. The new system has multiple configu-
rations for which force equilibrium exists, as shown in the
previous section. When an object is grasped and force equi-
librium at initial contact is established, a large enough dis-
turbance will still be able to move the object with respect
to the gripper. However, when the disturbance is eliminated
or extinguishes, the new acquired configuration might be an
equilibrium configuration as well, consequently the object
will not return to its initial equilibrium position. Therefore,
we state that stability of the system is of less importance
since a larger feasible grasp range is created.

4.4 Influence object mass and actuation force

We will now describe how the actuation torque can
maintain force equilibrium while the object mass increa-
ses. This is done by examining a situation where we use,
a fixed set design parameters, a fixed coefficient of friction,
a fixed object size and horizontal displacement, only the ob-
ject mass and actuation force will be changed. The analysis
starts with a massless object and a feasible grasp configura-
tion. For a given actuation torque, the independent contact
forces Fja, and Fjp,, can be calculated (as is discusses in
Sect. . The dependent contact forces Fp1 ., Fp1,, Fp2,,
Fpay, Fp3, and Fpy, are such that force equilibrium of ob-
ject and gripper exists and are each within their own bounds.

Now the system will be disturbed by adding mass to the ob-
ject. This will add a vertical force component to the object,
which is directed downwards. Since the configuration of
the gripper and actuation force will not change, the addi-
tional vertical force component has to be equilibrated by
the dependent contact forces to maintain force equilibrium
of object and gripper. The dependent contact forces F,1,
and F),3, can help equilibrating the additional vertical force
component, until they have reached their upper bound, i.e.
Fpi, < pFpi, withi € {1,3}. From Eq. it can be
seen that for a fixed configuration and actuation force, the
dependent contact forces Fjq, and Fj3, fully depend on
the magnitude of F),5, and F)4, respectively. It also shows
that the maximum values of Fj;, and F},3, are reached
when I3, and Fj4, are on their boundary values. The static
friction model (see Eq. [I8)) shows, that the boundary values
of Iy, and Fjy, on its turn are determined by the indepen-
dent contact forces Fjyp, and F,4, respectively, which are a
constant in this situation. This means, that as long as the de-
pendent contact forces Fjo, and F},4, have not reached their
bounds, the mass of the object can be increased and force
equilibrium of object and gripper is maintained. When the
dependent contact forces Fjp, and F,4, have reached their
bounds and the mass of the object is increased even more,
force equilibrium can be maintained by increasing the ac-
tuation force. Increasing the actuation force will increase
the magnitude of the independent contact forces Fj», and
Fp4, , and therefore also the bounds of the dependent con-
tact forces Fjo, and Fj4, will be increased. However, when
for a feasible grasp configuration with a massless object the
dependent contact forces Fjq,, F}o,, I3, and I}y, are al-
ready on their bounds, adding object mass can never result
in a grasp where object and gripper are in force equilibrium,
not even when the actuation torque is increased.

Adding object mass can be seen as adding a vertical
force disturbance. The reasoning used in this section is
therefore valid for any type of disturbance force. As long
as there is room for the dependent contact forces to com-
pensate a very small disturbance force, any disturbance
force can be compensated by increasing the actuation tor-
que. When increasing the actuation torque it needs to be
kept in mind that this will automatically allow larger fric-
tion forces in the system and increases the active normal
forces. Both can result in product damage and this is actu-
ally what is tried to be prevented with this gripper design.

4.5 Asymmetric objects

So far, we have only discussed cylindrical objects. This
is because the mathematical model described in this paper
is fully based on cylindrical objects. However, the grip-
per should also be able to handle non-cylindrical and asym-
metric objects. When asymmetric objects are grasped, the
configuration of the left half of the gripper might be diffe-
rent from the configuration of the right half of the gripper.
Consequently, both gripper sides will apply different for-
ces onto the object. The normal forces will not be concen-
tric and without contact friction, force equilibrium is not
possible. When there is contact friction between gripper
and object, there is a possibility force equilibrium exists.
Of course, this is only possible when there is room within

11
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the bounds of the dependent contact forces to achieve force
equilibrium, as discussed in the previous section.

4.6 Conclusion

This study has shown that the possible grasp configura-
tions for which force equilibrium at initial contact can be es-
tablished, increase under the influence of friction. When the
coefficient of friction is increased, the feasible grasp range
increases as well.

The contact friction forces can be seen as variable com-
pensation forces. Within their limits, the contact friction
forces can compensate any external disturbance force and
correct a force difference resulting from the applied normal
forces between object and gripper. With respect to exter-
nal disturbance forces, the room for compensation by the
contact friction forces is increased by increasing the actu-
ation force. Since the friction forces leave room to correct
a force difference resulting from the applied normal forces
between object and gripper, a larger feasible grasp range is
created. This also means that when the object its position
with respect to the gripper is disturbed, it might not return
to its initial equilibrium position anymore. Grasp stability
of the gripper becomes therefore less important.

It can be stated that contact friction has an overall posi-
tive effect on the grasp performance of the gripper. The ac-
tual grasp performance of a gripper on non-cylindrical and
asymmetric objects when contact friction is present, should
be examined by performing some experiments because the
mathematical model used in this paper is only valid for cy-
lindrical objects.

5 PARAMETER OPTIMIZATION

This section describes the optimisation of the design pa-
rameters. The goal is to achieve force equilibrium over the
complete grasp range whilst using a coefficient of friction
that is as low as possible. Also the active friction force
during a grasp is compared to the friction force occurring
when a precision grasp would be performed. Section
describes the design case that is used for the optimisation
process. In this section also the assumptions and boundary
conditions used for the optimisation are described. In Sect.
[5.2] the optimisation process is described as well as a me-
thod how to determine the contact friction forces in the sys-
tem. The results of the optimisation are shown in Sect.
In this section also the optimised gripper design is tested
against a gripper that establishes a precision grasp. Finally,
a discussion and conclusion follow in Sect. [5.4] and [5.3]
respectively.

5.1 Design case

To optimise and evaluate the gripper design, we intro-
duce the following design case. The gripper is optimised
for the use in a distribution centre for fruits and vegeta-
bles. The gripper should be able to handle delicate products
that range from 60mm to 120mm in diameter. The products
might not be perfectly aligned with the gripper. Therefore,
we introduce a maximum positioning error (pa) of £5% of
the maximum object diameter for the complete object size
range. For the design case, this means a maximum horizon-
tal displacement of £6mm. The horizontal displacement

should also point out whether the optimised gripper is able
to cope with asymmetric grasp configurations or not. The
object size range and horizontal displacement form the to-
tal grasp range. Gunnarsson [4] concluded from a literature
study on the effects of underactuated grippers and friction,
that for fruits and vegetables with respect to a rubber, the
static coefficient of friction is 0.4 & 0.1. This is used as
the upper limit on the possible coefficient of friction in the
design case.

5.1.1 Boundary conditions

During the optimisation process of this design case, we
need to adhere to the same boundary conditions as discus-
sed in Sect.[3] i.e.

e Limitation on closing and opening motion of gripper
by faulty design parameters (see Fig. [9).

e Only compressive forces between object and UCE
can be realised (see Fig. [[2).

e Only compressive forces between object and LCE
can be realised (see Fig. [[3).

e Maximum ratio gripper width and LCE length (see
Fig. [§).

However, we have introduced a possible horizontal displa-

cement of the object. Therefore, the relation between Lg

and L, as given in Eq. [T3]is not valid anymore and needs to
be redefined,

LO S Ll sin Hl,c + T'min COS el,c - Xmaz (21)

For the presented design case, Fig. [20|shows the maximum
gripper width (L) for a given LCE length (L1).

Maximum gripper width for a given LCE length.
120 . . : :

Max gripper width (Lo) [mm]

100 150 200
LCE length (L,) [mm]

Figure 20: Graph that shows the maximum gripper width for a given LCE

length for the design case. When a larger gripper width is cho-

sen, the LCE can not make contact with the smallest object

from the object range anymore. The minimum object size is
60mm diameter.

5.1.2 Design Assumptions

The optimisation will use the model described in Sect. [3|
and[] Therefore, we have to use the same design assump-
tions as made in Sect. B]and @] i.e.

o All elements of the gripper have zero thickness and
infinite stiffness.

o The objects are modeled as cylindrical objects.

12
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For the design case the following assumptions are added,

Spring forces:
The springs positioned between the LCE and UCE that en-
sure first contact is made with the LCE and subsequently
with the UCE, can be positioned such that the spring force
is neglectable compared to the other forces in the system
when the gripper has made contact with the object. There-
fore, for the design case we neglect the spring force.

Object mass:
1) To determine the minimum coefficient of friction, we use
massless objects. With massless objects, the gripper and
object can be seen as one system without external forces.
2) To be able to compare the friction forces occurring with
the new gripper design and a gripper that performs a pre-
cision grasp, we add mass to the object. For the design
case, the smallest object from the object range, i.e. ,in =
30mm, has a mass of m = 0.085kg. The mass of the object
is related to the size of the object. This means the largest
object from the object range, i.e. 7,4, = 60mm, has a
mass of m = 0.340kg.

Actuation torque
1) To determine the minimum coefficient of friction, actua-
tion is of no importance. Since there are no external forces,
the magnitude of the actuation torque has no influence on
the result of the optimisation process.
2) For the comparison of the friction force between the
new gripper design and a gripper that establishes a preci-
sion grasp, the actuation force is very important. The out-
come of the optimisation process will be influenced heavily
by the amount of actuation force. Therefore, the optimisa-
tion will be performed with a range of actuation torques, i.e.
T, € {600,800, ...,1600}Nmm.

5.2 Method

Section describes the method that is used to op-
timise the design parameters such that we obtain the mini-
mum coefficient of friction for which a complete feasible
grasp range is possible. Section [5.2.2]describes the method
that is used to determine the required contact friction force
for force equilibrium of gripper and object.

5.2.1 Optimisation

For the optimisation, two steps are required. The optimi-
sation starts with a coefficient of friction of 0.4. Step one
is to optimise the design parameters such that a complete
feasible grasp range is possible for the given coefficient of
friction. When this is possible, the second step is to lower
the coefficient of friction. These steps are repeated until no
complete feasible grasp range can be achieved anymore.
For step one, a performance indicator is needed that re-
presents the performance of a gripper with a given set de-
sign parameters S. The feasible grasp range compared to
the total grasp range is used as the performance indicator.
The performance indicator (QQ) can be expressed as follows,

b
2.
j=1

M=

Z (T'Objm XObjj’ S)
1

a.b

%

Q(5) =

(22)

with,

Tmax — Tmin

1
Ar +

a =

4.pA Tmax
p— ZPATmaz |
AX

where, 7,y and 7,4, are respectively the minimum and
maximum radius of the object, Ar is the step size of ob-
ject diameter in the grasp range, AX is the step size of ho-
rizontal object displacement in the grasp range, pa is the
percentage used to determine the maximum horizontal dis-
placement, and Z (Tobj,,,Xobjj,S) is the grasp feasibility
factor for the i-th object size and j-th horizontal displace-
ment location. The value of Z (7ou,, Xobj,, S) is determi-
ned according the following rule,

if, (an impossible grasp configuration is created
due to the selected design parameter set S),
Z (rovjss Xovj,, ) = —0.01

elseif, (there exists force equilibrium for design
parameter set S, 7o, and Xopj; ),
Z (robjia Xobjja S) =1
else,
Z (Tobjw Xobvj;» S) =0
where,

Tobj,; S {Tmina Tmin + AT, cee 77nnLam}

Xobjj € {72-pA-7’mar7 72'pA~7’mam+AX7 R 2~pA-Tm,am}

and together represent the complete grasp range. With
an impossible grasp configuration we mean configurations
where not all CE can make contact with the object, or con-
figurations where a pulling force is required by a CE to es-
tablish force equilibrium of object and gripper. The method
described in Sect. 4.1} is used to determine whether force
equilibrium is possible or not. A performance indicator of
@ = 1 represents a complete feasible grasp range. A lower
value of () shows that for the given set of design parame-
ters, there exist grasp configurations in the complete grasp
range where force equilibrium of object and gripper can not
be established. For the optimisation used in the design case,
Arand AX are 1.

The unconstraint nonlinear solver fiminsearch.m in
MATLAB is used to find a set of design parameters (5)
that results in the maximum performance indicator (@) for
a given coefficient of friction. This solver uses the Nelder-
Mead simplex direct search algorithm. For the optimisation,
the design parameters L3, Ls, Lg, L7 and Lg (see Fig. [6)
are used as optimisation variables and the objective function
is represented by,

minimize  — Q(S) (23)
We use an unconstrained solver because the boundary con-
ditions Parameter length, Normal force UCE and LCE (see
Sect. are already incorporated in the performance
indicator, the boundary condition Maximum ratio gripper
width and LCE length is too complex to incorporate in the
optimisation. Adding design parameters Ly, Ly and Lo as
variables to the objective function, would make the optimi-
sation too complex and time consuming. Therefore, using
the GUI we have selected some fixed values for these de-
sign parameters, which can be found in Table [3] When the
minimum coefficient of friction is found for which still a
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complete feasible grasp range can be achieved, we will ana-
lyse the influence of the fixed design parameters L, L; and
L. When it shows that changing these design parameters
could improve the performance indicator @), the fixed de-
sign parameters are altered and the optimisation process is
repeated again.

Table 3: Dimensions of the fixed design parameters Lo, L1 and Lo used
in the optimisation for the design case.

Fixed design parameters Lo L1 Lo
Size [mm] 103.5 200.0 50.0

The solution returned by the solver, might be a local
minimum. Therefore, the solver is used with multiple ini-
tial starting values for the optimization variables. See Table
H] for a list with different sets of starting values. It is im-
portant to verify that the different sets of starting values do
not result in an impossible grasp configuration. This is first
manually verified with the GUL

Table 4: Different sets with starting values used for the optimisation pro-
cess in the design case.

Set L3 [mm] Ly [mm] Lg[mm)] L7 [mm] Lg[mm)]
1 10.0 35.0 30.0 20.0 10.0
2 10.0 50.0 45.0 25.0 20.0
3 20.0 70.0 20.0 15.0 10.0
4 20.0 50.0 40.0 25.0 25.0
5 30.0 50.0 40.0 25.0 10.0
6 30.0 70.0 25.0 15.0 20.0
7 40.0 80.0 20.0 15.0 15.0
8 40.0 90.0 30.0 30.0 25.0
9 50.0 90.0 25.0 30.0 10.0
10 50.0 100.0 15.0 15.0 20.0
11 60.0 90.0 25.0 10.0 5.0
12 60.0 110.0 15.0 25.0 20.0
13 70.0 100.0 30.0 25.0 10.0
14 70.0 120.0 15.0 30.0 15.0
15 80.0 110.0 35.0 30.0 15.0
16 80.0 130.0 25.0 40.0 25.0

5.2.2 Friction force determination

In the following section, the contact friction force at each
contact point is determined and compared to the friction
force at the contact points of a gripper that performs a pre-
cision grasp. We will now explain how to determine the
possible friction forces in the system.

First we focus on a single grasp configuration out of the
complete grasp range. For this grasp configuration the fea-
sible domain of Fy, is determined (see Sect. [.1). For the
complete feasible domain (a step size of A = 0.01 is used
in the design case), the total magnitude of the contact fric-
tion force is calculated. The friction force at each individual
contact point is registered for the value of F},5, that has the
lowest total magnitude of the contact friction force. This
process is repeated for the complete grasp range.

We assume that the gripper that establishes a precision
grasp, is not negatively influenced by a horizontal displace-
ment of the object. The precision gripper makes only two
contact points with the object and the friction force is evenly
distributed over these contact points. When comparing the
active friction force of the two grippers, for the new design,
we will use the maximum friction force at a contact point

over the complete horizontal displacement range.

5.3  Results

In this section the results of the optimisation process are
presented. In Sect. [5.3.1] the minimum required coefficient
of friction for the design case without external forces is pre-
sented. In Sect. [5.3.2] object mass is taken into account and
the minimum required friction forces of the optimised new
gripper design are compared to the minimum required fric-
tion forces for a gripper that establishes a precision grasp.

5.3.1 Minimum coefficient of friction

For an extensive list with results from the optimisation pro-
cess, see Appendix

Table 5: Two sets of design parameters from the optimisation process. Set
1 results in a complete feasible grasp range for the lowest possible
coefficient of friction, i.e. 4 = 0.06. Set 2 results in the best per-
formance indicator (Q) for a coefficient of friction of 1 = 0.05.
The optimisation is performed for massless circular objects ran-
ging from 60mm to 120mm diameter and a horizontal displace-
ment of £6mm. The following fixed design parameters are used:
Lo = 103.5mm, L1 = 200.0mm and Lo = 50.0mm.

L3 L5 L@ L7 LS
Set “w Q [mm] [mm] [mm] [mm)] [mm)]
1 0.06 1.00 10.8 30.1 46.7 28.8 20.5
2 0.05 | 0.94 32.0 47.7 39.9 26.1 10.3

Using the fixed design parameters from Table [3|and the
starting values from Table {4} the lowest coefficient of fric-
tion for which a complete feasible grasp range can be found
is 11 = 0.06 (see Table[5). For the set design parameters that
has the best performance indicator for a friction coefficient
of u = 0.05 (see TableE], Set 2), we will now study the in-
fluence of changing the fixed design parameters Lo, L; and
Ls. For the results see Fig. Note that only the effects
of a decreasing value of L and increasing value of L; can
be investigated, this is due to the boundary conditions on
gripper width and LCE length (see Sect. [5.1.1).

Table 6: Three sets of design parameters from the optimisation process.
Set 1 and 2 result in a complete feasible grasp range for the lo-
west possible coefficient of friction, i.e. © = 0.05. Set 3 results
in the best performance indicator (Q) for a coefficient of friction
of © = 0.04. The optimisation is performed for massless circular
objects ranging from 60mm to 120mm diameter and a horizontal
displacement of +=6mm. The following fixed design parameters
are used: Lo = 103.5mm, L1 = 218.0mm and Lo = 50.0mm.

L3 Ls Lg L~ Ls
Set “w Q [mm] [mm)] [mm)] [mm] [mm]
1 0.05 1.00 18.5 40.9 45.7 33.2 20.5

2 0.05 1.00 10.6 28.3 43.6 29.2 13.9

3 0.04 0.91 31.3 47.8 39.4 26.0 10.4

Figure [21] shows that increasing the design parameter
L1, can positively influence the performance indicator Q.
Therefore, a new optimisation is performed for the fixed
design parameters Lo = 103.5mm, L; = 218mm and
Lo = 50mm. The initial starting values from Table [4] are
used again. For an extensive list with results of the optimi-
sation process, see Table[G.2] There are two sets of design
parameters found that result in a complete feasible grasp
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range (see Table[6). For the set design parameters that has
the best performance indicator for a friction coefficient of
p = 0.04 (see Table[6] Set 3), we will now study the in-
fluence of changing the fixed design parameters Lo, L; and
L. For the results see Fig. 22]
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Figure 21: Three graphs that show the influence on the performance indi-
cator Q when the fixed design parameters (Lo, L1 and L2) are
altered. The design parameters used, can be found in Table E]
(Set 2).

Figure 22 shows that the performance indicator Q does
not increase when the fixed design parameters are altered.
However, an increase of L; for L1 € {223,227,228},
shows equal behavior for the performance indicator. Since
an increase of design parameter L1 from 200mm to 218mm
has already shown an improvement on the minimum possi-
ble coefficient of friction, we will perform a new optimisa-
tion with L1 € {223,227, 228}mm. The initial starting va-
lues from Table [ are used again. For an extensive list with
results of the optimisation process, see Table [G.3] From
the optimisation we obtain two sets of design parameters
that result in a complete feasible grasp range for p = 0.04
(see Table [f] Set 1 and 2). Both sets involve a LCE length
of Lj = 227mm. The maximum performance indicator
found for ;¢ = 0.03 with a LCE length of L; = 227mm is
@ = 0.88 (see Table[f] Set 3). Analysis of the fixed design
parameters of Set 3 from Table [6] has shown no improve-
ment of the performance indicator Q.
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Figure 22: Three graphs that show the influence on the performance indi-
cator Q when the fixed design parameters (Lg, L1 and L) are
altered. The design parameters used, can be found in Table |§|
(Set 3).

Table 7: Three sets of design parameters from the optimisation process.
Set 1 and 2 result in a complete feasible grasp range for the lo-
west possible coefficient of friction, i.e. © = 0.04. Set 3 results
in the best performance indicator (Q) for a coefficient of friction
of i = 0.03. The optimisation is performed for massless circular
objects ranging from 60mm to 120mm diameter and a horizontal
displacement of +=6mm. The following fixed design parameters
are used: Lo = 103.5mm, L1 = 227.0mm and Lo = 50.0mm.

L3 L5 L6 L7 LS
Set “w Q [mm] [mm] [mm] [mm] [mm]
1 0.04 1.00 5.2 25.8 50.1 31.9 22.7

2 0.04 1.00 14.9 40.9 49.4 45.5 21.2
3 0.03 0.88 17.1 39.1 48.4 39.5 20.7

5.3.2 Minimum required friction forces

As stated in Sect. [5.1.2] object mass is added ranging from
0.085 — 0.340kg, and the optimisation is performed for a
range of actuation torques, i.e. T,, € {600, 800, ...,1600}.
For an extensive list with results from the optimisation pro-
cess, see Appendix [H.1]

Using the fixed design parameters from Table[3]and the
starting values from Table [4] the lowest coefficient of fric-
tion for which a complete feasible grasp range can be found
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is p = 0.09 (see Table [§] Set 1). Altering the fixed de-
sign parameters Lo, L; and Ly, shows no improvement of
the performance indicator Q for grasp configurations that
do not have a complete feasible grasp range (@ < 1.00).

Table 8: The two sets of design parameters from the optimisation pro-
ces that result in a complete feasible grasp range and have the
lowest total friction force (Fp,). The optimisation is performed
for circular objects ranging from 60mm to 120mm diameter and
a horizontal displacement of +6mm, the following fixed design
parameters are used: Lo = 103.5mm, L; = 200.0mm and
Lo = 50.0mm. Set 1 is the result from the optimisation with
To = 1400Nmm and g = 0.09. Set 2 is the result from the
optimisation with 7, = 800Nmm and px = 0.2.

Total
Set L3 Ls Lg Ly Lg Fp,
[mm]  [mm]  [mm]  [mm]  [mm] [N]
1 13.3 23.0 55.7 28.2 20.3 1.817
2 32.6 37.7 49.5 23.7 9.9 2.161

Friction force required for force equilibrium
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Figure 23: Graph with friction force at each contact point for the new grip-
per design and a gripper that performs a precision grasp, where
p1-p4 are the contact points. The dimensions used for the new
gripper design can be found in Table [§] (Set 1), the gripper
works with a coefficient of friction of = 0.09 and actuation
torque of T, = 1400Nmm.

The two sets with design parameters that result in the
lowest total magnitude of friction force (see Table [§), are
compared with a gripper that establishes a precision grasp.
Figure 23] and [24] show the friction force at each contact
point of the new gripper design and a gripper that performs
a precision grasp for the complete object size range. For the
new gripper design, the maximum friction values are shown
of the various horizontal displacements.

5.4 Discussion

This section discusses the results of the optimisation.
Section [5.4.T] gives an interpretation of the results from the
optimisation process. In Sect. the influence of the
chosen parameters on the optimisation process are discus-
sed. In Sect. [5.4.3] we give an interpretation on the results
of the friction force in the system.

Friction force required for force equilibrium
2 : : . . .
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New design Py

,,,,,,,,,,, New design P,

05}
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Figure 24: Graph with friction force at each contact point for the new grip-
per design and a gripper that performs a precision grasp, where
p1-pa are the contact points. The dimensions used for the new
gripper design can be found in Table 8] (Set 2), the gripper
works with a coefficient of friction of p = 0.2 and actuation
torque of T, = 800Nmm.

5.4.1 Interpretation of optimisation results

For the design case with massless objects (Sect. [5.3.1)), the
minimum coefficient of friction for which still a complete
feasible grasp range can be obtained is i = 0.04. There
are no external disturbing forces present in this design case.
The only reason why friction force is required to establish
force equilibrium of gripper and object, is because the nor-
mal force applied by the different CE do not equilibrate
each other, but create an unbalance. However, the gripper
design can be optimised such that this unbalance is very
small, this is represented by the low coefficient of friction
that is required for force equilibrium.

From Table[/|we see that two sets of design parameters
with different dimensioning of the actuation mechanism,
result both in a complete feasible grasp range. From the
remaining results there is no obvious pattern that the opti-
misation converges to a single optimal gripper design. For
each coefficient of friction the sets of design parameters that
result in a complete feasible grasp range are different.

For the design case with object mass (Sect. [5.3.2), the
minimum coefficient of friction for which still a complete
feasible grasp range can be obtained is ;¢ = 0.09. For this
optimisation the actuation torque is important since there
is an external force active in the system, represented by
the object mass. However, the actuation torque is not in-
cluded as an optimisation variable, but as a parameter, i.e.
T, € {600,800, ...,1600}. It is possible that with an actu-
ation torque outside the specified range, a lower coefficient
of friction is obtained for which still a complete feasible
grasp range is possible.

5.4.2 Influence selected parameters

As initial parameters for the CE configuration, we have
chosen to use the maximum ratio of gripper width to LCE
length (see Fig. [§and 20). When this maximum ratio is
used, the LCE is better able to compensate vertical distur-
bance forces without relying on friction force. This can be
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explained as follows. The maximum ratio of gripper width
to LCE length, makes sure that the LCE is positioned under
the largest possible angle 6, (see Fig. when in contact
with the object. This has as a result that the normal force ap-
plied by the LCE has a larger vertical force component than
when the LCE is positioned under a smaller angle 6, (see
Fig. [25). The optimisation where object mass is included
(Sect.[5.3.2), indeed shows that decreasing Ly or increasing
L has no positive influence on the performance indicator
Q. However, for the design case where the minimum requi-
red coefficient of friction is determined (Sect. [5.3.1)), the
results show that an increase of the LCE length, and thus a
decrease of the ratio of gripper width to LCE length, causes
an improvement of the performance indicator. We believe
this due to the exclusion of object mass or external forces.

(b)

Figure 25: (a) Contact force for a small angle 61 of the LCE. (b) Contact
force for a large angle 61 of the LCE.

The initial value of the fixed design parameter Lo, is
chosen such that the configuration of the gripper does not
change a lot when the object size changes or object posi-
tion changes. When the configuration of the gripper does
not change a lot, the forces in the system will not change
much either. This increases the possibility of a complete
feasible grasp range. However, changing the design para-
meter Lo, has a large influence on the total configuration of
the gripper and therefore also on the grasp performance of
the gripper. This is the reason why Figs. 2T]and[22]show no
improvement in performance indicator when L is adjusted.
A disadvantage from the optimisation method used, is that
configurations with a different Lo size are not explored.

5.4.3 Interpretation results on friction force

When looking at the results of the optimisation(see Appen-
dix [H:I), it shows that a lower coefficient of friction does
not necessarily mean lower contact friction force in the sy-
stem.

When we compare the two optimised gripper designs
from Table 8| with a gripper that performs a precision grasp,
Figs. 23] and [24] show that for the larger part of the object
range, the contact friction force is lower in the systems of
the optimised gripper designs compared to the gripper that
performs a precision grasp. However, the figures also show
that the two optimised gripper designs both have their own
object range in which they perform best, i.e. a range where
the contact friction force is minimal. The decision which
gripper design to use, depends therefore on the frequency
with which specific objects from the object range need to
be handled. The figures also show that the largest friction
force occur at the LCE (contact points p; and ps).

5.5 Conclusion

The minimum coefficient of friction for which the op-
timised gripper design can still realise a complete feasible
grasp range with massless objects, is 1 = 0.04. However,
since not all design parameters are used as variables in the
optimisation process, there might exist unexplored gripper
parametrisations that result in an even lower possible coef-
ficient of friction. The study has shown that when contact
friction force is unwanted, the optimised gripper design out-
performs a gripper that establishes a precision grasp.

6 DISCUSSION

In this study we have designed an underactuated gripper
mechanism that is able to establish a final grasp without mo-
ving the object. The gripper consists out of four rotating CE
that allow the gripper to cope with shape and size variation
of the object. A bar-linkage system is used to distribute the
actuation forces over the CE. Section|[6.T|discusses a simpli-
fication we introduced on the mathematical model and the
optimisation method. Section [6.2]discusses a limitation on
the design process and the optimisation method.

6.1 Simplifications

The mathematical model and therefore also the optimi-
sation of the gripper design only comprise cylindrical ob-
jects. However, the gripper mechanism should also function
with non-cylindrical objects. The horizontal object displa-
cements used in the optimisation, make sure the gripper is
able to handle asymmetric grasp configurations. Therefore,
we assume that the gripper is also able to establish a final
grasp without moving the object when objects are grasped
that merely resemble cylindrical objects. The matter of how
much an object needs to resemble a cylinder, depends on:
(1) the maximum horizontal object displacement used in the
optimisation process, (2) the amount of contact friction al-
lowed between the object and gripper.

In this study we introduced elements with zero thick-
ness. The assumption on zero thickness can be justified as
follows. The CE can be made such that the part of the ele-
ment that makes contact with the object is in line with the
centre of the joints. This creates equal conditions to ele-
ments with zero thickness.

6.2 Limitations

The decision on the design of the actuation mechanism
has been made without really considering other bar-linkage
designs. The current design seemed to be the most sim-
ple design and was therefore assumed to be the best de-
sign. During the analysis of the gripper model including
friction (Sect. ), it was discovered that the actuation force
of the LCE is influenced by the contact position of object
and UCE. This results in several grasp configurations for
which force equilibrium of object and gripper will not be
possible (negative 77, see Sect. . There exist confi-
gurations of the actuation mechanism that do not introduce
faulty grasp configurations. However, these have not been
looked into.

We have only performed a static analysis of the gripper
mechanism while the gripper is designed for the pick and
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place industry. When the gripper with object starts to move,
the gripper mechanism will be subjected to large external
disturbance forces. This study fails in giving insight into
the dynamic aspect of the grasping process.

7 CONCLUSION

From this study we can conclude that:

e Using only movable CE, a gripper mechanism can be
designed that can achieve a final stable grasp of an
object without moving the object.

e To achieve a final stable grasp for an object range, i.e.
various objects with different shape and/or size, there
has to be contact friction present between object and

gripper.

e The amount of contact friction needed to create a
complete feasible grasp range is increased due to:

1. Increase of variance of object size/shape for the
object range.

2. Increase of variance of object weight for the
object range.

3. Increase of magnitude of disturbing forces to
be handled.

When the damage threshold, i.e. maximum amount of
force an object can withstand without getting damaged, for
a product is not known, no statement can be made whether
this gripper mechanism will damage the product or not.

8 FUTURE WORK

e Research the dynamic behavior of the gripper mecha-
nism.
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[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

(11]

[12]

o The only way a gripper mechanism can be made that
is able to establish a final stable grasp at initial con-
tact without exploiting friction forces, is to create a
form closed grasp around the object. Therefore, we
advise to research the possibility to add one or multi-
ple nonbackdrivable elements in the gripper design.
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APPENDIX A CE CONFIGURATIONS FOR CONSTRAINING AN OBJECT

In this appendix several CE configurations are presented that are able to completely restrain an object. The Figs[AT]-
[A-4]show a front view of the CE configurations in a plane. The CE can not make contact with the bottom the of the object
since the objects are positioned on a flat surface.

<
-
N

(a.1) (a.2) (@.3)

Figure A.1: Front view of three CE configurations in a plane. Each CE configuration has two rotating and two translating CE.
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.
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(b.1) (b.2)

Figure A.2: Front view of two CE configurations in a plane. Both CE configuration have four rotating CE.

(24,
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(c.1) (c.2) (c.3)

Figure A.3: Front view of three CE configurations in a plane. Each CE configuration has four translating CE.
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Figure A.4: Front view of three CE configurations in a plane. Each CE configuration has four CE of which two have a rotating and translating motion.
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APPENDIX B DERIVING AN EXPRESSION FOR #; AND 65 FROM THE CLOSED LOOP EQUATIONS

In this appendix the derivation of #; and 6, from the loop closure vector equations is shown. The derivation can

be used for the left side as well as the right side of the gripper. For the left side =X, = —Xp;, for the right side
:thbj = Xobj'

; Lo ry

;: >, X

Figure B.1: Schematic of gripper with parameters for derivation of loop closure vector equation.

From Fig. the following loop closure vector equation can be derived for contact of the lower connecting element

with the object,
7L0 0 _ :EXobj —Tobj
( 0 > Bo, ( —p ) a < Yob, + o, 0 ®D

From Eq. an expression for the contact point (p;) on the lower connecting element can be obtained,

Yobj — Tobj sin 91

p1= (B.2)

—cos by

Now Eq. [B.T|can be rearranged and when Eq. is used as an expression for py, Eq. [B.I|can be written in the following
form,
(£Xop; + Lo) cos 01 + Yop; sin 6y = rop; (B.3)

The following general rule can be applied to Eq. [B.3]
Acosf + Bsinf = Rcos (0 — )

where,
R=+vVA?2+ B2 and o = arctan (%)

From this, the following expression for £; can be obtained,

Tobj

V(& Xons + Lo + Y3,

01 = arccos

Yobj >
+ arcta _— B4
retan (ixobj T+ Lo (B.4)

From Fig. [B.T|the following loop closure vector equation can be derived for contact of the upper connecting element with

the object:
—Lo 0 0 +Xob; Tobj
R Ro, R = J Ry, R J B.5
( 0 >+ al<_L2>+ 6, 92<_p2> (Yobj>+ 0, 92<0> (B.5)

From Eq. an expression for the contact point (p2) on the upper connecting element can be obtained,

You; + L 0 obj sin (01 + 6

py = Yobs + Lo cos 1+ Topjsin (61 + 62) (B.6)
—cos (01 + 02)

Now Eq. [B.5|can be rearranged and when Eq. is used as an expression for po, Eq. [B.5|can be written in the following

form,

(:l:Xobj + Lo — Lo sin 6‘1) cos (91 + 02) + (Yobj + Lo cos 91) sin (91 + 92) = —Tobj B.7)

Using the standard form transformation, this gives the following expression for 65,

—Tobj

\/(:l:Xobj + Lo — Lo sin 91)2 + (Yobj + Loy cos 91)2

f = arccos

Y+ L 0
+arctan( b + 52 COS 01 ) -0,

:l:Xobj + Lo — Lo sinb;
(B.8)
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APPENDIX C DERIVING AN EXPRESSION FOR ANGLES ¢»1 AND ¢ TO DETERMINE THE CONFIGURATION OF THE
ACTUATION MECHANISM

In this appendix the angles ¢; and ¢, are derived by means of trigonometry. The angles ¢; and ¢, describe the
configuration of the actuation mechanism. The following trigonometric law is used,

Law of cosines: 2 =a® +b® — 2abcos~y

Figure C.1: Triangle with angles and sides labeled
for law of cosines.

Figure C.2: A labelled representation of the gripper segments and important angles.

Figure [C.2] shows the angles and parameters of the system. To derive an expression for ¢, and ¢, first distance d;

and angle ¢3 are calculated,
di = \/Ls* + L7* (C.1)

L
¢3 = arccos d—f (C.2)

Angle 05 and ¢3 are used to obtain an expression for ¢y,
pa=m—0s— @3 (C.3)

Using the law of cosines in combination with d; and ¢, gives the following expression for ds,

do = \/ Lo? 4+ di? — 2Lod; cos ¢y (C.4)

Using the law of cosines in combination with d;, ds and ¢4, an expression for ¢5 is obtained,

2 2 2
arccos % 194 >0
¢5 = o (C5)
° _ arccos [ d1°=L2?—d>? Ly <0 ’
—2Lods - P4

Using ¢5 and 64, distance d3 can be determined with help of the law of cosines,

dy = \/d22 + Lg? — 2dyLg cos (g 10, + ¢5) (C.6)
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With ds and d3 known, an expression for ¢g, ¢7 and ¢g can be obtained. Angles ¢g, ¢7 and ¢g are obtained by applying
the law of cosines,

2 2 2
5 arccos (7(12 :QLde_gds ) t01+d5 < 5 7
6 = .
— arccos (75122:; E:(;Sd32> 201+ ¢5 > 5
L 2 d 2 — L 2
¢7 = arccos (5 7253116 6 ) (C.8)
d 2 L 2 )’ 2
¢g = arccos (3—2L55I/66> (C.9
Finally, an expression for ¢; and ¢ can be obtained,
T — arccos 75122:;5:5;132 — arccos 7L52:553256L62 101+ ¢5 < 5
pr=T— s — 7= do?— La?—ds? Ls?—ds?— L2 - (C.10)
T + arccos T oLeds ) T AMCCOS | Tt 201+ o5 > 3
™ s d32 - L52 - L62
_r — he — _ Bt C.11
$2= 5 +¢1—ds =5 + ¢1 — arccos ( 5.1 (C.1D)
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APPENDIX D DETERMINE FORCES IN FRICTIONLESS SYSTEM BY MEANS OF A FREE BODY DIAGRAM

FAy
Fay
Ta
FBy
F
X Cy
Frx <—I\I—>FCX
FBy
FCX
Fb
y F
Fp1 FCy P2
Fp,
Figure D.1: Free body diagram of the gripper.

Linkage AB

Fa, +Fp, =0 (D.1)

Fa, + Fg, =0 (D.2)

FBw LG SiIl qj)l — FBy L6 COS ¢1 = _Ta (D3)
Linkage BC

Fo, — Fp, =0 (D.4)

Fo, — Fp, =0 (D.5)

Fo,Lscos g2 + Fo, Lssinga =0 (D.6)
Linkage CD

Fp, — Fo, + Fyycos (0 + 62) = F, (D.7)

FDy — Fcy + sz sin (01 + 02) = _Fky (D.8)

FCw (L7 sin (91 + 92) — L3 COS (91 + 92)) — Fcy (L7 COS (91 + 92) + L3 sin (91 + 92)) e

+ p2Fp2 = Fy, s1cos (01 + 02) — Fy, s1sin (01 + 62) (D.9)
Linkage DE
Fg, — Fp, — Fpcos0y = —Fy, (D.10)
FEy—FDy—Fplsinﬁleky (Dll)
— Fp,Lycosth — Fp, Lasin6y — p1Fp1 = F, (L2 — s2)sinfy — F, (L2 — s2) cos 0y (D.12)

To derive the horizontal and vertical components of the spring force, first the spring force F}, needs to be determined,
F =k (Lk — Lio) (D.13)

where, k is the spring constant, Ly is the initial spring length and L, the current spring length, which is calculated as
follows,

L = \/312 + 592 — 28189 cos (7 — 6) (D.14)

The horizontal and vertical components of the spring forces (Fj, and F}, ) are calculated as follows,
Fy,, = Fjsin (91 —|—Oé) (D.15)

Fy, = Fycos (61 + o) (D.16)
with,

SR Lkz) (D.17)

Q. = arccos
< —282 Lk
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APPENDIX E  GRAPHICAL USER INTERFACE FOR FRICTIONLESS MODEL

In this appendix the graphical user interface (GUI) that is used to explore the frictionless gripper model is described.
An overview of the GUI is given and the MATLAB code of the most important function is given.

Bl Figure 1: Gripper Sizing Tool LEE

fle Edt View Insert Iools Deskop Window Help

i
0000000000600600

B@

distance to palm: 430

g -

Figure E.1: Graphical user interface for examining gripper mechanism.
Figure [E-T|shows the GUI The following parameters can be adjusted:

e The design parameters (Lo, L1, Lo, Ls, Ly, Ls, Lg, L7, Lg, s1, 52), where s; and s5 are the distance between the
spring connection point on the UCE and LCE, respectively, and joint D.

e The actuation torque (73,).

e Object properties (M ass, circ,, circ, and circey), where circe,., circ, and circ, are the radius, horizontal position
with respect to gripper and vertical position with respect to the gripper, respectively.

e Spring properties (k, [k0), where k is the spring constant and [k is the initial spring lenght.

In the GUI the contact positions and magnitude of the forces applied by the CE onto the object are shown. The contact
forces shown, are calculated under the assumption that the object is fixed. Therefore, force equilibrium of gripper and
object can only exist when the applied forces by the CE and all other forces active on the object equilibrate each other.
The resulting force on the object, if present, is presented by the green arrow at the bottom of the object. The green arrow
indicates the magnitude as well as the direction of the resulting force.

In Fig. [E2] the MATLAB code is shown that is used to calculate the contact forces between object and gripper that
are needed to achieve force equilibrium of the gripper.
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EE R L L L e P LS ELETLILI LTI E LTy
EE T 533
%%% Function that calculates the forces applied by the CE onto the ohject. 3%
w5% 555
%5 Input "Param” comprises - the design parameters: L2, L3, LS, L6 and L7 555
(LS - distance spring connections - joint D: si and =2 %%
LT - spring constant and initial lemgth: & and lk0 w%%
354 - the actuation torgue: Ta w5%

‘.,»
s
i
w
s
ot

Input "ingles" comprises the angles: thetal, thets2, phil and phiz.

%%% Input "ContP" comprises the contact points: pl and p2. 533
3%% 3%
LR T T T LY
function Fn = Forces(Param, Angles, ContE)

4 Caloulate spring force componsnts
Lk = sgrr(si*z + 52°2 - 2*sl*s2*cos(pi - thi)):
Fk = k*[lk - 1k0):

alpha = acosi(s1°Z - 52°2 - lk°"2)/(-27s271K));
Fkx = Fk*sin{thl + alpha):

Fky = Fk*cos{thl + alpha);

length active spring
spring force

orientation spring with respect to LCE
horizontal spring force component

"

a

-

vertical spring force component

% Force eguilibrium components

53_3 = L6*sin(phil): 53_4 = -Létcos (phil):
56_5 = LS*cos(phiz): H6_6 = LSt=in(phiz):
57_12 = cos{thl + th2): 56_12 = sin(thl + th2):
59_5 = (L7*sinithl + thi]-Li*cos(thl + thZ)): %5 _6 = - (L3*sinithil + th2) + L7*cosithil + th)):
510_11 = -cos(thl);
511 _11 = -sin{thl);
51z_7 = -L2%cos(thl); 512_8 = -L2%sin{thi);
% WAtrix with eguilibrium eguation
s F_hx F_Ly F_Ex F_EBy F_Cx T Cy F_Dx F_Dy F_Ex F_Ey F_pl F_p2
=01 ] 1 ] ] ] ] ] 0 0 0 il
] 1 ] 1 ] ] ] ] il il il il
] ] 53_3 53_4 ] ] ] ] [l [l [l [l
o o 1 o 1 o o o 0 0 0 0
o o o -1 o 1 o o 0 0 0 0
o o o o 565 566 o o 0 0 0 0
o o o o -1 o 1 o 0 0 0 57_12
] ] ] ] ] -1 ] 1 ] ] ] 56_12
] ] ] ] 595 596 ] ] il il il p2
] ] ] ] ] ] -1 ] 1 il 510 11 0
] ] ] ] ] ] ] -1 il 1 1111 0
] ] ] ] ] ] s12_7 §12.8 O 0 -pl 0l:
% Vector with external forces
F=[00-Ta 000 Fkx -Fky (Fkx*sl%cos(thl + th2) -
Fky#s17(sin(thl + thz)]) -Fkx Fky (Fky® (L2 - 52) "sin(thl) -
Flx# (L2 - =2) feos(thi) )]
X = S\F: % calpulate reaction forces in system
Fn o= [X({11): %(12)]: % wector with forces applied onto the ohject, Fn = [F_pl; F_pz]
end

Figure E.2: MATLAB code - function that returns the contact forces required for force equilibrium of gripper.
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APPENDIX F DETERMINE FORCES IN SYSTEM BY MEANS OF A FREE BODY DIAGRAM

Figure F.1: Free body diagram of the gripper.

Linkage AB
Fu, +Fp, =0 (E.1)
Fa, +Fp, =0 (F.2)
FBx Lﬁ sin gf)l - FBy L6 COS ¢1 = _Ta (F3)
Linkage BC
Fe,—Fp, =0 (F.4)
Fo, — Fp, =0 (E.5)
Fe, Ly cos ¢z + Fe, Ly sin gy = 0 (E.6)
Linkage CD
Fp, — Fc, + Fpa,, cos (01 +62) + o, sin (01 +02) = Fy, (E7)
FDy - Fcy + FpgN sin ((91 + 92) — Fpgt coS (01 + 92) = _Fky (E.8)
Fe, (L7 sin (61 + 02) — Lz cos (61 + 62)) — Fo, (L7 cos (01 + 62) + Lzsin (01 + 02)) . .. (F9)
+ paFpoy = Fy, 5108 (01 + 02) — F, 5150 (01 + 0-) ’
Linkage DE
FEI _FDI _FplN COSQl—Fplt sin61 :_Fk:z (FIO)
FEy_FDy_FplN sin91—|—Fp1t COSleFky (Fll)
— FDILQ COS 91 — FDyLQ sin91 7p1Fp1N = Fky (L2 — 52) Sin91 — ka (L2 — 52) COS 91 (FlZ)
szt Fp4t y
L;X
F
Fp,t \ Foin I P3N /Fp3t
Figure F.2: Free body diagram of the object.
Object
Fp, +Fpa, +Fp3, +Fpy, =0 (F.13)
Fply + szy + Fpgy + Fp4y —mg=20 (F.14)
(Fplt + o, — Fp3, — Fp4t) Tob; = 0 (F.15)
where,
Fplm o FplN 0 o FplN cos01 +Fp1t sin¢91
( Fply ) o R91 ( 0 + R91 _Fplt o FplN sin91 - Fplt COS 01 (F16)
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;02t sin 91—|—92) El
+Fp21 COS 01 +02) ( ’ 7)

03)
0s) ) (F.18)

;D4t sm( 93 — 94) >

NN

0 > _ < szN CcoS (91 +605) —

FPZx — _FP2N
< Fpgy ) — R91 R@z < O + R91 R02 Fth Fp2N Sln (01 + 92
—Fp3, cos (—0s

(
Fos. —Fy 0 B + Fpgt sin (—
< > R_g)) ( + R(—g;) —Fy3, )\ —Fp3,sin(—6s) — (—

Fp3, cos

\-/\_/

Fy3, 0
Fp4 F4 0 F4 COS( 93—94)
R R paN Ri_¢g R(_ = La
<Fp4 > (—=63)Y(— 94)( 0 >+ (—=63)1Y( 94)(Fp4t > (FP4NSIH( 33_94)+ 4tCOS( 93_94)
(F.19)
with,
cosf) —sinf
Ry = < sinf@  cosf ) (F20)

To derive the horizontal and vertical components of the spring force, first the spring force Fj, needs to be determined
(F21)

Fy, =k (Ly — Lio)

where, k is the spring constant, Ly is the initial spring length and Ly, the current spring length, which is calculated as
(F22)

L = \/812 + 892 — 28189 cos (m — 03)

follows,
The horizontal and vertical components of the spring forces (Fj, and F}, ) are calculated as follows
Fy, = Fysin (61 + ) (F.23)
Fy, = Fycos (61 + ) (F.24)
with, , , )
§1° — 89— L
Q. = arccos (12;ka> (F.25)
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APPENDIX G MINIMUM REQUIRED COEFFICIENT OF FRICTION - RESULTS OPTIMISATION PROCESS

Table G.1: Results from the optimisation process for massless circular objects ranging from 60mm to 120mm diameter and a horizontal displacement
of £6mm. The starting value sets can be found in Table[l] The fixed design parameters used in the optimisation process were Lo, L1 and

Lo. A Q-value of 1.00 represents a complete feasible grasp range for the presented design parameters and coefficient of friction (y).

Starting

value 1% Q LO L1 L2 L3 L5 LG L7 LS
set [mm] [mm] [mm] | [mm] [mm] [mm] [mm] [mm]
1 0.40 1.00 103.5 200.0 50.0 10.0 35.0 30.0 20.0 10.0
2 0.40 1.00 103.5 200.0 50.0 10.0 50.0 45.0 25.0 20.0
3 0.40 1.00 103.5 200.0 50.0 20.0 70.0 20.0 15.0 10.0
4 0.40 1.00 103.5 200.0 50.0 20.0 50.0 40.0 25.0 25.0
5 0.40 1.00 103.5 200.0 50.0 30.0 50.0 40.0 25.0 10.0
6 0.40 1.00 103.5 200.0 50.0 30.0 70.0 25.0 15.0 20.0
7 0.40 1.00 103.5 200.0 50.0 40.0 80.0 20.0 15.0 15.0
8 0.40 1.00 103.5 200.0 50.0 40.0 90.0 30.0 30.0 25.0
9 0.40 1.00 103.5 200.0 50.0 50.0 90.0 25.0 30.0 10.0
10 0.40 1.00 103.5 200.0 50.0 50.0 100.0 15.0 15.0 20.0
11 0.40 1.00 103.5 200.0 50.0 60.0 90.0 25.0 10.0 5.0
12 0.40 1.00 103.5 200.0 50.0 60.0 110.0 15.0 25.0 20.0
13 0.40 1.00 103.5 200.0 50.0 70.0 100.0 30.0 25.0 10.0
14 0.40 1.00 103.5 200.0 50.0 70.0 120.0 15.0 30.0 15.0
15 0.40 1.00 103.5 200.0 50.0 80.0 110.0 35.0 30.0 15.0
16 0.40 1.00 103.5 200.0 50.0 80.0 130.0 25.0 40.0 25.0
1 0.30 1.00 103.5 200.0 50.0 10.0 35.0 30.0 20.0 10.0
2 0.30 1.00 103.5 200.0 50.0 10.0 50.0 45.0 25.0 20.0
3 0.30 1.00 103.5 200.0 50.0 20.0 70.0 20.0 15.0 10.0
4 0.30 1.00 103.5 200.0 50.0 20.0 50.0 40.0 25.0 25.0
5 0.30 1.00 103.5 200.0 50.0 30.0 50.0 40.0 25.0 10.0
6 0.30 1.00 103.5 200.0 50.0 30.0 70.0 25.0 15.0 20.0
7 0.30 1.00 103.5 200.0 50.0 40.0 80.0 20.0 15.0 15.0
8 0.30 1.00 103.5 200.0 50.0 40.0 90.0 30.0 30.0 25.0
9 0.30 1.00 103.5 200.0 50.0 50.0 90.0 25.0 30.0 10.0
10 0.30 1.00 103.5 200.0 50.0 50.0 100.0 15.0 15.0 20.0
11 0.30 1.00 103.5 200.0 50.0 60.0 90.0 25.0 10.0 5.0
12 0.30 1.00 103.5 200.0 50.0 61.1 109.4 15.6 22.8 20.8
13 0.30 1.00 103.5 200.0 50.0 70.0 100.0 30.0 25.0 10.0
14 0.30 1.00 103.5 200.0 50.0 72.6 1135 174 23.4 15.2
15 0.30 1.00 103.5 200.0 50.0 80.0 110.0 35.0 30.0 15.0
16 0.30 1.00 103.5 200.0 50.0 80.0 130.0 25.0 40.0 25.0
1 0.20 1.00 103.5 200.0 50.0 10.0 35.0 30.0 20.0 10.0
2 0.20 1.00 103.5 200.0 50.0 9.9 51.1 39.7 27.4 21.9
3 0.20 1.00 103.5 200.0 50.0 20.4 56.8 23.0 14.8 10.8
4 0.20 1.00 103.5 200.0 50.0 20.0 50.0 40.0 25.0 25.0
5 0.20 1.00 103.5 200.0 50.0 30.0 50.0 40.0 25.0 10.0
6 0.20 1.00 103.5 200.0 50.0 30.0 70.0 25.0 15.0 20.0
7 0.20 1.00 103.5 200.0 50.0 40.0 80.0 21.0 15.0 15.0
8 0.20 1.00 103.5 200.0 50.0 40.8 85.5 30.6 30.6 25.5
9 0.20 1.00 103.5 200.0 50.0 50.1 81.5 28.3 27.6 10.6
10 0.20 0.93 103.5 200.0 50.0 50.6 99.4 15.4 14.7 20.8
11 0.20 1.00 103.5 200.0 50.0 63.0 90.0 25.0 10.0 5.0
12 0.20 0.94 103.5 200.0 50.0 59.9 108.2 17.6 17.8 22.7
13 0.20 1.00 103.5 200.0 50.0 73.5 100.0 30.0 25.0 10.0
14 0.20 1.00 103.5 200.0 50.0 78.5 113.9 23.2 17.0 14.0
15 0.20 1.00 103.5 200.0 50.0 84.0 110.0 35.0 30.0 15.0
16 0.20 1.00 103.5 200.0 50.0 83.1 128.0 27.0 35.7 26.4
1 0.10 1.00 103.5 200.0 50.0 9.2 27.7 37.0 16.9 10.7
2 0.10 1.00 103.5 200.0 50.0 12.0 31.3 48.1 29.6 20.4
3 0.10 0.81 103.5 200.0 50.0 25.4 59.5 21.6 10.7 11.5

Continued on Next Page. ..
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Table G.1 — Continued

Starting

value 1% Q LO L1 L2 L3 L5 L6 L7 Lg
set [mm] [mm] [mm] | [mm] [mm] [mm] [mm] [mm]
4 0.10 1.00 103.5 200.0 50.0 21.0 49.2 40.8 25.8 24.0
5 0.10 1.00 103.5 200.0 50.0 31.0 48.1 38.4 25.8 10.3
6 0.10 0.83 103.5 200.0 50.0 31.3 60.7 30.7 15.1 18.6
7 0.10 0.72 103.5 200.0 50.0 40.7 79.0 20.3 15.5 14.7
8 0.10 1.00 103.5 200.0 50.0 43.8 72.7 40.1 34.1 22.7
9 0.10 1.00 103.5 200.0 50.0 54.6 71.7 38.9 29.4 9.2
10 0.10 0.74 103.5 200.0 50.0 43.7 74.2 27.6 11.8 174
11 0.10 0.86 103.5 200.0 50.0 63.3 89.2 25.9 9.9 4.9
12 0.10 0.58 103.5 200.0 50.0 60.0 110.0 15.8 25.0 20.0
13 0.10 1.00 103.5 200.0 50.0 71.9 94.7 33.3 25.2 10.1
14 0.10 0.63 103.5 200.0 50.0 78.2 1186 18.6 19.0 16.2
15 0.10 1.00 103.5 200.0 50.0 83.9 109.3 344 31.2 15.0
16 0.10 1.00 103.5 200.0 50.0 64.1 92.5 40.2 40.9 21.4
1 0.09 1.00 103.5 200.0 50.0 10.3 29.5 36.5 14.8 11.6
2 0.09 1.00 103.5 200.0 50.0 10.5 29.7 47.8 25.0 22.8
3 0.09 0.95 103.5 200.0 50.0 19.0 43.9 30.9 13.1 12.1
4 0.09 1.00 103.5 200.0 50.0 25.0 48.6 40.6 27.9 17.5
5 0.09 1.00 103.5 200.0 50.0 31.0 48.1 38.4 25.8 10.3
6 0.09 0.80 103.5 200.0 50.0 31.5 59.1 32.0 15.2 18.2
7 0.09 0.65 103.5 200.0 50.0 42.0 80.0 20.0 15.0 15.0
8 0.09 0.81 103.5 200.0 50.0 39.8 72.6 35.2 25.8 26.2
9 0.09 1.00 103.5 200.0 50.0 54.4 73.8 36.4 26.8 10.4
10 0.09 0.50 103.5 200.0 50.0 51.2 98.0 15.0 15.3 20.2
11 0.09 1.00 103.5 200.0 50.0 64.8 83.7 31.9 8.8 4.9
12 0.09 0.54 103.5 200.0 50.0 59.2 110.2 15.2 25.4 20.3
13 0.09 1.00 103.5 200.0 50.0 81.4 100.9 34.3 22.9 9.1
14 0.09 1.00 103.5 200.0 50.0 86.8 1075 293 —-04 3.3
15 0.09 0.99 103.5 200.0 50.0 83.6 107.5 35.1 30.4 14.5
16 0.09 0.66 103.5 200.0 50.0 82.6 126.9 26.0 40.1 24.9
1 0.08 1.00 103.5 200.0 50.0 11.0 27.9 37.7 17.1 10.5
2 0.08 1.00 103.5 200.0 50.0 11.5 33.8 44.4 25.2 21.0
3 0.08 0.81 103.5 200.0 50.0 26.8 53.9 27.0 10.1 10.7
4 0.08 1.00 103.5 200.0 50.0 27.0 46.2 41.1 32.6 12.0
5 0.08 1.00 103.5 200.0 50.0 31.0 48.1 38.4 25.8 10.3
6 0.08 0.73 103.5 200.0 50.0 31.8 58.5 32.8 14.6 18.9
7 0.08 0.63 103.5 200.0 50.0 41.4 78.3 21.1 15.0 14.8
8 0.08 1.00 103.5 200.0 50.0 38.1 63.9 41.9 34.4 21.0
9 0.08 1.00 103.5 200.0 50.0 50.4 63.8 41.2 27.1 9.5
10 0.08 0.45 103.5 200.0 50.0 51.1 97.4 15.6 15.0 20.2
11 0.08 1.00 103.5 200.0 50.0 60.3 77.5 33.2 9.9 5.1
12 0.08 0.50 103.5 200.0 50.0 59.8 108.8 15.6 25.9 19.9
13 0.08 0.86 103.5 200.0 50.0 72.1 98.0 30.5 25.5 10.2
14 0.08 0.50 103.5 200.0 50.0 73.0 119.0 15.8 24.9 16.7
15 0.08 0.94 103.5 200.0 50.0 83.1 107.6 34.6 30.7 14.5
16 0.08 0.96 103.5 200.0 50.0 59.1 84.7 417 37.1 22.1
1 0.07 1.00 103.5 200.0 50.0 11.1 28.3 37.8 16.7 10.4
2 0.07 1.00 103.5 200.0 50.0 10.9 29.3 48.3 27.1 21.9
3 0.07 0.99 103.5 200.0 50.0 26.8 44.1 34.0 11.6 6.5
4 0.07 1.00 103.5 200.0 50.0 24.0 42.6 45.1 29.7 18.3
5 0.07 1.00 103.5 200.0 50.0 31.1 47.7 39.1 25.9 10.3
6 0.07 1.00 103.5 200.0 50.0 17.8 36.0 39.1 20.9 12.2
7 0.07 0.55 103.5 200.0 50.0 41.4 79.0 20.4 15.0 15.1
8 0.07 0.65 103.5 200.0 50.0 41.9 81.7 30.2 31.4 25.3
9 0.07 1.00 103.5 200.0 50.0 44.1 60.4 39.2 29.7 9.7
10 0.07 0.40 103.5 200.0 50.0 51.8 98.5 14.8 154 20.3

Continued on Next Page. ..
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Table G.1 — Continued

Starting
value 1% Q LO L1 L2 L3 L5 L6 L7 Lg
set [mm] [mm] [mm] | [mm] [mm] [mm] [mm] [mm]

11 0.07 0.73 103.5 200.0 50.0 | 62.0 8.3 253 10.2 5.0
12 0.07 0.44 103.5 200.0 50.0 | 59.0 109.3 151 259  20.7
13 0.07 0.99 103.5 200.0 500 | 69.6 8.0 357 242 105
14 0.07 0.46 103.5 200.0 500 | 722 1163 164 229 16.8
15 0.07 0.94 103.5 200.0 50.0 | 82.9 1047 371 309 150
16 0.07 0.54 103.5 200.0 500 | 81.4 127.1 252 409 254
1 0.06 0.98 103.5 200.0 50.0 9.9 25.0 40.2 18,5 109
0.06 1.00 103.5 200.0 50.0 | 10.8 30.1 46.7 288 205
0.06 0.79 103.5 200.0 500 | 164 386 31.1 103 10.1
0.06 0.93 103.5 200.0 50.0 | 23.0 43.6 45.8 282 230
0.06 0.98 103.5 200.0 500 | 31.0 471 39.8 262 104
0.06 0.99 103.5 200.0 50.0 | 22.7 405 41.0 26.1 13.3
0.06 0.49 103.5 200.0 500 | 40.6 780 203 152 15.2
0.06 0.58 103.5 200.0 50.0 | 41.6 8.9 30.7 31.2 258
9 0.06 0.98 103.5 200.0 50.0 | 50.1 66.3 38.1 29.0 8.4
10 0.06 0.35 103.5 200.0 500 | 52.1 983 152 154  20.6
11 0.06 0.68 103.5 200.0 500 | 61.8 832 25.1 10.0 5.1
12 0.06 0.40 103.5 200.0 50.0 | 60.9 109.6 152 257 20.0
13 0.06 0.97 103.5 200.0 50.0 | 73.5 91.7 363 244 9.9
14 0.06 0.42 103.5 200.0 50.0 | 76.9 1204 16.5 25.0 15.2
15 0.06 0.81 103.5 200.0 50.0 | 82.7 107.6 344 31.0 15.1
16 0.06 0.90 103.5 200.0 500 | 62.6 8.0 41.1 355 20.1
1 0.05 0.91 103.5 200.0 50.0 9.8 25.0 394 17.7 10.6
0.05 0.66 103.5 200.0 500 | 11.2 411 39.1 277 215
0.05 0.46 103.5 200.0 50.0 | 20.7 56.8 20.8 169 10.2
0.05 0.82 103.5 200.0 50.0 | 20.3 40.7 46.3 26.0 245
0.05 0.94 103.5 200.0 50.0 | 32.0 477 399 26.1 10.3
0.05 0.43 103.5 200.0 500 | 31.0 66.8 25.6 15.7 20.6
0.05 0.43 103.5 200.0 500 | 40.8 782 202 152 15.2
0.05 0.52 103.5 200.0 50.0 | 41.2 806 304 319 254
9 0.05 0.86 103.5 200.0 50.0 | 629 813 355 208 10.2
10 0.05 0.30 103.5 200.0 500 | 51.3 979 15.0 154 205
11 0.05 0.88 103.5 200.0 500 | 629 798 333 104 5.1
12 0.05 0.35 103.5 200.0 50.0 | 57.7 1059 15.7 272 1838
13 0.05 0.69 103.5 2000 50.0 | 71.6 974 298 251 10.3
14 0.05 0.32 103.5 200.0 500 | 71.9 119.7 151 303 15.1
15 0.05 0.72 103.5 200.0 50.0 | 83.5 1085 341 309 15.2
16 0.05 0.41 103.5 200.0 50.0 | 82.6 128.4 24.7 41.1  25.7

0 3O Ui Wi
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Table G.2: Results from the optimisation process for massless circular objects ranging from 60mm to 120mm diameter and a horizontal displacement
of £6mm. The starting value sets can be found in Table[dl] The fixed design parameters used in the optimisation process were Lo, L1 and

La. A Q-value of 1.00 represents a complete feasible grasp range for the presented design parameters and coefficient of friction (u).

Starting

value 1% Q LO L1 L2 Lg L5 L6 L7 LS
set [mm] [mm] [mm] | [mm] [mm] [mm] [mm] [mm]
1 0.05 0.98 103.5 218.0 50.0 10.4 25.4 39.7 19.4 9.4
2 0.05 0.67 103.5 218.0 50.0 8.5 40.7 47.3 25.5 36.7
3 0.05 0.58 103.5 218.0 50.0 19.0 52.4 21.8 12.8 11.2
4 0.05 1.00 103.5 218.0 50.0 18.5 40.9 45.7  33.2 20.5
5 0.05 0.98 103.5 218.0 50.0 31.2 48.0 39.2 25.7 10.2
6 0.05 1.00 103.5 218.0 50.0 10.6 28.3 43.6 29.2 13.9
7 0.05 0.45 103.5 218.0 50.0 40.6 77.8 20.5 15.2 15.1
8 0.05 0.57 103.5 218.0 50.0 42.3 80.1 31.4 31.4 25.3
9 0.05 0.55 103.5 218.0 50.0 51.6 85.4 25.5 30.6 10.3
10 0.05 0.31 103.5 218.0 50.0 52.0 98.5 14.7 15.3 20.3
11 0.05 0.70 103.5 218.0 50.0 62.0 87.8 25.4 10.1 5.1
12 0.05 0.36 103.5 218.0 50.0 61.7 110.3 14.8 26.2 19.5
13 0.05 0.76 103.5 218.0 50.0 72.3 97.9 29.9 25.5 10.2
14 0.05 0.40 103.5 218.0 50.0 72.0 1189 15.3 30.3 15.1
15 0.05 0.76 103.5 218.0 50.0 83.4 108.4 34.0 31.0 15.1
16 0.05 0.62 103.5 218.0 50.0 79.4 109.4 39.0 37.9 27.3
1 0.04 0.89 103.5 218.0 50.0 11.7 27.1 38.8 18.6 9.5
2 0.04 0.83 103.5 218.0 50.0 11.7 31.3 46.3 25.2 22.7
3 0.04 0.46 103.5 218.0 50.0 21.4 57.9 19.7 15.9 10.2
4 0.04 0.59 103.5 218.0 50.0 20.2 49.8 39.1 25.8 25.7
5 0.04 0.91 103.5 218.0 50.0 31.3 47.8 39.4 26.0 10.4
6 0.04 0.37 103.5 218.0 50.0 30.8 67.1 24.6 15.9 20.3
7 0.04 0.36 103.5 218.0 50.0 41.2 78.8 19.9 15.3 15.3
8 0.04 0.89 103.5 218.0 50.0 47.4 63.3 39.0 39.6 3.5
9 0.04 0.84 103.5 218.0 50.0 48.0 66.2 35.2 22.9 8.2
10 0.04 0.26 103.5 218.0 50.0 51.5 97.1 15.0 15.2 19.7
11 0.04 0.62 103.5 218.0 50.0 61.6 87.8 24.9 10.2 5.1
12 0.04 0.31 103.5 218.0 50.0 61.2 109.2 14.9 26.5 19.6
13 0.04 0.68 103.5 218.0 50.0 72.0 97.6 29.8 25.6 10.2
14 0.04 0.33 103.5 218.0 50.0 724 118.7 15.1 30.2 15.1
15 0.04 0.66 103.5 218.0 50.0 82.7 1079 33.7 315 15.1
16 0.04 0.37 103.5 218.0 50.0 82.1 127.3 25.1 41.5 25.4

Table G.3: Results from the optimisation process for massless circular objects ranging from 60mm to 120mm diameter and a horizontal displacement
of £6mm. The starting value sets can be found in Table[l] The fixed design parameters used in the optimisation process were Lo, L1 and

Lo. A Q-value of 1.00 represents a complete feasible grasp range for the presented design parameters and coefficient of friction (y).

Starting

value 1% Q LO L1 L2 L3 L5 LG L7 LS
set [mm] [mm] [mm] | [mm] [mm] [mm] [mm] [mm]
1 0.04 0.91 103.5 223.0 50.0 11.8 26.7 38.9 18.3 8.8
2 0.04 0.79 103.5 223.0 50.0 11.6 32.3 45.2 24.5 23.0
3 0.04 0.45 103.5 223.0 50.0 20.7 58.1 19.3 16.8 10.2
4 0.04 0.97 103.5 223.0 50.0 16.7 37.3 45.6 33.5 18.3
5 0.04 0.92 103.5 223.0 50.0 31.3 48.7 38.8 25.8 10.3
6 0.04 0.38 103.5 223.0 50.0 30.8 66.3 25.5 15.6 20.7
7 0.04 0.38 103.5 223.0 50.0 39.8 77.2 20.4 15.5 15.5
8 0.04 0.47 103.5 223.0 50.0 40.9 79.9 30.5 32.0 25.6
9 0.04 0.50 103.5 223.0 50.0 52.8 86.2 25.4 31.1 10.1
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Table G.3 — Continued

Starting

value 1% Q LO L1 L2 L3 L5 L6 L7 Lg
set [mm] [mm] [mm] | [mm] [mm] [mm] [mm] [mm]
10 0.04 0.26 103.5 223.0 50.0 51.8 97.8 15.5 15.3 20.2
11 0.04 0.63 103.5 223.0 50.0 62.2 88.3 24.9 10.3 5.1
12 0.04 0.31 103.5 223.0 50.0 61.2 109.5 15.0 25.4 20.3
13 0.04 0.68 103.5 223.0 50.0 72.3 97.8 29.8 25.5 10.2
14 0.04 0.35 103.5 223.0 50.0 71.9 118.1 15.2 30.3 15.2
15 0.04 0.71 103.5 223.0 50.0 81.9 103.2 37.0 30.5 15.3
16 0.04 0.38 103.5 223.0 50.0 81.0 126.7 25.0 42.0 26.0
1 0.04 0.93 103.5 227.0 50.0 10.8 24.8 40.0 20.2 8.4
2 0.04 1.00 103.5 227.0 50.0 5.2 25.8 50.1 31.9 22.7
3 0.04 0.53 103.5 227.0 50.0 23.6 55.1 23.8 15.0 11.5
4 0.04 1.00 103.5 227.0 50.0 14.9 40.9 49.4 45.5 21.2
5 0.04 0.93 103.5 227.0 50.0 31.5 49.0 38.8 26.4 10.4
6 0.04 0.92 103.5 227.0 50.0 42.7 57.7 36.2 20.7 4.9
7 0.04 0.38 103.5 227.0 50.0 40.6 78.0 20.2 15.3 15.2
8 0.04 0.47 103.5 227.0 50.0 41.3 80.6 29.8 31.6 25.6
9 0.04 0.50 103.5 227.0 50.0 51.9 86.1 24.9 31.3 10.2
10 0.04 0.26 103.5 227.0 50.0 51.7 98.0 15.1 15.6 20.5
11 0.04 0.85 103.5 227.0 50.0 65.5 83.7 32.2 9.4 4.9
12 0.04 0.31 103.5 227.0 50.0 60.3 108.4 15.0 26.4 19.6
13 0.04 0.70 103.5 227.0 50.0 71.9 97.2 30.0 25.6 10.2
14 0.04 0.36 103.5 227.0 50.0 70.4 1154 16.2 30.2 15.1
15 0.04 0.93 103.5 227.0 50.0 94.1 1114 37.0 35.3 7.0
16 0.04 0.39 103.5 227.0 50.0 82.5 127.2 25.1 41.1 25.2
1 0.04 0.92 103.5 228.0 50.0 12.1 26.8 39.3 18.7 8.9
2 0.04 0.99 103.5 228.0 50.0 10.5 31.6 48.3 31.9 21.9
3 0.04 0.47 103.5 228.0 50.0 22.0 60.2 18.5 16.3 10.4
4 0.04 0.92 103.5 228.0 50.0 21.5 42.3 47.3 33.8 21.8
5 0.04 0.93 103.5 228.0 50.0 31.7 48.4 39.5 26.4 10.3
6 0.04 0.40 103.5 228.0 50.0 31.0 63.4 28.2 15.0 20.9
7 0.04 0.38 103.5 228.0 50.0 40.9 78.1 20.3 15.4 15.2
8 0.04 0.91 103.5 228.0 50.0 42.6 63.6 39.9 49.0 5.2
9 0.04 0.51 103.5 228.0 50.0 51.8 85.5 25.3 31.1 10.2
10 0.04 0.26 103.5 228.0 50.0 50.6 98.2 15.1 15.2 20.5
11 0.04 0.88 103.5 228.0 50.0 70.6 88.4 32.3 9.0 4.2
12 0.04 0.32 103.5 228.0 50.0 61.1 109.3 149 26.4 19.8
13 0.04 0.70 103.5 228.0 50.0 72.0 97.4 29.8 25.6 10.1
14 0.04 0.36 103.5 228.0 50.0 71.0 116.1 15.9 30.1 15.1
15 0.04 0.93 103.5 228.0 50.0 92.5 110.7 36.8 34.6 8.1
16 0.04 0.94 103.5 228.0 50.0 76.0 104.1 42.2 60.9 16.2
1 0.03 0.76 103.5 227.0 50.0 10.1 25.8 39.2 18.9 10.4
2 0.03 0.07 103.5 227.0 50.0 10.2 51.0 42.8 25.5 20.4
3 0.03 0.08 103.5 227.0 50.0 20.0 70.0 20.0 15.8 10.0
4 0.03 0.88 103.5 227.0 50.0 17.1 39.1 48.4 39.5 20.7
5 0.03 0.79 103.5 227.0 50.0 31.3 49.2 38.3 26.1 10.4
6 0.03 0.40 103.5 227.0 50.0 26.7 63.2 25.3 24.7 17.0
7 0.03 0.28 103.5 227.0 50.0 41.3 79.5 194 15.5 15.4
8 0.03 0.47 103.5 227.0 50.0 41.9 78.6 30.5 37.2 19.5
9 0.03 0.45 103.5 227.0 50.0 53.6 87.2 24.9 30.3 10.3
10 0.03 0.20 103.5 227.0 50.0 51.8 98.6 14.8 14.5 20.7
11 0.03 0.54 103.5 227.0 50.0 62.6 88.8 24.6 10.3 5.0
12 0.03 0.23 103.5 227.0 50.0 60.4 108.8 15.2 25.5 20.2
13 0.03 0.59 103.5 227.0 50.0 72.0 97.4 29.8 25.6 10.0
14 0.03 0.28 103.5 227.0 50.0 71.4 1172 153 30.3 15.1
15 0.03 0.60 103.5 227.0 50.0 82.7 105.2 35.7 31.1 14.5
16 0.03 0.30 103.5 227.0 50.0 82.8 128.0 24.7 41.1 25.4
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APPENDIX H MINIMUM REQUIRED FRICTION FORCES - RESULTS OPTIMISATION PROCESS

Table H.1: Results from the optimisation process for circular objects ranging from 60mm to 120mm diameter and a horizontal displacement of =6mm.
The starting value sets can be found in Table [f] The fixed design parameters used in the optimisation process are Lo = 103.5mm,
L1 = 200mm and Lo = 50mm. A @Q-value of 1.00 represents a complete feasible grasp range for the presented coefficient of friction (u),
actuation torque (75 ) and design parameters (L3, L5, Lg, L7 and Lg).

Starting Max | Max Total

value 1% Q Ta Fplt Fp2t Fpt Lg L5 LG L7 Lg
set [N] [N] [N] [mm] [mm] [mm] [mm] [mm]
1 0.30 0.99 600 —— —— — 11.7 44.3 35.8 8.9 9.8
2 0.30 1.00 600 | 1.680 | 0.397 | 3.361 7.4 65.3 34.3 8.4 20.9
3 0.30 0.98 600 — —— —— 22.3 58.0 27.2 8.0 10.9
4 0.30 1.00 600 | 1.512 | 0.220 | 3.025 24.5 47.3 47.5 13.1 29.2
5 0.30 0.98 600 —— —— —— 31.0 52.8 44.2 22.8 9.9
6 0.30 1.00 600 | 1.980 | 0.489 | 4.068 35.0 70.9 27.9 9.3 20.6
7 0.30 0.99 600 —— —— —— 44.3 89.0 18.7 7.5 20.7
8 0.30 0.99 600 —— —— —— 42.4 79.4 35.2 16.3 29.0
9 0.30 1.00 600 | 1.345 | 0.443 | 2.689 62.0 71.8 43.2 12.0 8.5
10 0.30 0.90 600 —— —— —— 52.2 99.3 15.6 13.9 21.3
11 0.30 0.89 600 —— —— —— 59.1 91.5 25.8 9.6 5.2
12 0.30 0.97 600 —— —— —— 58.3 108.5 18.9 13.1 26.1
13 0.30 0.96 600 —— —— —— 67.5 93.2 35.5 22.0 10.1
14 0.30 0.96 600 —— —— —— 70.3 1145 204 11.1 20.7
15 0.30 0.96 600 —— —— —— 80.9 110.6 36.3 29.3 15.2
16 0.30 0.95 600 —— —— —— 92.1 1329 29.9 26.3 27.0
1 0.30 1.00 800 | 2.182 | 0.646 | 4.522 10.6 38.9 36.3 16.2 10.0
2 0.30 1.00 800 | 1.672 | 0.417 | 3.343 10.8 50.1 49.7 20.3 20.8
3 0.30 1.00 800 | 2.734 | 0.668 | 5.544 22.1 53.7 25.3 9.6 11.3
4 0.30 1.00 800 | 1.861 | 0.422 | 3.726 20.8 51.0 43.5 22.3 24.8
5 0.30 1.00 800 | 1.909 | 0.464 | 3.818 30.0 50.0 40.0 25.0 10.0
6 0.30 1.00 800 | 2.948 | 1.094 | 6.663 30.0 70.0 25.0 15.0 20.0
7 0.30 1.00 800 | 3.010 | 1.068 | 6.490 42.9 85.1 22.7 11.1 15.8
8 0.30 1.00 800 | 2.294 | 0.567 | 4.589 46.1 87.6 33.6 23.6 25.8
9 0.30 1.00 800 | 2.104 | 0.535 | 4.209 58.8 83.5 35.5 25.5 9.4
10 0.30 1.00 800 | 3.728 | 1.482 | 8.475 53.6 100.3 18.1 9.7 20.8
11 0.30 1.00 800 | 2.369 | 0.667 | 4.825 58.1 85.2 29.1 9.5 5.0
12 0.30 1.00 800 | 3.472 | 1.522 | 8.294 66.4 109.6 20.2 11.5 19.9
13 0.30 1.00 800 | 2.385 | 0.830 | 5.129 69.1 102.2 31.7 24.0 10.1
14 0.30 1.00 800 | 3.341 | 1.312 | 7.756 72.6 112.8 209 9.3 17.8
15 0.30 1.00 800 | 2.130 | 0.536 | 4.261 80.0 110.0 35.0 30.0 15.0
16 0.30 1.00 800 | 2.810 | 1.060 | 6.455 90.2 1329 27.6 26.6 25.8
1 0.30 1.00 1000 | 3.229 | 1.253 | 7.489 10.3 36.0 30.9 18.0 10.3
2 0.30 1.00 1000 | 2.370 | 0.762 | 5.049 10.0 50.0 45.0 25.0 20.0
3 0.30 1.00 1000 | 3.835 | 1.749 | 9.237 21.3 57.0 22.9 14.1 10.8
4 0.30 1.00 1000 | 2.619 | 0.624 | 5.453 20.0 50.0 40.0 25.0 25.0
5 0.30 1.00 1000 | 1.943 | 0.549 | 3.886 30.0 50.0 40.0 25.0 10.0
6 0.30 1.00 1000 | 3.431 | 0.854 | 6.862 30.0 70.0 25.0 15.0 20.0
7 0.30 1.00 1000 | 4.217 | 1.950 | 10.180 | 39.3 79.9 21.0 14.5 15.8
8 0.30 1.00 1000 | 3.181 | 1.297 | 7.247 42.4 88.8 31.8 28.7 23.2
9 0.30 1.00 1000 | 3.329 | 1.326 | 7.663 52.0 82.9 29.1 24.2 10.7
10 0.30 1.00 1000 | 5.377 | 2.610 | 13.263 | 51.6 99.5 16.0 12.4 21.8
11 0.30 1.00 1000 | 3.426 | 1.395 | 7.860 60.0 90.0 25.0 10.0 5.0
12 0.30 1.00 1000 | 4.594 | 1.368 | 9.629 64.4 1142 194 16.0 26.2
13 0.30 1.00 1000 | 3.158 | 0.788 | 6.316 70.0 100.0 30.0 25.0 10.0
14 0.30 1.00 1000 | 4.118 | 1.595 | 9.206 70.4 111.8 21.1 12.1 15.4
15 0.30 1.00 1000 | 2.220 | 0.639 | 4.440 80.0 110.0 35.0 30.0 15.0
16 0.30 1.00 1000 | 3.504 | 1.427 | 8.034 84.0 132.1 28.1 33.9 25.5
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Table H.1 — Continued

Starting Max | Max Total
value 1% Q Ta Fplt FpZt Fpt L3 L5 LG L7 LS
set [N] [N] [N] [mm] [mm] [mm] [mm] [mm]
1 0.30 1.00 1200 | 4.070 | 1.645 | 9.654 10.0 35.0 30.0 20.0 10.0
2 0.30 1.00 1200 | 2.562 | 0.704 | 5.125 10.0 50.0 45.0 25.0 20.0
3 0.30 1.00 1200 | 4.810 | 2.204 | 11.379 | 21.0 61.2 22.0 14.9 10.3
4 0.30 1.00 1200 | 2.838 | 0.599 | 5.682 20.0 50.0 40.0 25.0 25.0
5 0.30 1.00 1200 | 1.977 | 0.636 | 3.954 30.0 50.0 40.0 25.0 10.0
6 0.30 1.00 1200 | 3.761 | 1.006 | 7.525 30.0 70.0 25.0 15.0 20.0
7 0.30 1.00 1200 | 5.318 | 2.475 | 12.934 | 40.0 80.0 20.0 15.0 15.0
8 0.30 1.00 1200 | 4.120 | 1.906 | 9.810 40.0 90.0 30.0 30.0 25.0

9 0.30 1.00 1200 | 4.200 | 1.823 | 9.999 | 50.1 815 283 276 10.6
10 0.30 0.99 1200 | —— —— —— 50.3 985 156 142  21.0
11 0.30 1.00 1200 | 3.995 | 1.043 | 7.991 | 60.0 90.0 25.0 10.0 5.0
12 0.30 1.00 1200 | 6.107 | 2.739 | 14.141 | 59.4 1103 176 158 23.1
13 0.30 1.00 1200 | 3.433 | 0.925 | 6.873 | 70.0 100.0 30.0 25.0 10.0
14 0.30 1.00 1200 | 5.636 | 2.856 | 14.236 | 61.5 1046 195 176 19.3
15 0.30 1.00 1200 | 2.390 | 0.745 | 4.786 | 80.0 110.0 35.0 30.0 15.0
16 0.30 1.00 1200 | 4.383 | 1.783 | 10.099 | 81.4 129.6 27.2 356 255
1 0.30 1.00 1400 | 4.697 | 1.275 | 9.919 | 10.0 35.0 30.0 20.0 10.0
2 0.30 1.00 1400 | 2.693 | 0.803 | 5.389 | 10.0 50.0 45.0 25.0 20.0
3 0.30 1.00 1400 | 5.932 | 2.721 | 13.815 | 20.3 645 21.3 149 106
4 0.30 1.00 1400 | 3.017 | 0.674 | 6.034 | 20.0 50.0 40.0 25.0 25.0
5 0.30 1.00 1400 | 2.011 | 0.722 | 4.021 | 30.0 50.0 40.0 25.0 10.0
6 0.30 1.00 1400 | 4.093 | 1.152 | 8.18 | 30.0 70.0 25.0 15.0 20.0
7 0.30 1.00 1400 | 6.153 | 2.244 | 13.745 | 40.0 80.0 20.0 15.0 15.0
8 0.30 1.00 1400 | 4.756 | 1.580 | 10.101 | 40.0 90.0 30.0 30.0 25.0

9 0.30 1.00 1400 | 4.940 | 1.558 | 10.608 | 53.8 8.0 274 26.1 10.1
10 0.30 1.00 1400 | 7.581 | 3.531 | 17.981 | 50.9 995 16.1 14.1  20.7
11 0.30 1.00 1400 | 4.368 | 1.192 | 8.735 | 60.0 90.0 25.0 10.0 5.0
12 0.30 1.00 1400 | 6.486 | 1.834 | 12.973 | 57.8 1066 189 154 21.6
13 0.30 1.00 1400 | 3.712 | 1.053 | 7.424 | 70.0 100.0 30.0 25.0 10.0
14 0.30 1.00 1400 | 6.525 | 2.889 | 15.361 | 70.8 1144 19.2 163 174
15 0.30 1.00 1400 | 2.863 | 0.851 | 5.734 | 80.0 110.0 35.0 30.0 15.0
16 0.30 1.00 1400 | 5.451 | 2.425 | 12.790 | 82.4 1339 258 36.0 25.8
1 0.30 1.00 1600 | 5.234 | 1.137 | 10.467 | 10.0 35.0 30.0 20.0 10.0
0.30 1.00 1600 | 2.827 | 0.895 | 5.654 | 10.0 50.0 45.0 25.0 20.0
0.30 1.00 1600 | 6.909 | 3.147 | 16.174 | 206 63.0 206 154 10.3
0.30 1.00 1600 | 3.196 | 0.749 | 6.393 | 20.0 50.0 40.0 25.0 25.0
0.30 1.00 1600 | 2.052 | 0.808 | 4.118 | 30.0 50.0 40.0 25.0 10.0
0.30 1.00 1600 | 4.425 | 1.296 | 8.851 | 30.0 70.0 25.0 15.0 20.0
0.30 1.00 1600 | 6.988 | 2.013 | 14.556 | 40.0 80.0 20.0 15.0 15.0
0.30 1.00 1600 | 5.316 | 1.445 | 10.633 | 40.0 90.0 30.0 30.0 25.0
9 0.30 1.00 1600 | 6.038 | 2.564 | 14.080 | 52.1  87.3 26.1 274 104
10 0.30 1.00 1600 | 9.075 | 4.411 | 22.166 | 51.3  99.0 154 143  20.5
11 0.30 1.00 1600 | 4.736 | 1.351 | 9.472 | 60.0 90.0 25.0 10.0 5.0
12 0.30 1.00 1600 | 8.171 | 3.185 | 18.022 | 58.7 109.6 178 17.7  23.5
13 0.30 1.00 1600 | 3.987 | 1.193 | 7.980 | 70.0 100.0 30.0 25.0 10.0
14 0.30 1.00 1600 | 7.380 | 2.704 | 16.318 | 71.2 1142 193 16.2 17.2
15 0.30 1.00 1600 | 3.336 | 0.947 | 6.681 | 80.0 110.0 35.0 30.0 15.0
16 0.30 1.00 1600 | 6.230 | 3.092 | 15.406 | 80.0 130.0 26.3 40.0 25.0
1 0.20 0.89 600 - —— - 134 397 30.9 4.6 12.1

00 O Ui W N

2 0.20 0.67 600 - —— - 106 458 489 235 198
3 0.20 0.83 600 - —— - 26.2 574  26.2 6.1 13.1
4 0.20 0.82 600 —— —— —— 243 524 421 154  26.6
5 0.20 0.85 600 —— —— - 344 38.0 50.6 20.8 9.5
6 0.20 0.78 600 - —— - 306 709 260 13.6 20.8
7 0.20 0.78 600 - —— —— 39.3 80.0 213 100 19.1
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Starting Max Max Total
value 1% Q Ta Fplt FpZt Fpt L3 L5 LG L7 LS
set [N] [N] [N] [mm] [mm] [mm] [mm] [mm]
8 0.20 0.78 600 —— —— —— 46.9 84.2 33.9 21.5 27.6
9 0.20 0.88 600 —— —— —— 43.9 56.3 43.9 10.6 12.9
10 0.20 0.74 600 —— —— —— 53.3 100.6 16.9 12.2 20.3
11 0.20 0.69 600 —— —— —— 60.0 90.3 25.9 9.9 5.1
12 0.20 0.73 600 —— —— —— 61.9 110.8 17.9 17.0 23.6
13 0.20 0.72 600 —— —— —— 70.0 100.0 31.5 25.0 10.0
14 0.20 0.72 600 —— —— —— 73.7 119.0 184 15.2 19.4
15 0.20 0.76 600 —— —— —— 80.2 1099 35.0 30.1 15.4
16 0.20 0.73 600 —— —— —— 83.5 131.3 27.9 33.6 29.7
1 0.20 0.99 800 —— —— —— 14.5 37.0 34.3 6.1 12.2
2 0.20 0.99 800 —— —— —— 14.3 20.1 54.2 22.1 16.6
3 0.20 0.98 800 —— —— —— 22.3 41.9 34.7 4.5 9.4
4 0.20 0.94 800 —— —— —— 24.3 49.5 43.5 16.6 25.5
5 0.20 1.00 800 | 1.080 | 0.728 | 2.161 32.6 37.7 49.5 23.7 9.9
6 0.20 0.87 800 —— —— —— 32.3 72.7 25.3 13.4 20.3
7 0.20 0.90 800 —— —— —— 42.9 71.1 30.2 9.6 15.1
8 0.20 1.00 800 | 1.423 | 0.325 | 2.846 50.4 61.0 47.7 17.6 14.7
9 0.20 1.00 800 | 1.173 | 0.803 | 2.347 70.2 77.0 44.3 11.5 6.2
10 0.20 0.79 800 —— —— —— 51.5 98.2 17.0 12.9 20.5
11 0.20 0.78 800 —— —— —— 60.1 89.9 25.7 10.1 5.0
12 0.20 0.78 800 —— —— —— 61.9 111.5 17.9 17.4 22.8
13 0.20 1.00 800 | 1.167 | 0.211 | 2.333 76.2 87.4 45.3 21.5 11.6
14 0.20 0.78 800 —— —— —— 74.9 1173 19.8 15.3 19.1
15 0.20 0.87 800 —— —— —— 81.4 110.0 35.1 30.4 15.3
16 0.20 0.80 800 —— —— —— 86.9 130.1 27.2 30.7 26.5
1 0.20 1.00 1000 | 1.897 | 0.588 | 3.794 7.5 37.6 27.8 7.1 12.9
2 0.20 1.00 1000 | 1.424 | 0.451 | 2.849 15.6 30.5 47.7 18.0 19.3
3 0.20 0.99 1000 —— —— —— 22.5 52.3 27.5 6.4 11.9
4 0.20 1.00 1000 | 1.415 | 0.302 | 3.022 23.4 44.3 47.1 21.8 20.5
5 0.20 1.00 1000 | 1.508 | 0.347 | 3.016 30.5 47.8 43.2 24.8 10.0
6 0.20 0.95 1000 —— —— —— 31.5 69.7 26.5 12.7 21.2
7 0.20 0.98 1000 —— —— —— 34.9 64.4 29.9 10.5 15.7
8 0.20 0.93 1000 —— —— —— 47.5 84.0 33.3 21.7 26.4
9 0.20 1.00 1000 | 1.453 | 0.356 | 2.906 36.3 52.5 42.8 20.1 13.2
10 0.20 0.83 1000 —— —— —— 51.6 100.0 16.4 13.3 20.8
11 0.20 1.00 1000 | 2.502 | 2.140 | 6.358 67.1 83.5 35.6 6.4 7.5
12 0.20 0.81 1000 —— —— —— 59.0 108.6 17.6 17.8 24.1
13 0.20 1.00 1000 | 1.511 | 0.390 | 3.021 75.4 91.3 39.5 19.4 9.2
14 0.20 0.82 1000 —— —— —— 85.0 124.0 20.4 11.9 15.8
15 0.20 0.94 1000 —— —— —— 81.5 109.3 354 30.2 15.2
16 0.20 0.85 1000 —— —— —— 84.8 129.3 27.0 31.7 26.6
1 0.20 1.00 1200 | 1.995 | 0.606 | 3.990 8.6 34.9 36.8 12.7 13.2
2 0.20 1.00 1200 | 1.817 | 0.471 | 3.667 13.7 38.3 44.3 16.6 23.2
3 0.20 1.00 1200 | 2.607 | 0.755 | 5.214 20.9 50.5 26.9 7.6 12.4
4 0.20 1.00 1200 | 1.812 | 0.499 | 3.623 21.9 48.5 44.4 23.1 22.7
5 0.20 1.00 1200 | 1.998 | 0.582 | 3.996 30.0 50.0 40.0 25.0 10.0
6 0.20 0.99 1200 —— —— —— 28.6 63.4 30.9 14.7 22.4
7 0.20 0.99 1200 —— —— —— 36.6 69.9 28.4 13.0 17.8
8 0.20 0.97 1200 —— —— —— 45.5 82.6 33.1 22.4 26.8
9 0.20 1.00 1200 | 1.898 | 0.594 | 3.796 64.0 83.0 36.1 17.9 6.2
10 0.20 0.84 1200 —— —— —— 50.1 98.8 16.3 13.9 21.5
11 0.20 0.88 1200 —— —— —— 60.5 89.7 25.6 10.1 5.1
12 0.20 0.82 1200 | —— —— —— 64.9 1148 176 20.0 244
13 0.20 1.00 1200 | 2.252 | 0.710 | 4.504 72.4 96.1 33.8 18.9 10.4
14 0.20 1.00 1200 | 4.656 | 3.811 | 11.715 | 58.8 71.1 39.3 17.7 7.2
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Starting Max | Max Total
value 1% Q Ta Fplt FpZt Fpt L3 L5 LG L7 LS
set [N] [N] [N] [mm] [mm] [mm] [mm] [mm]
15 0.20 0.99 1200 —— —— —— 81.5 109.2 35.3 30.3 15.1
16 0.20 1.00 1200 | 2.683 | 0.800 | 5.365 88.1 114.9  40.1 34.7 22.4
1 0.20 1.00 1400 | 2.395 | 0.793 | 4.789 9.1 36.2 38.0 16.3 9.7
2 0.20 1.00 1400 | 2.034 | 0.609 | 4.071 | 12.0 386 443 196 23.6
3 0.20 1.00 1400 | 3.136 | 1.047 | 6.406 | 21.2 528 256 8.8 11.8
4 0.20 1.00 1400 | 2.191 | 0.678 | 4.384 20.3 51.4 42.7 23.8 23.9
5 0.20 1.00 1400 | 2.027 | 0.680 | 4.054 30.0 50.0 40.0 25.0 10.0
6 0.20 0.99 1400 —— —— —— 30.3 69.4 27.0 14.1 21.6
7 0.20 1.00 1400 | 3.370 | 1.180 | 7.033 28.6 64.9 25.4 11.1 18.3
8 0.20 0.99 1400 —— —— —— 44.8 84.3 32.4 23.4 27.5
9 0.20 1.00 1400 | 2.031 | 0.699 | 4.062 62.3 77.2 38.3 23.9 7.0
10 0.20 0.88 1400 —— —— —— 50.9 97.0 18.2 13.9 21.3
11 0.20 1.00 1400 | 2.579 | 0.827 | 5.158 67.2 86.2 31.9 6.3 4.1
12 0.20 1.00 1400 | 2.965 | 0.859 | 5.945 53.2 81.0 29.9 12.7 13.6
13 0.20 1.00 1400 | 2.699 | 0.856 | 5.405 4.7 98.6 33.1 21.3 10.1
14 0.20 0.88 1400 —— —— —— 74.1  113.1 209 13.7 16.9
15 0.20 1.00 1400 | 2.664 | 0.817 | 5.400 84.0 110.0 35.0 30.0 15.0
16 0.20 1.00 1400 | 2.871 | 0.847 | 5.749 83.2 1155 36.6 35.2 23.8
1 0.20 1.00 1600 | 3.117 | 1.131 | 6.317 10.5 39.9 32.4 14.7 9.8
2 0.20 1.00 1600 | 2.265 | 0.718 | 4.534 | 11.8 40.6 453 247 20.2
3 0.20 1.00 1600 | 3.423 | 1.182 | 6.847 | 21.7 551 257 9.9 11.8
4 0.20 1.00 1600 | 2.656 | 0.848 | 5.456 20.6 51.4 41.1 24.5 23.9
5 0.20 1.00 1600 | 2.054 | 0.783 | 4.118 30.0 50.0 40.0 25.0 10.0
6 0.20 1.00 1600 | 3.892 | 1.369 | 8.122 31.2 69.0 26.0 13.6 20.8
7 0.20 0.99 1600 —— —— —— 37.7 73.7 24.8 11.9 16.9
8 0.20 0.99 1600 —— —— —— 47.0 85.6 32.8 24.7 27.8
9 0.20 1.00 1600 | 2.934 | 0.932 | 5.869 59.8 80.9 34.6 25.3 8.0
10 0.20 0.88 1600 —— —— —— 50.4 97.7 17.1 13.9 20.4
11 0.20 0.93 1600 —— —— —— 60.4 89.6 25.4 10.1 5.1
12 0.20 0.85 1600 —— —— —— 58.0 108.5 17.0 18.1 24.2
13 0.20 0.98 1600 —— —— —— 70.4 99.9 30.4 24.8 10.0
14 0.20 0.85 1600 —— —— —— 75.1 120.0 17.7 16.1 18.6
15 0.20 1.00 1600 | 2.809 | 0.872 | 5.619 84.0 110.0 35.0 30.0 15.0
16 0.20 1.00 1600 | 3.344 | 1.046 | 6.713 74.9 109.8 35.0 33.8 24.0
1 0.10 0.66 800 —— —— —— 11.9 30.6 37.6 11.6 11.8
2 0.10 0.45 800 —— —— —— 10.4 49.5 38.8 26.9 21.4
3 0.10 0.62 800 —— —— —— 18.3 44.0 31.0 10.8 12.7
4 0.10 0.60 800 —— —— —— 20.6 47.7 43.9 23.4 25.6
5 0.10 0.78 800 —— —— —— 36.8 41.4 51.2 21.9 11.5
6 0.10 0.54 800 —— —— —— 30.9 68.9 24.8 15.4 20.3
7 0.10 0.53 800 —— —— —— 40.1 79.8 20.5 14.8 15.3
8 0.10 0.60 800 —— —— —— 44.7 71.3 44.0 31.1 26.5
9 0.10 0.46 800 —— —— —— 52.6 88.8 26.4 28.9 10.1
10 0.10 0.45 800 —— —— —— 51.7 98.7 15.0 15.3 19.8
11 0.10 0.51 800 —— —— —— 61.3 88.8 25.4 10.2 5.1
12 0.10 0.47 800 —— —— —— 58.9 109.3 16.0 23.3 21.8
13 0.10 0.55 800 —— —— —— 71.6 99.3 30.2 25.5 10.1
14 0.10 0.54 800 —— —— —— 36.1 78.9 27.5 24.0 25.2
15 0.10 0.62 800 —— —— —— 82.3 108.5 34.8 30.4 15.1
16 0.10 0.50 800 —— —— —— 81.9 130.2 25.1 39.9 25.5
1 0.10 0.86 1000 —— —— —— 15.9 21.0 47.2 14.2 7.8
2 0.10 0.91 1000 —— —— —— 13.6 20.9 55.7 28.3 18.2
3 0.10 0.49 1000 | —— — —— 20.7 61.0 20.7 155 10.2
4 0.10 0.65 1000 —— —— —— 20.6 49.9 41.6 23.5 25.9
5 0.10 0.85 1000 —— —— —— 35.0 41.3 49.6 24.7 9.8
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Starting Max Max Total
value 1% Q Ta Fplt FpZt Fpt L3 L5 LG L7 LS
set [N] [N] [N] [mm] [mm] [mm] [mm] [mm]
6 0.10 0.57 1000 —— —— —— 31.0 68.5 24.9 15.4 20.1
7 0.10 0.56 1000 —— —— —— 40.3 79.8 20.3 15.2 15.2
8 0.10 0.55 1000 —— —— —— 41.3 86.4 28.9 31.0 25.8
9 0.10 0.63 1000 —— —— —— 51.4 79.5 28.9 16.4 12.6
10 0.10 0.48 1000 —— —— —— 51.5 98.7 15.1 15.3 19.9
11 0.10 0.87 1000 —— —— —— 67.1 73.2 43.8 8.3 4.4
12 0.10 0.47 1000 —— —— —— 59.2 110.8 15.5 24.3 20.5
13 0.10 0.61 1000 —— —— —— 71.7 99.3 30.1 25.4 10.1
14 0.10 0.42 1000 —— —— —— 71.3 1214 16.0 28.2 15.6
15 0.10 0.68 1000 —— —— —— 83.3 108.7 35.1 30.2 15.2
16 0.10 0.53 1000 —— —— —— 81.1 129.3  25.0 40.2 25.7
1 0.10 0.87 1200 —— —— —— 10.7 20.2 45.0 12.1 11.2
2 0.10 0.55 1200 —— —— —— 10.4 47.3 38.6 27.4 20.6
3 0.10 0.78 1200 —— —— —— 19.7 39.4 33.1 7.8 8.2
4 0.10 0.70 1200 | —— — — 20.6 499 412 241 252
5 0.10 0.95 1200 —— —— —— 33.9 40.5 48.5 26.0 9.9
6 0.10 0.59 1200 —— —— —— 30.8 68.5 25.0 15.3 20.3
7 0.10 0.58 1200 —— —— —— 40.4 79.8 20.3 15.2 15.2
8 0.10 0.59 1200 —— —— —— 40.9 84.7 29.9 30.8 26.3
9 0.10 0.51 1200 | —— — — 524 90.0 251 29.7 10.1
10 0.10 0.49 1200 | —— — —— 51.5 976 161 151 20.1
11 0.10 0.61 1200 —— —— —— 62.3 89.0 25.8 9.9 5.0
12 0.10 0.51 1200 —— —— —— 60.4 110.6 16.2 24.0 21.5
13 0.10 0.66 1200 —— —— —— 72.3 99.6 30.2 24.9 10.1
14 0.10 0.42 1200 —— —— —— 68.6 117.7 16.3 29.5 15.6
15 0.10 0.72 1200 —— —— —— 83.0 108.8 34.9 30.4 15.2
16 0.10 0.55 1200 —— —— —— 81.5 129.3 25.1 40.3 25.4
1 0.10 0.67 1400 —— —— —— 10.6 36.8 32.8 17.5 10.1
2 0.10 0.73 1400 —— —— —— 11.5 40.0 38.7 17.8 24.0
3 0.10 0.55 1400 —— —— —— 20.6 59.9 20.3 15.2 10.5
4 0.10 0.73 1400 | —— — — 20.8 49.8 41.1 241 25.1
5 0.10 0.98 1400 —— —— —— 31.1 40.9 46.6 22.7 11.9
6 0.10 0.61 1400 —— —— —— 30.8 68.8 24.5 15.4 20.5
7 0.10 0.60 1400 —— —— —— 40.4 79.6 20.3 15.5 15.0
8 0.10 0.61 1400 —— —— —— 41.2 84.0 30.1 30.7 26.3
9 0.10 0.96 1400 | —— — — 1109 1143 430 165 —0.3
10 0.10 0.49 1400 —— —— —— 50.0 97.3 15.2 15.5 20.6
11 0.10 0.62 1400 —— —— —— 61.5 89.0 25.0 10.1 5.1
12 0.10 0.50 1400 —— —— —— 60.3 110.7 15.8 24.4 20.0
13 0.10 0.69 1400 —— —— —— 72.0 98.9 30.5 25.4 10.2
14 0.10 1.00 1400 | 1.117 | 0.262 | 2.357 4.1 14.4 51.8 20.9 17.3
15 0.10 0.76 1400 —— —— —— 82.6 108.4 34.8 30.5 15.3
16 0.10 0.57 1400 —— —— —— 82.5 1288 254 40.2 24.8
1 0.10 0.98 1600 —— —— —— 10.0 20.1 42.8 12.4 8.5
2 0.10 1.00 1600 | 1.305 | 0.403 | 3.238 12.1 24.8 52.0 24.5 18.9
3 0.10 0.76 1600 —— —— —— 10.6 41.5 27.5 10.8 14.9
4 0.10 0.99 1600 —— —— —— 23.5 37.1 50.0 25.7 19.0
5 0.10 0.99 1600 —— —— —— 33.2 43.0 45.6 26.7 10.0
6 0.10 0.63 1600 —— —— —— 30.7 67.7 25.1 15.3 20.4
7 0.10 0.61 1600 —— —— —— 40.4 79.6 20.1 15.4 14.9
8 0.10 0.79 1600 —— —— —— 32.1 51.4 48.6 22.7 26.7
9 0.10 0.99 1600 —— —— —— 65.8 77.2 41.0 16.8 7.8
10 0.10 0.51 1600 —— —— —— 50.7 97.2 15.5 15.3 19.8
11 0.10 0.66 1600 —— —— —— 61.9 88.9 25.4 9.9 5.1
12 0.10 0.53 1600 —— —— —— 59.6 109.8 16.0 23.7 21.0
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Starting Max | Max Total
value 1% Q Ta Fplt FpZt Fpt L3 L5 LG L7 LS
set [N] [N] [N] [mm] [mm] [mm] [mm] [mm]
13 0.10 0.71 1600 —— —— —— 72.9 99.9 30.1 25.2 9.9
14 0.10 0.56 1600 —— —— —— 85.5 124.8 19.2 19.9 14.8
15 0.10 0.80 1600 —— —— —— 83.2 108.3 35.1 30.4 15.2
16 0.10 0.99 1600 | —— — — 101.1 1127 431 329 9.1
1 0.09 0.82 1400 —— —— —— 9.3 23.7 41.2 12.9 11.9
2 0.09 1.00 1400 | 0.908 | 0.506 | 1.817 13.3 23.0 55.7 28.2 20.3
3 0.09 0.92 1400 —— —— —— 17.0 21.4 43.6 13.8 2.1
4 0.09 0.95 1400 —— —— —— 21.4 32.5 56.5 27.9 23.6
5 0.09 0.95 1400 —— —— —— 32.5 40.0 47.1 24.5 9.9
6 0.09 0.57 1400 —— —— —— 30.7 66.6 26.1 15.3 20.2
7 0.09 0.56 1400 —— —— —— 39.8 78.9 20.2 15.8 14.7
8 0.09 0.58 1400 —— —— —— 41.8 85.0 29.9 31.3 26.1
9 0.09 0.98 1400 —— —— —— 19.2 28.6 49.8 31.1 13.2
10 0.09 0.45 1400 —— —— —— 51.4 98.7 14.9 15.3 20.4
11 0.09 0.60 1400 | —— — — 62.0 89.0 25.3 10.1 5.1
12 0.09 0.49 1400 —— —— —— 60.1 109.2 16.3 24.0 20.2
13 0.09 0.84 1400 —— —— —— 91.6 104.7 38.8 20.8 7.2
14 0.09 0.50 1400 —— —— —— 79.5 121.3 19.0 23.4 16.3
15 0.09 0.73 1400 —— —— —— 82.9 107.8 35.3 30.3 15.2
16 0.09 0.54 1400 | —— — — 82.3 1284 25.7 40.2 252
1 0.09 0.96 1600 —— —— —— 10.7 18.3 44.9 19.0 7.2
2 0.09 0.92 1600 —— —— —— 14.0 25.4 54.9 22.5 24.0
3 0.09 0.67 1600 —— —— —— 22.0 52.7 25.7 11.9 12.0
4 0.09 0.71 1600 —— —— —— 20.6 49.3 41.2 24.5 25.3
5 0.09 0.98 1600 —— —— —— 33.1 42.0 46.0 27.0 9.8
6 0.09 0.57 1600 —— —— —— 31.0 68.3 24.8 15.4 20.6
7 0.09 0.57 1600 —— —— —— 40.3 79.2 20.2 15.7 14.7
8 0.09 0.61 1600 —— —— —— 42.3 83.4 30.8 31.0 25.3
9 0.09 0.96 1600 —— —— —— 72.7 82.0 42.1 18.7 6.3
10 0.09 0.46 1600 —— —— —— 52.6 98.2 15.8 14.9 19.7
11 0.09 0.62 1600 —— —— —— 62.0 88.9 25.4 10.2 5.1
12 0.09 0.49 1600 —— —— —— 59.9 110.1 15.7 24.3 20.4
13 0.09 0.69 1600 —— —— —— 73.8 100.0 30.6 24.7 9.9
14 0.09 0.50 1600 —— —— —— 79.0 1225 179 24.4 16.6
15 0.09 0.76 1600 —— —— —— 82.8 1069 35.6 30.3 15.2
16 0.09 0.55 1600 —— —— —— 82.4 128.8 254 40.6 24.8
1 0.08 0.78 1400 | —— — — 10.5 246 41.1 13,5 11.3
2 0.08 0.98 1400 —— —— —— 15.6 26.6 58.9 28.9 25.4
3 0.08 0.48 1400 —— —— —— 21.3 58.0 21.7 16.1 10.2
4 0.08 0.63 1400 —— —— —— 20.5 49.4 40.6 24.5 25.3
5 0.08 0.75 1400 —— —— —— 31.6 48.8 40.2 25.8 9.9
6 0.08 0.50 1400 —— —— —— 30.7 68.3 24.8 15.4 20.5
7 0.08 0.50 1400 —— —— —— 40.8 79.6 20.0 15.4 14.9
8 0.08 0.54 1400 —— —— —— 41.8 83.2 30.3 31.1 25.7
9 0.08 0.92 1400 —— —— —— 44.7 51.2 46.7 33.2 6.2
10 0.08 0.40 1400 —— —— —— 51.5 98.3 15.1 15.2 19.8
11 0.08 0.56 1400 —— —— —— 62.0 88.9 25.2 10.0 5.0
12 0.08 0.44 1400 —— —— —— 60.0 110.0 15.8 25.0 20.0
13 0.08 0.79 1400 —— —— —— 97.5 113.3 37.2 19.9 8.5
14 0.08 0.42 1400 —— —— —— 73.2 1224 147 25.2 18.5
15 0.08 0.69 1400 —— —— —— 82.7 106.7 35.7 30.4 15.2
16 0.08 0.49 1400 —— —— —— 81.8 127.8 254 40.9 24.8
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