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Abstract: Gripper finger design is a complex process that requires a lot of experience, time, and effort.
For this reason, automating this design process is an important area of research that has the potential
to improve the efficiency and effectiveness of robotic systems. The current approaches are aimed at
the automated design of monolithic gripper fingers, which have to be manufactured additively or
by machining. This paper describes a novel approach for the automated design of gripper fingers.
The motivation for this work stems from the increasing demand for flexible, adaptable handling
systems in various industries in response to the increasing individualization of products as well as the
increasing volatility in the markets. Based on the CAD data of the handling objects, the most suitable
configuration of gripper fingers can be determined from the existing modules of a construction kit for
the respective handling object, which can significantly reduce the provisioning time for new gripper
fingers. It can be shown that gripper fingers can be effectively configured for a variety of objects and
two different grippers, increasing flexibility in industrial handling processes.

Keywords: robotic gripper; grippers fingers; design automation

1. Introduction

The design automation of robotic gripper fingers is one of the most interesting topics
to the robotics industry, as gripper fingers play an important role in the overall performance
and throughput of robotic cells [1,2]. Currently, fingers are largely designed manually
and the process, on the one hand, requires expert knowledge and on the other hand
involves several time-consuming trial-and-error iterations in designing, manufacturing, and
verifying the fingers [3]. In the context of volatile markets, increasing robotic applications,
and the increasing customization of demand, manual gripper finger design can no longer
meet the requirements. Research in this area of robotics has led to different types of gripper
fingers that can either be adapted to a handling task by the user or can adapt autonomously.

1.1. Gripper Finger Types

Although there are now many different grippers, two-finger parallel grippers are
still the most commonly used in industrial applications. The widespread use of parallel
grippers in production technology can be attributed to their robustness, flexibility, and
wide range of technical solutions [4,5].

Figure 1 shows different types of gripper fingers. These range from finger blanks for
manual reworking to highly flexible gripper fingers that can adapt to the geometry of the
workpieces during the gripping process. The more inflexible a single finger is, the more the
interchangeability of the finger or finger components serves to adapt the finger to a handling
task; gripper finger blanks in the form of aluminum or steel cuboids have appropriate
features for connection to the gripper, but must be reworked by the user for each task [6,7].
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Reconfigurable gripper fingers can be manually adjusted by positioning pins [8,9] on a
die plate or changing the joint angles of multi-link fingers [10]. Modular gripper finger
approaches include gripper fingers composed of modules [11] and approaches in which
entire fingers can be selected from a finger collection as modules of the gripper and attached
to the gripper via a standardized interface [12].
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Figure 1. Gripper Finger Types.

Through modularity, as with finger blanks, the whole finger can be adapted to a han-
dling task by replacement. For example, interchangeable fingers were investigated early
on in the research, applicable to microgrippers [13], two- and three-finger grippers [14],
and grippers with integrated sensors [15]. In addition to taking into account the inter-
changeability of fingers for the use of application-specific gripper fingers, the number
of fingers can also be changed via a standardized interface in order to increase gripping
safety [16,17], especially with unknown objects, or to be able to use function-integrated
fingers if required and to maintain them easily [18]. The advantage of modular gripper
fingers is that the selectable fingers have already been tested and meet the specifications of
the gripper. Finger geometries that can be assembled from modules offer more flexibility.
The finger elements are connected to each other via a standardized interface. The user
is responsible for ensuring that the designed fingers meet the specifications (e.g., length,
projection) for use with a gripper [19]. In addition to the already available FINGERKIT
kit from Weiss Robotics [20], the existing approaches are limited to prototypes [11] for
underactuated grippers and concepts [11]. Individual gripper fingers are usually defined,
designed, and manufactured for one or a few applications and attempt to replicate the ge-
ometry of the workpiece at the gripping points to increase gripping stability. This category
includes all manually designed gripper fingers, which still make up a large portion of the
industrially used gripper fingers [21]. The design process of such gripper fingers is usually
iterative and very time-consuming. In addition, in-depth knowledge of gripping with
robots and practical experience with design methods are required. In most cases, a gripper
finger design based on empirical knowledge is designed, fabricated, and physically tested.
Necessary changes lead to another iteration loop in which entire fingers are remade. The
use of additive manufacturing techniques leads to a shortening of the above iteration cycles.
To cope with a range of object variations, so-called flexible gripper fingers can be used as
an alternative to specific finger design, which passively adapt to the shape of the gripped
object by using the compliance of the elastomeric materials from which they are made [22].
A distinction can be made between contact-controlled (Fin Ray Effect) and chord-controlled
(underactuated grippers) deformation [23]. Flexible gripper fingers, due to the softness of
the material and mechanical compliance, allow a reduction in control complexity and can
be used wherever precise, force-intensive manipulations are not required [23]. However, in
practice, these types of fingers are rarely used due to their lower mechanical robustness [6].

1.2. Automated Gripper Finger Design Process

The costly and time-consuming development of gripper fingers has led to the develop-
ment of approaches in both research and industry that automate the process of designing
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gripper fingers [24]. A general overall process can be divided into five steps (see Figure 2),
although the existing approaches do not cover all steps equally.
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Figure 2. General process of automated gripper finger design.

In the geometry analysis (A-B), the necessary information for the following processes
of the grasp synthesis and finger design is determined. Every automated gripper finger
design requires input information. This includes, for example, information about the
workpiece or the gripper used. This is collected and analyzed in the first step. An important
step in the development of gripper fingers is the grasp synthesis and analysis (B-C). In
the context of robotics, a grasp is generally defined as the set of contacts on the object
surface that prevent the potential motion of the object due to external disturbances [25].
The identification of these contacts is part of the grasp synthesis, while the evaluation of the
determined grasps is part of the analysis. Finding grasps on objects can be performed based
on data or analytically. While a large number of possible grasps can be found very quickly
with the data-based approaches, the traceability of the grasps is not always comprehensible.
Analytical approaches, on the other hand, allow the comprehensible finding of grasps, but
can be very time-consuming, especially for complex handling objects. A variety of metrics,
such as the Ball criterion according to [26], have been proposed by researchers to evaluate
grasp quality. The step of finger design (C-D) can be very different. With regard to the
types of gripper fingers described above, approaches exist for the automated design of
reconfigurable [8,27], individual [5,28], and modular gripper fingers [29]. The approaches
for reconfigurable fingers are limited to the arrangement of pins on a perforated plate.
The design of individual gripper fingers is already commercially available [3] or is being
investigated as a controllable approach in research [5,28]. In the area of modular fingers, a
concept exists that has not yet been realized [29].

The experimental evaluation and verification (D-E) of the identified and generated
fingers is the final step to ensure the functionality of the fingers in practice. However,
in much of the previous research in this area, experimental validation is limited or not
performed at all, due to the need for expensive equipment and the lack of a standardized
procedure [21]. In [30], a general experimental approach was described for the first time to
validate and compare the stability of grasping and the performance of fingers.

In all the described approaches of individual grasping fingers, the whole finger struc-
ture is created automatically, which requires changing the fingers when changing tasks.
However, in many situations, only the modification or change of the fingertip is required,
which makes the replacement of the gripper fingers or even the entire gripper uneco-
nomical [31]. In summary, the approaches described here differ essentially in terms of
provisioning time, i.e., the time to meet the demand for new gripper fingers and the guaran-
teed availability of gripper fingers for use, functional integration, and workpiece flexibility.
While finger blanks and individual gripper fingers can be very individually adapted to
handling tasks, a lot of time and knowledge are required for manufacturing. Flexible
gripper fingers can adapt to different geometries during gripping, but do not (yet) meet
industrial requirements. Reconfigurable gripper fingers are limited, especially in the area of
adaptation possibilities, since, for example, only cantilevers can be realized. The modular
approach makes it possible to adapt the gripper fingers to a certain degree to a handling task
without the need for complex mechanics and controls or custom manufacturing. Another
advantage is versatility, as the fingers can be disassembled and reassembled to form new
combinations for new tasks. The existing approaches to the automated design of gripper
fingers from modules currently exist only conceptually and require multiple iterations to
derive gripper finger geometries.
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1.3. Paper Contribution

This paper presents the automated configuration of application-specific gripper fingers
for two-finger parallel grippers from a modular construction kit, which includes, on the
one hand, the automated determination of gripping points on objects and on the other
hand the creation and evaluation of different gripper finger configurations (this includes
the steps from B to C and C to D in Figure 2). Based on the handling objects and the gripper
selected by the user, different gripping positions on different areas of the workpiece surface
are determined and evaluated. Then, kinematic chains are determined from the modules of
the construction kit and evaluated based on defined criteria (e.g., projection, number of
modules). Thus, without expert knowledge and without multiple iterations, gripper finger
configurations can be determined that are suitable for handling the respective handling
object. The solution was implemented as a prototype and tested on a real system.

1.4. Paper Organization

In the first part of the article, we explain the initial situation on which this paper is
based. We describe the grasping synthesis to determine different grasping positions on
handling objects. The determined grasping positions are ordered and evaluated. Based on
this, the idea of automated configuration based on a kinematic chain is described and tested.
This is followed by the verification of the determined configurations and the evaluation
and selection of the necessary configurations for a set of handling objects.

2. Initial Situation

The automated configuration of gripper fingers from modules requires the existence of
a modular construction kit from which the modules can be selected. In [32], we presented
the development of a modular system for the two-finger parallel grippers on which this
paper is based. The procedure for determining the modular system is based on common
methods for modular product development: Starting from a definition of the requirements
from the literature, among other things, the requirements are transferred into functions and
the relationship between the functions is evaluated in a design structure matrix (DSM). By
a reorganization of the DSM and a description of the modules, a definition of the interfaces
as well as a construction of the modules is executed. This results in a construction kit
consisting of nine modules (Figure 3). The modular system comprises a gripper-specific
base module (A) that translates the gripper interface at the base jaw into that of the modular
system. The straight modules (B) and the angled modules (C) are used to bridge the distance
between the gripper and the gripping position on the workpiece. The straight module type
is available in three length increments determined by geometric series. Modules C_1 and
C_2 are used for cantilevers along the gripping direction, and modules C_3 and C_4 are
used for cantilevers transverse to the gripping direction. Each module has a mechanical
and an electrical interface (Figure 5a). The mechanical interface is used for the mechanical
connection between the modules and is implemented with the SCHUNK BSWS-50 quick-
change jaw system. The electrical interface supplies power to the optional sensors in the
fingertip and transports the sensor signals from the sensors back to the gripper. Spring
contacts with 10 pins are used for this purpose. The upper end of each finger forms
the fingertip with an exchangeable active surface and the option of integrating sensor
modules. A force sensor and a distance sensor are used to demonstrate the capabilities of
the system. The fingertip (D) is selected by the user, so no distinction is made between
different fingertips during configuration. In order to test both the construction kit and the
gripping point determination, a handling object spectrum is required. The part spectrum is
used for testing and offers the possibility of comparison with other approaches. Of course,
the gripper finger configuration should work with as many workpieces as possible. There
is only a little abstracted knowledge about the characteristics of industrially used handling
objects. For the testing of grippers or gripping tasks, mostly objects of daily life are used
in the literature, but they are not relevant for industrial handling processes. Following
the basic geometries of workpieces described in [33] and their classification, a workpiece
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spectrum consisting of spherical, cylindrical, hollow, mushroom-shaped and flat parts
is defined. Spherical and cylindrical workpieces can be centered with adapted contact
surfaces, the design of which can be checked with these workpieces. Hollow parts can
be described with external grips via their convex envelope. In their outer contour, they
therefore similarly did not differ from the block parts described in [33]. Since hollow parts
are often held by frictional contact, a balance must be made between sufficient gripping
safety and non-destructive workpiece contact with regard to the gripping forces.

Figure 3. Overview of the construction kit.

Hollow parts are therefore predestined for the use of force sensors in order to meet
these requirements by actively controlling the gripping force. Compared to cylindrical
parts, mushroom parts have similar gripping points, but they have a strongly modified
interference contour and are thus suitable for validating the collision criteria in finger
design. Flat parts are easy to grip due to their simple and planar outer contour. At the same
time, variable finger lengths are possible. Flat parts are thus suitable for validating the
requirement for short fingers. For the comparison with the automated finger design in [5],
a test object is taken from this work. To represent variable dimensions, the basic shapes
form the starting point of a series, which scales the workpiece dimensions over seven size
levels. The size steps (numbers 1-7 in Figure 4) are created according to the geometric
standard number series with the scaling factor 1.585 [34].

Given the modular system and the range of workpieces shown in Figure 4, the con-
figuration problem is illustrated in Figure 5b. A gripper is used to handle the selection of
workpieces shown in the example. It must therefore be determined where the workpieces
can be gripped depending on the span and the stroke of the gripper and in which order the
modules of the construction kit must be combined with each other in order to be able to
grasp the workpieces. Figure 4 shows the workpiece spectrum.
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Figure 5. (a) Exploded view of a type B module; (b) Representation of the configuration problem.

3. Grasp Synthesis and Analysis

The procedure for the automated configuration of modular gripper fingers is based on
the general process (Figure 2). In the geometry analysis, user inputs are queried, stored,
and used for the following steps. The focus of this paper is on the method for configuring
fingers from modules. The gripping positions on the handling objects are relevant for this,
which is why the grasp synthesis is discussed in more detail here.

The flowchart in Figure 6 shows the overall process of the grasp synthesis, which is
described in more detail below.
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Figure 6. Flowchart of the grasp synthesis.

In order to make the procedure of the finger configuration and grasp synthesis com-
prehensible, an analytical approach is followed. Starting from the STL file of a handling
object, a mesh (Figure 7a) and a point cloud (Figure 7b) of the object are generated. This is
followed by the identification of all grasp positions on the surface of the workpiece, where
a grasp set consists of several pairs of grasp points (grasp positions). The following criteria
must be met for a grasp point pair to be categorized as a grasp position for parallel jaw

grippers:

e  The contact points must be opposite each other (normal vectors directed in opposite
directions);
The surfaces on which the contact points lie must be as parallel as possible;
The surfaces on which the contact points lie must be as flat as possible.

Each gripping position is then examined with regard to the available contact area
between the workpiece and the object. The contact area available at the fingertip is 576 mm?
(24 mm x 24 mm). The previously created mesh consists of many small triangles, and
each triangle can be considered a plane. Starting from the triangle in which one of the two
determined points of a grasping position is located, the adjacent triangles can be checked
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for coplanarity with the original triangle. If coplanar, then the respective triangle is added
to a common plane. This iteration continues until a triangle and the plane are no longer
coplanar. Thus, the possible contact area can be determined and compared to that of the
fingertip. If the contact area for both gripping points of a gripping position is sufficiently
large, then the respective gripping position is evaluated in terms of grasp quality. The
epsilon criterion according to Ferrari and Canny [26] is used for this purpose. According
to [26], the quality of a grasp position depends on the largest disturbance wrench that can
be resisted by the grasp points in all directions. This corresponds geometrically to the
radius ¢ of the largest sphere centered on the origin and inscribed in the convex hull of the
unit contact wrench. The epsilon criterion can be used to order the list of grasp positions.
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(a) (b)

Figure 7. (a) STL file of a handling object in the form of a mesh; (b) STL file of a handling object in
the form of a point cloud.

The best five gripping points thus determined for the hollow part used as an example
are shown in Figure 8a. The figure also shows a disadvantage of the described grasp point
determination: In order to determine the minimum required number of different finger
configurations for a set of handling objects, the different grasp positions should be located
on different surfaces of the objects. This makes it possible that, for example, the same finger
configuration can be used for the second-best grasp for object 1 and the third-best grasp
for object 2. In order to adapt the grasp point determination to this, a synthetic evaluation
value is determined, which weights grasp positions on other surfaces of the object more
strongly. The result of the adjusted calculation is shown in Figure 8b. It can be seen that
the grasp positions are now distributed over the entire workpiece and not only on two
surfaces of the workpiece as in Figure 8a. This means that the solution space for the finger
configuration is not already restricted in advance.

(a) (b)

Figure 8. (a) The best five grasp positions for an object; (b) The adjusted best five grasp positions for

an object.
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4. Gripper Finger Configuration
4.1. Procedure of the Gripper Finger Configuration

Figure 9 shows the procedure of automated gripper finger design from modules. The
individual sections of the flow chart are described in detail below.
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Figure 9. Flowchart of the finger design.

4.2. Stable Workpiece Pose

If the pose of the workpiece is not defined by the user, then a stable workpiece pose
must be determined. In [35], the preferred orientation of handling objects is formulated
by the maximum tilt angle, which simultaneously maximizes the pose stability and the
ordering probability. Therefore, it is assumed that the object is provided in the preferred
orientation.

Figure 10 shows the definition of the tilt angle x for a pose in terms of workpiece
geometry and center of gravity. In the following, only contact situations are considered that
circumscribe a planar contact situation (see Figure 10, pose 1-3). It should be noted here that
gripping objects are usually provided in an active order and non-planar contact situations
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are avoided. To incorporate the preferred orientation into the kinematics of the gripping
process, the coordinate system shown on the right is introduced, which corresponds to the
directions of the gripper coordinate system.

@ @ ® @
z
K1
K2 y
G G G / ’G X
X4 X2 X34 Xa2 Xa1 X4z

Xi> X, X2> Xz X31 < X32 Xa1> Xa2

Figure 10. Preferred orientation of a workpiece [35].

Since the real gripping situation is described in three dimensions, assumptions have to
be made for the 2D evaluation of the tilt angle. Here, the supporting surface is described by
the x-y plane. The tilt angle must therefore be evaluated two-dimensionally with respect to
the yz-plane, which corresponds to a rotation about the last remaining degree of freedom
of the x-axis.

After determining the tilt angles (Figure 11a), the surfaces that cannot be considered
support surfaces due to the interfering contour of the workpiece are sorted out and marked
in red in Figure 11b. For example, the workpiece in Figure 11 cannot be placed on the
long side faces because of the surrounding edge, even though they have a large tilt angle.
Instead, the support surface marked in green is identified as the preferred orientation and
the workpiece is rotated accordingly (Figure 11c). The red surfaces are orthogonal to the
gripping axis, but have either a smaller tilt angle or an invalid interference contour.

Tilt Angle Evaluation (2D) Start Orientation Final Orientation
— Edge With Max. Tilt Angle W Preferred Areas B Preferred Areas
— Evaluation Layer W Other Areas W Other Areas
e Object Center e Object Center e Object Center

Figure 11. (a) Tilt angle evaluation of an object; (b) Starting orientation of an object; (c) Reoriented
object.
4.3. Generate Finger Configurations

In order to generate a gripper finger configuration from the modular elements at all,
the configuration problem must first be described.

4.3.1. Combinatorial Diversity

For the development of a configuration logic, the combinatorial scope of the prob-
lem, i.e., the diversity of all possible configurations, is relevant. Based on the previously
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described modular scope and the configuration problem, and considering the structural
design of the gripper fingers, the combinatorial diversity can be derived. The structural
setup of each finger always starts with the base module (A) and ends with a fingertip (D).
The type of fingertip is determined by the user, depends on the grasping application, and
is therefore not a free parameter of a configuration. Assuming that the gripping fingers are
symmetrical, only one finger determines the variety of all possible module combinations.
The modular scope is therefore halved. The base module and fingertip therefore do not
contribute to increasing the number of variants. Building a configuration is like using mod-
ules from a construction kit with nine modules (k) without putting them back, considering
the sequence (Formula (1)).
n!

(n—(k—2))

The number of possible combinations therefore increases with the number of modules
integrated in a finger (The 7 in Formula (1) stands for the number of draws). In each
case, nine modules from the modular system can be freely combined. Since some mod-
ules are available several times, the strict consideration of the sequence is relaxed and
redundant configurations are removed. For the special case of permutation k = 11, 362,880
combinations are possible. After eliminating redundant combinations and considering
variable numbers of modules, the scope of the combinatorial task can be specified to 253,534
different configurations.

N=1 1 1)

4.3.2. Kinematic Description

The design of a gripper finger consists of modules that are assembled in a defined
sequence. However, the modular structure results in a high degree of shape variation. A
set of rules is therefore necessary that determines the shape of the gripper finger on the
basis of a module sequence. The kinematic chain of a finger takes place via the connection
of the modules at the interfaces. The input interfaces of the modules represent the female
part of the quick-change jaw system. The output interfaces are described via pins, which
represent the male part of the quick-change jaw system (Figure 12a). In addition to the
outer contour of the modules, the type, position, and orientation of the interfaces are also
important for the finger shape. To describe the relationships, the module base coordinate
system is introduced under the following conventions (Figure 12b):

The origin is at the center of the module cross-section of the input interface.
The x-axis points from the electronics connector to the mounting studs.
The z-axis points in the direction of the mounting hole.

The y-axis results from the orthonormal base system.

The position of the output interface is described by the position vector _p> The orien-

tation corresponds to the rotation matrix R. This results in the coordinate system B,
which restricts the three translational degrees of freedom x, y, z and the three rotational
degrees of freedom «, B, ¥ of the module bodies during assembly. The position of the
modules relative to each other is thus unambiguously defined. The introduction of
this kinematic module description is illustrated in Figure 12. For straight modules, the
orientation of the input coordinate system A corresponds to that of the output coor-
dinate system B. However, for the angled modules and the fingertip, the orientation
of the interface changes. In this case, the rotation matrix R is obtained by a sequence
of elementary rotations about the spatial axes x, y, z. The elementary rotations are
introduced as follows:

1 0 0

Ry(a) = |0 cosa —sina )
0 sinax  cosw
cosp 0 sinf

Ry(B) = 0 1 0 (3)

—sinp 0 cosp
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Ry(y) = [siny cosy O 4)
0 0 1

Output Interface

Input Interface

(a) (b)

Figure 12. (a) Module C_1 with input and output interface; (b) Kinematic module description
(module C_1).

For the module “C_2” shown in Figure 12, the change in the orientation of the reference
system B with respect to the reference system A is described by a rotation of +90° around
the x-axis. The corresponding rotation matrix results in:

1 0 0 1 0 O
Ry(a =90°) = (0 c0s(90°) —sin(90°)) = (0 0 —1) (5)
0 sin(90°)  cos(90°) 01 0

The position vector ? is fixed by design and is with respect to the reference system A:

. 0
ri=1| —y/2 (6)
z—y/2

4.3.3. Formulation of the Kinematic Chain

By modeling the individual modules, gripper fingers can be described by serially
linking individual modules. A reference coordinate system is required for the comparison
and evaluation of different configurations. The gripper coordinate system G is introduced
according to the conventions of established gripper manufacturers (see Figure 13).
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Figure 13. Gripper coordinate system G.

The x-axis designates the gripper axis on which the base jaws of the gripper can be
moved in translation. The permissible translation is limited to a maximum jaw stroke,
so that only certain gripping widths are possible. The y-axis is also located in the base
plane of the gripper and is orthogonal to the x-axis. Lateral projections are therefore
described via their y-coordinate. The z-axis is orthogonal to the other two axes and thus
points upwards. The length of a gripper finger is described via this direction. When
assembling the gripper finger, the next module is always mounted on the previous one. The
corresponding orientation of the module is obtained by multiplying the rotation matrices
of the previous modules. For the kth module, the rotation matrix Ry is obtained according
to the rules of forward kinematics [36]:

Ry = H R; )

—
The assembly position ¢, ~ of the kth module in gripper coordinates is obtained
recursively from the existing kinematic chain. In more detail, the transformation rule
concretized in Formula (8) applies according to [37]:

— — —
teg = Re1Pr1 it tiig ®)

where
— ~
t . & = translation of the input interface of the kth module in the gripper coordinate system G
N
t

x_1,G = translation of the input interface of the previous module in the gripper coordinate

system G
%
P_1 iz = position of the output interface of the previous module in the module coordinate

system A

The outer contour of the modules can be considered abstractedly as cuboids, which
has several advantages: On the one hand, the contour of the gripper finger is described
exactly with the help of a few data points. Working with these abstract solids thus keeps the
necessary memory requirements low. In addition, the computing time for data processing is
reduced compared to a more detailed module description using STL files. For the detailed
representation of the gripper fingers envisaged in the following, the STL files of the modules
can be transformed via the specification in Formula (8) and thus placed appropriately.
This enables visual validation against the real modules and provides valuable assembly
information, since details such as the assembly bolts are visible. On the other hand, the
data points can be interpreted directly. For example, the output interface of the last module
describes the location of the intended gripper contact. A gripper finger can thus be easily
analyzed for function fulfillment.
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4.3.4. Creating Finger Configurations

With the help of the previously estimated combinatorial diversity as well as the
structure of the kinematic chain, finger configurations can be formed. Figure 14 shows
some finger configurations as examples.

Figure 14. Generated gripper finger configurations.

Not all of the configurations shown are permissible. For example, in some configu-
rations the fingers collide with each other, or the active surfaces of the fingertips do not
point inwards in the direction of gripping. Criteria must therefore be defined to filter out
inadmissible configurations.

4.4. Validation of the Configurations

The kinematic chain enables the gripper finger shape to be described. In the next
step, the generated configurations must be checked for validity. For this purpose, a distinc-
tion is made between object-independent and object-dependent constraints. The object-
independent constraints include collision spaces, restrictions on the finger length, and
restrictions on the orientation and position of the fingertip. The object-dependent con-
straints include the permissible object width and collisions.

4.4.1. Object-Independent Validity Check Criteria

In a valid configuration, there must be no overlap between the gripper fingers or
between the gripper fingers and the gripper base body. Both the gripper and each mod-
ule can be abstracted as a cuboid and described as a solid. This results in the tuple
Hy = (Xmin, Xmax, Yimins Ymaxs Zmin, Zmax) for the envelope of the kth module. Formula (9)
describes the intersection of a mass point P; with a solid and thus a collision.

P € Hy & Xpin < Xi < Xmax N Ymin < Vi < Ymax O Zmin < Zi < Zinax )

where

Hy = (xmz'nz Xmax, Ymins Ymax, Zmins Zmax)
Pi = (xi/yirzi)
A collision of the fingers with the gripper base can also be described by the above
Formula (9). In addition, it is true that finger modules must not be below the base plane of
!

the gripper (i.e., z,;;, > 0). When gripper fingers overlap, collisions between the modules
of one finger (Figure 15a), between the two fingers (Figure 15b), and collisions due to the
base jaw movement (Figure 15c) are possible. Both fingers collide as soon as they extend
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into the operating range of the other finger. If the yz-gripper center plane is exceeded, then
the fingers come into contact due to the symmetrical boundary condition. Finger pairings
that already touch each other in the fully extended state (x40 = 0) cannot be mounted
and must therefore be declared invalid. A pair of fingers blocks if the gripping space, which
is spanned by the fingertips, is occupied by other modules.

I
(a) (b) (c)

Figure 15. (a) Collision of fingers with itself; (b) Collision of the two fingers with each other;
(c) Collision of the fingers when moving the jaws.

The gripping forces and the weight forces and inertias of the moving handling objects
result in a tilting moment with the components M,, My and M,, which acts on the base
jaws of the gripper. The tilting moment increases with increasing length of the lever arms
of the acting forces. Due to durability and dimensioning aspects, the permissible lever arms
are therefore limited.

The finger length is defined by the z-coordinate of the fingertip. In the load-free state,
it has no influence on the applied tilting moment. When the workpiece is grasped, contact
forces occur that correspond in magnitude to the gripping forces. These forces act in the
direction of the gripping axis. In combination with a y-projection, the components M,
and M, are thus imposed. To limit the tilting moment, restrictions on the finger length Z
and the projection Y are therefore formulated by the gripper manufacturer (Formula (10)).
The limiting curves result analytically as a second-order polynomial. By rearranging the
polynomial, the boundary condition in Formula (11) follows. Using the parameters a and b,
the boundary condition can be defined variably for different grippers.

Y< - (;7) Z24a (10)

Z=f(v)< 1 1b (1)

Configurations occur in which, in addition to the lateral projection Y, a projection X
occurs in the direction of movement. The grasp width can be variably adjusted via the
projection X. With increasing projection X, the wear of the gripper increases, since increased
compliance of the fingers promotes longer sliding paths of the jaw guide.

The curve shown in Figure 16 for the two gripper types SCHUNK EGL 90 and
SCHUNK EGI 80, which limit the lever arms of the forces, serve as the basis for the
calculation. The combination of the X and Y projections is also interpreted as a lever
arm and thus defined as a geometric length. The two-dimensional criterion is extended
accordingly (Formula (12)).

z=f(VxE+72) < \/1—7”(2;’[2-19 (12)
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Figure 16. Three-dimensional restriction on finger length and projection.

As a result of a variable module sequence, configurations arise in which the effective
surfaces of the fingertips are not opposite to each other. If, in addition, the normal vector
of a fingertip does not point in the direction of the gripping axis, then no valid grasp is
produced when the jaws are closed. The kinematic description of inner and outer grasps
here places requirements on the direction of the fingertips, which is defined by the normal
vector 1. All other orientations of the fingertips are invalid. Due to the module size, only
internal grasps for comparatively large grasp widths can be realized. For this reason, only
external grasps are considered in the following.

In addition, the mounting direction of the fingertip must not point in the negative
z-direction, as collision-free gripping is usually not possible when taking the deployment
situation into account due to the interfering contour of the finger.

4.4.2. Object-Dependent Validity Check Criteria

The demand for a high degree of automation and easy operability of the configuration
algorithm requires robust processing of variable user data. The workpieces are provided
by the user in the form of STL files. This data format uses triangular facets to model the
geometric shape of the workpieces to be grasped. The STL files are made up of vertices,
which form a mesh via triangulation. The coordinates of the vertices always refer to a
fixed reference coordinate system, which is called the object coordinate system in the
following. The object coordinate system usually originates from the constructive structure
of the handling object in a CAD program. When the design is derived as an STL file, this
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coordinate system is adopted. The coordinate system is therefore unrelated to the gripping
task and the gripper coordinate system.

To examine the workpieces, they must be described in gripper coordinates and thus
first transformed. The grasp point determination described above determines the gripping
points and normal vectors of the gripping surfaces with respect to the object coordinate
system. To determine the transformation rule, which transforms the coordinate systems

N
into each other (Formula (8)), the rotation matrix R and the translation vector t must be
determined. The following assumptions are formulated:

e  The normal vectors of the gripping surfaces must point in the direction of the gripping
axis to produce a valid grip.

e The gripping points must touch the fingertip at their center to ensure maximum
gripping reliability.
The first assumption here places a requirement on the orientation of the workpiece,

—
which is rotated by angle 0 about the axis of rotation k in target pose. The rotation axis
(Formula (13)) and the rotation angle (Formula (14)) can be derived according to [38].

— —
where k is the rotation axis, 4 is the start vector and b is the target vector. The angle of
rotation 6 is given by

k=2

(13)

S SN
sl sl

X

(14)

With this, the Euler parameters @, @1, ®;, ®3 can be determined with which the
rotation matrix R can then be built up (Formula (15)).

Q> +012—1 010, - 0)0; 0,03+ 00,
R=2{010,+00; Op*+02-1 ©,0; 0,0, (15)
010; — 00, 0,03+ 090, ©p® +O3* — 1

The second assumption defines the translation of the workpiece, which depends on
the finger geometry. The workpiece is first translated to the origin so that the y- and z-
coordinates of the gripping points are zero. Then, the workpiece is moved in the x-direction
so that the center of the line connecting the two gripping points is at the origin of the
gripper coordinate system. In combination with symmetrical gripper fingers, simultaneous
gripping is thus ensured.

In addition to collisions of the fingers with each other or with the gripper, collisions
can also occur if the fingers collide with the object before the gripping position is reached,
for example. Other approaches use the collision detection available in CAD programs for
this purpose [39]. Unlike in [39], in the automated configuration of modular fingers, the
absence of collisions is a prerequisite for the validity of a finger pair and is not used to
check a single finger configuration at the end of the design process. For this, an efficient
procedure with a short runtime is required.

For an efficient collision detection, a precise, as well as efficiently structured represen-
tation of the 3D objects is necessary. To reduce the number of necessary overlap tests, both
fingers and workpieces can be represented by hierarchically nested bounding volumes.
The bounding volumes completely enclose an object and thus allow the overlap tests to
be performed for simple geometries. Oriented Bounding Boxes (OBBs) are aligned with
the axes of the object. The oriented cuboids provide a very good envelope efficiency, i.e.,
the object can be described sufficiently accurately with little effort. On the other hand, the
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OBB model does not require recalculation during rotation, since the cuboids are already
created to be rotationally symmetrical during their initial calculation, and the collision
detection works independently of the resolution of the STL files in terms of reliability [40].
By exploiting these two properties, an enormous gain in runtime can be achieved. Due to
the hierarchical structure in so-called OBBTrees, the accuracy of the approximation and
thus the number of intersection tests to be performed is adjusted depending on the distance
between two collision objects. Only if an intersection test of the outermost enveloping cube
is positive are finer discretization and further intersection tests performed. During collision
detection, the gripping process is traced and the gripper fingers are moved towards the
workpiece. A finger configuration is invalid if a collision is detected before the gripping
point is reached. The entire gripping process is tracked, so that not only collisions in the
gripping position, but also during the approach of the base jaws are detected.

Considering the object-dependent and -independent constraints, the determined grip-
per finger configurations can be filtered and inadmissible configurations can be excluded.

Figure 17 shows the result of a configuration for a sphere. To distinguish the gripper,
the configuration, the fingertip, and the workpiece, these are each shown in different colors
(blue, gray, red, and orange). During the configuration process, the modules are modeled
only by their outer contour for computational efficiency and shape interpretability. For
the output of the configuration result, STL files of the real modules are integrated into the
visualization. Details such as the locking bolt and the mounting orientation of the universal
base plate are visible. Thus, important information about the assembly process can be
provided to the user. For better orientation and clarity of the display, the gripper coordinate
system and an orientation cube are visually integrated. The module sequence for the right
and left fingers can be read directly.

Left Finger

Right Finger
‘. A
— C_2
C_1 c 1
g_z B 2
D

Figure 17. Representation of a configuration (workpiece Spherical 6).

4.5. Evaluation of the Gripper Finger Configurations

After filtering the gripper finger configurations, a list of valid configurations is avail-
able. However, not all valid configurations solve the gripping task with the same quality.
Therefore, a decision logic is required that compares the gripper finger configurations for
a workpiece with each other, evaluates them, and then determines the best configuration
for a workpiece. The resulting optimization problem has as its objective function the
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maximization of the quality of the gripper fingers under the condition that all handling
objects must be gripped.

The solution to the optimization problem is a utility value that describes the achievable
finger quality with a configuration.

Criteria for Evaluating a Finger Configuration

The assembly of a gripper finger from modules of a modular system leads to new
requirements for the evaluation of a gripper finger, which have not been considered in the
literature so far. Therefore, a separate approach for the evaluation of finger configurations
is derived. The quality of a finger configuration results from the evaluation of different
criteria. The following six independent criteria are introduced in which the influencing
factors are summarized that are related to the finger configuration:

Finger length
Number of modules
Projection

Cycle time
Flexibility

The criteria are briefly described below.

While gripper fingers that are too short are not permissible for collision reasons, the
quality of a configuration decreases if the finger length is too long. This is due to increased
stress on the components, since the tilting moment, which is impressed on the base jaws,
increases with increasing finger length. In addition, a long finger length increases the
bending up of the fingers, so that the working surfaces at the fingertips are no longer
suitably aligned with the workpiece. The deviation of the finger length (z-position of the
fingertip) from the ideal finger length (workpiece-specific) is used to evaluate the finger
length.

The assembly of modules to form a gripper finger is synonymous with the creation of
a tolerance chain. Particularly in the case of fingers that are individually adapted to the
workpiece, there are high requirements for precise module dimensions so that no change
occurs in the tool center point (TCP) when the finger is changed [41]. A high number of
modules has a negative effect on the accuracy of the finger. As a result of multiple, tolerance-
affected modules, the position of the fingertip scatters. The number of modules on a gripper
finger is used to evaluate this criterion.

The position of the grasp point in the gripper coordinate system, in combination with
the workpiece weight, determines the acting tilting moment on the base jaw. The criterion
of the finger length already considers the tilting moment in the y-direction. A tilting
moment about the z-axis occurs as a result of non-centered grips with projected fingers.
This eccentricity is object-dependent if the virtual axis connecting the gripping points does
not pass through the object’s center of gravity. The y-position of the fingertip is used to
evaluate this criterion.

The time required to establish a valid grip increases proportionally with the required
travel distance of the base jaws. The jaw stroke must therefore also be minimized to achieve
short cycle times. This also supports the requirement for a low envelope of the gripper with
its fingers, since short jaw strokes are accompanied by a minimization of projections in
the direction of the gripper axis. The necessary jaw stroke with a configuration is used to
evaluate the cycle time.

The flexibility of a gripper finger describes its ability to handle multiple workpieces
without the need to change fingers [42]. A flexible finger thus reduces investment costs and
saves time in setting up the handling application. The percentage of workpieces in a data
set that can be gripped with a configuration is used to evaluate flexibility. To determine the
degree of fulfillment of a configuration, a utility value is introduced, which is the result
of the value for each criterion plus a weighting factor. The weighting is determined via
a pairwise comparison between the criteria. The finger length, flexibility, and cantilever
represent the most important criteria. Since only minor time savings can be expected as a
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result of a reduced jaw stroke, this criterion—together with the number of modules—is
considered to be of the least importance. To determine the degree of fulfillment of the
criteria, the range of values is divided linearly into five levels.

Figure 18 shows the result of a configuration for a sphere. To distinguish the gripper,
the configuration, the fingertip, and the workpiece, these are each shown in different colors
(blue, gray, red, and orange). During the configuration process, the modules are modeled
only by their outer contour for computational efficiency and shape interpretability. For
the output of the configuration result, STL files of the real modules are integrated into the
visualization. Details such as the locking bolt and the mounting orientation of the universal
base plate are visible. Thus, important information about the assembly process can be
provided to the user. For better orientation and clarity of the display, the gripper coordinate
system and an orientation cube are visually integrated. The module sequence for the right
and left fingers can be read directly. This makes it possible to determine a list of evaluated
configurations for almost any object and display it for the user.

Configuration 1 Configuration 2 Configuration 3

Left Finger . . Left Finger Left Finger Right Finger
A Right Finger A Right Finger A A
C 2 A c2 A B 2 B 2
c1 C2 c1 c.2 ci2 €2
B 2 C_1 B 2 c_1 C_1 c1
ca B2 D B 2 c4 c3
D c3 D B 2 B_2
D Ci3 c4
D D

(a) (b) (c)

Figure 18. Extract from the configuration results.

=
=

An excerpt of the configuration results for the sphere shown earlier is shown in
Figure 18. Three configurations are listed here as an example. The corresponding evaluation
can be taken from Table 1. In configuration 1 in Figure 18a, each finger consists of six
modules and has projections in the gripping direction and perpendicular. Configuration
2 in Figure 18b consists of five modules each and with a projection only in the gripping
direction to achieve the necessary opening width. In configuration 3 (Figure 18c), each
finger consists of eight modules. In addition, there are projections in the gripping direction
and perpendicular. As the number of modules increases, the torque on the base jaws of
the gripper increases and the gripping force decreases. With increasing projection, the
load on the base jaw increases and thus also does the wear of the gripper. This is reflected
in the evaluation in Table 1: Configurations 1 and 3 achieve a lower overall utility than
configuration 2 due to the larger projection and the larger number of modules.

The following figures show the best rated configurations for workpieces from the
workpiece spectrum in each case.

The time required to determine the best configuration in each case depends on the
complexity of the handling objects. Therefore, the times for determining the gripping points
and the configurations for the part shown in Figure 19 are listed in the following table.
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Table 1. Exemplary result of the utility analysis.

Configuration 1 Configuration 2 Configuration 3
2 E 2 E
E (=] ¢>“ =1 g c ¢>“
s 2 2 2 2 2 2
2 : s : = : :
:2 " ] S = < ]
% & = & = & =
2 5 5 5
~ ~ ~
Finger 0.30 4 1.20 4 1.20 4 1.20
« length
g Flexibility 0.30 5 1.50 5 1.50 5 1.50
= Number of
O Modules 0.05 3 0.15 4 0.20 2 0.10
Cycle Time 0.05 4 0.20 4 0.20 4 0.20
Projection 0.30 4 1.20 5 1.50 3 0.90
Total Utility Value 4.25 4.60 3.90
Ranking 2 1 3
Left Finger nght Finger Left Finger Right Finger
A A A A
D D C_2 C2
c4 c_3
C_3 C_4
C_1 G
B_2 B 2
D D
(a) (b)
Left Finger
Left Finger ¥ 7 A Right Finger
A Zhght Finger C.2 A
c 2 e 2 C_1 c 2
c_4 8 Cc 4 ol
c_3 = c_3 C_4
C 1 c 1 D C_3
D = D
D
(0) (d)

Figure 19. Finger configuration for (a) Flat part 1 (Gripper SCHUNK EGI 80); (b) Mushroom part 5
(Gripper SCHUNK EGI 80); (c) Flat part 3 (Gripper SCHUNK EGL 90); (d) Schmalz part 2 (Gripper
SCHUNK EGL 90).

Table 2 shows that in less than a minute, gripping points can be determined and
evaluated, and gripper finger configurations can be determined, evaluated, and visualized.
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Table 2. Number of configurations and overview of lead times .

Workpiece

Flat Mushroom Flat Schmalz
Part 1 Part 5 Part 3 Part 2

Gripper
Grasp point
determination time
Total no. of
configurations
Permitted no. of
configurations
Total time

SCHUNK EGI 80 SCHUNK EGL 90
13.70 s 23.44s 1554 s 18.45s

5.189 733s 5.189 15.74 s 5.189 6.78 s 5.189 6.81s

62 0.17 s 83 0.12s 4 0.08s 12 0.06s
21.20s 39.30s 2240s 25.32s

! Hardware used: Lenovo Thinkpad T14, Intel Core i7-1165G7, 16 GB RAM, Microsoft Windows 10.

5. Conclusions and Future Work

In order to simplify the problem of the time-consuming and complex design of
application-oriented gripper fingers for industrial applications, this paper presents a
method that enables the automated design of gripper fingers from a modular construction
kit. Based on an already presented, methodically developed, modular gripper finger con-
struction kit, as well as a set of workpieces, an analytical gripper position determination
is realized, which is the basis for the determination of gripper finger configurations. The
gripper fingers are selected in such a way that they are distributed as widely as possible
over the workpiece, taking the grip quality into account. With the help of a kinematic de-
scription of the modules, finger configurations can then be built up in the form of kinematic
chains. The configurations thus determined are then tested and evaluated for validity so
that the best configuration can be determined for each workpiece.

This work provides an alternative approach to automated gripper finger design for
grippers in industrial robotics applications. Unlike existing approaches, modules are as-
sembled from predefined modules. This can shorten the readiness time for new fingers,
since the new finger designs do not have to be manufactured. In addition, standard com-
ponents (the modular elements) can be used, allowing economies of scale to be exploited
and increasing the reliability of the individual elements. The research results show that
it is possible to realize gripper fingers for a large number of different objects with a small
number of different modules. In the context of an increasing number of variants and small
quantities, gripper fingers can thus be quickly adapted to new handling tasks.

The approach thus supports current developments in the field of automated gripper
finger design, which are aimed at the rapid adaptation of grippers by using simulations [43],
thus avoiding time-consuming design iterations, or by the automated design [31] and
replacement [24] of only a few components. So far, the approach has been applied and
verified with two grippers and the defined workpiece spectrum. The transferability to
further grippers is planned, e.g., by the outsourced description of the grippers and modules,
but not yet tested. The construction kit used has been developed methodically, but must be
checked again, especially in the context of configuration.

A comparison to existing approaches regarding finger quality, deployment times, costs,
or mechanical properties of the fingers is difficult due to missing information. However,
some statements can be made:

1.  The individualization of the gripper fingers determined here is limited in contrast to
existing approaches for individual gripper fingers (e.g., [3] or [21]).

2. Regarding the finger quality, the evaluation of the fingers is described above and can
be used for comparability in other approaches. Except for the number of modules, the
criteria can also be used for other types of gripper fingers.

3. The times required to determine the configurations shown in Figure 19 can be taken
from Table 2. In addition, there is the assembly effort required to assemble the fingers.
The lead time for gripper fingers that are designed manually, according to the Generic
Automated Finger Design [21], or with eGrip [3] is at least 16 min for a bottle cap [30].
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The time required for printing the fingers is unknown. This results in significant time
saving for the automated design of manual gripper fingers.

4. The mechanical properties are considered in the conception of the modular system
as well as in the design of the modules. Due to the interfaces between modules, this
results in a larger bending up during grasping than in monolithic fingers. However,
the fingers used in [5] or in [21] are made of plastic. Therefore, comparatively good
mechanical properties can be assumed for modular gripper fingers.

5. With regard to cost, an assessment becomes difficult because sensor integration is
provided in the modular gripper fingers, which increases the cost of the fingers, is not
provided in other approaches, and their benefit assessment is subjective.

To improve the approach described here, the throughput of an automated handling
solution with modular gripper fingers shall be increased. For this purpose, the minimum
number of different configurations required for a set of handling objects will be investigated.
An MTM analysis (method-time measurement) will be used to determine how much manual
effort is required to remove, add, or replace modules. Based on the determined times, the
setup effort can then be defined as a further criterion. This increases with the number of
manual setup operations between the workpieces. For example, if it is possible to handle
five workpieces with only two configurations, then the setup effort decreases. A trade-off
is therefore necessary between the quality of the configuration and the setup effort. To
increase the individualization of the fingers, the automated design of the die surface could
be integrated in the future. The interchangeability of the die surface, which was already
taken into account in the design of the modular construction kit, could thus be individually
adapted to workpieces in a short time. For the comparability of manufacturing costs, a
bottom-up calculation could be performed. The added value of the sensor integration
would also have to be evaluated in this process.
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