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ABSTRACT

Vast numbers of researchers around the globe are devoted to the research topics of
the robotic hands. Studying robotic hands for a particular task might led to the creation of
effective and developed end-effectors for grasping and manipulation. In case of studying
robotic tasks, specifically, those which have interaction between manipulated objects,
working of two robotic arms or robotic hands equipped with end-effector grippers is

needed.

Nowadays, many of current bimanual tasks are performed by using two robot arm
manipulators with simple grippers. In these scenarios, the end-effectors are mainly used
for grasping an object. On the other hand, motion itself is carried out by robotic arms. In
this thesis, we propose the design of a highly dexterous multi-fingered robotic hand which
is able to perform the bimanual tasks when attached to a simple arm manipulator. By
considering the kinematic synthesis for tree topologies, dexterous robotic hands can be
created with more than one splitting stage. The synthesis process is applied in this research
to the design of a robotic hand with three palms for a bimanual task consisting of
assembling an emergency stop button and single-palmed with three fingers for peeling an

orange.
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1 Introduction

1.1 Literature Review

The use of robotic hands in machinery and manufacturing industrial applications is
becoming increasingly common. Also, we can trace their existence in experiential and
laboratory environments, specifically those in which, human is not able to work freely such

as nuclear laboratories or biohazard conditions.

Usually robotic tasks need simultaneous work of two or more robot manipulators,
namely two robot arms working collaboratively on a single object or the combination of a
positioning device with a robot manipulator, performing an operational task. We could
mention many examples in this regard. For instance, delicate surgeries such as eye cornea
or mixing some particular chemical materials that may not be doable for human due to

dangerous condition which may cause serious damages.

To fulfill such tasks, the coordination of the robots needs to be planned, which
includes path planning with collision avoidance and control strategies. These three steps
are necessary to accomplish a defined task. The path planning with collision avoidance is
to find a sequence of configurations that moves a robot from an initial configuration to a

goal destination without colliding with obstacles or itself in the environment.

Various methods have been explored on the control of such systems with
simultaneous control strategies and collision avoidance. In [1], a control architecture is
presented for real-time, simultaneous sensor-based, shared control of remote, multiple-
manipulator tele-robotic systems. In [2], a relative description of the task has been proposed
and a very simple collision avoidance algorithm, which permits a continuous progression
of the task, has been developed. The work of [3] studies the problem of modeling and

control of multiple cooperative under-actuated manipulators handling a rigid object. In [4],



a new adaptive, synchronized control algorithm is proposed for coordination of multiple

manipulators in assembly tasks.

These tasks are mainly performed with non-dexterous end-effectors. For instance,
we can see Hgure 1-1 and Fgure 1-2. Whereas, by exploiting dexterous end-effectors
which can be designed in shape of multi-fingered robotic hand with several splitting stages
and with a kinematic structure, we would capable of doing more precise and complicated

task with just one robotic arm. This act will lead to the desired dexterity for the task.

From a kinematic perspective, the robotic hand or the robotic arm plus hand system,
can be defined as kinematic chain with tree topology with several common joints that
branch to a number of serial chains, and possibly with several branching stages, ending

with several end-effectors.

Fgure 1-1: In-Hand Manipulation with External Forces [5]



Fgure 1-2: Robotic Assembly of Emergency Sop Buttons [6]

Dynamic and kinematic analysis of tree topologies is considered in [7] , [8] and [9],
and type synthesis of tree topologies can be found in [10] for grasping and manipulation
requirements. The dimensional synthesis of the tree topologies has been studied in [11],
[12] and more extensively in [13]. As an example, we could say that, when we use the
synthesis of tree topologies, by applying it to wristed multi-fingered hands, this makes it
possible for us to design robotic hands for in-palm manipulation tasks, or complete arm

and hand designs.

In this research, our interest is to find a way to switch from bimanual manipulation
with non-dexterous grippers to high-dexterity single-hand manipulation, in which we are
capable of selecting the degree of dexterity with respect to the kind of task we want to be
exerted. In particular, the design of a hand for a set of tasks performed on multiple parts,
such as an industrial assembly task and also orange peeling task are explored. The examples
include all the steps from motion capture and synthesis to hand implementation and testing

in CAD environment.

By applying this method, not only we could improve degree of accuracy during
performing a task, but also, we could save energy and space when we want to implement

robotic hands in different environments.



1.2 Thesis Goals

1. Study the kinematic and design issues in switching from bimanual manipulation
with non-dexterous grippers to high-dexterity single-hand manipulation, where the

degree of dexterity is selected according to the kind of task to be performed.

2. Design two dexterous robotic hand for two selected bimanual tasks: a) design a
single three-palmed, four-fingered hand for assembling a commercial emergency
stop button and b) design a single-palmed hand with three fingers to perform orange

peeling task.



2 Background

Robotic hands are a type of mechanical linkages, mainly programmable in which a
common set of links spans a number of serial chains. The links of these type of
manipulators are connected by joints which allow the links to undergo rotational or linear
motion. The end effector is located at the end of the kinematic chain. Among the variety of
robotic end-effectors, those generally defined as robotic hands are considered suitable not

only for grasping, but also for some dexterous manipulation.

Researches which have been focused on grasping and manipulation, has been
developed from rigid manipulators and simple grippers to dexterous robotic arms. These
new hands are capable of grasping and manipulating a vast spectrum of objects and able to
operate several tasks. Trends on robotic arms and hands are to become more dexterous,

flexible in performance, light-weight, and easy to control.

When we talk about applications in robotic grasping and manipulation of grasped
objects, we have to consider many characteristics of robotics like sensing, identification,
learning and planning, etc. However, one field that has not attracted so much attention is
the systematic methodology for the physical incarnation of the robotic end-effector. The
design of end-effector robotic tools has focused on three different strategies [14], so that
each of them lead to different design. Anthropomorphism, designing for grasping tasks,

and designing for dexterous manipulation have been under the radar of researches.

The Anthropomorphism implies the ability of a hand to imitating the human hand
motion. These hands are designed so that they could be humanized as much as possible.
These class of robotic hands have restriction in their performance, and their level of
dexterity is not suitable in some tasks. They are constrained in their design, but they are
considered a straightforward solution for human environment and human manipulation

task mapping [15], [16].

For the second strategy, overall, 33 different grasp types are found and arranged

into the GRASP taxonomy. Grasps are sorted according to 1) opposition type, 2) the virtual
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finger assignments, 3) type in terms of power, precision, or intermediate grasp, and 4) the
position of the thumb [17]. Hands oriented to grasping tasks are usually simpler or under
actuated; new efforts are being devoted to obtain under actuated or simple hands with some

degrees of dexterity [18], [19].

On the other hand, hands for in-hand manipulation tend to be more complex,
especially if a wide range of manipulation actions are targeted. However, most of them are
anthropomorphic in design. For a current review on design efforts of anthropomorphic

hands, we can address [20], [21], [22] and [23].

With respect to the foregoing discussion, in this thesis we are trying to design a
hand for dexterous manipulation which is also called in-hand manipulation. Hence, for
making this possible, first we need to review some aspects of kinematic and synthesis in

robotic fields.

2.1 Kinematics

The kinematic background will be necessary for the synthesis process. As it is
commonly accepted, “Kinematics is defined as the study of the motion, regardless of the
force causing it and caused by it” [24]. The study of motion includes the study of
derivatives of it, which are mainly velocity and acceleration [24]. The subject is modeled
as a rigid body, which is “a set of particles such that the distance between them remains
fixed” [24]. For defining a position of a rigid body, three positions will be needed and each
of them includes three parameters. It means that nine parameters are needed. Since the
distances between the positions must remain constantly, these three points are dependent
to each other [24]. Because of these constraints, only six parameters are needed to define
the position of the rigid body at a given instant of time. Fgure 2-1 [24] shows a rigid body
and the position of three of its points. The six needed parameters are given by d and [R]

which are the position vector of a point and the rotation matrix of the rigid body.



Fgure 2-1: Arigid body [24]

2.1.1 Finite Displacement

In order to define the movement of a rigid body, a coordinate frame is attached to
the rigid body. The coordinates of points of the rigid body are fixed in the attached
coordinate frame. In Fgure 2-2 [24], there are two different coordinates respect to frame F
and frame M. A finite motion is called a displacement [24]. A displacement can be a

translation, a rotation, or both of them.

{M}

N

)[R]

Fgure 2-2: Arigid displacement [24]



2.1.2 Spatial Displacement

Spatial displacement is the combination of a rotation and a translation about an axis
[24]. Equation 2.1 is a spatial displacement, which consists of rotation of 6 about X-axis

and a translation.

X 1 0 0 X d,
Y\‘ = |0 cos(6) —sin(@)\ Y\‘ + dy\‘. (2.1)
Z/ 0 sin(8) cos(60) / Z/ dZ/

The equation 2.1 can be written as equation 2.2
X=[R(0), d]x (2.2)
where
X is a coordination after the displacement
X is a coordination before the displacement
[R(D), d] is displacement matrix including translation and rotation.

Displacement matrix is expressed as equation 2.3.

1 0 0 d,
0 cos(8) —sin(8) d,
(1) - (1) e
0 sin(60) cos(0) d,
0 0 0 1

The above matrix is the 4x4 homogeneous transformation matrix. The fourth

column is added to include the translation vector in the linear operation.



2.1.3 Screw Displacement

A displacement in space can be written as a screw displacement. The screw
displacement is given by rotation and translation about an axes [24]. The screw axis is
represented by six parameters. For defining the direction and location of the line, four

parameters are needed and two other parameters are needed for defining the rotation and

slide values. FAgure 2-3 [24] shows the representation of screw axis.

(Rd]

Fgure 2-3: Representation of Srew axis [24]

Equation 2.4 to 2.6 show the screw displacements for X, Y and Z.

1 0
(O cos(a)

X(a,a) =
0 sin(a)
0 0
/ cos(B)
0
Y(B.b) =
—sin(f)
0

0

—sin( )

cos(a)

sin(f3)

cos(p)

: (2.5)



cos(0)

sin(0)
7(0,d) =

2.1.4 Dual Quaternions

The homogeneous matrices method has been used to represent the rigid body
displacement in three-dimensional space. The more efficient method in terms of
computational speed, mathematical robustness and interpolation is the dual quaternions
method. The main information, which is applied by the dual quaternions method, is the
axis of the rotation and the translation vector and rotation angle. The Plucker coordinate of
the given screw axis, S, is given by S= s+ es’, where ¢2 = 0 and, s is the direction of the

axis and s’ is the moment of the axis. Generally, the displacement of the dual quaternion is

represented as below [24].

—sin(0)

o
o
—/

cos(0) 0 0

N | D

N | D

é”

sin (
sin (
sin (

><U)

2.7)

N | D)

N[D —
NUJ
N

N

cos(

The conjugate of the dual quaternion is

—sin ( ) Sy
—sin (g) Sy

—sin (g) S,

cos(g)

) N | D

(2.8)
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where, cos(0/2) = cos(g) +e (-g sin(g)) and sin(g) = sin(g) +e (% cos(g))
2.2 Kinematic Synthesis

From a kinematics point of view, a robot is a mechanical system that can be perform
a number of tasks involving movement under automatic control [24]. Using the

combination of translations and rotations, a robot can move in a six dimensional space.

A mechanical system can be defined as a series of rigid links connected by joints.
The degree of freedom of a robot is called mobility, which is the number of required
independent parameters to specify the positions of a rigid body relative to a base frame.

The degrees of the freedom of a robot is calculated using equation 2.9 [24].

M= 6(n—1) = Y_(6-f), (2.9
where,
n is the number of links in the serial chain.
J 1s the number of joints in the serial chain.
fi is the degree of freedom of the joint number i. i can be any number from 1 to j.

Kinematic synthesis is the process in which an articulated system created and
calculated to apply a motion. The main method to design the equations for the dimensional

kinematic synthesis is setting up the forward kinematics equations of the robot.
The Forward Kinematic equations in (2.10) calculate a relative displacement from

initial position to final position. This displacement can be a combination of rotations and

slide along the axis S for a serial kinematic chain with k revolute joints.
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2.2.1 Tree Topologies

A tree topology for a kinematic chain has a set of common joints spanning several
chains, possibly in several stages, and ending in multiple end-effectors [25]. A branch of
the hand is defined as a serial chain connecting the root node to one of the end-effectors,
and a palm is a link that is ternary or above. The tree topology is represented as rooted a
tree graph; the approach of Tsai [26] is followed, with the root vertex being fixed with

respect to a reference system.

A multi-fingered hand is defined as a kinematic chain with several common joints
- wrist, which is a fundamental part of the hand manipulation- spanning several branches,
possibly in several stages. At the end of each branch, the end- effectors are located. They
are the main elements whose motion or contact with the environment is being defined by
the task; this can be generalized to consider other intermediate vertices of the topology.
Open hands, that is, hands not holding an object, are represented as kinematic chains with

a tree or hybrid topology.

A tree topology is represented by two arrays, which capture incidence and
adjacency properties as well as information on the edges. Assume a numbering of the graph
edges to define a parent-pointer array and a joint array. The length of both arrays is equal
to number of edges of the tree graph after the reduction process is applied, that is, each

edge, and each entry of the arrays, will correspond to a serial chain of the robotic hand.

The parent-pointer array implements the parent-pointer representation, where each
element takes the value of the previous edge, the first edge being usually the one incident
at the root vertex. The edges incident at the root vertex have no parent and therefore, take
the value zero. Each element of the joint array contains the number and type of joints for
each edge. If we are limited to revolute joints, then the joint array element will be equal to

the number of joints for that edge.
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Kinematic synthesis can be used in order to select and size a topology as a candidate

hand design. The synthesis process for robotic hands has four main steps that are detailed

below:

1
2
3.
4

Task definition
Type or structural synthesis
Solvability calculations

Dimensional synthesis

After this process, we obtain a set of joints, their connectivity, and their relative

position along a chain. Further steps of ranking, optimization and detailed design will be

necessary to implement the candidates into functioning hands.

2.2.2 Task Definition

The task is the desired motion of the elements of the hand whose interaction with

the environment is of interest. For a multi-fingered hand, a simultaneous motion of all

fingertips or surface contacts, which could be any limb of the hand, is to be defined. For

each fingertip or contact limb, a set of positions are defined as location plus orientation.

Hgure 2-4 shows a trajectory task for a right and left hand, respectively with two fingertips

for each.

Fgure 2-4: On the right,; motion of the left hand, On the left; motion of right hand
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2.2.3 Type Synthesis

Type synthesis, or structural synthesis, is the enumeration, selection and ranking of
the kinematic chain topologies to be used as candidate designs. When applied to robotic
hands, it implies the selection or calculation of the number of fingers, the number of joints
at the wrist, the number of splits or branching, and the number of joints for the serial chain

making each branch, as well as the type of joints to be used.

Given a simultaneous motion task for all fingertips, it is important to know how
many, and what hand topologies are suited for the task. The number of candidate hand
topologies of a certain type is usually very high and unbounded in some cases [27]. This
number of suited topologies can be reduced if some additional constraints are added. At
the end of the process, one or a few of these topologies will be selected for performing the

additional design steps.

The conditions for considering a topology for the task are to have the same number
of end-effectors as the task and to be solvable, according to the criteria defined in [28] and
[27]. The set of suited topologies can be ranked according to other criteria, such as number

of edges, number of splits, and number of joints per edge, among others.

2.2.4 Solvability

Solvability is defined as the ability of all combination of fingers to perform their
relative tasks, and it is a condition that needs to be checked in order to be able to do the
dimensional synthesis. It consists of checking what is the maximum number of positions
that do not over constrain each root-to-end-effector(s) subgraph, and ensuring that each
subgraph is less constrained than the overall graph. In this calculation, the subgraphs
obtained by moving the root to each end-effector need to be included to account for relative

motion between fingertips.

A hand is defined as solvable when it can be designed for a meaningful

simultaneous task of all the fingertips or end-effectors, that is, a positive rational task with
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at least two positions. Because some fingers may be over-constrained while others are
under-constrained for a given topology, solvability needs to be checked systematically for
all root-to-end-effector subgraphs of the hand, including those obtained when changing the

root vertex to one of the end-effectors.

2.2.5 Dimensional Synthesis

In dimensional synthesis, positions of the joint axes are to be calculated, for the
selected solvable topology and for the desired kinematic task. There are numerous
techniques to address and solve the dimensional synthesis equations, regardless of the
formulation; the output is the position of the joint axes at a reference configuration. This
output is equivalent to the set of parameters defining the relative location and orientation
between adjacent joints. The kinematic solution can be then used for the detailed design of

the hand.

Kinematic dimensional synthesis is used to shape the new designs for robotic hands,
able to grasp and/or manipulate in a given application. Dimensional synthesis has the

candidate topology and the kinematic task as inputs.

15



3 Robotic Hand Design Methodology

As we discussed in previous chapter, a tree topology for a kinematic chain has a set
of common joints splitting on several chains, ending in multiple end-effectors [25]. A
typical example of such chains is wristed, multi-fingered hand. The kinematic synthesis of
these topologies presents particular challenges that are different from those that appear in
single serial chains or in closed-loop systems and compared to other topologies, they have

not been so widely studied [29].

Kinematic analysis for applications in-modular robots and robotic hands can be
found in [30] and [9], and dynamic analysis is found in [7]and [31]. Structural synthesis
for multiple fingers with no wrist, considering grasping and manipulation requirements,
are found in [10]. The first reference to kinematic synthesis of tree topologies is found in
[11]. In particular, the kinematic synthesis of multi-fingered hands have been explored also

in [12] and more extensively in [13].

In this chapter in order to present a complete design methodology for multi-fingered
robotic hands, all steps of task definition, type synthesis and dimensional synthesis are

explained.

3.1 Tree Topology

The tree topologies is the rooted tree graph consisting of vertices and edges, in
which a vertex can be connected to one or more edges and the root vertex is fixed to a
reference system [26]. In Fgure 3-2 in which he root vertex is shown by double circle,
shows the graph representation of a human hand and the Barrett hand® ,which we can see

in Hgure 3-1.
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Fgure 3-1: Human hand and Barrett hand®[32]

Fgure 3-2: Human hand graph [32]
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Fgure 3-3: Barrett Hand®graph [32]

A process which is called reduction is used on graphs while formulating a synthesis
problem. This procedure eliminates the loops and substitutes those with the most
constrained path of corresponded loop so that the hand has a tree topology with links that

are ternary or above [13]. For instance, see Figure 3-4.

Fgure 3-4: Left side, Original graph; Right side, reduced graph [27]

A common notation for tree topologies is W— (B1, Bz, . . ., Bbv), with W being the
common joints, the dash indicating a splitting stage and the branches inside the parenthesis.
Its type and number of joints characterize each branch Bi. Usually, when revolute joints
are the only type used, only the number of joints is indicated. FHgure 3-5 shows the
compacted graph for the R — (R, R, R, R, R), that also is represented as 1 — (1, 1, 1, 1, 1)
and is a member of one-jointed hand family, with five fingers and also a fractal hand with

two splitting stages and three branches per split [29].
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Fgure 3-5: Tree graph for the 1-(1;1;1;1;1) robotic hand with one palm [33]

When we discuss about hand topology, two separate arrays are presented; parent
pointer array and a joint array. Both of them have the same length equal to number of the
edges. In the parent-pointer array, each edge element takes the value equal to the number
of its previous edge (edges) in which the edge is connected to them. And number zero is
being considered for the edges that are incident at the root vertex. On the other hand, the
joint array represents the number and type of joints in each edge. Fgure 3-6 represented
the parent-pointer array and joint array of a five-fingered, two-palm hand topology hand

indicated as; p=1{0, 1,1, 1,3,3,3} andj={2,2, 1, 2, 3, 3, 3}.

o

(a)

(b)

Fgure 3-6: Left side, the numbering of the edge; Hght side, the number of joints for each edge [29]
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3.2 Kinematic Tasks Data Gathering Methods:

Kinematic tasks or simultaneous task for robotic hands indicates several positions
for each fingertip to reach each other at the same time. A set of separated positions,

velocities, or even accelerations can be defined for this.

The input motion data for the design can be acquired by using motion capture for a
bimanual human performance. There is also an alternative approach, which is to utilize
joint angles and coordinate frames from simulation data. In this thesis, we used both

technics.

3.2.1 Simulation Data

There are several technics for achieving suitable motion data in robotic field. One
of them that we are going to use is Gazebo [34] in ROS® environment where the model of
the robot is created first by URDF (Unified Robot Description Format) and the robotic

system is implicated to perform the task in hand.

Gazebo is a 3D dynamic simulator with the ability to accurately and efficiently
simulate populations of robots in complex indoor and outdoor environments. While similar
to game engines, Gazebo offers physics simulation at a much higher degree of fidelity, a

suite of sensors, and interfaces for both users and programs.

Simulating a robot's controllers in Gazebo can be accomplished using ROS-control

and a simple Gazebo plugin adapter.

Typical uses of Gazebo include:
+ Testing robotics algorithms,

« Designing robots,
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+ Performing regression testing with realistic scenarios.
A few key features of Gazebo include:

« multiple physics engines,

» arich library of robot models and environments,

« awide variety of sensors,

« convenient programmatic and graphical interfaces.

In this research, model of the robot is created first by URDF (Unified Robot Description
Format) and the robotic system is implicated to perform the task in hand. The coordinate
frames of the robot for individual links are maintained in tree structure by TF library, which
is updated through each time stamp. In addition, the individual joint angle movements are

considered in each time stamp. A little later, we will talk in depth about this method.

3.2.2 Motion Capture for Kinematic Tasks

Another method used in this research is motion capture. Motion capture (Mo-
cap for short) is the process of recording the movement of objects or people. This technique
is used in military, entertainment, sports, medical applications, and for robotics. In this

research, we used VICON® system.

Generally speaking, for a realistic and fast kinematic task definition, motion capture
is usually used in which, the data is generated by capturing the desired motion, performed
by human hand in a motion capture system. The motion of the hand is captured by infrared
cameras obtaining the motion of the hand via reflective markers attached on the end-

effectors.

A sample of a motion capture system is shown in FHgure 3-7. In order to acquire the
rigid-body motion a reference frame is also captured. Fgure 3-8 shows the experimental

setup of markers used for the motion capturing of a task for a three-end-effectors hand.
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Fgure 3-7: A sample of a motion capture system (VICON®)

Fgure 3-8: Experimental setup for motion capture

Nevertheless, there are some problems associated with using this technic, such as

the sensors’ noise or excessive richness of data [29]. Another issue we can address here is

22



overlapping of markers during the capturing motion, especially when hands are very close
to each other. Moreover, reflection of cameras on each other limits the possible camera

setups.

3.3 Structural Synthesis

In this stage of designing a robotic hand, numerous topologies of multi-fingered
hands exist. Thus, we need to concentrate on the best one so that our requirement can be
fulfilled. However, except for simple cases, matching a workspace shape to a topology is

challenging and still far from being accomplished [30].

To continue the progress, some important factors have to be considered. We need
to take care of number of positions and fingertips which are suitable for our hand design.
Besides, solvability of the hand is another criterion which has to be taken into account. If
a hand can be solved; then, it could be synthesized, and without over-constraining of its
parts, reach the desired workspace [29]. In [9] some algorithms have been developed to
find all possible topologies for a set of user-defined restrictions and a task in the SE(3)
group of rigid motion [29]. By applying these extra conditions, we could bound a problem

that may not be bounded otherwise [7].
The formula in (3-1) is applied to do the enumeration,

., (m—-1)*6xb
=1Ji =~ (3-1)

where m, b and e respectively are:

e the number of positions considered for the task,
e the number of end-effectors and

* the total number of edges of the graph, as user-defined inputs.
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Here ji are the joints for the i edge and Y¢_, j; represent the total number of joints.
The number of joints per edge must be between 1 and 5 for synthesis purposes, since a

serial chain with length of 6 or higher does not impose any restriction on the motion [29].

All possible joint arrays of length e, satisfying (3-1), are defined, also all possible
parent-pointer arrays (or structures) that meet the inputs, including the number of branches
and number of edges are defined. Finally, all combinations of joint array and parent-pointer
array are checked for solvability and the ones that match the criteria are outputted as

candidate topologies. Table 1 represents two examples for the algorithm results [29].

Table 1 Examples of type synthesis

Example m b e Solvable topologies
Ex. 1 5 4 6 219
Ex. 2 21 5 8 34548

3.4 Dimensional Synthesis

In this stage, we need to find the position of a given topology joint axes, so that
each of the end-effectors are capable to perform their designated displacements for the

desired task [29]; for more information check [31].

In kinematic synthesis point of view for a hand topology, we consider b as number
of branches of the hand, and ne joint axes (S;), and the sets of ordered indices B; of joints
belonging to the serial chain starting at the root and ending on end-effector j, forj=1, . ..
, b, and a set of m, finite positions p2},, and my velocities P2, as the simultaneous task for

each fingertip. By equating the forward kinematics equations of each branch to the relative

24



displacement of the corresponding fingertips and also, defining velocities for some of those

task positions we would have,

y 86§ k=2..m
Pljk _HiEBje 2 Sl: ] — 1bP

F(S.00.8) = { St (3-1)
Pk] _ZIEB] Hlk Slk. J _ 1,.-..'.,.bV

where SFis the i joint axes when moved to position k. This yields a total of
6(m—1)b independent equations to be simultaneously solved. In most of the cases,

numerical methods are used on this set to obtain a kinematic design [29].

3.4.1 Solvability

If a positive rational number of positions exists for which the exact dimensional
synthesis yields a finite number of solutions, then a kinematic chain is defined as solvable.
For serial chains, the solvability problem is trivial, while for tree topologies, the task sizing
must be done so that the system of equations can be solved simultaneously while not over-

constraining any of the branches [29].

Total number of 2° — 1 possible subgraphs for a given rooted tree graph exist, which
consist of overall graph. As we already discussed in previous chapter, the maximum
number of positions for the subgraph is given by

_ D$.E;—D!B;
Y DY, B;—Df E

+1, (3-2)
where D]-e is a e x 1 vector containing the joint degrees-of-freedom for each edge

of the contracted graph. D¢ is the e x 1 vector containing the number of structural

parameters (four per joint in the general case) for each edge of the contracted graph. D, is

the b x 1 vector containing the degrees-of-freedom of the space of each end-effector, and

D' the bx1 vector with the number of additionally imposed constraints (if there exists any)
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for each of the branches. B; is the b; x 1 vector of ones corresponding to the branches for
subgraph 1, and E; is an e; x 1 vector of ones for the edges in the subgraph. Those can be
easily computed using the end-effector path matrix and the incidence matrix of the graph.
In addition, we to need to consider all different and non-isomorphic subgraphs that appear

when exchanging the root node to each of the end-effectors [7].
The topology is solvable if
a. meQ’ b. m<mi,Vm€eQ ,i€S,

where m; is the number of positions for exact synthesis for a subgraph 1 with1 € S
the set of all possible different end-effector subgraphs up to isomorphism, and m for the
overall graph, considering all root-to-end-effector subgraphs, including root and end-

effector switching.

A subgraph containing ¢ branches and solvable for m; = m positions, can be solved
separately, that eliminates exactly 6¢(m—1) equations and the same number of unknowns,

so that the rest of the graph can be solved afterwards [29].

3.4.2 Numerical Solution

Structural and the dimensional synthesis have been implemented in a solver. The
structural synthesis follows a straightforward enumeration process while the dimensional
synthesis is solved using a hybrid solver that returns a single solution for each run. This

software is freely available at the project webpage [10].
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4 Design of A Multi-Palm Hand for Assembly Tasks

4.1 Multi-Hand Tasks

A multi-hand task is defined as a task that requires the collaboration of more than
one end-effector in order to be accomplished. Sometimes multi-hand tasks can be
performed with a single gripper and the help of fixtures, feeding devices or positioning
tables, in which the hand uses the environment for creating the missing forces. In other
cases, two arm manipulators are used with their grippers performing collaborative tasks,
similar to the human bimanual manipulation. Replacing a multi-hand task with a single

hand requires a higher dexterity of the single hand.

4.2 In-Hand Manipulation and Dexterity

A possible definition of dexterity in robotic hand manipulation is the capability of
changing the position and orientation of the manipulated object from a given reference
configuration to a different one, arbitrarily chosen within the hand workspace [35], see also
[36]. Human hand has been used for many robotic hand designs, however the human hand
is not particularly dexterous for in-palm manipulation, and so are most of the current
robotic hands. The dexterity has been investigated in the design of robotic hands starting
with the work of [37] by calculating different metrics related to mobility when holding an
object. Difficulties in the implementation of highly dexterous robotic hands include the

complexity in the design, sensing and actuation.
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4.3 Design of a Multi-Palm Robotic Hand

In manufacturing environments, robotic hands are used to automate processes and
decrease human labors. Assembly tasks are some of the tasks more easily suited for robotic

development.

4.3.1 Motivation and Task Selection

Usually they are multi hand tasks and more than one manipulator is needed to
accomplish a complete assembly task. An example of such tasks is being performed by
ABB FRIDA®, which is a dual-arm manipulator [6]. One of its application is to use it for
assembling emergency stop buttons that were tailored to be assembled by humans. The
same robotic task with the similar switch is targeted in this research to demonstrate the
introduced procedure. The example includes all the steps from motion capture and
synthesis to hand implementation and testing in CAD environment. The task is addressed

in Figure 4-1.
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Fgure 4-1: Assembly sub-Motions
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4.3.2 Task-Based Mobility

Mobility of the hand is defined with a task-based strategy. To accomplish this step,
the sub-tasks within the assembly task are identified and the required degrees of freedom
for each sub-tasks are calculated. Fingertips and in-palm motion are associated to the
relative motion of each subtask. This method allows the design of hands with dis-joint
solvability, for which solvability criteria are applied to sub-trees related to designated sub-

tasks.

Tasks-based mobility method is performed to define the required mobility of the
hand. For this, the task is divided into five sub-tasks, please see Table 2. Free-hand position
is a 6 DOF motion at wrist level that is the hand (not holding any object) change of position
for grasping the object.

Object grasp is when the fingers already positioned for grasp perform a one DOF
motion in secondary-palms-level to grasp the object. Object grasped position is also a six
DOF motion in primary-palm level, for the hand change of position while it has grasped

the object.

In inserting sub-task, the hand already positioned and holding one object, insert it

in a single direction and is also a one DOF motion at primary-palm-level.

At the end, screw motion is the hand performing the screwing of one part which is
a 2 DOF motion in primary-palm-level. In Table 2, required mobility for each sub-task and

its level is addressed.
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Table 2: Qub-tasks with the required mobility and mobility level.

Sub-task Required mobility Mobility level
Free-hand position 6 Wrist
Grasp 1 "ISecondary palms
Object grasped position 6 Primary palm
Insert 1 Secondary palms
Screw 2 Primary palm

4.3.3 Type Synthesis

In this section, the topology enumeration algorithm is used and depending on the
design requirements of 4 fingertips, one primary and 2 secondary palms, the p =
{0,1,1,2,2,3,3} parent pointer array (Figure 4-2) is selected for the hand. After this,
based on the required mobility at different levels which we can address in Table 2, the
number of joints of the hand is chosen from the topologies provided by the structural

synthesis algorithm.

Our candidate design has joint array of j = {2,22,1,2,1 2}. Fgure 4-2 shows the
graph of the topology and FHgure 4-3 shows the kinematic sketch for this hand. After that,

the hand is checked for the designated number of positions to make sure each sub-trees are

solvable.
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Fgure 4-2: the tree topology earmarked for the hand.

Fgure 4-3 Kinematic sketch of the selected hand

4.3.4 Hand Design

For our design, we must have data as an input motion which can be achieved by
using motion capture for bimanual performance. There is another approach in which we
extract joint angles and coordinate frames from simulation data. In this research, both
methods have been used. The motion simulation data is used to design the hand in a single
synthesis step and the motion capture data is synthesized introducing a sequential
procedure. Both methods are discussed in next sections.
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4.3.4.1 Whole Hand Synthesis Method

Task definition (motion simulation)

In this method of data gathering, Gazebo [34] has been used where the model of
the robot is created first by URDF and the robotic system is implicated to perform the task
in hand. For the task of designing hands, we capture the motions in terms of frame
transformations between the links in the fingertips of the robot and world. The
transformations between the last frame of the robot where the hand is connected with
manipulator and the fingertips of the robot are also calculated. The angles of each joints in
the corresponding time stamps are also been stored as part of captured motions [38]. A
URDF model of robot has been created with two UR5 robotic arms as the manipulators and

Robotic parallel grippers as the hands.

The components of assembly task namely the button, switch, base, cover and nut
are also created in CAD design framework and also been imported in Gazebo simulation
scenario (Fgure 4-4). The dual arm robotic manipulator performs the desired task of fixing
the switch in the base, button in the cover and attaching the button by bolt on the other side

of the cover.
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Fgure 4-4: Task simulation framework [38].
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Figure 4-5 shows the complete set of frames and the selected 13 frames to perform the
approximate synthesis. Complete task, right, and selected synthesis frames, left. Frames
corresponding to different fingertips are shown in different colors. We chose only 13
position tasks for the synthesis because the higher number of positions led to high and

unacceptable synthesis error.

Fgure 4-5: Assembly task and sub-tasks captured frames for each finger for the task

Dimensional synthesis

Design equations were created and solved using ArtTreeKS [28] for the
approximate synthesis. Table 3 presents the resulting Plucker coordinates of the hand
joints. The solution presented was obtained after 200 generations with a final error close to

19.
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Table 3 Rucker coordinates of the hand with motion simulation data.

Joint Axis Plucker coordinates
S1 {0.718, -0.100, 0.688} , {80.674, 85.694, -71.668}
\Y) {0.957, -0.170, 0.233} , { 40.301, 104.025, -89.330}
S3 {0.853, 0.419,-0.312} , { -78.545, 82.856, -103.278}
S4 {0.626, -0.736, 0.258, } , {114.116, 79.806, -49.304}
S5 {-0.404, 0.529, 0.747} , {113.737,-55.114, 100.489}
S6 {0.612, 0.634, 0.473} , { -18.576, 60.822, -57.442}
S7 {-0.213,-0.976, -0.048} , { -78.497, 81.901, -8.109}
AYS {-0.253,-0.575,0.778} , {-2.637, -27.805, -21.393}
S9 {-0.569, -0.810, 0.145} , {0.553, -18.896, -103.575}
S10 {0.516, -0.209, -0.830} , {91.832, 157.747, 17.349}
S11 {-0.303, -0.683, 0.665} , {-27.398, -60.416, -74.499}
S12 {-0.892, 0.297, -0.342} , {11.000, -1.296, -29.810}

Hand implementation

We utilized link-based optimization [39] on the synthesis. The hand overall link
length has been considered as the objective function and the hand has been optimized for
minimum overall length within upper and lower limits for each link and to avoid self-

intersection during the motion.

After the optimization, the hand is created by utilizing the automatic modelling
procedure developed in [40] and has been checked for all 13 positions reachability.
Hgure 4-6 shows the optimized hand at one of the positions and the created model of the

hand, which was made using 3D printer.
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Fgure 4-6: On top, improved modelled hand in CAD environment; On bottom, 3D printed model
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4.3.4.2 Sequential synthesis method

Task definition (Motion capture)

Motion capture system is used to capture the motion performed by both human
hands. Due to the task complexity, and markers’ occlusion, motion is divided into 4 sub

motions;

*  Sub Motion M1: positioning the switch in lower case (A-D in Fgure 4-1),
e Sub Motion M2: positioning the button to the top case (E-H in Agure 4-1)
e Sub Motion M3: screwing the nut in the button (I-L in Fgure 4-1),

e Sub Motion M4: positioning the top case over the lower case (M-N in

Fgure 4-1).

FHgure 4-7 shows the configuration of the markers on one hand.

Fgure 4-7: Markers configuration on the hand
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We used the markers data for each finger to calculate the frames. Then, the frames
were plotted and the importance priority motion selection was performed. For this, task
position selection must be performed, by first dividing the motion into its sub-motions. For
instance, a pick and place motions of an object can be divided into sub-motions of; open-
hand motion, grasp, closed-hand motion and insert. After that the total number of positions
are distributed between sub-motions and finally in each sub-motion the numbers of

positions are selected based on that specific sub-motions characteristics.

In total, 40 frames were selected. Figure 4-8 to Figure 4-15 show the captured
frames for each of the fingers in each sub-motion. Selected frames are also displayed in
bigger frames and different color; so that, assembly sub-motions from M1 to M4 include
right hand index, right hand thumb, left hand index and left-hand thumb, which are shown
in yellow, red, green and blue respectively. Selected Frames are shown as bigger frames in

magenta.

Fgure 4-8: M1 for Rght hand (Grasping the switch)
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Fgure 4-9: M1 for Left hand (Holding the base)

Fgure 4-10: M2 for Rght hand (Inserting the Button; in two views)



Fgure 4-11: M2 for Left hand (Holding and rotating the Cover)

Fgure 4-12: M3 for Rght hand (Holding the upper- part)
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Fgure 4-14: M4 for Rght hand (Inserting upper part on the base)

Fgure 4-15: M4 for Left hand (Holding the base)
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Dimensional synthesis

For dimensional synthesis, the sequential method was introduced. In this method,
the hand is divided into 3 levels; grippers level, secondary palm level and wrist level. The
levels are considered as simpler hands and then reduced to serial chains, and joints are
solved from gripper toward the wrist, knowing the relative motions between the fingers.

The results of each level are used for the next level that are solved using similar method.

Gripper Level (Depth 3 Hand design):
- The relative motions between the end effectors of each gripper were calculated.

- Gripper were synthesized as 3R chains for its axes and angles Figure 4-16.

Secondary Palm Level:
- The relative motions between the two grippers are used to size the joints at first
palm as a 4R chain Fgure 4-16.
Wrist Level:
- The wrist joints are dimensioned using the solution of the first two stages for any

of the branches as a 2R chain.

Fgure 4-16 Relative motion levels.



Solution for the grippers

For solving the grippers, we consider the gripper joints and the joints involved in
the kinematic chain between them before each secondary palm as a 2 — (2,1) hand that
has a two-jointed wrist and two fingers, consisting of a single and double revolute joints.

Fgure 4-17 shows the tree graph for the hand and Fgure 4-18 shows its kinematic sketch.

Fgure 4-17: Graph of the 2-(2,1) hand.

Fgure 4-18: Kinematic sketch of the 2-(2,1) sub- hand.

In here, we reduce the rigid-body guidance problem for this hand to the spatial 3R

chain. We come up with the design equations for each finger by level out the forward
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kinematics equations for each branch to the desired position, [41]. As we proceed, j shows

the screw displacement of rotation 6; about joint axes S;. So here, we use absolute

displacements from the fixed frame associated to the root node,
eﬁoeoieslelieﬁzezie§494"53 - Bt

s ol api & pi (#1)
e%000 g5101°5305° D2 = P2 =1, ..n

where ﬁg represents the absolute displacement of the end-effector j at a reference

configuration, for each branch j. Notice that pif (53) ~1 is the relative displacement of

branch j from the reference configuration up to position f’ij , expressed in the fixed frame,
so that the set of equations can be written,
e§090i6§191i6§292i6§494i - pl(ﬁl) -1

sl epi apli Y (42
e°000 510105305 = P2(D2y -1 =1, ..n

Taking the first task position as the reference configuration, and writing the forward
kinematics of the common joints as a function of the rest of the chain and the task position,

for each of the two branches,

25000 gS161" — Pl(Pl)_le_f‘le‘ie_gzgzi. i=1,...,n,
(4-3)
$000% 81605 _ p2(p2)\ 1, -850 )
e>o% go1b1 =Pi(P1) e 3%, i=1,...n;

The following system of equations is created by imposing equality of the common joints

at the wrist.
e~5i0'e=S202" 565" = (PL(PL) “H)TURH(PY) L. i=1...m @4

Equation above is in agreement with the change of reference frame to the first end-
effector in branch 1 which is making a serial chain who star at the first end-effector and
going to the second one. The displacement corresponds to the relative displacements from

the first position to position i, measured in the first end-effector frame. The set in Eq. (4-2)
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corresponds to the equations for a spatial 3R chain. Thus, of both grippers, we are going to

numerically solve for the axes S,, S; and S,.

We should notice that all the joint axes are in the first branch moving frame and
have to be transformed to fixes frame for the final joint. By doing this, joints S7, Sg and S;;
of the first gripper and Sq, S;¢ and S;, of the second gripper (belonging to the whole hand
in Fgure 4-3) are calculated. Respectively, as a result, joint axes are shown in Table 4 and

Table 5.

Table 4 Gripper 1 joint axes.

Joint Axis Plucker coordinates
S, {0.439055,0.37981,0.0936298},{1559.8,1889.81,-1333.7}
Sg {0.417786,0.559087,-0.193594},{994.487,2069.7,-2380.89}
Si1 {-0.677864,0.633004,-0.337012},{-145.349,-80.4674,101.516}
Table 5 Gripper 2 joint axes.
Joint Axis Plucker coordinates
So {0.670164,-0.251773,0.386813},{-28.2967,54.9453,-79.7537}
Sio {-0.518603,-0.680434,0.331417},{53.5611,-1098.28,2279.97}
S1i2 {0.880307,0.0102963,-0.0292769} {-78.7641,11.9867,-10.8101}

Since we could be able to find the solution for our axes, now, we can be ready to proceed

to the next level for solving for secondary palm.

Solution for the Secondary Palm

The wrist-to-secondary-palm-level joints are the joints that are located before the

secondary palms. For solving this level, we take the grippers as rigid bodies that form the
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end effectors of a2 — (2,2) hand that has a two-jointed wrist and two fingers, consisting
of double revolute joints. Fgure 4-20 shows its kinematic sketch and Fgure 4-19 shows

the tree graph for the hand.

2R

O,

2R

Fgure 4-19: Graph of the 2-(2,2) hand.

Fgure 4-20: Kinematic sketch of the 2-(2,2) hand.
We are going to reduce the hand to a spatial 4R chain with the same methodology

as the gripper level, so we have,

e-§090le5'191le-§292le§494le§6c96cle-§10c910clﬁ& = ﬁil_
. . . . . ’ (4-5)
5000 05101" 0 $305" pSs05 pSocboc’ D2 = P2 = 1,.. m,
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Now, by considering the same notation as the previous level, the set of equations

can be written as,
& i ¢ i @ i a i PORSPN & i & i
eS000 05101 55202 05484 — Pil(Dg) —1p=510c010c o—S6cbec 5

. . . . . (4-6)
cpl apl 6n9i 6pli ~y o~ & i .
%000 5101 5303 05505 — p2(D2) ~1 g=Socloc’ =1, . n.

And like previous section, the forward kinematics of the common joints as a

function of the rest of the chain can be written as,
e§090i35191i — ﬁll(ﬁll) _1e‘glocelocie_§6C96Cie_§49ie_§29£, i=1,..n (4-7)
5000’ 08161 _ P?(p?) 1 e‘§9099cie‘§59ée‘§39§, i=1,..n
At the end, we set the common joints at the wrist equal, so we get,
e—5494ie—Szezie§393ie§595i = e§6c96ci3510c910ciﬁll (ﬁil)_lﬁiz (plz)—le_ggcggci7 i=1,..,n 48

Equation (4-8) corresponds to the change of reference frame to the first end-
effector in branch 1, which led to create a serial chain starting at the first end-effector and
going to the second one. The displacement corresponds to the relative displacements from
the first position to position i, measured in the first end-effector frame. The set corresponds
to the equations obtained for a spatial 4R chain. We numerically solve for the axes S5, S5,
S, and Ss. The calculated are then moved to fixed frame for the S5, S,, Sz and S¢ of the

whole hand in Fgure 4-3. Table 6 shows the resulting joint axes for the secondary palm

level.
Table 6 Scondary level joint axes.
Joint axis Plucker coordinates
S3 {0.378453,0.32686,0.0123909},{-244.949,299.853,-428.496}
Sa {0.192557,-0.54837,0.079682},{305.31,231.246,853.608}
Ss {0.21006,-0.154842,0.139559},{606.315,452.786,-410.274}
Se {-0.206645,-0.211819,-0.00289715},{475.104,-457.7,-422.112}
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Solution for the Wrist Level

We can solve the wrist axes joints as a spatial RR chain. In this step, each of two
general branches after the first palm is taken as a rigid body for a 2 —(1,1) hand.
Haure 4-21 shows the kinematic sketch of the hand.

Fgure 4-21: Kinematic sketch of the 2-(1,1) hand.

By using the same technic asthe previous levels, we can have,
eﬁoeoieﬁleli - Pll(ﬁ%) _1e_§10c910cie_§6c96cie_§4c94cie_§2c92ci. I = 1 L. (4'9)

Table 7 presents the resulting Plucker coordinates of wrist joints.

Table 7 Wrist level joint axes data.

Joint axis Plucker coordinates
S10 {-0.0618612,0.624443,-0.803186},{-315.674,-288.089,-199.599}
Y {-0.0704628,-0.176724,-0.170489},{92.1352,330.7,-380.947}

All codes for this methodology in Mathematica® are available in Appendix A. The
codes are partially imported to Matlab® and solutions were obtained there due to each
software capabilities for solutions. Nonlinear least-squares solver was used with the

maximum iteration of 5000 and tolerance of ¢!2.
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Hand Implementation

Then, the final hand is modelled using the automatic modelling procedure
developed in [40] and checked for all 40 positions for reachability. Fgure 4-22 shows the

hand at some positions of the motion.

Fgure 4-22: The hand Modelled in a 3D environment
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Summery

In this chapter, a new design methodology of sequential synthesis is introduced and
implemented. Then, the design was compared with the conventional synthesis method hand
design. Sequential synthesis is better for design of highly dexterous hands because they
can be designed to reach more positions. However, the design and the after-synthesis

process of the hand design is an exhaustive task.
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5 Design of a Dexterous Hand for An Orange Peeling

Task

5.1 Motivation and Task Selection

Holding and operating on an object has been one of the desired tasks for many
manipulators, like operational tasks in aerospace and medical science. The desired
operation is often a very delicate and needs to exert precisely and so, requires a high level
of accuracy and precision. As a good and familiar example, we could address the robots
designed for precise surgical operations. One of the very well-known robots in this field is
the Da Vinci Surgical System®. This system is powered by robotic technology that allows
the surgeon’s hand movements to be translated into smaller, precise movements of tiny

instruments inside the patient’s body [42]. See Fgure 5-1

Fgure 5-1The da Vinci®8urgical S/stem [42]

One of the most significant works of this system is the peeling of a grape placed on
a table is demonstrated for this robot as an indication of its precision. Figure 5-2 shows the

procedure.
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Fgure 5-2: da Vinci®S/stem - Peeling A Grape [42]

This advanced surgical system became a motivation to concentrate on the similar

task which is targeted peeling an orange while holding it with another hand.

5.2 Task Definition

In this research, motion capture system is used for data gathering from the motion
performed by both human hands so that a knife is held by one hand and an orange had held
by another hand. Our task requires implementation of two hands so that one holds the
orange and the other hand performs the cutting with a knife. Two fingertips are used to
hold the object, while the knife cuts through the orange peel. FHgure 5-3 shows the
configuration of the markers on thumb and index fingers and on the knife holding by the
other hand. Orange body and peel were also marked for the hand implementation and for
their intersection with the hand to be avoided. The motion capture system screen

monitoring the markers is also shown in Hgure 5-4 [43].
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Fgure 5-3: Motion capture steps
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Fgure 5-4: Graphic of motion capture [43]

Nearly 5000 frames were captured in 34 seconds of motion, however, in many of
the captured frames, data were partially lost due to occlusion of the markers and in total

3154 remained.

5.3 Structural Synthesis

For structural synthesis, the final topology was selected with the parent pointer
array of {0,1,1,1} and joint array {1,3,3,3}, that is a hand with one joint in the wrist and
three fingers, each consisting three joints. Figure 5-5 shows the graph representation of the

hand and its kinematic sketch.

Two fingers are designated for holding and positioning the orange while the third

branch is considered as the cutter branch to peel through the orange.
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® ®

Fgure 5-5 Slected hand topology for the task and kinematic sketch. [43]

By assuming that we grasp an object with the appropriate level of stability with soft
fingers, the whole hand and object as a one system, has mobility of 4. This topology is

solvable for,
m = 6 positions [27].

One of the degrees of freedom belongs to the wrist rotation, and the other three are

in-palm manipulation degrees of freedom.

5.4 Dimensional Synthesis

Design equations performed by utilizing ArtTeeKS [44] with respect to 6 positions
we had calculated. Figure 5-6 shows the final hand model which has been tasted to make

sure it can reach the positions we wanted.

By looking at Table 8 we can see the Plucker coordinates of the hand joints.
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Table 8 Rucker coordinates for the joints of the hand.

Joint Axis Plucker coordinates
S1 {0.52,-0.81,-0.27} , {46.72, 29.88, —180.89}
S, {0.53, -0.34,-0.78} , {196.78, 19.13, —143.00}
Ss {—0.27,0.96, —0.04} , {20.15,—0.14, 132.52}
Sy {0.72, -0.60, 0.34} , {66.52, —375.97, —512.76}
Ss {=0.71,—-0.57,-0.42} , {50.40, 82.83, —28.12}
Se {-0.98, 0.21, 0.02} , {26.32, 90.24, 339.39}
S, {0.48, —0.86, —0.17} , {51.15,—-1.03, —136.98}
Sg {=0.22,0.97,-0.11} , {62.32, 6.13, 173.44}
Sy {=0.14, —0.93, 0.34} , {95.94, —43.65, —78.43}
S10 {0.52,-0.85,0.07} , {32.05,—29.03, —-113.25}

5.5 Hand Implementation

For optimizing the hand, we used Link-based technic [39]. This method has been
accomplished on the synthesis results with respect to this fact that we have to take overall

shape of the hand and also collision avoidance into account.

Final hand is modelled following the automatic modeling procedure. The model of

the optimized hand is presented in Figure 5-6.

For analyzing the hand movability including two fingers which hold the orange as
an object, knife finger and also the orange system, we consider the hand as pointy fingertips

with friction. Then, the hand is modelled using [45].
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Fgure 5-6: The final hand model
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Fgure 5-7: Prototype made by 3D printer

Summery

In this chapter, a single, dexterous hand has been created for an orange-peeling task
which is usually required two robotic hands. The motion capture, synthesis, optimization
and implementation of the hand were presented in this chapter as an indication that by
kinematic synthesis method, a single dexterous hand can be designed and used for the tasks

that are traditionally performed by collaborative manipulators.
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6 Conclusion

In this research, our goal was to design highly dexterous multi-fingered robotic
hands for performing multi-hand tasks that are accomplished usually by two or more
robotic arm manipulators. We initiated our work with capturing the desirable motion by
performing the task, bimanually with human hands and capturing the data by motion
capture systems. Also, motion simulation has been utilized as an alternative approach of
data gathering, for one of the hands [39]. We have focused on two hands for our designing

target, assembly hand and orange peeler hand.

Process of designing the assembly hand consist of two distinct methods, a) Whole
hand synthesis method and b) Sequential synthesis method. In the first approach, we used
simulation data generated by Gazebo. 13 task positions have been selected for the
synthesis, because the higher number of positions were resulting in high and inappropriate
synthesis error. Subsequently, related equations were created and then solved
using ArtTreeKS. Link-based optimization was performed on the synthesis results and the
final hand was modelled and checked for positions’ reachability and finally was prototyped
with 3D Printer. In the second method, 40 tasks’ positions have been selected and synthesis
was performed with a new sequential method. The final hand was also optimized, modelled
and checked for positions reachability. Obviously, the sequential synthesis is a better
procedure for designing highly dexterous hands, because by utilizing this approach, the

hand motion can be better adjusted to the task.

For designing the orange peeler hand, we used 6 positions of the data, gathered by motion
capture. Design equations were created and solved by ArtTeeKS and the results were
optimized with link based optimization method. The final hand was modeled, checked for

reachability and was also prototyped with 3D Printer.

The designed hands were all capable to reach the positions they were designed for,

however, at the moment they are not completely functional for the complete task due to,
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e The forces were not contributed to the design.

e The motion of the designed hand is not defined to move between consequent
positions, and usually the motion is not smooth. This will result in hands possible
failure in grasp and manipulation of the object.

e The hand is guaranteed to reach the selected positions within the solver error limits,
however, it is not guaranteed to reach other positions of the tasks, and there is a
limit to the number of selected positions, due to increasing error of the solvers.

e Although post synthesis methods were applied, most of the hands final shape
characteristics were already determined by the synthesis result. Usually, the joint
axes are not in appropriate location and directions with respect to other axes and
the object, and designing a functional and manufacturable hand between them is

sometimes impossible.

In order to address these current short comings, the following is proposed as possible future

research efforts,

e To ensure the grasp and manipulation of the object, contact forces can be
contributed to the design, both to balance the external forces and to manipulate the
object.

e It will be very effective to dictate some constraints for the motion between
consecutive positions to the design equation, to ensure the motion smoothness.

*  When the smoothness of motion is guaranteed, hands actuation can be performed
for the next step of completely functional hand.

e For the design of manufacturable hands, it is necessary to dictate some constraints
to the design in the synthesis level for the application optimization purpose. For
instance, parallel axes will help the design modeling and manufacturability.

e In order to optimize reachability of the designed hand to the task positions,
statistical definition of positions can be performed instead of the current method of

exact position definitions.
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Appendix A
Mathematica® Codes for Assembly Hand Using

Sequential Synthesis
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SetDirectory[NotebookDirectory([]];
<<Matrix.m;
<<ToMatlab.m;
Data Entry
M1. 4,556 Grasp Base & Insert switch
M2. 557,1383 Grasp Cover & Insert Button
M3. 1384,2818 Grasp Nut and scrow it on Button
M4 2819,3584Assamble the cover on the base
ImCord=Flatten[Import["CapturedMotion3l.x1lsx"],1];
ImCord2=Flatten|[Import["CapturedMotion32.x1lsx"],1];
PositionsRL1=Table[i, {i,4,556}];
PositionsRL2=Table[i, {i,557,1383}];
PositionsRL3=Table[i,{i,4,1438}];PositionsRL4=Table[i, {i,1439,2204}];
M1
Rght Hand-MH1
RHThQIMl=Table[ImCord[ [PositionsRL1[[1]],{3,4,5}]1]1,{1i,1,Length[PositionsRL1]}];
RHThQ2M1=Table[ImCord|[ [PositionsRL1[[i]],{6,7,8}]11,{i,1,Length[PositionsRL1]}];
RHThQ3M1=Table[ImCord[[PositionsRL1[[1]],{9,10,11}11,{i,1,Length[PositionsRL1]}]

RHThQ4M1=Table[ImCord[ [PositionsRL1[[1]],{12,13,14}11,{i,1,Length[PositionsRL1l]}
1

RHINnQIMl=Table[ImCord[[PositionsRL1[[i]],{15,16,17}11,{i,1,Length[PositionsRL1l]}
1

RHInQ2M1=Table[ImCord[ [PositionsRL1[[i]],{18,19,20}11,{i,1,Length[PositionsRL1l]}
1
RHInQ3M1=Table[ImCord[[PositionsRL1[[i]],{21,22,23}]1]1,{i,1,Length[PositionsRL1l]}
1

RHInQ4Ml=Table[ImCord[ [PositionsRL1[[i]],{24,25,26}]1]1,{i,1,Length[PositionsRL1l]}
1

RHINnQ5M1=Table[ImCord[ [PositionsRL1[[i]],{27,28,29}1]1,{i,1,Length[PositionsRL1l]}
1

XRHInM1l=Table[Normalize[RHInQ3MI1[[i]]-
RHInQ4M1([[1i]11,{i,1,Length[PositionsRL1]}];

ZRHInM1=Table[Normalize[ (RHINQ3M1[[i]]-RHInQ5M1[[i]])B(RHInQ4M1[[i]]~-
RHINnQ5M1[[1i]]1)]1,{i,1,Length[PositionsRL1]}];
YRHInMl=Table[-Normalize [XRHInMI1[[i] JRIZRHInM1([[i]]],{i,1,Length[PositionsRL1]}];
ORHInMl=Table[Orthogonalize[{XRHInM1[[i]],YRHInM1[[i]],ZRHInM1[[i]]}],{i,1,Lengt
h[PositionsRL1]}];

DRHInM1=Table [Append[Transpose [ {ORHInM1[[i,1]],ORHInM1[[1,2]],0RHInM1[[i,3]],RHI
nQIM1[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL1]}];

dgERHInM1=Table [HM2dg[DRHInM1[[i]]], {i,1,Length[PositionsRL1]}];
plotRHInMl=generatePlot [dgERHInM1,BRlack, 3];
XRHThM1=Table [Normalize [RHThQ2M1[[1i]]-
RHThQ3M1[[i]]1]1,{i,1,Length[PositionsRL1]}];

ZRHThM1=Table[Normalize[ (RHThQ2M1[[i]]-RHThQ4M1[[i]])B(RHThQ3M1[[i]]~-
RHThQ4M1[[i]]1)]1,{i,1,Length[PositionsRL1]}];
YRHThM1=Table[-Normalize [XRHThMI1 [ [i] JRZRHThM1[[i]]],{i,1,Length[PositionsRL1]}];
ORHThMl=Table[Orthogonalize [{XRHThM1[[i]],YRHThM1[[i]],ZRHThM1[[i]]}],{i,1,Lengt
h[PositionsRL1]}];

DRHThM1=Table [Append[Transpose [ {ORHThM1[[i,1]],ORHThM1([[1,2]],0RHThM1[[i,3]],RHT
hQiM1([[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL1]}];

dgERHThM1=Table [HM2dg [DRHThM1[[i]]], {i,1,Length[PositionsRL1]}];

plotRHThMl=generatePlot [dgERHThM1,Blue, 3];
Show [plotRHINM1, plotRHThM1 ]

Left Hand-M1
LHThQIM1=Table[ImCord[[PositionsRL1[[1]],{30,31,32}11,{i,1,Length[PositionsRL1l]}

1
LHThQ2M1=Table[ImCord[ [PositionsRL1[[1]],{33,34,35}11,{i,1,Length[PositionsRL1l]}

67



1
LHThQ3M1=Table[ImCord[ [PositionsRL1[[i]],{36,37,38}11,{i,1,Length[PositionsRL1l]}
1
LHThQ4Ml1=Table[ImCord[ [PositionsRL1[[i]],{39,40,41}1]1,{i,1,Length[PositionsRL1l]}
1

LHInQIMl=Table[ImCord[ [PositionsRL1[[1]],{42,43,44}11,{i,1,Length[PositionsRL1l]}
1

LHInQ2M1=Table[ImCord[ [PositionsRL1[[1]],{45,46,47}11,{i,1,Length[PositionsRL1l]}
1
LHInQ3M1l=Table[ImCord[[PositionsRL1[[1]],{48,49,50}11,{i,1,Length[PositionsRL1l]}
1
LHInQ4Ml=Table[ImCord[[PositionsRL1[[1]],{51,52,53}11,{i,1,Length[PositionsRL1l]}
1

LHInQ5M1=Table[ImCord[ [PositionsRL1[[1]],{54,55,56}11,{i,1,Length[PositionsRL1l]}
1

XLHInMl=Table[Normalize [LHInQ3M1[[1i]]-
LHInQ4M1[[i]11,{i,1,Length[PositionsRL1]}];

ZLHInM1=Table[Normalize[ (LHINQ3M1[[i]]-LHInQ5M1[[1]])B(LHInQ4M1[[i]]~-
LHInQ5M1[[1i]]1)]1,{i,1,Length[PositionsRL1]}];
YLHInMl=Table[-Normalize [XLHInM1[[i] JRIZLHInM1([[i]]],{i,1,Length[PositionsRL1]}];
OLHInMl=Table[Orthogonalize [{XLHInM1[[i]],YLHInM1[[i]],ZLHInM1[[i]]}],{1i,1,Lengt
h[PositionsRL1]}];

DLHInM1=Table [Append|[Transpose [ {OLHInM1[[i,1]],0LHInM1([[1,2]],0LHInM1[[i,3]],LHI
nQIM1[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL1]}];

dgELHInM1=Table [HM2dg[DLHInM1[[i1]]], {i,1,Length[PositionsRL1]}];
plotLHInMl=generatePlot [dgELHInM1,BRlack, 3];

XLHThMl1=Table [Normalize [LHThQ2M1[[1]]-
LHThQ3M1[[i]]1]1,{i,1,Length[PositionsRL1]}];

ZLHThM1=Table[Normalize[ (LHThQ2M1[[i]]-LHThQ4M1[[1i]])B(LHThQ3M1[[i]]~-
LHThQ4M1[[1i]]1)]1,{i,1,Length[PositionsRL1]}];
YLHThMl=Table[-Normalize [XLHThM1 [ [i] JRZLHThM1[[i]]],{i,1,Llength[PositionsRL1]}];
OLHThM1=Table [Orthogonalize [{XLHThM1[[i]],YLHThM1[[i]],ZLHThM1[[i]]}],{i,1,Lengt
h[PositionsRL1]}];

DLHThM1=Table [Append[Transpose [ {OLHThM1[[i,1]],O0LHThM1([[i,2]],0LHThM1[[i,3]],LHT
hQiM1([4i]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL1]}];

dgELHThM1=Table [HM2dg[DLHThM1[[i]]], {i,1,Length[PositionsRL1]}];
plotLHThMl=generatePlot [dgELHThM1,Blue, 3];
Show [plotLHInMl,plotLHThM1]

To choose

TL=Length[DRHInM1];

MlchlRH={60,160,200,240,300,370,400,500};
MlchlLH={60,160,200,240,300,370,400,500};

SL=1;EL=TL;

dgERHInMlc=Table [HM2dg[DRHInM1[[1]]],{i,SL,EL}];

dgERHThMlc=Table [HM2dg[DRHThM1[[i]]], {i,SL,EL}];
plotRHInMlc=generatePlot [dgERHInMlc, Green, 3];
plotRHThMlc=generatePlot [dgERHThMlc,Red, 3];

Show [plotRHInMlc, plotRHThMlc];

dgELHInMlc=Table [HM2dg[DLHInM1[[i]]],{i,SL,EL}];
dgELHThMlc=Table [HM2dg [DLHThM1[[i]]],{i,SL,EL}];
plotLHInMlc=generatePlot [dgELHInMlc,Black,3];
plotLHThMlc=generatePlot [dgELHThMlc,Blue, 3];

Show [plotLHInMlc,plotLHThMlc];

dgERHInMlc=Table [HM2dqg [DRHInM1 [ [M1chlRH[[1]]]]],{i,1,Length[MlchlRH]
dgERHThMlc=Table [HM2dg [DRHThMI1 [ [M1chlRH[[1]]]1]],{1i,SL,Length[MlchlRH]
plotRHInMlcS=generatePlot [dgERHInMlc,Magenta,10];
plotRHThMlcS=generatePlot [dgERHThMlc, Magenta,10];

Show [plotRHInMlcS, plotRHThMlcS, plotRHInMlc, plotRHThMIc]
dgELHInMlc=Table [HM2dg[DLHInM1 [ [Ml1chlRH[[1]]]1]],{1i,SL,Length[MlchlRH]}];

1;
1;

— e
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dgELHThMlc=Table [HM2dg [DLHThMI1 [ [M1chlRH[[1]]]1]],{i,SL,Length[MlchlRH]}];
plotLHInMlcS=generatePlot [dgELHInMlc,Magenta,10];
plotLHThMlcS=generatePlot [dgELHThMlc, Magenta,10];

Show [plotLHInMlcS, plotLHThMlcS, plotLHInMlc, plotLHThMlc]

M2

Rght Hand-M2

RHThQIM2=Table [ImCord[ [PositionsRL2[[1]],{3,4,5}]11,{1i,1,Length[PositionsRL2]}];
RHThQ2M2=Table[ImCord|[ [PositionsRL2[[i]],{6,7,8}11,{i,1,Length[PositionsRL2]}];
RHThQ3M2=Table[ImCord[ [PositionsRL2[[1]],{9,10,11}11,{i,1,Length[PositionsRL2]}]
RHThQ4M2=Table[ImCord[ [PositionsRL2[[1]],{12,13,14}11,{i,1,Length[PositionsRL2]}
1

RHINQ1M2=Table[ImCord[ [PositionsRL2[[i]],{15,16,17}11,{i,1,Length[PositionsRL2]}
1

RHINQ2M2=Table[ImCord[ [PositionsRL2[[i]],{18,19,20}11,{i,1,Length[PositionsRL2]}
1

RHINQ3M2=Table[ImCord[ [PositionsRL2[[i]],{21,22,23}1]1,{i,1,Length[PositionsRL2]}
1

RHInQ4M2=Table[ImCord[ [PositionsRL2[[i]],{24,25,26}]1]1,{i,1,Length[PositionsRL2]}
1

RHINnQ5M2=Table[ImCord[ [PositionsRL2[[1]],{27,28,29}11,{i,1,Length[PositionsRL2]}
1

XRHInM2=Table[Normalize [RHInQ3M2[[1]]-
RHInQ4M2([[1i]]11,{i,1,Length[PositionsRL2]}];

ZRHInM2=Table[Normalize[ (RHINQ3M2[[i]]-RHInQ5M2[[1]])B(RHInQ4M2[[i]]~-
RHINnQSM2([[1]1)1,{i,1,Length[PositionsRL2]}];
YRHInM2=Table[-Normalize [XRHInM2 [ [i] JRZRHInM2[[1i]]],{i,1,Length[PositionsRL2]}];
ORHInM2=Table [Orthogonalize [{XRHInM2[[i]],YRHInM2[[i]],ZRHInM2[[i]]}],{i,1,Lengt
h[PositionsRL2]}1];

DRHInM2=Table [Append|[Transpose [ {ORHInM2[[i,1]],O0RHInM2([[i,2]],0RHInM2[[i,3]],RHI
nQIM2[[i]]}1,{0,0,0,1}],{i,1,Length[PositionsRL2]}];

dgERHINM2=Table [HM2dg [DRHInM2[[1]]], {i,1,Length[PositionsRL2]}];
plotRHInM2=generatePlot [dgERHInM2,Black, 3];

XRHThM2=Table [Normalize [RHThQ2M2 [ [i]]-
RHThQ3M2[[1]11,{i,1,Length[PositionsRL2]}1];

ZRHThM2=Table [Normalize [ (RHThQ2M2 [ [1]]-RHThQ4M2[[1]])B(RHThQ3M2[[i]]-
RHThQ4M2[[1]]1)]1,{i,1,Length[PositionsRL2]}];
YRHThM2=Table[-Normalize [XRHThM2 [ [1] JRZRHThM2[[i]]],{i,1,Length[PositionsRL2]}];
ORHThM2=Table[Orthogonalize [ {XRHThM2 [ [1]],YRHThM2[[i]],ZRHThM2[[i]]}],{1i,1,Lengt
h[PositionsRL2]}];

DRHThM2=Table [Append[Transpose [ {ORHThM2[[i,1]],O0RHThM2([[1,2]],0RHThM2[[i,3]],RHT
hQiM2[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL2]}];

dgERHThM2=Table [HM2dg [DRHThM2 [[1]]], {i,1,Length[PositionsRL2]}];
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plotRHThM2=generatePlot [dgERHThM2,Blue, 3];
Show [plotRHInNM2, plotRHThM2]

Left Hand-M2

LHThQ1M2=Table[ImCord[ [PositionsRL2[[1]],{30,31,32}11,{i,1,Length[PositionsRL2]}
iéThQZMZ:Table[ImCord[[PositionsRLZ[[i]],{33,34,35}]],{i,l,Length[PositionsRLZ]}
iéThQ3M2:Table[ImCord[[PositionsRLZ[[i]],{36,37,38}]],{i,l,Length[PositionsRLZ]}
iéThQ4M2:Table[ImCord[[PositionsRLZ[[i]],{39,40,41}]],{i,l,Length[PositionsRLZ]}
17

LHInQ1M2=Table[ImCord[ [PositionsRL2[[1]],{42,43,44}11,{i,1,Length[PositionsRL2]}
iéInQZMZ:Table[ImCord[[PositionsRLZ[[i]],{45,46,47}]],{i,l,Length[PositionsRLZ]}
iéInQ3M2:Table[ImCord[[PositionsRLZ[[i]],{48,49,50}]],{i,l,Length[PositionsRLZ]}
iéInQ4M2:Table[ImCord[[PositionsRLZ[[i]],{51,52,53}]],{i,l,Length[PositionsRLZ]}
iéInQSMZ:Table[ImCord[[PositionsRLZ[[i]],{54,55,56}]],{i,l,Length[PositionsRLZ]}
17

XLHInM2=Table[Normalize[LHInQ3M2[[i]]-
LHInQ4M2([[1]11,{i,1,Length[PositionsRL2]}];

ZLHInM2=Table [Normalize [ (LHInQ3M2 [ [1]]-LHInQ5M2[[1]])B(LHInQ4M2[[1i]]-
LHInQ5M2[[1]]1)]1,{i,1,Length[PositionsRL2]}];
YLHInM2=Table[-Normalize [XLHInM2 [ [1i] JRZLHInM2([[1i]]],{i,1,Length[PositionsRL2]}];
OLHInM2=Table[Orthogonalize [{XLHInM2[[i]],YLHInM2[[i]],ZLHInM2([[i]]1}],{1i,1,Lengt
h[PositionsRL2]}];

DLHInM2=Table [Append[Transpose [ {OLHInM2[[i,1]],0LHInM2([[1,2]],0LHInM2([[1i,3]],LHI
nQ1M2[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL2]}];

dgELHInM2=Table [HM2dg[DLHInM2[[1]]], {i,1,Length[PositionsRL2]}];
plotLHInM2=generatePlot [dgELHInM2,BRlack, 3];
XLHThM2=Table [Normalize [LHThQ2M2 [ [1]]-
LHThQ3M2[[1]]1]1,{i,1,Length[PositionsRL2]}];
ZLHThM2=Table[Normalize[ (LHThQ2M2 [ [i]]-LHThQ4M2[[1i]])B(LHThQ3M2[[i]]~-
LHThQ4M2[[1]1)1,{i,1,Length[PositionsRL2]}];
YLHThM2=Table[-Normalize [XLHThM2 [ [1] JRZLHThM2[[i]]],{i,1,Length[PositionsRL2]}];
OLHThM2=Table [Orthogonalize [{XLHThM2[[i]],YLHThM2[[i]],ZLHThM2[[i]]}],{i,1,Lengt
h[PositionsRL2]}];

DLHThM2=Table [Append[Transpose [ {OLHThM2[[i,1]],0LHThM2([[1,2]],0LHThM2([[i,3]],LHT
hQiM2[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL2]}];

dgELHThM2=Table [HM2dg [DLHThM2[[1]]], {i,1,Length[PositionsRL2]}];
plotLHThM2=generatePlot [dgELHThM2,Blue, 3];
Show [plotLHInM2, plotLHThM2]

To choose
TL=Length [DRHInM2] ;
M2chlRH={5,60,90,200,250,350,445,470,545,565,780};
M2chlLH={5,50,200,250,350,445,470,545,550,700,820};
SL=1;EL=TL;
dgERHInM2c=Table [HM2dg [DRHInM2 [ [1]]], {i,SL,EL}];
dgERHThM2c=Table [HM2dgq [DRHThM2 [ [i]]],{i,SL,EL}];
plotRHInM2c=generatePlot [dgERHInM2c, Green, 3] ;
plotRHThM2c=generatePlot [dgERHThM2c,Red, 3];
Show [plotRHInM2c, plotRHThM2c] ;
dgELHInM2c=Table [HM2dg[DLHInM2[[i]]],{i,SL,EL}];
dgELHThM2c=Table [HM2dg [DLHThM2 [ [1]]], {i,SL,EL}];
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plotLHInM2c=generatePlot [dgELHInM2c,Black,3];
plotLHThM2c=generatePlot [dgELHThM2c, Blue, 3];

Show [plotLHInM2c, plotLHThM2c] ;

dgERHInM2c=Table [HM2dq [DRHInM2 [ [M2chl1lRH[[1]]]]],{i,1,Length[M2chlRH]
dgERHThM2c=Table [HM2dg [DRHThM2 [ [M2chlRH[[1i]]1]]1],{i,SL,Length[M2chlRH]
plotRHInM2cS=generatePlot [dgERHInM2c, Magenta,10];
plotRHThM2cS=generatePlot [dgERHThM2c, Magenta,10];

Show [plotRHInM2cS, plotRHThM2cS, plotRHInNM2c, plotRHThM2c]
dgELHInM2c=Table [HM2dqg [DLHInM2 [ [M2ch1RH[[1i]]1]1]1], {i,SL,Length[M2chlRH]
dgELHThM2c=Table [HM2dqg [DLHThM2 [ [M2ch1RH[[i]]]]1], {i,SL,Length[M2chlRH]
plotLHInM2cS=generatePlot [dgELHInM2c, Magenta,10];
plotLHThM2cS=generatePlot [dgELHThM2c, Magenta,10];

Show [plotLHInM2cS, plotLHThM2cS, plotLHInM2c, plotLHThM2c]

1;
1;

— e

1;
1;

—

M3
Rght Hand-M3

RHThQ1M3=Table[ImCord2 [ [PositionsRL3[[1]],{3,4,5}]11,{i,1,Length[PositionsRL3]}];
RHThQ2M3=Table[ImCord2 [ [PositionsRL3[[i]],{6,7,8}]1]1,{i,1,Length[PositionsRL3]}];
RHThQ3M3=Table[ImCord2[ [PositionsRL3[[1]],{9,10,11}11,{i,1,Length[PositionsRL3]}
1
RHThQ4M3=Table[ImCord2 [ [PositionsRL3[[1]],{12,13,14}1]1,{1i,1,Length[PositionsRL3]
1

RHINQ1M3=Table[ImCord2 [ [PositionsRL3[[i]],{15,16,17}]1]1,{i,1,Length[PositionsRL3]
1
RHINQ2M3=Table[ImCord2 [ [PositionsRL3[[i]],{18,19,20}1]1,{i,1,Length[PositionsRL3]
Pl
RHINQ3M3=Table[ImCord2 [ [PositionsRL3[[1i]],{21,22,23}]1]1,{1i,1,Length[PositionsRL3]
Pl
RHINQ4M3=Table[ImCord2 [ [PositionsRL3[[1i]],{24,25,26}]1]1,{1i,1,Length[PositionsRL3]
Pl
RHINQ5M3=Table[ImCord2 [ [PositionsRL3[[1i]],{27,28,29}]1]1,{1i,1,Length[PositionsRL3]
1

XRHInM3=Table[Normalize[RHInQ3M3[[i]]-
RHInQ4M3([[1i]11,{i,1,Length[PositionsRL3]}1]1;

ZRHInM3=Table [Normalize[ (RHInQ3M3[[1]]-RHInQ5M3[[1]])B(RHInQ4M3[[i]]-
RHINQ5M3[[1]]1)]1,{i,1,Length[PositionsRL3]}];
YRHInM3=Table[-Normalize [XRHInNM3[[i] JRZRHInM3[[i]]],{i,1,Length[PositionsRL3]}];
ORHInM3=Table[Orthogonalize [{XRHInM3[[i]],YRHInM3[[i]],ZRHInM3[[i]]1}],{i,1,Lengt
h[PositionsRL3]}];

DRHInM3=Table [Append|[Transpose [ {ORHInM3[[i,1]],O0RHInM3[[1,2]],0RHInM3[[i,3]],RHI
nQIM3[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL3]}];

dgERHINnM3=Table [HM2dg [DRHInM3[[i]]], {i,1,Length[PositionsRL3]}];
plotRHInM3=generatePlot [dgERHInM3,BRlack, 3];
XRHThM3=Table [Normalize [RHThQ2M3[[1]]-
RHThQ3M3[[i]]1]1,{i,1,Length[PositionsRL3]}];

ZRHThM3=Table[Normalize[ (RHThQ2M3[[i]]-RHThQ4M3[[1]])B(RHThQ3M3[[i]]~-
RHThQ4M3[[1]1)1,{i,1,Length[PositionsRL3]1}];
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YRHThM3=Table[-Normalize [XRHThM3 [ [1i] JRZRHThM3[[i]]],{i,1,Length[PositionsRL3]}];
ORHThM3=Table[Orthogonalize [ {XRHThM3[[1]],YRHThM3[[i]],ZRHThM3[[i]]}],{1i,1,Lengt
h[PositionsRL3]}];

DRHThM3=Table [Append[Transpose [ {ORHThM3[[i,1]],O0RHThM3[[i1,2]],0RHThM3[[i,3]],RHT
hQIM3[[1]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL3]}];

dgERHThM3=Table [HM2dg [DRHThM3[[1]]], {i,1,Length[PositionsRL3]}];
plotRHThM3=generatePlot [dgERHThM3,Blue, 3];
Show [plotRHINM3, plotRHThM3]

Left Hand-M3

LHThQ1M3=Table[ImCord2 [ [PositionsRL3[[i]],{30,31,32}11,{1i,1,Length[PositionsRL3]
iééhQZMBzTable[ImCordZ[[PositionsRL3[[i]],{33,34,35}]],{i,1,Length[PositionsRL3]
ié;hQ3M3=Table[ImCord2[[PositionsRL3[[i]],{36,37,38}]],{i,1,Length[PositionsRL3]
ié;hQ4M3=Table[ImCord2[[PositionsRL3[[i]],{39,40,41}]],{i,1,Length[PositionsRL3]
11

LHInQ1M3=Table[ImCord2 [ [PositionsRL3[[1i]],{42,43,44}11,{1i,1,Length[PositionsRL3]
ié;nQ2M3:Table[ImCord2[[PositionsRL3[[i]],{45,46,47}]],{i,l,Length[PositionsRL3]
ié;nQ3M3:Table[ImCord2[[PositionsRL3[[i]],{48,49,50}]],{i,l,Length[PositionsRL3]
ié;nQ4M3:Table[ImCord2[[PositionsRL3[[i]],{51,52,53}]],{i,l,Length[PositionsRL3]
ié;nQ5M3:Table[ImCord2[[PositionsRL3[[i]],{54,55,56}]],{i,l,Length[PositionsRL3]
11

XLHInM3=Table[Normalize[LHInQ3M3[[i]]-
LHInQ4M3[[1]11,{i,1,Length[PositionsRL3]}1]1;

ZLHInM3=Table [Normalize[ (LHInQ3M3[[1]]-LHInQ5M3[[1]])B(LHInQ4M3[[1i]]-
LHInQ5M3[[1]]1)]1,{i,1,Length[PositionsRL3]}];
YLHInM3=Table[-Normalize [XLHInM3 [ [i] JRZLHInM3[[i]]],{i,1,Length[PositionsRL3]}];
OLHInM3=Table[Orthogonalize [{XLHInM3[[i]],YLHInM3[[i]],ZLHInM3[[i]]1}],{i,1,Lengt
h[PositionsRL3]}];

DLHInM3=Table [Append|[Transpose [ {OLHInM3[[i,1]],0LHInM3[[1,2]],0LHInM3[[i,3]],LHI
nQIM3[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL3]}];

dgELHInM3=Table [HM2dg[DLHInM3[[1]]], {i,1,Length[PositionsRL3]}];
plotLHInM3=generatePlot [dgELHInM3,Black, 3];
XLHThM3=Table [Normalize [LHThQ2M3[[1]]-
LHThQ3M3[[1]11,{i,1,Length[PositionsRL3]}1];

ZLHThM3=Table [Normalize [ (LHThQ2M3[[1]]-LHThQ4M3[[1]])B(LHThQ3M3[[i]]-
LHThQ4M3[[1i]]1)]1,{i,1,Length[PositionsRL3]}];
YLHThM3=Table[-Normalize [XLHThM3 [ [1i] JRZLHThM3[[i]]],{i,1,Length[PositionsRL3]}];
OLHThM3=Table[Orthogonalize [ {XLHThM3[[1]],YLHThM3[[i]],ZLHThM3[[i]]}]1,{1i,1,Lengt
h[PositionsRL3]1}1];

DLHThM3=Table [Append[Transpose [ {OLHThM3[[i,1]],O0LHThM3[[1,2]],0LHThM3[[i,3]],LHT
hQIM3[[1]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL3]}];

dgELHThM3=Table [HM2dg [DLHThM3[[1]]], {i,1,Length[PositionsRL3]}];
plotLHThM3=generatePlot [dgELHThM3,Blue, 3];
Show [plotLHInM3, plotLHThM3]

ZLHInM3=Table [XLHInM3 [ [1] JBYLHInM3[[i]],{i,1,Length[XLHInM3]}];
OLHInM3=Table[Orthogonalize [{XLHInM3[[i]],YLHInM3[[i]],ZLHInM3[[i]]}],{i,1,Lengt
h[XLHInM3]}];

DLHInM3=Table [Append[Transpose [ {OLHInM3[[i,1]],0LHInM3([[i,2]],0LHInM3[[i,3]],LHI
nQ2M3[[1]1}]1,{0,0,0,1}],{i,1,Length[XLHInM3]}];
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dgELHInM3=Table [HM2dg[DLHInM3[[1]]], {i,1,Length[DLHInM3]}];
plotLHInM3=generatePlot [dgELHInM3,Black, 3];

XLHThM3=Table [ (LHThQIM3[[1]]-LHInQ2M3[[1i]])/Sgrt[ (LHThQIM3[[i]]~-

LHInQO2M3[[1i]]) . (LHThQIM3[[1i]]1-LHInQ2M3[[i]])]1,{i,1,Length[LHThQIM3]}1]1;
YLHThM3=Table [ (LHThQIM3[[1]]-LHThQ2M3[[1]1])/Sgrt[ (LHThQIM3[[1]]-

LHThQ2M3[[1]]) . (LHThQIM3[[1]]1-LHThQ2M3[[i]1])]1,{i,1,Length[LHThQIM3]}1]1;
ZLHThM3=Table [XLHThM3 [ [1i] JEYLHThM3[[i]], {i,1,Length[XLHThM3]}];

OLHThM3=Table [Orthogonalize [ {XLHThM3[[i]],YLHThM3[[1i]],ZLHThM3[[1i]1]}],{i,1,Lengt
h[XLHThM3]}1;

DLHThM3=Table [Append[Transpose [ {OLHThM3[[i,1]],0LHThM3[[1,2]],0LHThM3[[i,3]],LHT
hQ2M3[[11]1}1,{0,0,0,1}]1,{i,1,Length[XLHThM3]}];

dgELHThM3=Table [HM2dg[DLHThM3[[i]]1], {i,1,Length[DLHThM3]}];
plotLHThM3=generatePlot [dgELHThM3,Blue, 3];
Show [plotLHInM3, plotLHThM3]

To choose

TL=Length [DRHInM3];
M3chlRH={5,80,200,250,260,330,550,600,650,710,840,890,920,950,1250};
M3chlLH=M3chlRH;

SL=1;EL=TL;
dgERHINnM3c=Table [HM2dg [DRHInM3([[1]]],{i,SL,EL}];

dgERHThM3c=Table [HM2dgq[DRHThM3[[i]]],{i,SL,EL}];
plotRHInM3c=generatePlot [dgERHInM3c, Green, 3] ;
plotRHThM3c=generatePlot [dgERHThM3c,Red, 3];

Show [plotRHInM3c, plotRHThM3c] ;

dgELHInM3c=Table [HM2dgq[DLHInM3[[i]]],{i,SL,EL}];

dgELHThM3c=Table [HM2dg[DLHThM3[[1]1],{i,SL,EL}];
plotLHInM3c=generatePlot [dgELHInM3c,Black,3];
plotLHThM3c=generatePlot [dgELHThM3c,Blue, 3];

Show [plotLHInM3c, plotLHThM3c] ;

dgERHInM3c=Table [HM2dq [DRHInM3 [ [M3chlRH[[1]]]1]],{i,1,Length[M3chlRH]
dgERHThM3c=Table [HM2dg [DRHThM3 [ [M3chlRH[[1]]]1]],{1i,SL,Length[M3chlRH]
plotRHInM3cS=generatePlot [dgERHInM3c, Magenta,10];
plotRHThM3cS=generatePlot [dgERHThM3c, Magenta,10];

Show [plotRHINM3cS, plotRHThM3cS, plotRHINM3c, plotRHThM3c]
dgELHInM3c=Table [HM2dg [DLHInM3 [ [M3chlRH[[1i]]1]]], {i,SL,Length[M3chlRH]
dgELHThM3c=Table [HM2dg [DLHThM3 [ [M3chlRH[[i]]]]], {i,SL,Length[M3chlRH]
plotLHInM3cS=generatePlot [dgELHInM3c, Magenta,10];
plotLHThM3cS=generatePlot [dgELHThM3c, Magenta,10];

Show [plotLHInM3cS, plotLHThM3cS, plotLHINM3c, plotLHThM3c]

1;
1;

— e

]

1

}
}

\

-

-
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M4
Rght Hand-M4

RHThQI1M4=Table[ImCord2 [ [PositionsRL4[[i]],{3,4,5}]11,{i,1,Length[PositionsRL4]}];
RHThQ2M4=Table[ImCord2 [ [PositionsRL4[[1]],{6,7,8}]11,{i,1,Length[PositionsRL4]}];
RHThQ3M4=Table[ImCord2 [ [PositionsRL4[[1i]],{9,10,11}11,{i,1,Length[PositionsRL4]}
1
RHThQ4M4=Table[ImCord2 [ [PositionsRL4[[i]],{12,13,14}1]1,{1i,1,Length[PositionsRL4]
y1:

RHINQI1M4=Table[ImCord2 [ [PositionsRL4[[i]],{15,16,17}]1]1,{1i,1,Length[PositionsRL4]
Pl
RHINQ2M4=Table[ImCord2 [ [PositionsRL4[[i]],{18,19,20}]1]1,{i,1,Length[PositionsRL4]
1
RHINQ3M4=Table[ImCord2 [ [PositionsRL4[[i]],{21,22,23}]1]1,{1i,1,Length[PositionsRL4]
Pl
RHINnQ4M4=Table[ImCord2 [ [PositionsRL4[[i]],{24,25,26}]1]1,{1i,1,Length[PositionsRL4]
Pl
RHINQ5M4=Table[ImCord2 [ [PositionsRL4[[i]],{27,28,29}]1]1,{1i,1,Length[PositionsRL4]
1

XRHInM4=Table [Normalize[RHInQ3M4[[i]]-
RHInQ4M4[[1]11,{i,1,Length[PositionsRL4]}];

ZRHInM4=Table[Normalize[ (RHINQ3M4[[i]]-RHInQ5M4 [[i]])B(RHInQ4M4[[i]]~-
RHINQ5M4[[1]]1)]1,{i,1,Length[PositionsRL4]}];
YRHInM4=Table[-Normalize [XRHInM4 [ [1i] JRZRHInM4[[i]]],{i,1,Length[PositionsRL4]}];
ORHInM4=Table[Orthogonalize[{XRHInM4 [[i]],YRHInM4[[i]],ZRHInM4[[i]]1}],{1i,1,Lengt
h[PositionsRL4]}];

DRHInM4=Table [Append[Transpose [ {ORHInM4[[i,1]],O0RHInM4[[1,2]],0RHInM4[[i,3]],RHI
nQ1M4([[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL4]}];

dgERHInM4=Table [HM2dg[DRHInM4[[i]]], {i,1,Length[PositionsRL4]}];
plotRHInM4=generatePlot [dgERHInM4,BRlack, 3];

XRHThM4=Table [Normalize [RHThQ2M4 [ [1]]-
RHThQ3M4[[i]]1]1,{i,1,Length[PositionsRL4]}];

ZRHThM4=Table[Normalize[ (RHThQ2M4[[i]]-RHThQ4M4[[1i]])B(RHThQ3M4[[i]]~-
RHThQ4M4[[1]1)]1,{1i,1,Length[PositionsRL4]}];
YRHThM4=Table[-Normalize [XRHThM4 [ [1] JRZRHThM4[[i]]],{i,1,Llength[PositionsRL4]}];
ORHThM4=Table [Orthogonalize [{XRHThM4 [[i]],YRHThM4 [[i]],ZRHThM4[[i]]1}],{i,1,Lengt
h[PositionsRL4]}];

DRHThM4=Table [Append[Transpose [ {ORHThM4[[i,1]],ORHThM4[[1,2]],0RHThM4[[i,3]],RHT
hQiM4([[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL4]}];

dgERHThM4=Table [HM2dg [DRHThM4 [[1i]]], {i,1,Length[PositionsRL4]}];
plotRHThM4=generatePlot [dgERHThM4,Blue, 3];
Show [plotRHInM4, plotRHThM4 ]

Left Hand-M4

LHThQI1M4=Table[ImCord2 [ [PositionsRL4[[i]],{30,31,32}11,{1i,1,Length[PositionsRL4]
ié;hQ2M4=Table[ImCord2[[PositionsRL4[[i]],{33,34,35}]],{i,1,Length[PositionsRL4]
ié;hQ3M4=Table[ImCord2[[PositionsRL4[[i]],{36,37,38}]],{i,1,Length[PositionsRL4]
ié;hQ4M4=Table[ImCord2[[PositionsRL4[[i]],{39,40,41}]],{i,1,Length[PositionsRL4]
11

LHInQ1M4=Table[ImCord2 [ [PositionsRL4[[1i]],{42,43,44}11,{1i,1,Length[PositionsRL4]
Pl
LHInQ2M4=Table[ImCord2 [ [PositionsRL4[[i]],{45,46,47}1]1,{1i,1,Length[PositionsRL4]
1
LHInQ3M4=Table[ImCord2 [ [PositionsRL4[[1i]],{48,49,50}11,{1i,1,Length[PositionsRL4]
1
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LHInQ4M4=Table[ImCord2 [ [PositionsRL4[[i]],{51,52,53}11,{1i,1,Length[PositionsRL4]
Pl
LHInQ5M4=Table[ImCord2 [ [PositionsRL4[[i]],{54,55,56}1]1,{1i,1,Length[PositionsRL4]
Pl

XLHInM4=Table[Normalize[LHInQ3M4[[i]]-
LHInQ4M4([[1]11,{i,1,Length[PositionsRL4]}];

ZLHInM4=Table [Normalize[ (LHInQ3M4[[1i]]-LHInQ5MA4[[1]])B(LHInQ4M4[[1]]-
LHInQ5M4[[1]]1)]1,{i,1,Length[PositionsRL4]}];
YLHInM4=Table[-Normalize [XLHInM4 [ [1] JRZLHInM4[[i]]],{i,1,Llength[PositionsRL4]}];
OLHInM4=Table[Orthogonalize [{XLHInM4 [[i]],YLHInM4[[i]],ZLHInM4[[i]]1}],{1i,1,Lengt
h[PositionsRL4]}];

DLHInM4=Table [Append|[Transpose [ {OLHInM4[[i,1]],0LHInM4([[1,2]],0LHInM4[[i,3]],LHI
nQ1M4[[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL4]}];

dgELHInM4=Table [HM2dg[DLHInM4[[1i]]], {i,1,Length[PositionsRL4]}];
plotLHInM4=generatePlot [dgELHInM4,Black, 3];

XLHThM4=Table [Normalize [LHThQ2M4 [[i]]-
LHThQ3M4[[1]11,{i,1,Length[PositionsRL4]}];

ZLHThM4=Table [Normalize [ (LHThQ2M4 [ [1i]]-LHThQ4MA4[[1]])B(LHThQ3M4[[i]]-
LHThQ4M4[[1i]]1)]1,{i,1,Length[PositionsRL4]}];
YLHThM4=Table[-Normalize [XLHThM4 [ [1] JRZLHThM4[[i]]],{i,1,Length[PositionsRL4]}];
OLHThM4=Table[Orthogonalize [ {XLHThM4 [[1i]],YLHThM4[[i]],ZLHThM4[[i]]}]1,{i,1,Lengt
h[PositionsRL4]}];

DLHThM4=Table [Append[Transpose [ {OLHThM4[[i,1]],0LHThM4[[1,2]],0LHThM4([[i,3]],LHT
hQiM4([[1]]1}1,{0,0,0,1}1,{i,1,Length[PositionsRL4]}];

dgELHThM4=Table [HM2dg [DLHThM4 [[1]]], {i,1,Length[PositionsRL4]}];
plotLHThM4=generatePlot [dgELHThM4,Blue, 3];
Show [plotLHInM4, plotLHThM4 ]

To choose

TL=Length[DRHINnM4]

766

M4chlRH={5,210,370,380,540,600};
M4chlLH=M4chlRH;

SL=1;EL=TL;

dgERHInM4c=Table [HM2dg[DRHInM4[[i]]],{i,SL,EL}];

dgERHThM4c=Table [HM2dg[DRHThM4 [ [i]]],{i,SL,EL}];
plotRHInM4c=generatePlot [dgERHInM4c, Green, 3];
plotRHThM4c=generatePlot [dgERHThM4c,Red, 3];

Show [plotRHInM4c, plotRHThM4c] ;

dgELHInM4c=Table [HM2dg[DLHInM4[[1]]],{i,SL,EL}];

dgELHThM4c=Table [HM2dg[DLHThM4 [ [i]]],{i,SL,EL}];
plotLHInM4c=generatePlot [dgELHInM4c,Black,3];
plotLHThM4c=generatePlot [dgELHThM4c,Blue, 3];

Show [plotLHInM4c, plotLHThM4c] ;

dgERHInM4c=Table [HM2dqg [DRHInM4 [ [M4chlRH[[1]]]1]],{i,1,Length[M4chlRH]
dgERHThM4c=Table [HM2dg [DRHThM4 [ [M4chlRH[[1]]]1]],{1i,SL,Length[M4chlRH]
plotRHInM4cS=generatePlot [dgERHInM4c,Magenta,10];
plotRHThM4cS=generatePlot [dgERHThM4c, Magenta,10];

Show [plotRHInM4cS, plotRHThM4cS, plotRHInM4c, plotRHThM4c]
dgELHInM4c=Table [HM2dg [DLHInM4 [ [M4chlRH[[1i]]1]1]1], {i,SL,Length[M4chlRH]
dgELHThM4c=Table [HM2dg [DLHThM4 [ [M4chlRH[[1]]11]11,{1i,SL,Length[M4chlRH]
plotLHInM4cS=generatePlot [dgELHInM4c,Magenta,10];
plotLHThM4cS=generatePlot [dgELHThM4c, Magenta,10];

Show [plotLHInM4cS, plotLHThM4cS, plotLHInM4c, plotLHThM4c]

1;
1;

— e

1;
1;

—
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o ¢
>0
= ~

Data Sorting
SeleM1lRHInl1=dgERHInM1 [ [Ml1chlR
SeleM1RHTh1l=dgERHThM]1 [ [M1chlRH
SeleM1LHInl=dgELHInM1 [ [M1chlLH
SeleM1LHThl=dgELHThM1 [ [M1chlLH
SeleM2RHInl=dgERHINnM2 [ [M2chlRH
SeleM2RHTh1=dgERHThM?2 [ [M2ch1RH

H]I1;
1
]
1
]
1
SeleM2LHInl=dgELHInM2 [ [M2chlLH]
1
]
1
]
1
]
1
]

’

’

’

’

’

]

]

[ ]

[ ]

[ ]

[ ]
[ 1
SeleM2LHThl=dgELHThM?2 [ [M2chl1LH]];

SeleM3RHInl=dgERHInM3 [ [M3chlRH] ]

[ ]

[ ]

[ ]

[ ]

[ ]

[ ]

’

’

SeleM3RHTh1l=dgERHThM3 [ [M3chlRH
SeleM3LHInl=dgELHInM3 [ [M3chlLH
SeleM3LHThl=dgELHThM3 [ [M3chlLH
SeleM4RHInl=dgERHINnM4 [ [MA4chlRH
SeleM4RHTh1=dgERHThM4 [ [M4chlRH
SeleM4LHInl=dgELHInM4 [ [M4chlLH
SeleM4LHThl=dgqELHThM4 [ [M4chlLH]];

lets name the RHIn fing1, RHTh fing2, LHIN fing3 and LHTh fing4. here the fin1 means finger 1 fin11

means first level positions chosen for finger 1

fin1

FinlLl=Flatten[{SeleMlRHInl, SeleM2RHInl, SeleM3RHInl, SeleM4RHInl},1];
fin2

Fin2Ll=Flatten[{SeleM1lRHThl, SeleM2RHThl, SeleM3RHThl, SeleM4RHTh1},1];
fin3

Fin3Ll=Flatten[{SeleMlLHInl,SeleM2LHInl,SeleM3LHInl, SeleM4LHInl},1]
fin4

FindLl=Flatten[{SeleM1lLHThl, SeleM2LHThl, SeleM3LHThl, SeleM4LHTh1},1];

Forming the relative displacements

FinlLl=Flatten[{SeleMlRHInl, SeleM2RHInl, SeleM3RHInl, SeleM4RHInl1l},1];
Fin2Ll=Flatten[{SeleM1RHThl, SeleM2RHThl, SeleM3RHThl, SeleM4RHThl1},1];
Fin3Ll=Flatten[{SeleMlLHInl, SeleM2LHInl,SeleM3LHInl,SeleM4LHInl},1];
Find4Ll=Flatten[{SeleM1LHThl, SeleM2LHThl, SeleM3LHThl, SeleM4LHThl1},1];

FinlL2=FinlLl;

FindL2=Find4L1l;
FinlL3=FinlL1l;

Dblb2=Table[quatmult[quatcon]j [FinlL1[[i]]],Fin2L1[[i]]],{i,1,Length[Fin2L1]}1];
Db3b4=Table[quatmult [quatconi [Fin3L1[[1i]]],Find4L1[[i]]], {i,1,Length[Find4L1]}];
RelativaMotionl2=Table[quatmult [Dblb2[[i]],quatcon] [Dblb2[[1]]11]1,{i,2,Length[Dbl
b211}17
RelativaMotion34=Table[quatmult [Db3b4[[i]],quatcon] [Db3b4[[1]1]1]1]1,{i,2,Length[Db3
b4l}1;

’

’

’

’

’
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Solving Level 1- Gripper Level

First

Calculations

Here SO is S11, S1is S7, S2 is S8

t0Solv={t01,t02,t03,t04,t05,t06,t07,t08,t09,t010,t011,t012,t013,t014,t015,t016,t
017,t018,t019,t020,t021,t022,t023,t024,t025,t026,t027,t028,t029,t030,t031,t032,t
033,t034,t035,t036,t037,t038,t039};tlSolv={tl11,t12,t13,t14,t15,tle6,tl17,t18,tl9,t
110,t111,t112,t113,t114,t115,t116,t117,t118,t119,t120,t121,t122,t123,t124,tl125,t
126,t127,t128,t129,t130,t131,t132,t133,t134,t135,t136,t137,t138,t139};t2S0lv={t2
1,t22,t23,t24,t25,t26,t27,t28,t29,t210,t211,t212,t213,t214,t215,t216,t217,t218,t
219,t220,t221,t222,t223,t224,t225,t226,t227,t228,t229,t230,t231,t232,t233,t234,t
235,t236,t237,t238,t239};

tSolve=Flatten[{t0Solv,tlSolv,t2Solv}];
SSolv={{{S0x,S0y,S0z}, {SmOx, Sm0y, SmO0z}}, {{S1lx,Sly,S1lz}, {Smlx,Smly,Smlz}}, {{S2x,S
2y,S2z}, {Sm2x,Sm2y, Sm2z}}};
S0dgSolv=Table[makequat [SSolv[[1]],t0Solv[[1i]
SldgSolv=Table[makequat[SSolv[[2]],tlSolv[[1]
S2dgSolv=Table[makequat [SSolv[[3]],t2S0olv[[1i]
FK=Table[quatmult [quatmult [quatcon]j [SO0dgSolv[
Solv[[i]]1]1,{1,1,39}1;
var=Flatten[{t0Solv,tlSolv,t2So0lv,SSolv}];
egl=Flatten|[Table[ (FK[[i]]-RelativaMotionl2[[i]]),{i,1,39}]1];

’

»{1,1,39}]
,{1,1,39}]
»{1,1,39}]
]1,quatconj

’

1,0]
1,01
1,0]
[i]]

[SldgSolv([[1]]]],S2dg

eg2={SSolv([[1l,1]].8S0lv[[1,2]],8S0lv[[2,1]].8S0lv[[2,2]],8801lv[[3,1]].8S0lv[[3,2
11};

eqg3=10*{SSolv[[1,1]].8Solv[[1,1]]-1,SSolv[[2,1]].SSolv[[2,1]]~-
1,SSolv[[3,1]]1.SSolv[[3,1]]-1};

eg=Flatten[{eql,eq2,eq3}];

Fun=Table[F[k], {k,1,Lengthleq]}];

Lengthleql;

Lengthlvar];

ILB=Flatten|[Append[Table[-6.28, {i,1,Length[tSolve]}],Table[{-1,-1,-1,-1000,-
1000,-1000}, {i,1,Length[SSolv]}]]1]1;

UB=Flatten|[Append[Table[6.28,

{i,1,Length[tSolve]}], Table[{1,1,1,1000,1000,1000},{i,1,Length[SSolv]}]1]];
EgAddres= FileNameJoin|[{"Equation.m"}];
Equation=OpenWrite [EgAddres, PageWidth->300];

WriteString[Equation, "function F=Equation(x) \n"]

WriteString[Equation,"t0l=x(1l),t02=x(2),t03=x(3),t04=x(4),t05=x(5),t06=x(6),t07=
x(7),t08=x(8),t09=x(9),t010=x(10),t011=x(11),t012=x(12),t013=x(13),t014=x(14),t0
15=x(15),t016=x(16),t017=x(17),t018=x(18),t019=x(19),t020=x(20),t021=x(21),t022=
x(22),t023=x(23) ,t024=x(24),t025=x(25),t026=x(26),t027=x(27) ,t028=x(28),t029=x(2
9),t030=x(30),t031=x(31),t032=x(32),t033=x(33),t034=x(34),t035=x(35),t036=x(36),
t037=x(37),t038=x(38),t039=x(39),tll=x(40),tl2=x(41),t13=x(42),t14=x(43),tl5=x(4
4) ,tl16=x(45),tl17=x(46),t18=x(47),t19=x(48),t110=x(49),tlll=x(50),tl12=x(51),t113
=x(52),t114=x(53),tl115=x(54),t116=x(55),tl117=x(56),t118=x(57),t119=x(58),t120=x(
59),t121=x(60),tl22=x(61),tl23=x(62),tl24=x(63),tl25=x(64),tl126=x(65),tl27=x(66)
,t128=x(67),t129=x(68),t130=x(69),t131=x(70),tl132=x(71),tl133=x(72),tl134=x(73),tl
35=x(74),t136=x(75),tl137=x(76),t138=x(77),tl39=x(78),t21=x(79),t22=x(80),t23=x(8
1),t24=x(82),t25=x(83),t26=x(84),t27=x(85),t28=x(86),t29=x(87),t210=x(88) ,t211=x
(89),t212=x(90),t213=x(91),t214=x(92) ,t215=x(93) ,t216=x(94) ,t217=x(95),t218=x(96
) ,£219=x(97),t220=x(98),t221=x(99),t222=x(100) ,t223=x(101) ,t224=x(102) ,t225=x(10
3),t226=x(104),t227=x(105) ,t228=x(106) ,t229=x(107) ,t230=x(108) ,t231=x(109),t232=
x(110),t233=x(111),t234=x(112) ,t235=x(113) ,t236=x(114),t237=x(115),t238=x(116),t
239=x(117),S0x=x(118),S0y=x(119),S0z=x(120) ,Sm0x=x(121) ,Sm0y=x(122) ,Sm0z=x(123),
Slx=x(124),S1ly=x(125),S1lz=x(126),Smlx=x(127),Smly=x(128),Smlz=x(129),S2x=x(130),
S2y=x(131),S2z=x(132),Sm2x=x (133),Sm2y=x (134) ,Sm2z=x (135) ; \n\n"];
Table[WriteMatlableq[[i]],Equation, Fun[[i]]],{i,1,Lengthleqll}];
Close[Equation];

xinitial=Table[2*Random[]-1,{i,1,Length[var]}];

(*xinitial=xc*)

AddressRun= FileNameJoin[{"run.m"}];
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run=OpenWrite [AddressRun, PageWidth->300];
OutputStream[AddressRun, 125];
WriteString[run, "options=optimoptions('lsgnonlin', 'Display’', 'iter',
'MaxIter',5000, '"TolFun',1.0000e-12,

'MaxFunEvals', 1500000, 'PlotFcns', Goptimplotfirstorderopt) \n\n"]
WriteMatlab[xinitial, run, x0];
WriteMatlab[LB, run, 1lb];
WriteMatlab[UB, run, ub];
WriteString[run," x=lsgnonlin (@Equation,x0, 1lb, ub,options);\n
save ('dataxb', 'x") \n"]

Close[run];

results

x=Flatten[Import["dataxb.mat"]];

t0lout=x[[1]];t020ut=x[[2]];t030ut=x[[3]];t04out=x[[4]];t050ut=x[[5]];t060ut=x[][
61]1;t070ut=x[[7]];t080ut=x[[8]];t0% ut=x[[9]];t0100ut=x[[10]];t01llout=x[[11]

[ ]
12o0ut=x[[12]1;t0130ut=x[[13]];t014out=x[[14]];t0150ut=x[[15]1];t01l60ut=x[[16]]
17out=x[[17]];t0180ut=x[[18]];t01%0ut=x[[19]1;t0200ut=x[[20]];t021lout=x[[21]];t0
22out=x[[22]1]1;t0230ut=x[[23]]1;t0240ut=x[[24]1];t0250ut=x[[25]1;t0260ut=x[[26]]
27out=x[[27]];t0280ut=x[[28]];t02% ut=x[[29]];t0300ut=x[[30]]1;t031lout=x[[31]]
32o0ut=x[[32]1;t0330ut=x[[33]];t034o0ut=x[[34]];t0350ut=x[[35]1];t0360ut=x[[36]1]1;t0
37out=x[[37]];t0380ut=x[[38]];t03% ut=x[[39]];tllout=x[[40]];tl20ut=x[[41]];t130

ut=x[[42]];tldout=x[[43]];tl50ut=x[[44]];tl6out=x[[45]];tl70out=x[[46]];tl8out=x]
[47]]1;t19%0ut=x[[48]1];tll00ut=x[[49]]1;tlllout=x[[50]];tll20ut=x[[51]];tll30out=x[][
211;tlldout=x][ 1:t11l50ut=x[ ]:tll6out=x[ 1:;t1170ut=x[[56]];tll8o0ut=x[]

1]1;tl1230ut=x[[
1] [
] [
[

[5
[53] [54] [55] [5
11;t11% ut=x[[58]];tl1200ut=x[[59]];tl21lout=x[[60]];tl220ut=x[[61
62]1]1;tl240ut=x[[63]];tl250ut=x[[64]];tl260ut=x[[65]];tl27out=x[[66]];tl280ut=x(
711;t12%0ut=x[[68]];tl1300ut=x[[69]];tl31lout=x[[70]];tl320ut=x[[71]];tl330ut=x]|
11;t1340ut=x[[73]]1;tl1350ut=x[[74]];tl360ut=x[[75]];tl370out=x[[76]];tl380ut=x]
[7

71]1;t13% ut=x[[78]];t2lout=x[[79]];t220ut=x[[80]];t230ut=x[[81]];t24o0ut=x[[82]]
;t250ut=x[[83]];t260ut=x[[84]];t27out=x[[85]];t280ut=x[[86]];t2%ut=x[[87]1]1;t210
out=x[[88]];t21lout=x[[89]];t2120ut=x[[90]];t2130ut=x[[91]];t214out=x[[92]];t215
out=x[[93]1];t21l6out=x[[94]];t2170ut=x[[95]];t2180ut=x[[96]]1;t21%ut=x[[97]11;t220
out=x[[98]1]1;t221lout=x[[99]];t2220ut=x[[100]];t2230ut=x[[101]];t2240ut=x[[102]];t
2250ut=x[[103]]1;t2260ut=x[[104]];t2270ut=x[[105]];t2280ut=x[[106]];t22%ut=x[[10
711;t2300ut=x[[108]];t231lout=x[[109]];t2320ut=x[[110]];t2330ut=x[[111]];t2340ut=
x[[112]]1;t2350ut=x[[113]];t2360ut=x[[114]];t2370out=x[[115]];t2380ut=x[[116]];t23
9out=x[[117]];S0xout=x[[118]];S0yout=x[[119]];S0zout=x[[120]];SmOxout=x[[121]];S
mOyout=x[[122]];Sm0zout=x[[123]];Slxout=x[[124]];Slyout=x[[125]];Slzout=x[[126]]
;Smlxout=x[[127]];Smlyout=x[[128]];Smlzout=x[[129]];S2xout=x[[130]];S2yout=x[[13
111;S2zout=x[[132]];Sm2xout=x[[133]];Sm2yout=x[[134]];Sm2zout=x[[135]1;
t0Solvoutl={t0lout, tO20ut, tO3out, tO4out, tO5out, tO6out, tO7out, tO8out,
t09out, t010out, tOllout, tO0l2out, t013out, t0l4out, tO0l5out, tOle6out, tO0l7out,
t018out, t0l19%cut, t020out, tO02lout, tO022ocut, t023ocut, t024out, t025o0ut, t026o0ut,
t0270ut, t028out, t029%out, t030out, t03lout, t032out, t033out, t034out, t035o0ut,
t0360ut, t037out, t038out, t039%ut};tlSolvoutl={tllout, tl2out, tl3out, tldout,
tl5o0ut, tloout, tl7out, tl8out, tl9out, tllOout, tlllout, tll2out, tll3out,
tll4out, tll5out, tlleout, tll7out, tll8out, tll9ocut, tl20out, tl2lout, tl22out,
t123out, tl24out, tl25o0ut, tl26out, tl27out, tl28out, tl29%ocut, tl1l30out, tl3lout,
tl1l32out, tl33out, tl34out, tl35out, tl36out, tl37out, tl38out,
t139%out};t2Solvoutl={t2lout, t22out, t23out, t24out, t25out, t26out, t27out,
t28out, t29%out, t210out, t2llout, t212out, t213out, t2l4out, t215out, t2l6out,
t217o0ut, t218out, t219%cut, t220ocut, t22lout, t222o0ut, t223o0ut, t224out, t225o0ut,
t226o0ut, t227out, t228out, t229%cut, t230out, t23lout, t232out, t233out, t234out,
t2350ut, t236out, t237out, t238out, t23%out};
tSolveoutl={t0Solvoutl, tlSolvoutl, t2Solvoutl};
SSolvoutl={{{SOxout, SOyout, SOzout}, {SmOxout, SmOyout, SmOzout}}, { {Slxout,Slyout, 31
zout}, {Smlxout, Smlyout, Smlzout}}, { {S2xout, S2yout, S2zout}, {Sm2xout, Sm2yout, Sm2zou
thi}s
Second
Calculations
Here S0 is S12, S1is S9, S2 is S10
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t0Solv={t01,t02,t03,t04,t05,t06,t07,t08,t09,t010,t011,t012,t013,t014,t015,t016,t
017,t018,t019,t020,t021,t022,t023,t024,t025,t026,t027,t028,t029,t030,t031,t032,t
033,t034,t035,t036,t037,t038,t039};tlSolv={t11,t12,t13,t14,t15,tle6,tl17,t18,tl9,t
110,t111,t112,t113,t114,t115,t116,t117,t118,t119,t120,t121,tl122,t123,t124,t125,¢t
126,t127,t128,t129,t130,t131,t132,t133,t134,t135,t136,t137,t138,t139};t2S0lv={t2
1,t22,t23,t24,t25,t26,t27,t28,t29,t210,t211,t212,t213,t214,t215,t216,t217,t218,t
219,t220,t221,t222,t223,t224,t225,t226,t227,t228,t229,t230,t231,t232,t233,t234,t
235,t236,t237,t238,t239};

tSolve=Flatten[{t0Solv,tlSolv,t2Solv}];
SSolv={{{S0x,S0y,S0z}, {SmOx, Sm0y, SmO0z}}, {{S1lx,Sly,S1lz}, {Smlx,Smly,Smlz}}, {{S2x,S
2y,S2z}, {Sm2x,Sm2y, Sm2z}}};

S0dgSolv=Table[makequat[SSolv[[1]],t0Solv[[i]],0],{i,1,39}1;
SldgSolv=Table [makequat[SSolv[[2]],tlSolv([[i]],0],{i,1,39}1;
S2dgSolv=Table [makequat [SSolv[[3]],t2S0lv[[i]],0],{i,1,39}1;
FK=Table[quatmult [quatmult[quatconj [SO0dgSolv[[i]]],quatconj[SldgSolv[[i]]]1]1,S2dg

Solv[[i]]11,{i,1,39}1;

var=Flatten[{t0Solv,tlSolv,t2S0lv,SSolv}];

egl=Flatten|[Table[ (FK[[i]]-RelativaMotion34[[i]]),{i,1,39}]1];

egq2={SSolv([[1,1]].8Solv[[1,2]],SSolv[[2,1]].SSolv[[2,2]],SS0lv[[3,1]].8S0lv[[3,2
11}:

eq3={SSolv([[1l,1]].8Solv[[1,1]]-1,SS0lv([[2,1]].8Solv[[2,1]]~-
1,SSolv[[3,1]].SSolv[[3,1]]-1};

eg=Flatten[{eqgl,eq2,eq3}];

Fun=Table[F[k], {k,1,Lengthleq]}];

Lengthleql;

Lengthlvar];

ILB=Flatten|[Append[Table[-6.28, {i,1,Length[tSolve]}],Table[{-1,-1,-1,-1000,-
1000,-1000}, {i,1,Length[SSolv]}]]1]1;

UB=Flatten[Append[Table[6.28,

{i,1,Length[tSolve]}], Table[{1,1,1,1000,1000,1000},{i,1,Length[SSolv]}]1]];
EgAddres2= FileNameJoin[{"Equation2.m"}];
Equation2=0OpenWrite [EgAddres2, PageWidth->300];

WriteString[Equation2,"function F=Equation2 (x) \n"]

WriteString[Equation2,"t01l=x(1),t02=x(2),t03=x(3),t04=x(4),t05=x(5),t06=x(6),t07
=x(7),t08=x(8),t09=x(9),t010=x(10),t011=x(11),t012=x(12),t013=x(13),t014=x(14),t
015=x(15),t016=x(16),t017=x(17),t018=x(18),t019=x(19),t020=x(20),t021=x(21),t022
=x(22),t023=x(23),t024=x(24) ,t025=x(25),t026=x(26),t027=x(27),t028=x(28) ,t029=x(
29),t030=x(30),t031=x(31),t032=x(32),t033=x(33),t034=x(34),t035=x(35),t036=x(36)
,t037=x(37),t038=x(38),t039=x(39),tll=x(40),tl2=x(41),tl3=x(42),tl4=x(43),tl5=x(
44) ,tlo=x(45),tl7=x(46),t18=x(47),t19=x(48),t110=x(49),t1l11=x(50),tl12=x(51),tll
3=x(52),t114=x(53),t115=x(54),tl1ll16=x(55),tll17=x(56),tll8=x(57),t1l19=x(58),tl120=x
(59),tl121=x(60),tl22=x(61),tl23=x(62),t124=x(63),t125=x(64),t126=x(65),tl127=x(66
), £128=x(67),t129=x(68),tl130=x(69),tl131=x(70),tl32=x(71),tl33=x(72),tl34=x(73),t
135=x(74),t136=x(75),tl137=x(76),tl138=x(77),tl139=x(78),t21=x(79),t22=x(80),t23=x(
81l),t24=x(82),t25=x(83),t26=x(84),t27=x(85),t28=x(86),t29=x(87),t210=x(88),t211l=
x(89),t212=x(90),t213=x(91),t214=x(92),t215=x(93),t216=x(94),t217=x(95),t218=x(9
6),t219=x(97),t220=x(98),t221=x(99),t222=x(100) ,t223=x(101) ,t224=x(102) ,t225=x (1
03),t226=x(104),t227=x(105),t228=x(106),t229=x(107) ,t230=x(108) ,t231=x(109),t232
=x(110),t233=x(111),t234=x(112),t235=x(113),t236=x(114),t237=x(115),t238=x(116),
£t239=x(117),S0x=x(118),S0y=x(119),S0z=x(120) ,Sm0x=x(121),SmO0y=x(122) ,Sm0z=x(123)
,Slx=x(124),Sly=x(125),S1z=x(126),Smlx=x(127),Smly=x(128),Smlz=x(129),S2x=x(130)
,S2y=%x(131),822z=x(132),Sm2x=x(133) ,Sm2y=x(134) ,Sm2z=x (135) ; \n\n"];
Table[WriteMatlableqg[[i]],Equation2, Fun[[i]]],{i,1,Lengthleq]l}];
Close[Equation2];

xinitial=Table[2*Random[]-1,{i,1,Length([var]}];

(*xinitial=xc*)

AddressRun2= FileNamedJoin[{"run2.m"}];

run2=0OpenWrite [AddressRun2, PageWidth->300];

OutputStream[AddressRun2,125];

WriteString[run2, "options=optimoptions ('lsgnonlin', 'Display', 'iter',
'MaxIter',10000, '"TolFun',1.0000e-12,

'MaxFunEvals', 1500000, 'PlotFcns', Qoptimplotfirstorderopt) \n\n"];
WriteMatlab[xinitial, run2, x0];
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WriteMatlab[LB,run2, 1lb];
WriteMatlab[UB, run2, ub];
WriteString[run2," x=lsgnonlin (@Equation2,x0, 1lb, ub,options);\n
save ('datax2', 'x"'") \n"]
Close[run2];
results
x2=Flatten[Import["datax2.mat"]];

t0lout=x2[[1]];t020ut=x2[[2]];t030cut=x2[[3]];t040ut=x2[[4]];t050ut=x2[[5]];t060u
t=x2[[6]];t070ut=x2[[7]];t080ut=x2[[8]];t09% ut=x2[[9]];t0100ut=x2[[10]];t01llout=
x2[[11]];t0120ut=x2[[12]];t0130ut=x2[[13]];t0140ut=x2[[14]];t0150ut=x2[[15]],;t01
6out=x2[[16]]1;t0170ut=x2[[17]1]1;t0180ut=x2[[18]];t01%ut=x2[[19]];t0200ut=x2[[20]
]1;t021lout=x2[[21]];t0220ut=x2[[22]];t0230ut=x2[[23]];t0240ut=x2[[24]];t0250ut=x2
[[25]];t0260ut=x2[[26]]1;t0270ut=x2[[27]1]1;t0280ut=x2[[28]1];t02%ut=x2[[29]]1;t0300
ut=x2[[30]]1;t031lout=x2[[31]11;t0320ut=x2[[32]1]1;t0330ut=x2[[33]1]1;t0340ut=x2[[34]71;
t0350ut=x2[[35]];t0360ut=x2[[36]]1;t0370out=x2[[37]];t0380ut=x2[[38]];t03% ut=x2[[
39]11;tllout=x2[[40]];tl120ut=x2[[41]];t130ut=x2[[42]];tldout=x2[[43]];tl50ut=x2][
441];tleout=x2[[45]];tl7out=x2[[46]];tl80ut=x2[[47]];tl% ut=x2[[48]];tl1ll0out=x2[
[49]11;t11llout=x2[[50]1]1;tl1l20ut=x2[[51]]1;tl11l30ut=x2[[52]]1;tlldout=x2[[53]1];tll50u
t=x2[[54]];tll60out=x2[[55]];tll70ut=x2[[56]];t1ll80ut=x2[[57]];t11%ut=x2[[58]];t
1200ut=x2[[59]];tl2lout=x2[[60]];tl220ut=x2[[61]];t1230ut=x2[[62]];tl240ut=x2[[6
3]11;tl250ut=x2[[64]];tl260ut=x2[[65]];tl270out=x2[[66]];tl280ut=x2[[67]];tl2%ut=
x2[[68]];t1300ut=x2[[69]];t131lout=x2[[70]];t1320ut=x2[[71]];t1330ut=x2[[72]];t13
dout=x2[[73]];tl350ut=x2[[74]];:tl1360ut=x2[[75]];tl1370out=x2[[76]];t138out=x2[[77]
1;t13%ut=x2[[78]];t2lout=x2[[79]];t220ut=x2[[80]];t230ut=x2[[81]];t24out=x2[[82
1];t250ut=x2[[83]];t260ut=x2[[84]];t270out=x2[[85]];t280ut=x2[[86]];t2%ut=x2[[87
1]1;t2100ut=x2[[88]];t21llout=x2[[89]];t2120ut=x2[[90]];t2130ut=x2[[91]];t21l4out=x
2[[92]11;t2150ut=x2[[93]1]1;t2160ut=x2[[94]1]1;t217out=x2[[95]]1;t2180ut=x2[[96]1]1;t219
out=x2[[971]1;t2200ut=x2[[98]];t221lout=x2[[99]];t2220ut=x2[[100]];t2230ut=x2[[101
1]1;t2240ut=x2[[102]];t2250ut=x2[[103]];t2260ut=x2[[104]];t2270ut=x2[[105]];t2280
ut=x2[[106]1;t22% ut=x2[[107]1]1;t2300ut=x2[[108]]1;t231lout=x2[[109]]1;t2320ut=x2[[1
1011;t2330ut=x2[[111]]1;t234out=x2[[112]];t2350ut=x2[[113]];t2360ut=x2[[114]1];t23
Jout=x2[[115]];t2380ut=x2[[116]];t23% ut=x2[[117]];S0xout=x2[[118]];S0yout=x2[[1
1911;S0zout=x2[[120]];SmOxout=x2[[121]];SmOyout=x2[[122]];SmOzout=x2[[123]];S1lx0o
ut=x2[[124]1];Slyout=x2[[125]];Slzout=x2[[126]];Smlxout=x2[[127]];Smlyout=x2[[128
]]1:Smlzout=x2[[129]];S2xout=x2[[130]];S2yout=x2[[131]];S2zout=x2[[132]];Sm2xout=
x2[[133]];Sm2yout=x2[[134]];Sm2zout=x2[[135]1];

t0Solvout2={t0lout, tO20ut, tO3out, tO4out, tO5out, tO6out, tO7out, tO08out,
t09%out, t0l1l0out, tO0llout, t0l2out, t0l13out, tO0l4out, t0l5ocut, tO0l6out, tO0l7out,
t018out, t0l19cut, t020out, tO02lout, tO022ocut, t023ocut, t024out, t025o0ut, t026o0ut,
t027o0ut, t028out, t029%out, t030out, t03lout, t032o0ut, t033out, t034out, t035out,
t0360ut, t037out, t038out, t039%ut};tlSolvout2={tllout, tl2out, tl3out, tldout,
tl5o0ut, tl6out, tl7out, tl8out, tl9out, tllOout, tlllout, tll2out, tll3out,
tll4out, tllb5out, tlleout, tll7out, tll8out, tll9ocut, tl20out, tl2lout, tl22out,
tl23o0ut, tl24out, tl25out, tl26out, tl27out, tl28ocut, tl29%out, tl30out, tl3lout,
tl132out, tl33out, tl34out, tl35out, tl36out, tl37out, tl38out,
t139%out};t2Solvout2={t2lout, t22out, t23out, t24out, t25out, t26out, t27out,
t28out, t29%out, t210out, t2llout, t212out, t213out, t2l4out, t215out, t2l6out,
t217o0ut, t218out, t219%out, t220out, t22lout, t222ocut, t223out, t224out, t225out,
t226o0ut, t227out, t228out, t229%out, t230cut, t231lout, t232o0ut, t233ocut, t234out,
t2350ut, t236out, t237out, t238out, t239%out};

tSolveout2={t0Solvout2, tlSolvout2, t2Solvout2};

SSolvout2={{{S0Oxout, SOyout, SOzout}, { SmOxout, SmOyout, SmOzout}}, { {Slxout,Slyout, 31
zout}, {Smlxout, Smlyout, Smlzout}}, { {S2xout, S2yout, S2zout}, {Sm2xout, Sm2yout, Sm2zou
thi}s

Solving Level 2- Secondary Level
Calculations

We had SSolv0 is S11, SSolv1 is S7, SSolv2 is S8, also in second gripper SSolv0 is S12, SSolv1 is S9,
SSolv2 is S10
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Here we have SSolv0 is S5, SSolv1 is S3, SSolv2 is S4 and SSSolv3 is S6
S11f=SSolvoutl[[1]];
S7f=SSolvoutl[[2]];
S8f=SSolvoutl[[3]
S12f=SSolvout2[[1
S9f=SSolvout2([[2]
S10f=SSolvout2[[3
tllf=-tSolveoutl]|
t7f=-tSolveoutl[[
t8f=tSolveoutl[[3
tl2f=-tSolveout2|
t9f=-tSolveout2[[2
tl10f=tSolveout2[[3]];
SL2s={S11f,s7f,S88f,S512f,59f,S10f};
cL2s=Table[ (SL2s[[i,1]]BSL2s[[i,2]])/(SL2s[[4i,1]].SL2s[[4i,1]]),{4i,1,6}]1;
JL2s=Table[{SL2s[[i,1]]/Norm[SL2s[[i,1]]],cL2s[[1]]B(SL2s[[i,1]]/Norm[SL2s[[1i,1]
113y, {i,1,6}1;
SL2d=Table[{Append[JL2s[[i1,1]],0],Append[JL2s([[1,2]1],01},{i,1,6}]1;
SL2m=Flatten[Append[{Table[quatmultSep [FinlL1[[1]],SL2d[[1]1]][(({1,2},{1,2,3}11,{
i,1,3}1},Table[quatmult [Fin3L1[[1]],sL2d(([1]]](({(1,2},{1,2,3}]1,{i,4,6}11,1];
S11f2=SL2m[[1]];
S7f2=SL2m[[2]];
S8f2=SL2m[[3]1];
S12f2=SL2m[[4]];
S9f2=SL2m[ [5]];
S10f2=SL2m[[6]];
JL2sN={S12f2,59f2,S10f2};
SL2dN=Table[{Append [JL2sN[[i,1]],0],Append[JL2sN[[i,2]],01},{i,1,3}]1;
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]

’

SL2m3=Table[quatmultSep[quatcon]j [FinlL1[[1]]1],SL2dN[[i]]11[([{1,2},{1,2,3}11,{1i,1,
311:

S12£3=SL2m3([[1]];

S9f3=SL2m3[[2]];

S10£3=SL2m3[[311];

t0Solv={t01,t02,t03,t04,t05,t06,t07,t08,t09,t010,t011,t012,t013,t014,t015,t016,t
017,t018,t019,t020,t021,t022,t023,t024,t025,t026,t027,t028,t029,t030,t031,t032,t
033,t034,t035,t036,t037,t038,t039};tlSolv={tll,t12,t13,t14,t15,tl6,t17,tl18,tl9,t
110,t111,t112,t113,t114,t115,t116,t117,t118,t119,t120,t121,t122,t123,t124,t125,t
126,t127,t128,t129,t130,t131,t132,t133,t134,t135,t136,t137,t138,t139};t2Solv={t2
1,t22,t23,t24,t25,t26,t27,t28,t29,t210,t211,t212,t213,t214,t215,t216,t217,t218,t
219,t220,t221,t222,t223,t224,t225,t226,t227,t228,t229,t230,t231,t232,t233,t234,t
235,t236,t237,t238,t239};
t3Solv={t31,t32,t33,t34,t35,t36,t37,t38,t39,t310,t311,t312,t313,t314,t315,t316,t
317,t318,t319,t320,t321,t322,t323,t324,t325,t326,t327,t328,t329,t330,t331,t332,t
333,t334,t335,t336,t337,t338,t339};
tSolve=Flatten[{t0Solv,tlSolv,t2Solv,t3Solv}];
SSolv={{{S0x,S0y,S0z}, {SmOx, Sm0y, SmO0z}}, {{S1lx,Sly,S1lz}, {Smlx,Smly,Smlz}}, {{S2x,S
2y,S2z}, {Sm2x,Sm2y,Sm2z}}, {{S3x,S3y,S3z}, {Sm3x, Sm3y, Sm3z}}};
S0dgSolv=Table[makequat [SSolv[[1]],t0Solv[[i]],0],{i,1,39}1;

SldgSolv=Table [makequat[SSolv[[2]],tlSolv([[i]],0],{i,1,39}1;

S2dgSolv=Table [makequat [SSolv[[3]],t2S0lv[[i]],0],{i,1,39}1;

S3dgSolv=Table [makequat[SSolv[[4]],t3S0lvI[[i]],0],{i,1,39}]
S1lldgSolv=Table [makequat[S11f,t11f[[i]],0],{i,1,39}]1;
S7dgSolv=Table [makequat [S7f,t7£[[1]]1,01,{1i,1,39}];
S510dgSolv=Table [makequat[S10£3,t10£([[i]],0],{i,1,39}];

’

LeftHandSide=Table[quatmult [quatmult [quatmult [quatconj[S0dgSolv[[i]]],quatconij[S
1dgSolv[[i]]]],s82dgSolv[[i]]],S83dgSolv[[i]]],{i,1,39}];
RightHandSide=Table [quatmultSep[quatmultSep[quatmultSep[S7dgSolv([[i]],S11dgSolv|
[i]1]],RelativaMotionli

[[1]11],quatconj[810dgSolv[[i]]]1],{i,1,39}1;
var=Flatten[{t0Solv,tlSolv,t2Solv,t3Solv,SSolv}];
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egla=Table[LeftHandSide[[i,1]]-RightHandSide[[i, 111,{i,1,39}1;
eglb=Table[LeftHandSide[[i,2]]-RightHandSide[[1,2]],{i,1,39}1;
eq2={SSolv[[1,1]].8Solv[[1,2]],SSolv[[2,1]].SS0lv[[2,2]],SS0lv[[3,1]].8S0lv[[3,2
11,8S0lv[[4,1]].SS0lvI[[4,2]]};
eg3={SSolv([[1,1]].8SSolv([[1,1]]-1,S8S80lv[[2,1]].8S0lv[[2,1]]~-
1,8S0lv([[3,1]1]1.8S0olv[[3,1]1]-1,SSolv[[4,1]].SSolv[[4,1]1]1-1};

eg=Flatten[{egla, eqglb,eqg2,eq3}];

Fun=Table[F[k], {k,1,Lengthleq]l}];

Lengthleq];

Length[var];

ILB=Flatten[Append[Table[-6.28, {i,1,Length[tSolve]}],Table[{-1,-1,-1,-1000,-
1000,-1000}, {i,1,Length[SSolv]}]111]1;

UB=Flatten[Append[Table[6.28,

{i,1,Length[tSolve]}], Table[{1,1,1,1000,1000,1000}, {i,1,Length[SSolv]}]1]1];
EgAddress3= FileNameJoin[{"Equation3.m"}1]1;
Equation3=OpenWrite [EgqAddress3, PageWidth->300];

WriteString[Equation3, "function F=Equation3(x) \n"]

WriteString[Equation3,"t01l=x(1),t02=x(2),t03=x(3),t04=x(4),t05=x(5),t06=x(6),t07
=x(7),t08=x(8),t09=x(9),t010=x(10),t011=x(11),t012=x(12),t013=x(13),t014=x(14),t
015=x(15),t016=x(16),t017=x(17),t018=x(18),t019=x(19),t020=x(20),t021=x(21),t022
=x(22),t023=x(23),t024=x(24) ,t025=x(25),t026=x(26),t027=x(27),t028=x(28) ,t029=x(
29),t030=x(30),t031=x(31),t032=x(32),t033=x(33),t034=x(34),t035=x(35),t036=x(36)
,t037=x(37),t038=x(38),t039=x(39),tll=x(40),tl2=x(41),tl3=x(42),tl4=x(43),tl5=x(
44) ,tlo=x(45),tl7=x(46),t18=x(47),t19=x(48),t110=x(49),tl11=x(50),tl12=x(51),tll
3=x(52),t114=x(53),t115=x(54),tl1ll16=x(55),tll17=x(56),tll8=x(57),t1l19=x(58),tl120=x
(59),t121=x(60),tl22=x(61),tl23=x(62),t124=x(63),t125=x(64),t126=x(65),tl127=x(66
), £128=x(67),t129=x(68),tl130=x(69),tl131=x(70),tl32=x(71),tl33=x(72),tl34=x(73),t
135=x(74),t136=x(75),tl137=x(76),tl138=x(77),tl139=x(78),t21=x(79),t22=x(80),t23=x(
81l),t24=x(82),t25=x(83),t26=x(84),t27=x(85),t28=x(86),t29=x(87),t210=x(88) ,t211l=
x(89),t212=x(90),t213=x(91),t214=x(92),t215=x(93),t216=x(94),t217=x(95),t218=x(9
6),t219=x(97),t220=x(98),t221=x(99),t222=x(100),t223=x(101),t224=x(102) ,t225=x (1
03),t226=x(104),t227=x(105),t228=x(106) ,t229=x(107) ,t230=x(108) ,t231=x(109),t232
=x(110),t233=x(111),t234=x(112),t235=x(113),t236=x(114),t237=x(115),t238=x(116),
£239=x(117),t31=x(118),t32=x(119),t33=x(120),t34=x(121),t35=x(122),t36=x(123),t3
7=x(124),t38=x(125),t39=x(126),t310=x(127),t311=x(128),t312=x(129),t313=x(130),t
314=x(131),t315=x(132),t316=x(133),t317=x(134),t318=x(135),t319=x(136),t320=x(13
7),t321=x(138),t322=x(139) ,t323=x(140) ,t324=x(141) ,t325=x(142) ,t326=x(143),t327=

x(144),t328=x(145),t329=x(146) ,t330=x(147),t331=x(148),t332=x(149),t333=x(150),t
334=x(151),t335=x(152) ,t336=x(153),t337=x(154),t338=x(155),t339=x(156),S0x=x (157
) ,SO0y=x(158),S0z=x(159) ,Sm0x=x(160) , SmO0y=x(161),Sm0z=x(162) ,S1x=x(163),Sly=x (164
), S1z=x(165),Smlx=x(166),Smly=x(167),Smlz=x(168),S2x=x(169),S2y=x(170),S82z=x (171
), Sm2x=x(172),Sm2y=x(173) ,Sm2z=x(174) ,S3%x=x(175) ,S3y=x(176) ,S3z=x(177),Sm3x=x (17
8),Sm3y=x(179),Sm3z=x(180) ; \n\n"];

Table[WriteMatlableq[[i]],Equation3, Fun[[i]]],{i,1,Lengthleql}];

Close[Equation3];

xinitial=Table[2*Random[]-1,{i,1,Length[var]}];

(*xinitial=xc*)

AddressRun3= FileNameJoin[{"run3.m"}];

run3=0OpenWrite [AddressRun3, PageWidth->300];

OutputStream[AddressRun3, 125];

WriteString[run3, "options=optimoptions('lsgnonlin', 'Display', 'iter',
'MaxIter',500, '"TolFun',1.0000e-12,

'MaxFunEvals', 1500000, 'PlotFcns', Qoptimplotfirstorderopt) \n\n"];

WriteMatlab[xinitial, run3, x0];

WriteMatlab[LB,run3, 1b];

WriteMatlab[UB, run3, ub];

WriteString[run3," x=lsgnonlin (@Equation3,x0, 1lb, ub,options);\n

save ('datax3b', 'x"') \n"]

Close[run3];

Results
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x3=Flatten[Import["datax3b.mat"]];

t0lout=x3[[1]]1;t020ut=x3[[2]];t030ut=x3[[3]];t04out=x3[[4]];t050ut=x3[[5]];t060u
t=x3[[6]1];t070out=x3[[7]];t080ut=x3[[8]];t09% ut=x3[[9]];t0100ut=x3[[10]];t01llout=
x3[[11]]1;t0120ut=x3[[12]]1;t0130ut=x3[[13]];t014out=x3[[14]];t01l50ut=x3[[15]];t01
6out=x3[[16]];t0170out=x3[[17]];t0180ut=x3[[18]];t01%ut=x3[[19]];t0200ut=x3[[20]
]1;t021lout=x3[[21]];t0220ut=x3[[22]];t0230ut=x3[[23]];t0240ut=x3[[24]];t0250ut=x3
[[25]]1;t0260ut=x3[[26]];t0270ut=x3[[27]];t0280ut=x3[[28]];t02%0ut=x3[[29]]1;t0300
ut=x3[[30]]1;t031lout=x3[[31]11;t0320ut=x3[[32]1]1;t0330ut=x3[[33]1]1;t0340ut=x3[[34]1];
t0350ut=x3[[35]];t0360ut=x3[[36]]1;t0370out=x3[[37]];t0380ut=x3[[38]];t03% ut=x3[[
39]11;tllout=x3[[40]];tl120ut=x3[[41]];t130ut=x3[[42]];tldout=x3[[43]];tl50ut=x3]][
441];tleout=x3[[45]];tl7out=x3[[46]];tl80ut=x3[[47]];tl% ut=x3[[48]];tl1l00out=x3]
[49]11;t11lout=x3[[50]1]1;tl1l20ut=x3[[51]]1;tl11l30ut=x3[[52]]1;tlld4out=x3[[53]1];tll50u
t=x3[[54]];tll60ut=x3[[55]];tll70out=x3[[56]];tll80ut=x3[[57]]1;t1l19%ut=x3[[58]];t
1200ut=x3[[59]]1;tl2lout=x3[[60]];t1l220ut=x3[[61]]1;t1230ut=x3[[62]];tl240ut=x3[[6
311;tl250ut=x3[[64]];tl260ut=x3[[65]];tl270out=x3[[66]];tl280ut=x3[[67]];tl2%ut=
x3[[68]];t1300ut=x3[[69]];t131lout=x3[[70]];t1320ut=x3[[71]];t1330ut=x3[[72]];t13
dout=x3[[73]];tl350ut=x3[[74]];:tl1360ut=x3[[75]];tl137out=x3[[76]];tl138out=x3[[77]
1;t13%ut=x3[[78]];t2lout=x3[[79]];t220ut=x3[[80]];t230ut=x3[[81]];t24out=x3[[82
1];t250ut=x3[[83]];t260ut=x3[[84]];t270out=x3[[85]];t280ut=x3[[86]];t2%ut=x3[[87
1]1;t2100ut=x3[[88]];t21lout=x3[[89]];t2120ut=x3[[90]];t2130ut=x3[[91]];t21l4out=x
3[[92]1];t2150ut=x3[[93]];t21l60out=x3[[94]];t2170out=x3[[95]];t2180ut=x3[[96]];t219
out=x3[[97]]1;t2200ut=x3[[98]];t221lout=x3[[99]];t2220ut=x3[[100]];t2230ut=x3[[101
1]1;t2240ut=x3[[102]];t2250ut=x3[[103]];t2260ut=x3[[104]];t2270ut=x3[[105]];t2280
ut=x3[[106]];t229%ut=x3[[107]];t2300ut=x3[[108]];t231lout=x3[[109]];t2320ut=x3[[1
10]11;t2330ut=x3[[111]];t2340ut=x3[[112]];t2350ut=x3[[113]];t2360ut=x3[[114]];t23
TJout=x3[[115]];t2380ut=x3[[116]];t23% ut=x3[[117]];:t3lout=x3[[118]];t320ut=x3[[1
19]];t330ut=x3[[120]];t340out=x3[[121]];t350ut=x3[[122]];t360ut=x3[[123]];t370ut=
x3[[124]]1;t380ut=x3[[125]];t3%ut=x3[[126]];t3100ut=x3[[127]];t311lout=x3[[128]17];
t3120ut=x3[[129]];t3130ut=x3[[130]];t3140ut=x3[[131]];t3150ut=x3[[132]];t3160ut=
x3[[133]];t3170ut=x3[[134]]1;t3180ut=x3[[135]];t31% ut=x3[[136]];t3200ut=x3[[137]
]1;t321lout=x3[[138]];t3220ut=x3[[139]];t3230ut=x3[[140]];t3240ut=x3[[141]];t3250u
t=x3[[142]];t3260ut=x3[[143]];t3270ut=x3[[144]];t3280ut=x3[[145]];t32%ut=x3[[14
6]11;t3300ut=x3[[147]];t331lout=x3[[148]];t3320ut=x3[[149]];t3330ut=x3[[150]];t334
out=x3[[151]];t3350ut=x3[[152]];t3360ut=x3[[153]];t3370out=x3[[154]];t3380ut=x3[]
155]]1;t339%0ut=x3[[156]];S0xout=x3[[157]1;S0yout=x3[[158]];S0zout=x3[[159]];Sm0xo0
ut=x3[[160]];SmOyout=x3[[161]];Sm0zout=x3[[162]];Slxout=x3[[163]];Slyout=x3[[164
11:S1lzout=x3[[165]];Smlxout=x3[[166]];Smlyout=x3[[167]];Smlzout=x3[[168]];S2xout
=x3[[169]];S2yout=x3[[170]];S2zout=x3[[171]];Sm2xout=x3[[172]];Sm2yout=x3[[173]]
;Sm2zout=x3[[174]];S3xout=x3[[175]];S3yout=x3[[176]]1;S3zout=x3[[177]];Sm3xout=x3
[[178]]1;Sm3yout=x3[[179]];Sm3zout=x3[[180]];

t0Solvout3={tO0lout, tO02out, tO03out, tO4out, tO5out, tO6out, tO0O7out, tO08out,
t09%out, t0l1l0out, tOllout, tOl2o0ut, t0l3out, t0l4out, t0l5out, tOl6out, t0l7out,
t018out, t0l9out, t020out, t02lout, t022o0ut, t023out, t024out, t025o0ut, tO026o0ut,
t027o0out, t028out, t029%cut, t030out, tO03lout, t032o0ut, t033out, t034out, t035o0ut,
t036o0ut, t037out, t038out, t039%cut};tlSolvout3={tllout, tl2out, tl3out, tlédout,
tl50ut, tl6out, tl7out, tl8out, tl9out, tllOout, tlllout, tll2out, tll3out,
tll4out, tllb5out, tlloeout, tll7out, tll8out, tll9cut, tl20out, tl2lout, tl22out,
tl23out, tl24out, tl25out, tl26out, tl27out, tl28out, tl29%out, tl30out, tl3lout,
t1320ut, tl1l33out, tl34out, tl35out, tl36out, tl37out, tl38out,
t139%out};t2Solvout3={t2lout, t22out, t23out, t24out, t25out, t26out, t27out,
t28out, t29%out, t210out, t2l1llout, t212out, t213out, t2l1l4out, t215o0ut, t2l6out,
t217o0ut, t2l18out, t219%out, t220ocut, t22lout, t222o0ut, t223o0ut, t224out, t225o0ut,
t226o0ut, t227out, t228out, t229%out, t230out, t231lout, t232ocut, t233out, t234out,
t2350ut, t236out, t237out, t238out, t23%out};

t3Solvout3={t3lout, t32out, t33out, t34out, t35out, t36out, t37out, t38out,
t39%out, t310out, t31llout, t31l2out, t313out, t3l4out, t315o0ut, t3l6out, t3l7out,
t318out, t319%out, t320out, t32lout, t322o0ut, t323out, t324out, t325o0ut, t326out,
t327out, t328out, t329%out, t330out, t33lout, t332o0ut, t333out, t334out, t335o0ut,
t336o0ut, t337out, t338out, t339%out};

tSolveout3={t0Solvout3, tlSolvout3, t2Solvout3, t3Solvout3};
SSolvout3={{{SOxout, SOyout, SOzout}, { SmOxout, SmOyout, SmOzout}}, { {Slxout,Slyout, Sl
zout}, {Smlxout, Smlyout, Smlzout}}, { {S2xout, S2yout, S2zout}, {Sm2xout, Sm2yout, Sm2zou
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t}}, {{S3xout, S3yout, S3zout}, {Sm3xout, Sm3yout, Sm3zout}}};

Solving Level 3-With Arm
Calculations
We had SSolv0is S11, SSolv1 is S7, SSolv2 is S8, also in second gripper SSolv0 is S12, SSolv1 is S9,
SSolv2 is S10
Here we have SSolv0 is S5, SSolv1 is S3, SSolv2 is S4 and SSSolv3 is S6

S5f=SSolvout3[[1]];
S3f=SSolvout3[[2]];
S4f=SSolvout3[[3]
So6f=SSolvout3[[4
t5f=-tSolveout3
t3f=-tSolveout3
tdf=tSolveout3|
tof=tSolveout3[

SL3s={S5f,S3f,S4f,S6f};
cL3s=Table[ (SL3s[[i1,1]]@SL3s[[1,2]])/(SL3s[[1,1]].8L3s[[i,1]11),{i,1,4}];
JL3s=Table[{SL3s[[i,1]]/Norm[SL3s[[i,1]]],cL3s[[1]]@(SL3s[[i,1]]/Norm[SL3s[[i,1]
]])}I{illl4}];
SL3d=Table[{Append[JL3s[[1,1]],0],Append[JL3s[[i,2]],01},{i,1,4}];
SL3m=Table[quatmultSep [FinlL1[[1]],SL3d[[11]1([[{1,2},{1,2,3}11,{i,1,4}1;
S5f2=SL3m[[1]];
S3f2=SL3m[[2]];
S4f2=SL3m[[3]];
S6f2=SL3m[[4]];

JL3sN={S5f2,53f2,54f2,56£2};

SL3dN=Table[{Append [JL3sN[[i,1]],0],Append[JL3sN[[1,2]],
SL2m3=Table[quatmultSep[quatcon]j [FinlL1[[1]]],SL3dN[[1]]
4}1;

S5f3=SL2m3[[1]];
S3f£f3=SL2m3[[2]];
S4£3=SL2m3[[3]]
S6£3=SL2m3[[4]];
Here we take two three axes in direction of z and two in Y in unknown locations.

O]}I{illl4}];
10041, 23,1{1,2,3}¥11, {1, 1,

’

JrR0d={0,0,1};JR1d={0,1,0};JR2d={0,1,0};CR0O={C0x,C0y,C0z};CR1={Clx,Cly,Clz};CR2={
C2x,C2y,C2z};

CR=Flatten[{CRO,CR1,CR2}];

JRO={JR0Od, CRORJROd} ; JR1={JR1d, CR1RJR1d}; JR2={JR2d, CR2BJR2d} ;
tROSolv={tR01,tR02,tR03,tR04,tR05,tR06,tR07,tR08,tR09,tR010,tR011,tR012,tR0O13,tR
014, tR015,tR016,tR017,tR018,tR019,tR020,tR021,tR022,tR023,tR024,tR025,tR026,tR0O2
7,tR028,tR029, tR030,tR031,tR032,tR033,tR034,tR035,tR036,tR037,tR038,tR039};tR1S0o
lv={tR11,tR12,tR13,tR14,tR15,tR16,tR17,tR18,tR19,tR110,tR111,tR112,tR113,tR114,t
R115,tR116,tR117,tR118,tR119,tR120,tR121,tR122,tR123,tR124,tR125,tR126,tR127,tR1
28,tR129,tR130,tR131,tR132,tR133,tR134,tR135,tR136,tR137,tR138,tR139};tR2Solv={t
R21,tR22,tR23,tR24,tR25,tR26,tR27,tR28,tR29,tR210,tR211,tR212,tR213,tR214,tR215,
tR216,tR217,tR218,tR219,tR220,tR221,tR222,tR223,tR224,tR225,tR226,tR227,tR228, tR
229,tR230,tR231,tR232, tR233,tR234,tR235,tR236,tR237,tR238,tR239};

tRSolv=Flatten[{tR0Solv, tR1Solv, tR2Solv}];

SRO=Table [makequat [JRO, tROSolv[[i]],0],{1i,1,39}1;

SR1=Table[makequat [JR1,tR1Solv[[i]],0]1,{1i,1,39}];SR2=Table[makequat[JR2,tR2Solv]|
[111,01,{1,1,39}1;

t0Solv={t01,t02,t03,t04,t05,t06,t07,t08,t09,t010,t011,t012,t013,t014,t015,t016,t
017,t018,t019,t020,t021,t022,t023,t024,t025,t026,t027,t028,t029,t030,t031,t032,t
033,t034,t035,t036,t037,t038,t039};tlsSolv={t1ll,t12,t13,t14,t15,tl6,t17,tl1l8,tl9,t
110,t111,¢t112,t113,t114,t115,t116,t117,t118,t119,t120,t121,t122,t123,t124,t125,t
126,t127,t128,t129,t130,t131,t132,t133,t134,t135,t136,t137,t138,t139};
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tSolve=Flatten[{t0Solv,tlSolv}];
SSolv={{{S0x,S0y,S0z}, {SmOx, Sm0y, SmO0z}}, {{S1lx,Sly,Slz}, {Smlx,Smly,Smlz}}};
S0dgSolv=Table [makequat[SSolv[[1]],t0S0lv([[i]],0],{i,1,39}1;
SldgSolv=Table[makequat[SSolv[[2]],tl1Solv[[i]],0],{i,1,39}1;

S3fdgSolv=Table[makequat [S3f,t3£f[[i]],01,{i,1,39}1;

S4fdgSolv=Table[makequat [S4f,t4f[[1i]],0],{i,1,39}];

S5dgSolv=Table[makequat [S5f,t5f[[1i]],0],{1i,1,39}1;

SedgSolv=Table [makequat[S6f,t6f[[1]]1,0],{1i,1,39}];
S7dgSolv=Table [makequat [S7f,t7£[[1i]]1,0],{1i,1,39}1;

S10dgSolv=Table[makequat [S10£3,t10£[[1]],01,{1i,1,39}];

S1lldgSolv=Table [makequat[S11f,t11f[[i]],0],{i,1,39}]1;
LeftHandSide=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[SRO[[1]],SR1[
[1111,SR2[[1]1]1],80dgSolv[[i]]],S1dgSolv[[i]]],{i,1,39}];

RightHandSide=Table[quatmultSep[quatmult [quatmultSep[quatmultSep[RelativaMotionl
1[[i]],quatconj[S11ldgSolv[[i]]]],quatconj[S7dgSolv[[i]]]1],quatconi[S5dgSolv[[i]]
]1,quatconj [S3fdgSolv[[i]]1]1,{1i,1,39}];

var=Flatten[{t0Solv,tlSolv,SSolv,tRSolv,CR}];

egla=Table[LeftHandSide , 1

[[1 ]-RightHandSide[[1,1]11,{1i,1,39}1;
eglb=Table[LeftHandSide[[i,2
[

]-RightHandSide[[1,2]1,{i,1,39}1;
eg2={SSolv([[1,1]].8SSolv[[1,2]],8SS0lv[[2,1]].SS0olv[([2,2]1]};
eqgq3={SSolv[[1,1]].SSolv[[1,1]1]-1,SSolv[[2,1]].SSolv[[2,1]]1-1};
eg=Flatten[{eqgla,eqlb,eq2,eq3}];

Fun=Table[F[k], {k,1,Lengthleq]l}];
Lengthleq];
Length[var];
ILB=Flatten[Append[Table[-6.28, {i,1,Length[tSolve]}],Table[{-1,-1,-1,-1000,-
1000,-1000}, {i,1,Length[SSolv]}]111]1;
UB=Flatten[Append[Table[6.28,
{i,1,Length[tSolve]}], Table[{1,1,1,1000,1000,1000}, {i,1,Length[SSolv]}]1]1];
EgAddress4= FileNameJoin[{"Equationd4.m"}1];
Equation4=OpenWrite [EgqAddress4, PageWidth->300];
WriteString[Equation4, "function F=Equation4 (x) \n"]
WriteString[Equation4d,"t01l=x(1),t02=x(2),t03=x(3),t04=x(4),t05=x(5),t06=x(6),t07
=x(7),t08=x(8),t09=x(9),t010=x(10),t011=x(11),t012=x(12),t013=x(13),t014=x(14),t
015=x(15),t01l6=x(16),t017=x(17),t018=x(18),t019=x(19),t020=x(20),t021=x(21),t022
=x(22),t023=x(23),t024=x(24) ,t025=x(25),t026=x(26),t027=x(27),t028=x(28) ,t029=x (
29),t030=x(30),t031=x(31),t032=x(32),t033=x(33),t034=x(34),t035=x(35),t036=x(36)
,t037=x(37),t038=x(38),t039=x(39),tl11l=x(40),tl12=x(41),tl13=x(42),tld4=x(43),tl15=x(
44) ,tl6=x(45),tl17=x(46),tl18=x(47),tl19=x(48),t110=x(49),tl11=x(50),tl12=x(51),tll
3=x(52),t114=x(53),t115=x(54),tll6=x(55),tl17=x(56),t1l18=x(57),t1l19=x(58),t120=x
(59),t121=x(60),tl22=x(61),tl23=x(62),t1l24=x(63),t1l25=x(64),t126=x(65),tl27=x(66
),t128=x(67),t129=x(68),t130=x(69),t131=x(70),tl132=x(71),tl133=x(72),tl134=x(73),t
135=x(74),tl136=x(75),tl137=x(76),tl138=x(77),t1l39=x(78),S0x=x(79),30y=x(80),S0z=x(
81l),SmOx=x(82),Sm0y=x(83),Sm0z=x(84) ,S1x=x(85),S1ly=x(86),S1z=x(87),Smlx=x(88),Sm
1ly=x(89),Smlz=x(90),tR01=x(91), tR02=x(92),tR03=x(93), tR04=x(94), tR05=x(95) ,tR06=
x(96) ,tR07=x(97),tR08=x(98),tR09=x(99), tR010=x(100),tR011=x(101),tR012=x(102), tR
013=x(103),tR014=x(104),tR015=x(105),tR016=x(106),tR017=x(107),tR018=x(108),tR0O1
9=x(109),tR020=x(110),tR021=x(111),tR022=x(112),tR023=x(113),tR024=x(114),tR025=
x(115),tR026=x(116),tR027=x(117),tR028=x(118),tR029=x(119), tR030=x(120),tR031=x(
121),tR032=x(122),tR033=x(123),tR034=x(124),tR035=x(125),tR036=x(126),tR037=x(12
7) ,tR038=x(128),tR039=x(129),tR11=x(130),tR12=x(131),tR13=x(132),tR14=x(133),tR1
5=x(134) ,tR16=x(135),tR17=x(136),tR18=x(137),tR19=x(138),tR110=x(139),tR111=x(14
0),tR112=x(141),tR113=x(142),tR114=x(143) ,tR115=x(144),tR116=x(145),tR117=x(146)
,tR118=x(147),tR119=x(148),tR120=x(149),tR121=x(150),tR122=x(151),tR123=x(152),t
R124=x(153),tR125=x(154) ,tR126=x(155),tR127=x(156),tR128=x(157),tR129=x(158), tR1
30=x(159) ,tR131=x(160),tR132=x(161) ,tR133=x(162),tR134=x(163),tR135=x(164),tR136
=x(165),tR137=x(166),tR138=x(167),tR139=x(168),tR21=x(169),tR22=x(170),tR23=x(17
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1),tR24=x(172) ,tR25=x(173) ,tR26=x(174) ,tR27=x(175) ,tR28=x(176) ,tR29=x(177),tR210
=x(178),tR211=x(179),tR212=x(180),tR213=x(181),tR214=x(182),tR215=x(183),tR216=x
(184) ,tR217=x(185),tR218=x(186) ,tR219=x(187),tR220=x(188) ,tR221=x(189),tR222=x (1
90),tR223=x(191) ,tR224=x(192) ,tR225=x(193) ,tR226=x(194) ,tR227=x(195) ,tR228=x (196
), tR229=x(197),tR230=x(198),tR231=x(199), tR232=x(200) ,tR233=x(201) , tR234=x(202),
tR235=x(203) ,tR236=x(204) ,tR237=x (205) ,tR238=x(206) , tR239=x(207) ,COx=x (208) ,COy=
x(209),C0z=x(210) ,Clx=x(211) ,Cly=x(212),Clz=x(213),C2x=x(214) ,C2y=x(215) ,C2z=x(2
16) ;\n\n"];

Table[WriteMatlableq[[i]],Equationd4, Fun[[i]]],{i,1,Lengthleql}];
Close[Equationd];

xinitial=Table[2*Random[]-1,{i,1,Length[var]}];

(*xinitial=xc*)
AddressRund= FileNameJoin[{"run4.m"}];

rund4=0OpenWrite [AddressRun4, PageWidth->300];

OutputStream[AddressRun4, 125];
WriteString[run4, "options=optimoptions('lsgnonlin', 'Display', 'iter',
'MaxIter',700, '"TolFun',1.0000e-12,

'MaxFunEvals', 1500000, 'PlotFcns', Qoptimplotfirstorderopt) \n\n"];
WriteMatlab[xinitial, run4, x0];
WriteMatlab[LB, run4, 1b];
WriteMatlab[UB, rund, ub];
WriteString[rund," x=lsgnonlin (@Equation4,x0, 1lb, ub,options);\n

save ('datax4b', 'x') \n"]

Close[rund];

results

x4=Flatten[Import["datax4b.mat"]];

t0lout=x4[[1]];t020ut=x4[[2]];t030cut=x4[[3]];t04o0ut=x4[[4]];t050ut=x4[[5]];t060u
t=x4[[6]];t070ut=x4[[7]];t080ut=x4[[8]];t09%ut=x4[[9]];t0100ut=x4[[10]];t01llout=
x4 [[11]];t0120ut=x4[[12]];t0130ut=x4[[13]];t0140ut=x4[[14]];t0150ut=x4[[15]],;t01
6out=x4[[16]]1;t0170ut=x4[[17]1];t0180ut=x4[[18]];t01%ut=x4[[19]];t0200ut=x4[[20]
]1;t021lout=x4[[21]];t0220ut=x4[[22]];t0230ut=x4[[23]];t0240ut=x4[[24]];t0250ut=x4
[[25]];t0260ut=x4[[26]];t0270ut=x4[[27]];t0280ut=x4[[28]];t02%ut=x4[[29]];t0300
ut=x4[[30]];t031lout=x4[[31]1];t0320ut=x4[[32]];t0330ut=x4[[33]];t0340ut=x4[[34]1];
t0350ut=x4[[35]];t0360ut=x4[[36]];t0370out=x4[[37]];t0380ut=x4[[38]];t03%ut=x4[]
39]];tllout=x4[[40]];tl20ut=x4[[41]1];tl30ut=x4[[42]];tld4out=x4[[43]];tlb5out=x47[][
441];tl6out=x4[[45]];tl70out=x4[[46]];tl80ut=x4[[47]];t19% ut=x4[[48]];t110out=x4]
[49]];tlllout=x4[[50]];tll20ut=x4[[51]];tll30ut=x4[[52]];tlldout=x4[[53]]1;tll50u
t=x4[[54]];tll6out=x4[[55]];tl17out=x4[[56]];t1l180ut=x4[[57]];t119%ut=x4[[58]];t
120out=x4[[59]];t121lout=x4[[60]];tl1220ut=x4[[61]];t1230ut=x4[[62]];tl240ut=x4[[6
31];tl1250ut=x4[[64]];tl1260ut=x4[[65]];tl27out=x4[[66]];tl280ut=x4[[67]];t12%0ut=
x4[[68]];t1300ut=x4[[69]];tl131lout=x4[[70]];tl1320ut=x4[[71]];t1330ut=x4[[72]],;t1l3
dout=x4[[73]]1;tl350ut=x4[[74]];tl1360ut=x4[[75]];tl137out=x4[[76]1];t1380ut=x4[[77]
];t13%ut=x4[[78]];S0xout=x4[[79]];S0yout=x4[[80]];S0zout=x4[[81]];SmOxout=x4[[8
2]11:;Sm0yout=x4[[83]];SmOzout=x4[[84]];Slxout=x4[[85]];Slyout=x4[[86]];Slzout=x4]
[87]];Smlxout=x4[[88]];Smlyout=x4[[89]];Smlzout=x4[[90]];tR0lout=x4[[91]];tR020u
t=x4[[92]];tR030out=x4[[93]];tR040ut=x4[[94]];tR050ut=x4[[95]];tR060ut=x4[[96]];t
RO70ut=x4[[97]];tR08out=x4[[98]];tR0% ut=x4[[99]]1;tR0100ut=x4[[100]];tR01lout=x4
[[101]1;tR0120ut=x4[[102]]1;tR0130ut=x4[[103]];tR0140ut=x4[[104]1];tR0150ut=x4[[10
5]11;tR016out=x4[[106]]1;tR0170ut=x4[[107]1];tR0180ut=x4[[108]];tR01%ut=x4[[109]1];
tR0200ut=x4[[110]];tR021lout=x4[[111]];tR0220ut=x4[[112]];tR0230ut=x4[[113]];tR02
4dout=x4[[114]];tR0250ut=x4[[115]];tR0260ut=x4[[116]];tR0270ut=x4[[117]];tR0280out
=x4[[118]]1;tR02%ut=x4[[119]]1;tR0300ut=x4[[120]];tR031out=x4[[121]];tR0320ut=x4]
[122]1];tR0330ut=x4[[123]];tR0340out=x4[[124]];tR0350ut=x4[[125]];tR0360ut=x4[[126
11;tR0370ut=x4[[127]]1;tR0380out=x4[[128]]1;tR03%ut=x4[[129]];tRllout=x4[[130]]1;tR
12out=x4[[131]];tR130ut=x4[[132]];tRl4out=x4[[133]];tR150ut=x4[[134]];tRl16out=x4
[[135]];tR170out=x4[[136]];tR18o0ut=x4[[137]]1;tR1%ut=x4[[138]];tR1100ut=x4[[139]]
;tR111out=x4[[140]];tR1120ut=x4[[141]];tR1130ut=x4[[142]];tR1140ut=x4[[143]];tR1
15out=x4[[144]]1;tR1160ut=x4[[145]];tR1170out=x4[[146]]1;tR1180ut=x4[[147]];tR11%0u
t=x4[[148]]1;tR1200ut=x4[[149]];tR121lout=x4[[150]];tR1220ut=x4[[151]1];tR1230ut=x4
[[152]1;tR1240ut=x4[[153]];tR1250ut=x4[[154]];tR1260ut=x4[[155]];tR1270out=x4[[15
6]];tR1280ut=x4[[157]1];tR12%ut=x4[[158]];tR1300ut=x4[[159]];tR131lout=x4[[160]];
tR1320ut=x4[[161]];tR1330out=x4[[162]];tR1340ut=x4[[163]];tR1350ut=x4[[164]];tR13
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6out=x4[[165]];tR1370ut=x4[[166]];tR1380ut=x4[[167]];tR13%ut=x4[[168]];tR21lout=
x4 [[169]];tR220ut=x4[[170]];tR230ut=x4[[171]];tR240out=x4[[172]];tR250ut=x4[[173]
];tR260ut=x4[[174]];tR270out=x4[[175]];tR280ut=x4[[176]];tR2%ut=x4[[177]];tR2100
ut=x4[[178]];tR211out=x4[[179]];tR2120ut=x4[[180]];tR2130ut=x4[[181]];tR214out=x
4[[182]11;tR2150ut=x4[[183]];tR2160ut=x4[[184]1]1;tR2170ut=x4[[185]];tR2180ut=x4[[1
86]1;tR21%out=x4[[187]];tR2200ut=x4[[188]];tR221lout=x4[[189]];tR2220ut=x4[[190]]
;tR2230ut=x4[[191]];tR2240ut=x4[[192]];tR2250ut=x4[[193]];tR2260ut=x4[[194]];tR2
27out=x4[[195]];tR2280ut=x4[[196]];tR22%0ut=x4[[197]];tR2300ut=x4[[198]];tR231ou
t=x4[[199]]1;tR2320ut=x4[[200]];tR2330ut=x4[[201]];tR2340ut=x4[[202]];tR2350ut=x4
[[203]]1;tR2360ut=x4[[204]];tR2370ut=x4[[205]];tR2380out=x4[[206]];tR23%ut=x4[[20
71]1;COxout=x4[[208]];COyout=x4[[209]];C0zout=x4[[210]];Clxout=x4[[211]];Clyout=x
4[[212]];Clzout=x4[[213]];C2xout=x4[[214]];C2yout=x4[[215]];C2zout=x4[[216]];

CROout={C0Oxout,COyout,COzout};CRlout={Clxout,Clyout,Clzout};CR2out={C2xout, C2you
t,C2zout};
CRout=Flatten[{CROout, CRlout,CR20ut}];

JROout={JR0Od, CROoutBJROd}; JR1out={JR1d, CRl1outBlJR1d}; JR2out={JR2d, CR20utBJR2d};
tROSolvout={tR0Olout, tRO20ut, tRO30out, tR0O4out, tRO50ut, tRO6out, tRO70ut, tRO8out, tRO9
out, tR010out, tRO11lout, tRO120ut, tRO130out, tRO14out, tRO150ut, tRO160out, tRO170ut, tROL
8out, tR0O19out, tR0200out, tRO21out, tR0O220ut, tRO230ut, tRO240ut, tRO250ut, tRO260ut, tRO
27out, tR028out, tR02%0ut, tRO300out, tRO31out, tR0O320ut, tRO330ut, tRO34out, tRO350ut, tR
036out, tR0O370ut, tR0O38out, tR0O3%0ut}; tR1Solvout={tRl1lout, tR120ut, tR13out, tR14out, t
Rl5out, tR16out, tR170ut, tR18out, tR190ut, tR1100ut, tR111lout, tR1120ut, tR1130ut, tR114
out, tR1150ut, tR116out, tR1170ut, tR118out, tR119%0ut, tR120out, tR121out, tR1220ut, tR12
3out, tR124o0ut, tR1250ut, tR1260ut, tR1270ut, tR1280ut, tR12%0ut, tR1300ut, tR131out, tR1
32out, tR1330out, tR1340out, tR1350ut, tR1360out, tR1370ut, tR138out, tR139%ut}; tR2Solvout
={tR21out, tR220ut, tR230out, tR24out, tR250ut, tR260ut, tR270ut, tR28out, tR29%0ut, tR2100
ut, tR211out, tR2120ut, tR2130ut, tR2140out, tR2150ut, tR2160out, tR2170ut, tR218out, tR219
out, tR2200out, tR221out, tR2220ut, tR2230ut, tR2240ut, tR2250ut, tR2260ut, tR2270ut, tR22
8out, tR229%out, tR230out, tR231out, tR2320ut, tR2330ut, tR2340ut, tR2350ut, tR2360ut, tR2
37out, tR238out, tR239%0ut};

tRSolvout=Flatten[{tR0Solvout, tR1Solvout, tR2Solvout}];
SROout=Table[makequat [JROout, tROSolvout[[1]],0]1,{i,1,39}];
SRlout=Table[makequat [JRlout, tR1Solvout[[1]],0],{i,1,39}];SR2out=Table[makequat]|
JR2out, tR2Solvout [[1]]1,0],{1i,1,39}1;

tO0Solvoutd4={t0lout, tO20ut, tO3out, tO4out, tO5out, tO6out, tO7out, tO08out,
t09out, t010out, tOllout, tO0l2out, t013out, t0l4out, tO0l5out, tOle6out, tO0l7out,
t018out, t0l19cut, t020out, tO02lout, tO022ocut, t023ocut, t024out, t025o0ut, t026o0ut,
t0270ut, t028out, t029%out, t030out, t03lout, t032out, t033out, t034out, t035o0ut,
t0360ut, t037out, t038out, t039%ut};tlSolvoutd={tllout, tl2out, tl3out, tldout,
tl5o0ut, tloout, tl7out, tl8out, tl9out, tllOout, tlllout, tll2out, tll3out,
tll4out, tll5out, tlleout, tll7out, tll8out, tll9ocut, tl20out, tl2lout, tl22out,
t123o0ut, tl24out, tl25o0ut, tl26out, tl27out, tl28out, tl29%cut, tl130out, tl3lout,
t132out, tl33out, tl34out, tl35out, tl36out, tl37out, tl38out, tl39%out};
tSolveoutd={t0Solvoutd, tlSolvoutd};S1f2=SSolvoutd[[1l]];S2f2=SSolvoutd[[2]];
tlf=tSolveoutd [[1]];t2f=tSolveoutd[[2]]; t2f=tSolveoutd[[2]];

Optimization

Kinematics

Forward Kinematics and Anchoring Points Calculation

Calculations
jointsAll={S1f2,S82f2,S53f2,354f2,S5f2,56f2,87f2,58f2,39f2,510£f2,511f2,S12£f2};
6={tlf,t2f,t3f,td4f,t5f,t6f,t7f,t8f,t9f,t10f,tll1f,t12f};
FramelHM=Table [dg2HM[FinlL1[[1]]],{i,1,Length[FinlL1]}];
Frame2HM=Table [dg2HM[Fin2L1[[1i]]],{i,1,Length[FinlLl1]}];
Frame3HM=Table [dg2HM[Fin3L1[[1]]],{i,1,Llength[FinlL1]}];
Frame4HM=Table [dg2HM[Find4L1[[i]]],{i,1,Length[FinlLl1]}];
CEFfl=Table[FramelHM[[i, {1,2,3},4]1]1,{i,1,Length[FramelHM]}];

CEFf2=Table[Frame2HM[[1i,{1,2,3},4]1]1,{1i,1,Length[FramelHM]}];

CEFf3=Table[Frame3HM[ [i,{1,2,3},4]1],{i,1,Length[FramelHiM]}];
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CEFf4=Table[FramedHM[ [i, {1,2,3},4
Frameldg=Table [HM2dqg[FramelHM[ [1
Frame2dg=Table [HM2dg[Frame2HM[ [1i]
Frame3dg=Table [HM2dqg[Frame3HM[ [i]
Frame4dg=Table [HM2dg[Framed4HM[ [1i]

,{1,1,Length[FramelHM]
1,{1,1,Length[FramelHM
,{1,1,Length[FramelHM]
,{1i,1,Length[FramelHM]
14

11
il]
11
11
11,{1i,1,Length[FramelHM]

;
1
;
4
;

H
1}
I
H
H

jl={jointsAll[[1,1]],JjointsAll[[1,2]]
j2={jointsAll[[2,1]],JjointsAl1[[2,2]1};
Jj11=312={jointsAl11[[3,1]1],JjointsAll[[3,2
j21=322={jointsAl1[[5,1]],JjointsAll[[5,2
j31={jointsAll[[7,1]],JjointsAl1[[7,2]]
j32={jointsAll[[8,1]],jointsAll[[8,2]]
j4l={jointsAll1[[11,1]],JjointsAll[[11,2
j13=j14={jointsAll[[4,1]],jointsAll[[4
j23=924={jointsAl1[[6,1]],jointsAll[[6
j33={jointsAl1[[9,1]],jointsAl11[[9,2]]
j34={jointsAl1[[10,1]],JjointsAl1l[[10,2
j43={jointsAl1[[12,1]],jointsAll[[12,2
cl=(31[[111@831[[2]1])/(320[1]].320[[1]]
02:(j2[[l]]j2[[2]])/(j2[[1]]-j2[[l]]),
cll=c12=(311[[1]1]1B311([2]])/(311[[1]].511[[1
c21=c22=(321[[1]1]1B321([2]])/(321[[1]].321[[1
c31=(331[[1]11@331[[2])])/(331[[1]].331[[11])
c32=(332[[1118332[[2]11)/(332[[11].332[[1]])
c41=(j41[[1]11@341[[2])])/(J41[[1]].341[[11])
c13=cl4=(313[[1]1]1B313[[2]])/(313[[1]].313[[1
c23=c24=(323[[1]118323[[2]])/(323[[1]].323[[1
c33=(333[[1]11@333[[2]1])/(333[[1]1].333[[111])
c34=(j34[[1]11@334[[2])])/(334[[1]1].334[[11])
c43=(343[[111B343[[2]1)/(343[[11].343[[1]])
CEF1=CEFf1[[111]1;
CEF2=CEFf2[[1]];
CEF3=CEFf3[[1]];

Now we normalize the axes
J1={Jj1[[1]])/Norm[J1[[1]1],clB(J2[[1]]/Norm[j1[[1]1]1)};
J2*{j2[[1]]/Norm[j2[[1]]] c2l(j2[[1]]/Norm[j2[[l]]])}r
J11=J12={j11[[1]1]1/Noxrm[j11[[1]1],cl1@B(311[[1]]/Norm[j11([[1]11]1)};
J21=J22= {321[ ]/Norm[J21[[1]1]1],c21B( 321[ ]/Norm[j21[[1]111)};

11)
11)

11)
11)

J31={331[1 /Norm[j31[[l]]],C31l J31101 /Norm[331[[1]]]>},
J32={332[[1]]/Norm[j32[[1]1]],c328(332[[1]]/Norm[§32[[1]1])};
J41={341[1 /Norm[j41[[l]]],C41l 33211 /Norm[341[[1]]]>},

J13=J14= {313[ ]/Norm([J13[[1]]],cl3B( jl3[
J23=3J24= {323[ ]/Norm([J23[[1]]],c23B( 323[
J33={3J33[I /Norm[j33[[l]]],c33l J33[ 1
34[[1 ]]],034l J3411 /Norm[j34[[l]]])},

J43={J43[[ /Norm[j43[[l]]],c43l J43[ [

1/Norm[313[[1]111)1};
1/Norm[323[[1]11]1)};
/Norm[j33[[l]]])} J34={j34[[1]]/Norm[]

1/Norm[343[[1]111)1};

Slg= Table[makequat[Jl err1,i11,
S2g=Table[makequat[J2,06[[2,1]],
S11g=S12g=Table[makequat[J11l,6] [
S21g=S22g=Table[makequat[J21,6[[
S31g=Table[makequat[J31,6[[7,1]]
S41g=Table[makequat[J31,6[[5,1]]
S32g=Table[makequat[J32,6[[11,1]
S13g=Sl4g=Table[makequat[J13,6] [

S33g=Table[makequat [J33,6[[9,1]],
S43g=Table[makequat[J33,6[[10,1]]
S34g=Table[makequat[J34,6[[12,1]]

0], {1, 1 39}],

01,{i,1,39}1;

3,
S,

ill,
ill,

01,{i,1,39}1;
01,{1,1,39}1;

IO]I{iIlI39}];
IO]I{illl39}];
1,

4,111,
S23g=S24g=Table[makequat[J23,06[[6,

01,{1,1,39}1;
01,{i,1,39}1;

i]1,0],{i,1,39}1;

01,{1,1,39}1;
,01,{1,1,39}1;
,01,{1,1,39}1;

At this step the Forward Kinematic of each branch from the wrist joint up to the last joint has been

calculated:
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FKl=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[quatmultSep[quatmultSe
plguatmultSep[quatmultSep [SROout[[1]],SRlout[[1]]],SR2out[[1]]],S1qg[[i]]1],S2gl[1i
111,811g[[1]111,821g[[41]11]1,S31gl[4111]1,S41q[[1]11],{(1,1,39}];
FK2=Table[quatmultSep[quatmultSep [quatmultSep[quatmultSep[quatmultSep[quatmultsSe
plquatmultSep[SROout[[i]],SRlout[[1]]],SR2out[[i]]1],S1q[[1]11]1,S82q[[1i]1]1],812g[[1]
11,522q([1111,S32gl[[1111,{1i,1,39}]1;FK3=Table[quatmultSep[quatmultSep[quatmultSep
[quatmultSep [quatmultSep[quatmultSep [quatmultSep[quatmultSep[SROout[[i]],SRlout|
[1111,SR20ut[[1]]1],S1al[1]]1],S2q[[1]1]1],S13al[1]]],S23q[[1]]],S33q[[1]]],S543q([[1]
11,{1,1,39}];FK4=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep [quatmults
ep[quatmultSep[quatmultSep [SROout[[i]],SRlout[[i]]],SR2out[[i]]],S1qg[[1i]]1],S2gl[
i111,8149([41111,824q[[i11]1,8349q[[1]111,({1,1,39}1;
FKrell=Table[S1qg[[i]],{i,1,39}1;
FKrel2=Table[quatmultSep[S1ql[[i]],S2qgl[i]]],{i,1,39}];
FKrelll=Table[quatmultSep[quatmultSep[Slgl[[i]],S2g[[1]]],S11lg[[1i]
FKrel2l=Table[quatmultSep[quatmultSep[quatmultSep[S1gl[[i]],S2g[[1
S21g[[i]111,{i,1,39}1;
FKrel3l=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[S1qg[[i]],S2qg[[i]]]
,S11gl[1111,821q[[1]1]1],831ql[41]11],{1,1,39}];
FKreld4l=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[quatmultSep[S1qgl[[i
11,82q([1111,811q[[i1]11,821ql[i]1]],831ql[i]]1],841q[[1]]],{1,1,39}];

1,{1,1,39}]

] ;
111,811ql 1111,

1,{1,1,39}]

FKrell2=Table[quatmultSep[quatmultSep[S1gl[i]],S2g[[1i]]],S12g[[1i ;
[(1111,812q[[i]11],

FKrel22=Table[quatmultSep[quatmultSep[quatmultSep[S1g[[i]],S2gl
S22g[[1i111,{i,1,39}1;
FKrel32=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[S1g[[i]],S2qg[[i]]]
,S12ql[1111,822q[[1]11]1,832q[[41111,{1,1,39}1;

]
]

]
i

FKrell3=Table[quatmultSep[quatmultSep[S1gl[[i]],S2g[[1]1]1],S13qg[[1i]
FKrel23=Table[quatmultSep[quatmultSep[quatmultSep[S1gl[[i]],S2g[[1
S23ql[i]111,{1,1,39}1;
FKrel33=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[S1qg[[i]],S2qg[[i]]]
;8139 [1111,8239[[11]1]1,833ql[i]1]1],{4i,1,39}]1;
FKreld3=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[quatmultSep[S1qgl[[1i
11,82q([[i]111,813q[[411]11,823q[[41]1]1],833q[[1]]1],843q([[i]]],{1i,1,39}];

1,{1,1,39}]

] ;
111,813ql 1111,

FKrell4=Table[quatmultSep[quatmultSep[S1gl[[i]],S2g[[1]]1],S14qg[[1i]
FKrel24=Table[quatmultSep[quatmultSep[quatmultSep[S1gl[[i]],S2g[[1
S24q[[i]111,{1,1,39}1;
FKrel34=Table[quatmultSep[quatmultSep[quatmultSep[quatmultSep[S1qg[[i]],S2qg[[i]]]
;8149 [1]1]1]1,8249([[1]1]1],834ql[i]]1],{4i,1,39}]1;

1,{1,1,39}]

] ;
111,814ql 1111,

In order to find the anchoring point along each axes a reference point is needed for each axes, this point on
each axes has been calculated as follows as the intersection point of the normal line from the origin to that
line as Ci being the ith axes of the wrist, and Cij being the point on the ith axes of the jth branch. Also the
end effector first point has been mentioned for calculations. Similar naming method has been used for the
point from now at each calculation step:

Cl=(J1[[1]1BJ1[[2]1])/(J20[1]1].J2[[11])>
C2=(J2[[111@BJ2[[211)/(J2[[1]]).J2[[111);

Cl1=(J11[[111BJ11([2]1))/(J11[[1]]).J12([[1]1]);
C21=(J21[[111@8J21([2]1))/(J21[[1]]).J21([[1]1]);
C31=(J31[[111@BI31([[2]1])/(I31[[1]].031([[1]1]);
Cl2=(J12[[111BJ12([[2]1))/(J12[[1]]).J12([[1]1]);
C22=(J22[[1118322([[2]1])/(J22[[1]]).J22[[1]1]);
C32=(J32[[111BI32([[2]1])/(J32[[1]].J32[[11]);
C41=(J41[([111BJ41([[2]1])/(J41[([1]1]).041([[111);
C13=(J13[[111BJ13([[2]])/(J13[[1]1].J13[[1]1]);
C23=(J23[[111BJ23([[2]1])/(J23[[1]1].023[[1]1]);
C33=(J33[[111BI33([[2]1])/(I33[[1]1]1.033[[1]11);
Cl4=(J14[[111BJ14([[2]])/(J14[[1]1].014([[11]);
C24=(J24[[111B324([[2]1])/(J24[[1]1]1.J24[[1]11);



C34=(J34[[111BJ34[[2]11)/(JI34[[111.J34[I[111);
C43=(J43[[111BJ43[[211)/(J43[[111.J43[I[111);
CEF1=CEFf1[[1]];
CEF2=CEFf2[[1]];
CEF3=CEFf3[[1]11];
CEF4=CEFf4[[1]];
Now the pure quartenoin of the aforesaid points has been calculated as follows:
Clg={{0,0,0,1},Append[C1,0]};
C29={{0,0,0,1},Append[C2,0]};
Cl11g={{0,0,0,1},Append[C11,0]};
C219={{0,0,0,1},Append[C21,01};
C31g={{0,0,0,1},Append[C31,0]};
CEF1g={{0,0,0,1},Append|[CEF1,0]};
C129={{0,0,0,1},Append[C12,0]};
C229={{0,0,0,1},Append[C22,0]};
C329={{0,0,0,1},Append[C32,0]};
C419={{0,0,0,1},Append[C41,0]};
CEF2g={{0,0,0,1},Append[CEF2,0]};
C139={{0,0,0,1},Append[C13,0]};
C239={{0,0,0,1},Append[C23,0]};
C339={{0,0,0,1},Append[C33,0]};
CEF3g={{0,0,0,1},Append[CEF3,0]};
Cl149={{0,0,0,1},Append[C14,0]1};
C249={{0,0,0,1},Append[C24,0]};
C34g={{0,0,0,1},Append[C34,0]};
C43g={{0,0,0,1},Append[C43,0]};
CEF49={{0,0,0,1},Append[CEF4,0]};
And at this step the forward kinematics of each axes are used to calculate the the moved dual quartenion of
points on each axis:

C2mg=Table[quatmultSep[quatmultSep [FKrell[[i]],C2g],quatconj4 [FKrell[[1]]]1],{i,1
139}];

Cllmg=Table[quatmultSep|[quatmultSep [FKrel2[[1]],Cllg],quatconjd4 [FKrel2[[1]]11]1, {1
11139}];
C21lmg=Table[quatmultSep [quatmultSep [FKrelll[[i]],C21g],quatconj4 [FKrelll[[1i]]111],
{illl39}];
C31lmg=Table[quatmultSep [quatmultSep [FKrel21[[i]],C31g],quatconj4 [FKrel21[[1]]111],
{illl39}];

CEFlmg=Table[quatmultSep[quatmultSep [FKrel31[[i]],CEFlqg],quatconj4[FKrel31[[i]]]
]I{illl39}];

Cl2mg=Table[quatmultSep|[quatmultSep [FKrel2[[1]],Cl2g9],quatconjd4 [FKrel2[[1]]]11]1, {1
11139}];

C22mg=Table[quatmultSep[quatmultSep [FKrell2[[i]],C22g],quatconj4 [FKrell2[[1i]]111],
{illl39}];
C32mg=Table[quatmultSep [quatmultSep [FKrel22[[1]],C32g],quatconj4 [FKrel22[[1]]111],
{illl39}];
C4lmg=Table[quatmultSep [quatmultSep [FKrel31[[i]],C41lg],quatconj4 [FKrel31[[1i]]111],
{illl39}];

CEF2mg=Table[quatmultSep[quatmultSep [FKreldl[[i]],CEF2qg],quatconj4[FKreldl[[i]]]
]/{i11139}];

Cl3mg=Table[quatmultSep[quatmultSep [FKrel2[[1]],Cl3g],quatconj4 [FKrel2[[1i]]11,{1
11139}];

C23mg=Table[quatmultSep[quatmultSep [FKrell3[[i]],C239],quatconj4 [FKrell3[[i]]111,
{i11139}];

C33mg=Table[quatmultSep[quatmultSep [FKrel23[[1]],C339],quatconj4 [FKrel23[[1i]]11,
{i11139}];

CEF3mg=Table[quatmultSep[quatmultSep [FKrel33[[i]],CEF3qg],quatconj4[FKrel33[[1i]]1]
]/{i11139}];

Cl4mg=Table[quatmultSep[quatmultSep [FKrel2[[1]],Cl4qg],quatconjd4 [FKrel2[[1i]]11,{1
11139}];

C24mg=Table[quatmultSep[quatmultSep [FKrelld[[i]],C24q9],quatconj4 [FKrelld[[i]]11,
{i11139}];

C34mg=Table[quatmultSep[quatmultSep [FKrel24[[i]],C34q9],quatconj4 [FKrel24[[1i]]11,
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{ j—l 1 ’ 3911
C43mg=Table[quatmultSep [quatmultSep [FKrel33[[1i]],C43g],quatconj4 [FKrel33[[1i]]11],
{ j—l 1 ’ 3911

CEF4mg=Table[quatmultSep[quatmultSep [FKreld3([[i]],CEF4q],quatconj4[FKreld3[[i]]]
]I{illl39}];

Here the position part for each of the calculated points ([[2,{1,2,3}]] part of each quaternion) have been
gathered and added with the initial point of that set:

Cn2m=Prepend[Table [C2mg[[i,2,{1,2,3}11,{1i,1,39}1,C2];
Cnllm=Prepend[Table[Cllmg[[i,2,{1,2,3}]1,{i,1,39}],C11];
Cn2lm=Prepend[Table[C21lmg[[i,2,{1,2,3}11,{1i,1,39}]1,C21];
Cn31lm=Prepend[Table[C31lmg[[i,2,{1,2,3}]1,{i,1,39}],C31];

CnEFlm=Prepend[Table [CEFlmg[[i,2,{1,2,3}1]1,{1i,1,39}]1,CEF1];
Cnl2m=Prepend[Table[Cl2mg[[i,2,{1,2,3}]1,{i,1,39}],C12];
Cn22m=Prepend[Table [C22mqg[[i,2,{1,2,3}11,{1i,1,39}1,C22];
Cn32m=Prepend[Table[C32mg[[i,2,{1,2,3}]1,{i,1,39}],C32];
Cnd4lm=Prepend[Table[C41lmg[[i,2,{1,2,3}11,{1i,1,39}]1,C41];
CnEF2m=Prepend[Table [CEF2mg[[i,2,{1,2,3}11,{1,1,39}1,CEF2];
Cnl3m=Prepend[Table[Cl3mg[[i,2,{1,2,3}11,{1i,1,39}1,C13];
Cn23m=Prepend[Table[C23mg[[i,2,{1,2,3}]1,{1i,1,39}],C23];
Cn33m=Prepend[Table [C33mg[[i,2,{1,2,3}11,{1,1,39}1,C33];
CnEF3m=Prepend[Table [CEF3mg[[i,2,{1,2,3}11,{1,1,39}1,CEF3];
Cnl4m=Prepend[Table[Cld4mg[[i,2,{1,2,3}11,{1i,1,39}]1,C14];
Cn24m=Prepend[Table[C24mg[[i,2,{1,2,3}]11,{1i,1,39}],C24];
Cn34m=Prepend[Table [C34mg[[i,2,{1,2,3}11,{1,1,39}1,C34];
Cn43m=Prepend[Table[C43mg[[i,2,{1,2,3}]11,{i,1,39}],C43];
CnEF4m=Prepend[Table [CEF4mg[[i,2,{1,2,3}1]1,{1i,1,39}]1,CEF4];
Also to find the transformed axes their pure quartenions have been calculated as follows with Si being the ith
joint of the wrist and Sij being the ith joint of the branch j:

S1d={Append[J1[[1]],0],Append[J1[[2]],0]};
S2d={Append[J2[[1]1],0],Append[J2[[2]],0]1};
S11ld={Append[J11[[1]],0],Append[JLl1[[2]],0

IBE;
S21d={Append[J21[[1]],0],Append[J21[[2]],01};
S31d={Append[J31[[1]],0],RAppend[J31[[2]]1,01};
S12d={Append[J12[[1]],0],Append[J12[[2]],01};
S22d={Append[J22[[1]1]1,0],RAppend[J22[[2]]1,01};
S32d={Append[J32[[1]],0],Append[Jd32[[2]],01};
S41d={Append[J41[[1]],0],RAppend[J41([[2]],01};
S13d={Append[J13[[1]],0],Append[J13[[2]],0]};
S23d={Append[J23[[1]],0],Append[J23[[2]]1,01};
S33d={Append[J33[[1]],0],Append[Jd33[[2]],01};
S14d={Append[J14[[1]],0],RAppend[J14[[2]],01};
S24d={Append[J24[[1]]1,0],Append[J24[[2]],01};
S34d={Append[J34[[1]],0],RAppend[J34[[2]],01};
S43d={Append[J43[[1]],0],RAppend[J43[[2]1],01};

So the forward kinematics are used to find the transformed dual quaternion of each axes:

S2m=Prepend[Table [quatmultSep[quatmultSep [FKrell[[i]],S2d],quatcon] [FKrell[[i]]]
e, 2y, {1,2,3¥11,{+,1,39}1,s11d[[{1,2},{1,2,3}111;
Sllm=Prepend[Table[quatmultSep[quatmultSep [FKrel2[[i]],S11d],quatcon] [FKrel2[[1i]
1ire{, 2y, 41,2,3¥11,{1,1,39}1,811d[{1,2},{1,2,3}1]
S21m=Prepend[Table[quatmultSep[quatmultSep [FKrelll[ [i SZld],quatconj[FKrelll[[
i1111ee{s, 2y, 41,2,3%11,{4,1,39}1,821d1[{1,2},{1,2,3}
S31m=Prepend[Table[quatmultSep[quatmultSep [FKrel2l [ [i

i111i1ee{s, 2y, 41,2,3%11,{4,1,39}1,831d1[{1,2},{1,2,3}
S12m=Prepend[Table[quatmultSep[quatmultSep [FKrel2[[1i
11re{L, 2y, 41,2,3¥11,{1,1,39}1,s812d40[{1,2},{1,2,3}]]
S22m=Prepend[Table[quatmultSep [quatmultSep [FKrell2 [ [i
i1111ee{s, 2y, 41,2,3%11,{4,1,39}1,s82241[{1,2},{1,2,3}
S32m=Prepend[Table[quatmultSep[quatmultSep [FKrel22 [ [i
i1111ee{s, 2y, 41,2,3%11,{4,1,39}1,832d1[{1,2},{1,2,3}
S41lm=Prepend[Table[quatmultSep[quatmultSep [FKrel31[ [i
i1111ce{s, 2y, 41,2,3%11,{4,1,39}1,841d1[{1,2},{1,2,3}

S13m=Prepend[Table[quatmultSep[quatmultSep [FKrel2[[i

S3ld],quatconj[FKrel21[[

D Se S Se S

12d],quatconi [FKrel2[[1i]
SZ2d],quatconj[FKre112[[
S32d],quatconj[FKrel22[[

S4ld],quatconj[FKre131[[

D Se S Se S Se S

13d],quatconi [FKrel2[[1i]

o1



11re{, 2y, 41,2,3¥11,{1,1,39}1,813d[{1,2},{1,2,3}]]
S23m=Prepend[Table[quatmultSep[quatmultSep [FKrell3[[
ijriieedy,2y,{1,2,3¥11,{+1,1,39}1,823d(({1,2},{1,2,3}
S33m=Prepend[Table[quatmultSep[quatmultSep [FKrel23[ [
ijrireedy, 2y, {1,2,3¥11,{+1,1,39}41,833d[({1,2},{1,2,3}
Sl4m=Prepend[Table[quatmultSep[quatmultSep [FKrel2[[1i
11,2y, 41,2,3¥11,{1,1,39}1,8144[{1,2},{1,2,3}]]
S24m=Prepend[Table[quatmultSep[quatmultSep [FKrell3[[
ijriieedy,2y,{1,2,3¥11,{+1,1,39}1,s244d[1{1,2},{1,2,3}
S34m=Prepend[Table[quatmultSep[quatmultSep [FKrel23[ [
ijrireedy, 2y, {1,2,3¥11,4{4,1,39}41,834d[[{1,2},{1,2,3}]
S43m=Prepend[Table[quatmultSep[quatmultSep [FKrel33[[1i]
irrireedy, 2y, {1,2,3¥11,{1,1,39}1,843d([({1,2},{1,2,3}111;
At this step transformed points and transformed axes direction have been used to write each anchoring
point as Pijm=tij*sijm+Cij; with the tij, Cnijm, sijm being parameter, reference point and the axis direction of
the ith elements of the jth branch respectively. Also the Pi being the ith point of the wrist that was not moved
in this toplogy because there is just one joint in the wrist:

P1=C1l+t1*J1[[1]11];
P2m=Table[S2m[[i,1,{1,2,3}]]*t2+Cn2m[[i]],{i,1,40}];
Pllm=Table[S1lm[[i,1,{1,2,3}]]1*t1l1+Cnllm([[i]],{4i,1,40}];
P21lm=Table[S21m[[i,1,{1,2,3}]]1*t21+Cn21m[[1]],{i,1,40}];
P31lm=Table[S31m[[i,1,{1,2,3}]]1*t31+Cn31Im[[i]],{i,1,40}]
P41m=Table[S41m[[i,1,{1,2,3}]1]1*t41+CndIim([[i]],{i,1,40}]
PEF1m=CnEF1lm;

]1,523d],quatcon] [FKrell3[[
1;
]1,533d],quatcon] [FKrel23[ [
1
,S14d],quatconj [FKrel2[[1i]

]
i
]
i
]
]
]
i S24d],quatcon]j [FKrell3[ [
]

i

]
]
]
]
]
]
]
]
]

1,
1;
]1,534d],quatcon] [FKrel23[ [
1;
1,

S43d],quatcon]j [FKrel33[ [

i] ;
1] ;

’

P22m=Table[S22m[[1i,1, {1, 3}]1*t22+Cn22m [ [1]],{4i,1,40}];
P32m=Table[S32m[[i,1,{1,2,3}]]1*t32+Cn32m[[1]],{i,1,40}];

PEF2m=CnEF2m;

P13m=Table[S13m([[i,1,{1,2,3}]1]1*t134Cnl3m[[1]],{i,1,40}];
P23m=Table[S23m[[i,1,{1,2,3}]]1*t234Cn23m[[1]],{i,1,40}];
P33m=Table[S33m([[i1,1,{1,2,3}]1]1*t334Cn33m[[1]],{i,1,40}];
P43m=Table[S43m[[i,1,{1,2,3}]]1*t43+Cn43m[[i]],{1,1,40}]1;

PEF3m=CnEF3m;

P24m=Table[S24m[[1,1,{1,2,3}]1]1*t244Cn24m[[1]],{1,1,40}];
P34m=Table[S34m[[i,1,{1,2,3}]]1*t34+Cn34m[[i]],{1,1,40}]1;

PEF4m=CnEF4m;
At this step as a test for the kinematic of the hand and points to have been calculated correctly and every
part to be addressed correctly each link or end-effector lengths has been calculated to check that it remains
unchanged during the rotations, for that at this step the parameters has been given the zero value in the
points calculated in the previous step. As it is obvious it has been found that all links and effectors have the
same lengths at each of the positions of the hand that confirms the anchoring points correct calculation also
it's a second check for the kinematics and synthesis results:
plots

Pln=P1l/.tl-> 0;
P2n=Table[P2m[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0, t32-
>0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t41->0},{i,1,40}1;
Plln=Table[Pl1lm[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>0}, {1,1,40}]1;
P21n=Table[P21m([[i1]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}r {111140}];
P31n=Table[P31Im[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>0}, {1,1,40}]1;
PEFln=Table[PEFIm[[i]]/.{tl-> 0,t2-> 0,tl11-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>0}, {1i,1,40}];
P12n=Table[Pllm[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
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>O}I{illl4o}];

P22n=Table[P22m[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, tdl-

>0}, {1,1,40}1;

P32n=Table[P32m[[i]]/.{tl-> 0,t2-> 0,tl1l1l-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}I{illl4o}];

P41n=Table[P41m[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, tdl-

>0}, {1,1,40}]1;

PEF2n=Table[PEF2m([[i]]/.{tl1l-> 0,t2-> 0,t11-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}I{illl4o}];

P13n=Table[P13m[[i]]/.{tl-> 0,t2-> 0,tl1l-> 0,t21->0, t31->0, tl1l2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl1l4-> 0,t24->0, t34->0, t43->0, tdl-

>0}, {1,1,40}1;

P23n=Table[P23m[[i]]/.{tl-> 0,t2-> 0,tl1l1l-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}I{illl4o}];

P33n=Table[P33m[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, tdl-
>O}I{illl4o}];

PEF3n=Table[PEF3m[[i]]/.{tl-> 0,t2-> 0,tl11-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, tdl-

>0}, {1,1,40}]1;

Pl4n=Table[P13m[[i]]/.{tl-> 0,t2-> 0,tl1l1l-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}I{illl4o}];

P24n=Table[P24m[[i]]/.{t1l-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl1l4-> 0,t24->0, t34->0, t43->0, tdl-

>0}, {1,1,40}1;

P34n=Table[P34m[[i]]/.{tl-> 0,t2-> 0,tl1l1l-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}I{illl4o}];

P43n=Table[P43m[[i]]/.{tl-> 0,t2-> 0,tll-> 0,t21->0, t31->0, tl1l2-> 0,t22->0,
t32->0, t13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4dl-

>0}, {1,1,40}1;

PEF4n=Table[PEF4m[[i]]/.{tl1l-> 0,t2-> 0,t11-> 0,t21->0, t31->0, tl2-> 0,t22->0,
t32->0, tl13-> 0,t23->0, t33->0, tl4-> 0,t24->0, t34->0, t43->0, t4l-
>O}I{illl4o}];

lengthl=Table[Sqrt[ ((P1ln-P2n[[i]]).(P1ln-P2n[[i]]))]1,{i,1,40}]
length2=Table[Sqgrt [ ((P2n[[1]]-P1l1in[[i]]) . (P2n[[i]]-P11n[[i]]))]1,{1i,1,40}]
length3=Table [Sqrt [ ((P1lln[[i]]-P21n[[1]]) .(P11n[[1i]]1-P21n[[i]]))],{i,1,40}]
lengthd4=Table[Sqrt [ ((P21n[[1i]]-P31n[[i]]) . (P21n[[i]]-P31In[[i]]))],{1i,1,40}]
length5=Table [Sqrt [ ((P31n[[i]]-P41n[[1]]) .(P31n[[1]]1-P41n[[i]]))],{i,1,40}]
length6=Table[Sqrt [ ((P41ln[[1i]]-CEFf1[[1i]]) . (P41ln[[i]]-CEFf1[[i]]))],{i,1,40}]
length7=Table [Sqrt [ ((P2n[[i]]-P12n[[1]]) . (P2n[[1i]]-P12n[[1i]1]1))1,{1i,1,40}]
length8=Table[Sqgrt [ ((P12n[[1i]]-P22n[[i]]) . (P12n[[i]]-P22n[[i]]))],{1i,1,40}]
length9=Table [Sqrt [ ((P22n[[i]]-P32n[[1]]).(P22n[[1]]1-P32n[[i]]))],{i,1,40}]
lengthlO=Table[Sqgrt[ ((P32n[[1i]]-CEFf2[[1i]]).(P32n[[1i]]-CEFf2[[i]]))],{i,1,40}]
lengthll=Table[Sqrt[ ((P13n[[1]]1-P23n[[i]]) .(P13n[[1i]1]-P23n[[1]]1))]1,{i,1,40}]
lengthl2=Table[Sqrt[ ((P23n[[1]]-P33n[[i]]) . (P23n[[i]]-P33n[[i]]1))],{1i,1,40}]
lengthl3=Table[Sqrt[ ((P33n[[1]]1-P43n[[i]]) .(P33n[[1i]1]-P43n[[1i]]1))]1,{i,1,40}]
lengthl4=Table[Sqrt[ ((P43n[[1]]-CEFf3[[1]]).(P43n[[1i]]-CEF£3[[1i]]))],{i,1,40}]
lengthl5=Table[Sqrt[ ((P2n[[1i]]-P14n[[i]]).(P2n[[1]]1-P1l4n[[i]]))]1,{i,1,40}]
lengthl6=Table[Sqrt[ ((P14n[[1]]-P24n[[i]]) . (Pl4n[[i]]-P24n([[i]]1))],{1,1,40}]
lengthl7=Table[Sqrt[ ((P24n[[1]]1-P34n[[i]]).(P24n[[1i]1]-P34n[[1]]1))]1,{i,1,40}]
lengthl8=Table[Sqrt[ ((P34n[[1i]]-CEFf4[[i]]).(P34n[[1i]]-CEFf4[[i]]))],{i,1,40}]

(2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94
,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94
,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94
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,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94,2426.94
}

{2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
;2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
}

{1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,19
94.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.
7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1
994.7,1994.7,1994.7,1994.7,1994.7,1994.7}

{2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2
473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,247
3.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.,2473.
}

(4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42
,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42
,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42
,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42,4642.42
}

{1888.86,2360.14,1803.8,3954.35,5604.96,1809.68,1824.41,1962.73,2365.35,4560.25,
7766.86,4862.22,5301.16,4876.97,3094.76,4725.26,4420.96,1917.32,2293.23,8622.79,
6333.23,5132.52,4950.15,9256.45,5295.74,5889.17,7800.82,8410.76,6187.72,8465.32,
9832.33,10334.7,6179.22,7603.87,5449.87,3353.89,4169.83,4250.3,3953.3,5405.55}

{2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69,2921.69
}

{1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,19
94.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.
7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1994.7,1
994.7,1994.7,1994.7,1994.7,1994.7,1994.7}

{2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41
,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41
,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41
,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41,2408.41
}

{2342.8,2589.57,2406.61,4434.47,4277.6,2344.39,2374.62,2252.78,2849.52,3995.86,3
921.39,4928.18,5315.73,5333.14,5208.95,3094.83,2611.68,2523.65,3730.78,4568.62,3
985.42,3005.25,1782.33,7752.12,1866.11,1787.37,3903.71,4226.94,2774.33,5591.35,6
327.51,6284.49,2797.4,6238.47,2421.9,3247.52,6560.51,4244.75,2215.19,4132.41}

{2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
}

{2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,25
57.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.
3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2557.3,2
557.3,2557.3,2557.3,2557.3,2557.3,2557.3}
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(176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261
,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261
,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261
,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261,176.261
}

{141.163,659.393,223.45,2549.12,2318.77,503.849,250.372,675.058,1379.19,4032.15,
5867.47,6725.76,2389.1,3857.51,10140.,2610.71,2718.56,284.504,1532.28,4468.61, 44
14.96,6926.43,2947.07,10037.6,3556.16,4933.14,6740.08,5744.38,4772.56,8123.79,35
89.16,4196.67,4370.99,6554.49,6039.75,3816.19,7965.07,1936.82,7579.67,4962.61}

{3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21
,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21
,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21
,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21,3396.21
}

{2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23,2970.23
}

{2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07
,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07
,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07
,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07,2635.07
}

{188.318,576.728,108.317,2599.27,2365.49,515.935,246.328,686.255,1344.35,4094.72
,5770.79,6803.67,2367.67,3850.38,10263.8,2677.77,2654.63,273.786,1415.44,4652.38
,4421.37,7060.78,3072.04,10193.8,3671.09,4969.54,6794.6,5724.86,4779.83,8100.22,
3587.94,4190.69,4321.93,6551.3,6082.89,3727.68,8054.45,1790.95,7563.64,4967.72}
Here the lengths are gathered and total length of the hand parts has been calculated to be checked after
optimization:

Min[{lengthl, length2,length3, length4, length5, length6, length7, length8, length9, len
gthl0, lengthll, lengthl2, lengthl3, lengthl4, lengthl5, lengthl6, lengthl7, lengthl8}]
Max[{lengthl,length2,length3, length4, length5, length6, length7, length8, length9, len
gthl0, lengthll, lengthl2, lengthl3, lengthl4, lengthl5, lengthl6, lengthl7, lengthl8}]
108.317
10334.7

nonconUnoptimizaed={lengthl, length2, length3, length4, length5, length6, length7, leng
th8, length9, lengthl0, lengthll, lengthl2, lengthl3, lengthl4, lengthl5, lengthl6, lengt
h17};

Sum[nonconUnoptimizaed[[1]],{1,1,12}];

The un-optimized hand at each of its position has been plotted for overall inspections. Palm links, knife
branch, thumb branch and finger branch as explained at the beginning of this file (branched no. 1 -3) has
been drawn in green, blue, gray and magenta colors respectively:

VertexColor={{Red,Red}, {Blue,Blue}, {Black,Black}, {Green, Green}, {Gray,Gray}, {Mage
nta,Magenta}, {Yellow, Yellow}, {Magenta,Magenta}, {Black,Black}, {Blue,Blue}, {Gray,R
ed}};

FramedHM[ [1]]

{{-0.149126,0.942695,0.298474,159.152},{0.955767,0.214808,-0.200917,158.213}, {-
0.253518,0.25531,-0.93303,17.8958},{0,0,0,1}}

linOkagemO=Table [Graphics3D[List[Line[{P1ln,P2n[[i]]},VertexColors-
>VertexColor[[4]]],Thickness[0.01],
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Line[{Pln,P2n[[i]]},VertexColors->VertexColor[[4]]],Thickness[.01],

Triangle[{P2n[[i]],P1l1ln[[i]],P13n[[i]]},VertexColors-
>VertexColor([[2]]],Thickness[0.008],

Line[{P1l1In[[i]],P21In[[i]]},VertexColors->VertexColor[[4]]],Thickness[0.006],

Triangle[{P31n[[1]],P21n[[i]],P32n([[1i]]},VertexColors->{Red,

Red} ], Thickness[0.008],
Line[{P31In[[i]],P41n[[i]]},VertexColors->VertexColor[[5]]],Thickness[0.006],
Line[{P41n[[i]],FramelHM[[i]]([[{1,2,3},4]1]},VertexColors-

>VertexColor[[5]]],Thickness[0.006],
Line[{P22n[[1]],P32n[[1i]]},VertexColors->VertexColor[[5]]],Thickness[0.006],
Line[{P32n[[i]],Frame2HM[[i]][[{1,2,3},41]1},VertexColors-

>VertexColor[[5]]],Thickness[0.006],
Triangle[{P33n[[1]],P23n[[i]],P32n[[1i]]},VertexColors->{Red,

Red} ], Thickness[0.008],
Line[{P33n[[i]],P43n[[i]]},VertexColors->VertexColor[[5]]],Thickness[0.006],
Line[{P43n[[i]],Frame3HM[[i]]([[{1,2,3},4]1]},VertexColors-

>VertexColor([[5]]],Thickness[0.006],
Line[{P24n[[i]],P34n[[i]]},VertexColors->VertexColor[[5]]],Thickness[0.006],
Line[{P34n[[i]],FramedHM[[i]]([[{1,2,3},4]1]},VertexColors-

>VertexColor[[5]]],Thickness[0.006]11],
{1,1,40}]
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4 14 }
Also the data at this step might be required to model the un-optimized hand, this data has been gathered as
follows and exported to a CSV file named Points Unoptomized. The format is two point of each joint as they
are going to be addressed in the joint array, followed by the anchoring points of each axes and finally each
end effectors positions. Better explanation of the saved data is shown in the picture. This data can be used
by Solidworks automatic modeling macro for automatic modeling of the hand:

o tnan (4 | P 4 st
B e

PJ1=MakePoint [J1l];
PJ2=MakePoint [J2];
PJ11=MakePoint [J11];
PJ21=MakePoint [J21];

it
I
-~

it
[

!i
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’

PJ31=MakePoint [J31]
PJ12=MakePoint [J12]
PJ22=MakePoint [J22]
PJ32=MakePoint [J32]
PJ41=MakePoint [J41];
PJ13=MakePoint [J13];

]

1

]

1

]

1

’

’

’

’

PJ23=MakePoint [J23
PJ33=MakePoint [J33
PJl4=MakePoint[J14
PJ24=MakePoint [J24
PJ34=MakePoint [J34
PJ43=MakePoint [J43
P1f=C1;
P2f=C2;
P11f=C11;
P21f=C21;
P31f=C31;
P12f=C12;
P22f=C22;
P32f=C32;
P41f=C41;
P13f=C13;
P23f=C23;
P33f=C33;
P14f=C14;
P24f=C24;
P34f=C34;
P43f=C43;
the hand is :0,1,2,2,3,5,,5,7,4,9,9,11

’

’

’

’

’

PDO=Flatten[{Table[FramelHM[[i,{1,2,3},411,{i,1,40}],Table[Frame2HM[[i, {1,2,3},4
11,{i,1,40}],Table[Frame3HM[[i,{1,2,3},411,{i,1,40}],Table[Framed4dHM[[i, {1,2,3},4
11,{1,1,40}1},11;

PointsUnoptomized=Flatten[{{PJl, CommonNormalGen[Jl,J2][[2,1]],PJ2,CommonNormalGe
n(J1,J2][(2,2]],PJ1l1l,CommonNormalGen[J2,J11][[2,2]],PJ13,CommonNormalGen[J2,J13]
[[2,2]1],PJ21,CommonNormalGen([J11,J21]1([[2,2]],PJ23,CommonNormalGen([J13,J23][[2,2]
],PJ31, CommonNormalGen[J21,J31]1[[2,2]],PJ32,CommonNormalGen[J22,J32][[2,2]],PJ33
, CommonNormalGen[J23,J33][[2,2]],PJ34,CommonNormalGen[J24,J34]1[[2,2]],PJ41,Commo
nNormalGen[J31,J41]1([([2,2]],PJ43,CommonNormalGen([J33,J43][[2,2]],P1f,P2f,P11f,P13
f,P21f,P23f,P31f,P32f,P33f,P34f,P41f,P43f},PD0},1];
Export["PointsUnoptomizedc.x1ls",PointsUnoptomized, "XLS"];
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Appendix B

Mathematica® Codes for Orange Peeler hand
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Qt=lmport["F\\Romansy-2016\\Orange_Peeling - reformed.csv"];

Input Address="F\\Romansy-2016\\out10.lua";

add="C\\reza\\Numerical\\analysis';

add2="C\\reza\\Numerical\\Numerical\\";

<<'Desktop/Matrix.m";

<<'Desktop/ ToMatlab.m";

Qt=Import["/Volumes/ REZA/ Romansy-2016/ Orange_Peeling - reformed.csv"];

Input Address="/Volumes/ REZA/ Romansy-2016/out.lua";

add="/Users/reza/ Desktop/ Numerical/ analysis';

add2="/Users/ reza/ Desktop/ Numerical/";

1.Synthesis and optimization of peeling Robot

In this file the optimization of the robotic hand for orange peeling task has been done. The hand is a 1-3,3,3
hand with the end effectors one as the knife and one as the thumb and last one as the index finger. the task
if for the thumb and finger to hold the orange while knife cuts a slice of the peel and then knife is place on the
cut slice so that the two thumb and finger hold the slice and remove it from the orange, and the rotate the
orange to be ready for the next cut.

Task Motion capture data recover
positions={40,436,713,905,1052,1393,1750,2200,2452,2751,2930},

First we need to generate one position

position={40};

Now the positions we want
QifingerM1=Table[Qt[[positiond[[i]].{3,4,9}1] {i,1,Length[positions]}];
QtfingerM2=Table[Qt[[ positiond[[i]],{6,7,8}1] {i,1,Length[positions]}];
QtfingerM3=Table[Qt[[positiond[[i]],{9,10,11}]].{i,1,Length[positions]}];

Xinger=Table[(QtfingerM1[[i]]-QtfingerM2[[i]])/ Sart[(QtfingerM1[[i]]-QtfingerM2[[i]]).(QtfingerM1[[i]]-
QifingerM2[[i]])]{i,1,Length[QtfingerM1]}];

Yringer=Table[(QtfingerM3[[i]]-QtfingerM2[[i]])/ Syrt[(QtfingerM3[[i]]-QtfingerM2[[i1]).(QtfingerM3][[i]]-
QtfingerM2[[i]])]14i,1,Length[QtfingerM1]}];

ZAinger=Table[Xfinger[[i]]@Yfinger[[i]],{i,1,Length[QtfingerM1]1}];

COfinger=Table[Orthogonalize[{Xfinger[[i]], Yfinger[[i]],Zinger[[il]}].{i,1,Length[Xfinger]}];

Dfinger=Table[ Append| Transpose[{Ofinger[[i,1]],Ofinger[[i,2]],Cfinger[[i,3]],&tfingerM2[[i1]}],{0,0,0,1}] {i,1,Length[ Xi
ngerl}l;

dqHinger=Table[HM2dq[Dfinger[[i]]],{i,1,Length[ Dfinger]}];

plotfinger=generatePlot[dgEinger,Green,3];
QtthumbM1=Table[Qt[[positions[[i]],{12,13,14}]]{i,1,Length[positions]}];
QtthumbM2=Table[Qt[[positions][i]]{15,16,17}]] {i,1,Length[positions]}];
QtthumbM3=Table[Qt[[positions][[i]],{18,19,20}]] {i,1,Length[positions]}]

Length[QtthumbM1];

Xthumb=Table[(QtthumbM1[[i]]-QtthumbM2[[i]])/ Syrt[(QtthumbM1[[i]]-QtthumbM2[[i]]).(QtthumbM1[[i]]-
QtthumbM2[[i1])]{i,1,Length[QtthumbM1]}];
Ythumb=Table[(QtthumbM3[[i]]-QtthumbM2[[i]])/ Srt[ (QtthumbM3][[i]]-QtthumbM2[[i]]).(QtthumbM3[[i]]-
QtthumbM2[[i]1)1{i,1,Length[QtthumbM1]}];
Zhumb=Table[Xthumb][[i]]@Ythumb][i]]{i,1,Length[QtthumbM1]};

Length[Xthumb];Othumb=Table[ Orthogonalize[{Xthumb[i]], thumb[[i]],Zhumb[[i]]}] {i,1,Length[X¢humb]}];
Dthumb=Table[ Append][ Transpose[{Othumbi[i, 1]],Othumb][i,2]],Othumbl[i,3]],QtthumbM2[[i]]}] {0,0,0,1}] {i,1,Length
[Xthumb]}];

dgBhumb=Table[HM2dq[Dthumbi[i]]] {i,1,Length[ Dthumb]};

plotthumb=generatePlot[dgBhumb,Blue,3];

{{145.235,203.38,72.8955},{145.235,203.38,72.8955},{145.235,203.38,72.8955},{145.235,203.38,72.8955} {145.235,2
03.38,72.8955),{145.235,203.38,72.8955),{146.09,199.423,73.7989},{146.09,199.423,73.7989},{146.09,199.423,73.79
89),{225.429,227.982,74.9037}{223.211,143.29,89.65)}

QtknifM1=Table[ Qt[[positions][i]] {21,22,23}]]{i, 1,Length[position]}];
QtknifM2=Table[Qt[[positions][i]]{24,25,26}]]{i,1,Length[positiong]}];
QtknifM3=Table[Qt[[positions[]]{27,28,29}]]{i,1,Length[positiong]}];
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Xknif=Table[(QtknifM1[[i]]-QtknifM2[[i1])/ Sart[(QtknifM 1[[i]]-QtknifM2[[i]]).(QtknifM1[[i]]-
QtknifM2[[i11)1{i,1,Length[QtknifM11}];

Yknif=Table[(QtknifM3[[i]]-QtknifM2[[i]])/ Syrt[(QtknifM3[[i]]-QtknifM2[[i]]).(QtknifM3][[i]]-
QtknifM2[[i1])]{i,1,Length[QtknifM1]}];

Znif=Table[Xknif[[i]]@Yknif[[i]] {i,1,Length[QtknifM1]}];

Length[Xknif];

OKnif=Table[Orthogonalize[{Xknif[[i]], Yknif[[i]],Znif[[i]]}] {i,1,Length[Xknif]}];

Dknif=Table[ Append] Transpose[{OKnif[[i,1]],OKnif[[i,2]],OKnif[[i,3]], &t knifM2[[i1]}],{0,0,0,1}] {i, 1,Length[ Xknif]}];
dgBknif=Table[HM2dq[ Dknif[[i]]].{i,1,Length[ Dknif]}];
plotknif=generatePlot[dqEknif,Red,3];

QitableM1=Table[Qt[[positiond[i]] {30,31,32}]]{i,1,Length[positions]};
QitableM2=Table[Qt[[positiong][i]],{33,34,35}]] {i,1,Length[positions]}];
QitableM3=Table[Qt[[positiond][i]],{36,37,38}]].{i,1,Length[positions]}];
Xable=Table[(QttableM1[[i]]-QttableM2][[i]])/ Syrt[(QttableM1[[i]]-QttableM2[[i]]).(QttableM1[[i]]-
QttableM2[[i]])] {i,1,Length[QttableM1]}];
Ytable=Table[(QttableM3[[i]]-QttableM2[[i]])/ Syrt[(Qtt ableM3[[i]]-QttableM2[[i]]).(QttableM3][i]]-
QitableM2[[i]])1{i,1,Length[QttableM1]}];

ZAable=Table[Xtable[[i]]@Ytable[[i]]{i,1,Length[QttableM11}];

Length[Xtable];

Otable=Table[Orthogonalize[{Xtable[[i]], table[[i]],Zable[[i11}] {i,1,Length[ Xt able]}];

Dtable=Table[Append[ Transpose[{Otable[[i,1]],Otable][i,2]],Otable[[i,3]],QttableM2[[i]]}]1,{0,0,0,1}]{i,1,Length[ Xt able]
K
dqBable=Table[HM2dq[Dtable[[i]]]{i,1,Length[Dtable]}];
plottable=generatePlot[dgBable,Black,3];

QtorangeM1=Table[Qt[[positiong[[i]] {39,40,41}]] {i,1,Length[positions]}];
QtorangeM2=Table[Qt[[positiong[[i]],{42,43,44}]].{i,1,Length[positions]}];
QtorangeM3=Table[Qt[[positions[[i]],{45,46,47}]].{i,1,Length[positions]}];

Xorange=Table[(QtorangeM 1[[i]]-QtorangeM2[[i]])/ Syrt[(QtorangeM 1[[i]]-QtorangeM2[[i]]).(QtorangeM1[[i]]-
QtorangeM2[[i]])]{i,1,Length[QtorangeM1]}];

Yorange=Table[(QtorangeM3[[i]]-QtorangeM2[[i]])/ Syrt[(QtorangeM3[[i]]-QtorangeM2[[i]]).(QtorangeM3][i]]-
QtorangeM2[[i]])]{i,1,Length[QtorangeM1]}];

Zorange=Table[Xorange][[i]]@Yorange[[i]] {i,1,Length[QtorangeM 1]}];

Length[Xorangel;

Oorange=Table[Orthogonalize[{Xorange[[i]], Yorange][i]],Zorange[[i]]}] {i,1,Length[ Xorange]}];

Dorange=Table[ Append[ Transpose[{Oorange[[i, 1]],0orange[[i,2]],0orange([i,3]], torangeM2][[i]]1}],{0,0,0,1}] {i,1,Lengt
h[Xorange[}];
dqEorange=Table[HM2dq[Dorange[[i]]]{i,1,Length[ Dorange]}];
plotorange=generatePlot[dgEorange,Orange,3];

Show([plotfinger,plotknif,plottable,plotorange]

Data Entry to the Artreeks
Now we need the poses of the finger, thumb and knife to be inserted to the Artreeks

InputKnife=Table[Ratten[dgBknif[[i]]].{i,1,Length[ Dknif]}];

Artreeksinput Knife=Table[Ratten[{InputKnife[[i,4]],InputKnife[[i,{1,2,3,5,6,7,8}11}].{i,1,Length[ Dknif]}]
{{0.641038,0.727999,0.225857,-0.0898652,-4.38368,151.457,-105.31,-63.1475},{0.667658,0.606563,-
0.114755,0.416107,76.6814,86.1141,-52.2766,-22.283},{0.731116,0.652492,0.0763743,0.184093,57.7263,106.7 -
47.2771,-50.7604},{0.758121,0.620679,0.157419,0.123403,70.7898,102.605,-52.7047,-70.6825},{0.42517,0.692357 -
0.425693,0.398319,71.4553,63.9876,-64.2631,7.91158},{0.359202,0.899499,0.0159434,0.248237,44.9243,60.4482,-
73.2601,-64.5521},{0.398967,0.803618,0.417001,0.145375,39.3495,61.2091,-67.8812,-118.501},{0.154475,-
0.155718,-0.0748718,-0.972771,-110.047,80.9222,20.1656,55.2769},{0.140498,-0.100778,-0.0362321,-0.984272, -
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115.337,87.1154,16.1873,53.1362},{0.125938,-0.143233,-0.0213434,-0.981412,-
109.708,69.5863,20.7387,48.6323},{0.0493915,-0.0912675,-0.0531203,-0.993181 -
146.604,68.3275,12.7856,59.6822}}

Input Thumb=Table[Ratten[dqB humb][i]]] {i,1,Length[ Dthumb]}];
Artreeksinput Thumb=Table[Ratten[{Input Thumb[[i,4]],Input Thumb][i,{1,2,3,5,6,7,8}11}].{i,1,Length[ Dthumb]}]
{{0.960141,0.0596016,-0.080778,-0.260868,78.3309,55.328,23.7796,6.25322},{0.485865,0.713474,-0.504106, -
0.0276848,43.9748,67.3578,-113.263,-1.14248} {0.364834,0.775746,-0.514887,-0.00237181,39.8467,61.0076,-
119.957,0.593629},{0.363792,0.769882,-0.522992,0.0376319,44.4489,57.3716,-
119.959,0.821112},{0.397114,0.727299,-0.555824,-0.0663016,34.4128,65.9474,-
121.974,8.91359},{0.401881,0.683768,-0.558436,-0.243109,16.7491,81.8918, -
110.699,18.3314},{0.443203,0.634554,-0.580235,-0.253454,21.1366,83.5895,-102.431,20.5948},{0.699392, -
0.2835202,-0.071552,-0.671127,-37.3489,90.3242,51.2737,45.8819},{0.629625,-0.507514,0.14542,-0.56996,,-
36.0767,58.3731,103.913,51.5039},{0.318928,0.821316,-0.146849,-0.449621,-13.5934,122.01,-100.699, -
50.7793},{0.536636,0.637776,-0.446267,-0.325746,46.946,101.064,-83.5148,-22.444}}

Input Finger=Table[Aatten[dgEinger([i]1] {i,1,Length[ Dfingerl}];

Artreeksinput Finger=Table[Hatten[{InputFnger[[i,4]],InputFinger([i{1,2,3,5,6,7,8}11}] {i,1,Length[ Dfinger]}]
{{0.656361,-0.467488,-0.375172,-0.45814,40.5228,9.65105,2.96986,36.4515},{0.77611,0.102886,-0.468747 ,-
0.409076,1.01036,95.228,-0.133068,57.3107},{0.708241,0.318153,-0.52223,-0.352774,-0.209565,86.8056 -
26.6021,50.8507},{0.682488,0.419826,-0.493608,-0.338093,-1.72169,84.691,-35.4665,44.7421},{0.667134,0.643328, -
0.323645,-0.190566,8.83015,83.2242,-47.2117,18.3733},{0.628565,0.613384,-0.301696,-0.371005,-
10.2939,76.0052,-40.9972,22.3277},{0.577834,0.673802,-0.284166,-0.36242,-13.3335,68.7373, -
47.1604,19.7723},{0.157441,0.578703,-0.586417,-0.544454,-38.0563,45.4667,-72.5337,58.3993},{0. 159243, -
0.637017,0.380627,0.651133,50.4581,-46.3077,89.768,-54.5219},{0.449649,-0.543626,-0.375129,-0.601303,-
19.6898,93.5254,47.9593,118.355},{0.171303,-0.695728,-0.0364035,-0.69663,-39.2986,46.348,59.5152,92.2698}}
2.Forward Kinematic

Data Import-new

After the synthesis has been done the results that consist of the joint axes, and rotation angles as well as
the calculated positions are imported back here for the calculation and optimization a

s follows:

The axes are imported with automatic importing commands as follows, this functions read all axes at a time,
it only requires the file path and the number of axes:

ReadAxes=ReadAll AxedInput Address, 10];

jointsAll=Table[ReadAxedi] {i,1,10}];
Tests=Table[{jointsAll[[i,1]].jointsAll[[i,2]],jointsAll[[i,1]].jointsAll[[i,1]1},{i,1,10}]

ReadFrames=ReadAllPoses]Input Address,1,10];

FrameAll=ReadFrameg[1];

ReadAngles=ReadAllAngledInput Address, 10];
jointsAngles=Table[ReadAngleqi] {i,1,10}];
6=Table[jointsAngleq[[i,1]].{i,1,10};
Bs=Table[0[[i,j]],{i,1,10},{j,1,9}];
thetasM=98s
FW-test

DqOn=Table[makequat[J1,thetasM[[1,i]],0] {i,1,9}];

S1gOn=Table[makequat[J11,thetasM[[2,i]],0] {i,1,9}];

2gOn=Table[makequat[1,thetasM[[3,i]],0] {i,1,9}];

SBgOn=Table[makequat[J31,thetasM[[4,i]],0] {i,1,9}];

SAqOn=Table[makequat[J12,thetasM[[5,i]],0] {i,1,9}];

$HgOn=Table[makequat[L2,thetasM[[6,i]],0] {i,1,9}];

$BgOn=Table[makequat[B32,thetasM[[7,i]],0] {i,1,9}];

S7gOn=Table[makequat[J13,thetasM[[8,i]],0] {i,1,9}];

BqOn=Table[makequat[L3,thetasM[[9,i]],0] {i,1,9}];
PgOn=Table[makequat[J33,thetasM[[10,i]],0].{i,1,9}];
FK1On=Table[quatmult Sep[quat mult Sep[quat mult Sep[ DON[[i]],S1qON[[i]]], LqOn[[i]]],BgON[[i]11{i,1,9}];
RR20On=Table[quatmult Sep[quat mult Sep[quatmult Sep[ DON[[i]], AqON[[i1]],BqON[[i]]],BqON[[i]11{i,1,9}];
FK30n=Table[quatmult Sep[quat mult Sep[quat mult Sep[ DqON[[i]],S7qOn[[i1]],BqON[[i1]],LqON[[i11].{i,1,9}];
Table[ Abs] FK10n[[i]]-quatmult Sep[dqBknif2[[i+1]],quatconj[dgBknif2[[ 111111 {i,1,9}]

104



Table[ Abg] AK20n([[i]]-quatmult Sep[dgB humb2][[i+1]],quatconj[dgB humb2[[ 111111 {i,1,9}]
Table[ Abs] ABOn[[i]]-quatmult Sep[dgEinger2[[i+1]],quatconj[dgEinger2[[ 1]]]11{i,1,9}]

{{0.0749289,0.0194394,0.0363485,0.00921011},{0.05194,0.00535744,0.14417,0.00408047}},{{0.0211426,0.0104919,
0.0016429,0.00764598},{0.0819096,0.0733259,0.609965,0.0134379}},{{0.00362155,0.00893511,0.00179137,0.00074
1714},{0.229994,0.171121,0.679742,0.0317093}},{{0.0000779694,0.0173766,0.000186569,0.00559064},{0.377475,0.
097225,0.460393,0.0378283}},{{0.00193617,0.0110613,0.00230983,0.0077885},{0.609951,0.138116,0.304056,0.0769
336)},{{0.0154228,0.0318528,0.0197068,0.000940747},{0.893154,0.252592,0.325066,0.00673803}},{{0.0228043,0.05
10254,0.0278836,0.0119196},{0.905056,0.269964,0.354113,0.0278265}},{{0.0181535,0.0389498,0.0241038,0.008415
64},{0.961705,0.256791,0.274205,0.0281051}},{{0.00997985,0.0206799,0.0127939,0.00432937},{2.05602,0.524569,0
745258,0.221906})}

{{0.0177337,0.033844,0.00739148,0.0058197},{1.4949,0.909843,0.847112,0.0556588}},{{0.122947,0.223456,0.0747
284,1.98178},{19.273,0.385238,57.3374,0.929114}},{{0.0560093,0.0159328,0.0451882,0.0107649},{0.275807,0.0070
0261,3.20228,0.184811}},{{0.30108,0.172055,0.332206,1.94146},{90.9631,69.2763,21.0341,4.37343}},4{0.0106535,0.
0110767,0.167392,0.0514881},{1.21589,0.582322,1.06871,0.22212}},{{0.517521,1.63688,0.902705,0.482005} {316.7
86,79.5616,335.692,17.8098}},{{0.0222082,0.0273295,0.00840935,0.0979073},{3.5211,0.925189,8.08527,0.719161}},
{{0.0187273,0.0035557,0.0330795,0.00751656},{3.16373,0.22202,6.55978, 1.67427}},{{0.178894,0.537492,0.283866,
1.89685),{26.9256,6.711,100.292,15.6429}}}

{{{0.0786459,0.0873789,0.0622134,0.0229717},{14.155,2.52964,22.4837,0.930375}},{{0.130192,0.120698,0.0670077,
0.0462707},{13.1779,5.54274,30.6135,1.51353}},{{0.122705,0.0130308,0.0379858,0.0667476},{7.77161,6.29006,23.8
181,1.44228}},{{0.599246,0.379696,0.438661,1.78437},{79.8396,16.5722,149.727,6.5353}},{{0.316178,0.0828649,0.0
357724,0.100329},{9.32076,20.8189,50.6473,5.66183}},{{0.547298,1.14325,0.179463,1.4864},{16.7792,46.7291,187.
034,5.73666}},{{0.556654,0.117836,0.193335,0.494548},{25.0031,62.6741,133.805,2.03663}},{{0.269951,0.239094,0.
409273,0.268006},{128.719,30.2501,89.332,10.2921}},{{0.19864,0.34334,0.840935,1.35935},{105.725,60.5233,87.99
26,23.8113}}}

Error Checking

Now for future better addressing the positions of each end effectors, all calculated positions (that are the out
put of the synthesis) for each end effector has been put together with that end effector name also they have
been put all together as the PD set as follows:

npos=10;

FrameKnifeHM=Table[FrameAll[[i]] {i,1,npos}];

FrameThumbHM=Table[ FrameAll[[i]] {i,npos+1,2* npos}];

FrameFRngerHM=Table[ FrameAll[[i]] {i,2* npos+1,3* npos}];

PD={Table[FrameKnifeHM[[i]] {i,1,9}], Table[ FrameThumbHM[[i1] {i,1,9}], Table[ FrameFRingerHM[[i]].{i,1,9}1};
ins<{2,3,4,5,6,7,8,9,10,11}

{2,3,4,5,6,7,8,9,10,11}

dgEknif2=dqEknif[[ing]];

dgBhumb2=dgBhumb[[ing]];

dgHinger2=dgEinger[[ins]];

Input KnifHM=Table[dg2HM[dqBknif2[[i]]].{i,1,Length[ins]}];

Input ThumbHM=Table[dg2HM[dgB humb2[[i]]]{i,1,Length[ins]}];

Input AngerHM=Table[dg2HM[dgEinger2[[i]]]{i,1,Length[ins]}];

Here the synthesis error has been calculated by finding the difference between the calculated potions and
the input data, and as it is clear, the differences are very small and so the results are reliable:
Synthesiserrorknife=Max] Table[ FrameknifeHM([i]]-Input Knif HM[[i]1.{i,1,9}1]

SynthesisEror Thumb=Max] Table[ FrameThumbHM[[i]]-Input ThumbHM[[i]]{i,1,9}1]
S/nthesisErorFinger=Max| Table[ FrameFingerHM[[i]]-Input AingerHM[[i]].{i,1,9}]]

0.000608994

0.000498093

1.13291

Here the only the positions of each end effectors are calculated by taking [[{1,2,3},4]] part of each Frame
and put in different with new names for easier addressing:

CHKnife=Table[FrameKnifeHM[[i {1,2,3},4]]{i,1,Length[FrameKnifeHM]}];
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CEFThumb=Table[FrameThumbHM[[i {1,2,3},4]]{i,1,Length[FrameKnifeHM]}I;
CHEFFinger=Table[FrameFingerHM[[i,{1,2,3},411 {i,1,Length[ FrameKnifeHM]};

Now the positions has been transformed to dual quartenions:
Frameknifedg=Table[HM2dq[ FrameKnifeHM[[i]]] {i,1,Length[ FrameKnifeHM]}];
FrameThumbdg=Table[HM2dq[FrameThumbHM][[i]1] {i,1,Length[ FrameThumbHM]}];
FrameFingerdg=Table[HM2dq[FrameFRngerHM[[i]]].{i,1,Length[ FrameFingerHM]}];

Forward Kinematics and Anchoring Points Calculation
Here joints have been named as Ji for the wrist joints, joint number i of wrist and Jij as the joint number i of
the branch j:
j1={jointsAll[[1,1]],jointsAll[[1,2]]};
j11={jointsAll[[2,1]],jointsAll[[2,2]]};
j21={jointsAll[[3,1]],jointsAll[[3,2]]};
j31={jointsAll[[4,1]],jointsAll[[4,2]1};
j12={jointsAll[[5,1]],jointsAll[[5,2]]};
j22={jointsAll[[6,1]],jointsAll[[6,2]]};
i32={jointsAll[[7,1]],jointsAll[[7,2]]};
j13={jointsAll[[8,1]],jointsAll[[8,2]1};
j23={jointsAll[[9,1]],jointsAll[[9,2]1};
j33={jointsAll[[10,1]],jointsAll[[10,2]]};
c1=(1[[Iet[[21])/ G111 100D);
c=( N[z 1[[2]])/ G111 111]D);
c21=(21[[1]Jz21[[2]])/ (21[[1]].;21[[1]]);
c31=(31[[1]]=31[[2]])/ (31[[1]].j31[[1]]);
cr2=(12[[1]1=12[[2]])/ 12[[1]]j12[[1]]);
c22=(j22[[1]1=j22([2]1)/ (j22[[1]].j22[[1]]);
c32=(32[[1]]=532[2]])/ (j32([1]].j32[[1]]);
c13=(13[[1]]=j13[2]])/ (13([1]].j13[[1]]);
c23=(j23[[1]]=j23[[2]])/ (j23([1]].j23[[1]]);
¢c33=(33[[1]1=33([2]1)/ (j33([111.j33([11]);
CE1=Ca¥nife[[1]]
CE2=CThumbl[1]];
CER3=CHFinger[[11];
{69.7586298290000002,237.108801496799998,70.8048459469999756}
Now we normalize the axes
JI={1[[1])/ Norm[j1[[1]1],c1@(1[[1])/Norm[j1[[1]]])};
J11={(j11[[1])/Norm[j11[[1]]],c112(11[[1]}/Norm[j11[[1]]])};
LR1=j21[[1])/Norm[j21[[1]]],c21&(21[[ 1]}/ Norm[j21[[111])};
B1=31[[1]]/Norm[j31[[1]]],c31&(31[[ 1]}/ Norm[j31[[111])};
J12={(j12[[1]]/Norm[j12[[1]]],c12=(j12[[1]]/Norm[j12[[1]]])};
L2=(22[[1])/Norm[j22[[1]]],c228(j22[[ 1]/ Norm[j22[[1]]])};

)}

)}

)}

)}

—_— = — — — — —

J32={j32[[1]]/ Norm([j32[[ 1]1],c32a(j32[[ 1]}/ Norm[j32[[ 1]]])};
JI3={j13[[1]]/Norm[j13[[1]1],c13a(j13[[ 1]}/ Norm[j13[[1]]])};

P3={j23[[1]]/ Norm([j23[[ 1]1],c23a(j23[[ 1]}/ Norm[j23[[ 1]1])};
J33={j33[[1]]/Norm[j33[[11]],c33a(j33[[ 1]}/ Norm[j33[[1]]])};

Also angles are re mentioned to fit the formulas:

0s=Table[0[[i,j]].{i,1,10}{j,1,9}];

Here the quartenoins of each axis has been made having that joint and its rotation angles:
Sig=Table[makequat[J1,09][1,i]],0]{i,1,9}];

S11g=Table[makequat[J11,0[2,i]],0]£i,1,9}];

P1qg=Table[makequat[1,0[3,i]],0]{i,1,9}];

B1g=Table[makequat[]31,0[4,i]],0].{i,1,9}];

S12g=Table[makequat[J12,09[5,i1],0].{i,1,9}];

2q=Table[makequat[L2,0[6,i]],0]{i,1,9}];

S32g=Table[makequat[J32,0[7,i]],0]£i,1,9}];

S13g=Table[makequat[J13,0[8,i]1,0]{i,1,9}];

3g=Table[makequat[[L3,09[9,i]],0].{i,1,9}];

B3g=Table[makequat[833,0[10,i]],0]£i,1,9}];

At this step the Forward Kinematic of each branch from the wrist joint up to the last joint has been
calculated:
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FK1=Table[quatmult Sep[quat mult Sep[quatmult Sep[ St q[[i1],S1 1q[[i]1],21q[[i]1],B31q[[i]1]1 {i,1,9}];
R2=Table[quatmult Sep[quat mult Sep[quatmult Sep[ St q[[i1],S12q[[i1]],S22q[[i11],32q[[i11].{i,1,9}1;

AB=Table[quatmult Sep[quat mult Sep[quat mult Sep[ St q[[i1],S13q[[i1]],S23q[[i11],33q[[i11]{i,1,9}];

In the following calculations the forward kinematic are used to check the joints and rotation angles by finding
the difference between them and the relative displacements and the results showed good percision for all of
them:

Max| Table[dg2HM[FK1[[i]]]-FrameknifeHM[[i+1]].Inverse[ FrameknifeHM[[ 11]],{i,1,9}]]

Max{ Table[dg2HM[RK2[[i]]]-FrameThumbHM[[i+1]].Inverse[FrameThumbHM[[ 1]1] {i,1,9}]]

Max{ Table[dg2HM[RK3[[i]]]-FrameFingerHM[[i+1]].Inverse[ FrameFRngerHM[[ 1]1].{i,1,9}]]

1139.2181421496458

358.2934513167650

395.0954473592575

At this step the forward kinematic for each of the joints has been calculated as follows:
Fcrel11=Table[S1q[[i]] {i,1,9}];

FKrel21=Table[quatmultSep[Siq[[i]], ST 1q[[i1]].{i,1,9}];

FKrel31=Table[quatmult Sep[quat mult Sep[ St q[[i]],S1 1q[[i1]],21q[[i]]].{i,1,9}];
FKrel41=Table[quatmult Sep[quat mult Sep[quat mult Sep[S1 q[[i]],S1 1q[[i]]],21q[[i]]],S31q([i]]].{i,1,9}];
FKrel12=Table[S1q[[i]],{i,1,9}];

FKrel22=Table[quatmultSep[Siq[[i]],S12q[[i1]].{i,1,9}];

FKrel32=Table[quatmult Sep[quat mult Sep[ St q[[i]],S12q[[i1]],22q[[i11].{i,1,9}];
FKrel42=Table[quat mult Sep[quat mult Sep[quat mult Sep[ S1 q[[i]],S1 2q[[i]]],22q[[i]]],S32q([i]]].{i,1,9}];
Frel13=Table[SIq[[i]]{i,1,9}];

FKrel23=Table[quatmultSep[S1q[[i]],S13q[[i1]]1.{i,1,9}];

FKrel33=Table[quatmult Sep[quat mult Sep[ St q[[i]],S13q[[i1]],23q[[i]1].{i,1,9}];
FKrel43=Table[quatmult Sep[quat mult Sep[quat mult Sep[ St q[[i]],S13q[[i]]],23q[[i1]], 83q[[i11].{i,1,9}];

Inorder to find the anchoring point along each axes a reference point is needed for each axes, this point on
each axes has been calculated as follows as the intersection point of the normal line from the origin to that
line as Ci being the ith axes of the wrist, and Cij being the point on the ith axes of the jth branch. Also the
end effector first point has been mentioned for calculations. Similar naming method has been used for the
point from now at each calculation step:

Ci=(A[[]aA[[2]])/ (A1 100]);

Cr=(Jn[[1]]=J[2]])/ (A [[1]].J[[1]]);
CA=(RA[[1]]zR1[[2]])/ (RA[[1]]-LR1[[1]]);
C1=(BA[[1]]2B[[2]])/ (B[ 1]].B[[1]]);
Cr2=(J2[[1]@n2[[2]])/ (A2([1]].J2[[1]]);
C2=L2[[1]]2R2[[2]])/ (L2[[1]].L2[[1]]);
C32=(B2[[1]]=B2[[2]])/ (B2[[1]].B2[[1]]);

C13=(J13[[1]]=A3[[2]])/ (A3{[1]].3[[1]]);

C23=(L3[[1]]2R3[[2]])/ (L3[[1]]-L3[[1]]);

C33=(B3[[1]]=B3[[2]])/ (BI[[1]]-B3[[1]]);

CER =CH¥nife[[1]];

CE2=CThumbl[1]];

CER3=CHFinger[[11];

Now the pure quartenoin of the aforesaid points has been calculated as follows:
C1g={{0,0,0,1},Append[C1,0]};

C11g={{0,0,0,1},Append[C11,0]};

21g={0,0,0,1},Append[C21,0]};

C319={{0,0,0,1},Append[C31,0]};

CH19={{0,0,0,1},Append[CEF1,0]};

C129={{0,0,0,1},Append[C12,0]};

229={{0,0,0,1},Append[C22,0]};

(C329={{0,0,0,1},Append[C32,0]};

CER29={{0,0,0,1},Append[CE2,01};

C13g={0,0,0,1},Append[C13,0]};

(23g={{0,0,0,1},Append[C23,0]};

C33g={{0,0,0,1},Append[C33,0]};

CER39={{0,0,0,1},Append[CEF3,0]};

—_— = = — — — — —
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And at this step the forward kinematics of each axes are used to calculate the the moved dual quartenion of
points on each axis:

C11mq=Table[quatmultSep[quat mult Sep[Krel11[[i]],Cl1 1q],quatconj4[Akrel 11[[i]1]]1.{i,1,9}];
C21mg=Table[quatmult Sep[quat mult Sep[Krel21[[i]],21q],quatconj4[FArel21[[i]]1] {i,1,9};
C31mg=Table[quatmult Sep[quat mult Sep[Krel31[[i]],C31q],quatconj4[Akrel31[[i]]1] {i,1,9};
CEFimg=Table[quatmult Sep[quat mult Sep[ Krel41[[i]],CBF1q],quat conj4[ Arel41[[i]111 {i,1,9}];
Cl2mq=Table[quat multSep[quat mult Sep[ Akrel 12[[i]],C12q],quat conj4[ FArel 12[[i]]11 {i,1,9}];
C22ma=Table[quat mult Sep[quat mult Sep[Krel22[[i]],22q] ,quatconj4[FArel22[[i]]1] {i,1,9};
C32mg=Table[quat mult Sep[quat mult Sep[ Krel32[[i]],C32q] ,quat conj4[FAkrel32[[i]]1] {i,1,9}];
CER2mg=Table[quatmult Sep[quat mult Sep[ Krel42[[i]], CEF2q],quat conj4[ Arel42][i]]1] {i,1,9}];
C13mqg=Table[quat multSep[quat mult Sep[ Akrel 13][[i]],C13q],quat conj4[ FArel 13[[i]]11 {i,1,9};
C23mg=Table[quat mult Sep[quat mult Sep[ FKrel23[[i]],23q],quatconj4[Arel23[[i]]1] {i,1,9}];
C33mg=Table[quat mult Sep[quat mult Sep[ FKrel33[[i]],C33q] ,quatconj4[ Akrel33[[i]]1] {i,1,9};
CEF3mg=Table[quatmult Sep[quat mult Sep[ FKrel43[[i]], CEF3q],quatconj4[ FAkrel43[[i]11] {i,1,9};
Here the position part for each of the calculated points ([[2,{1,2,3}]] part of each quaternion) have been
gathered and added with the initial point of that set:

Oh11m=Prepend[Table[Cl 1mq[[i,2,{1,2,3}]]{i,1,9}],Cl1];

(h21m=Prepend[ Table[C21m(q[[i,2,{1,2,3}]].{i,1,9}],C21];
(nh31m=Prepend[Table[C31mq[[i,2,{1,2,3}]] {i,1,9}],C31];

OhEFim=Prepend[ Table[ CEF1mq[[i,2,{1,2,3}]] {i,1,9}], CEF1];
h12m=Prepend[Table[Cl2mq([[i,2,{1,2,3}]].{i,1,9}],C12];

(h22m=Prepend[ Table[C22m(q[[i,2,{1,2,3}]].{i,1,9}],C22];
(h32m=Prepend[Table[C32mq[[i,2,{1,2,3}]] {i,1,9}],C32];

OhEF2m=Prepend|[ Table[CE2mq[[i,2,{1,2,3}]]{i,1,9}],CE2];

h13m=Prepend[ Table[C13mq([[i,2,{1,2,3}]].{i,1,9}],C13];
h23m=Prepend[ Table[ C23mq([[i,2,{1,2,3}]].{i,1,9}],C23];

(h33m=Prepend[ Table[C33m(q[[i,2,{1,2,3}]].{i,1,9}],C33];
OhBERF3m=Prepend[ Table[ CEF3m(q[[i,2,{1,2,3}]].{i,1,9}],C&F3];

Also to find the transformed axes their pure quartenions have been calculated as follows with Si being the ith
joint of the wrist and Sij being the ith joint of the branch j:
Std={Append[J1[[1]],0],Append[J1[[2]],01};

St1d={Append[J11[[1]],0],Append[J1 1[[2]],0]};

S21d={Append[L21[[1]],0],Append[L21[[2]],0]};

S31d={Append[B1[[1]],0], Append[B1[[2]],0]};

St2d={Append[J12[[1]],0], Append[J12[[2]],0]};
S22d={Append[L22[[1]],0],Append[L2[[2]],0]};
S32d={Append[B2[[1]],0],Append[B2[[2]],0]};
S13d={Append[J13[[1]],0],Append[J13[[2]],0]};

S23d={Append[L3[[1]],0], Append[L3[[2]],0]};
S33d={Append[B3[[ 1]],0], Append[B3[[2]],0]};

So the forward kinematics are used to find the transformed dual quaternion of each axes:

S11m=Prepend[ Table[quat mult Sep[quat mult Sep[Akrel11[[i]],S1 1d],quatconj[ FKrel 11[[i1]]][[{1,2},{1,2,3}]]1 i, 1,9}],S11d[
[{éiaill’risgmj;[Tab|e[quatmultSep[quatmultSBp[H<re|21[[i]],sz1d],quatoonj[ﬂ<re|21[[i]]]][[{1 20{1,2,31114i,1,9)1,21d]
giﬁigiﬁi]n]gﬁable[quatmuItSep[quatmuItSep[FKreI31 [[i1],S31d],quatconj[FKrel31[[i]]111[[{1,2},{1,2,3}1] {i,1,9}],31d[
g:éaill”risgﬂgﬁable[quatmuItSep[quatmuItSap[FKreI12[[i]],S1 2d],quatconj[Akrel 12[[i111[{1,2}41,2,3114i,1,9}],S12d]
géﬁigiﬁi]n]gﬁable[quatmultSep[quatmultSep[FKreI22[[i]] ,2d],quatconj[ Krel22[[i11]][[{1,2},{1,2,3}]]14i,1,9}],2d[
géiigig)’iﬂli;[Table[quatmultSep[quatmultSep[FKreI32[[i]] ,B82d],quatconj[ Krel32[[i11]][[{1,2},{1,2,3}]]14i,1,9}],S32d[
g:éfriill,riﬁi]rﬂj;[ﬁble[quatmult&p[quatmultSap[FKreI13[[i]],S13d],quatoonj[FKreI13[[i]]]][[{1 2541,2,3114i,1,9)1,513d[
%{E%ﬁ"gpzéﬁ%;ﬁable[quatmultSep[quatmultSep[FKreI23[[i]] ,3d],quatconj[Krel23[[i11]][[{1,2},{1,2,3}]]14i,1,9}],3d[
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SB3m=Prepend| Table[quat mult Sep[quat mult Sep[ Akrel33[[i]],S33d],quat conj[ FKrel 33[[i11]1[[{1,2},{1,2,3}]] i, 1,9}],S33d[
{1.2:{1,2.3}11;
At this step transformed points and transformed axes direction have been used to write each anchoring
point as Pijm=tij*sijm+Cij; with the tij, Cnijm, sijm being parameter, reference point and the axis direction of
the ith elements of the jth branch respectively. Also the Pi being the ith point of the wrist that was not moved
in this typology because there is just one joint in the wrist:

P1=Cl+1* H[[1]];

P11m=Table[S11m[[i,1,{1,2,3}]]*t114+OCn11m[[i]],{i,1,6}];

P21m=Table[21m[[i,1,{1,2,3}]]* t21+On21m([[i]] {i,1,6}];

P31m=Table[SB1m[[i,1,{1,2,3}]]* t31+n31m([i]] {i,1,6}];

PEFIm=CnEF1m;

P12m=Table[S12m[[i,1,{1,2,3}]]* t12+Cn12m([i]],{i,1,6}];

P22m=Table[S22m([[i,1,{1,2,3}]]* t22+n22m([i]] {i,1,6}];

P32m=Table[S32m([[i,1,{1,2,3}]]* t32+n32m([i]] {i,1,6}];

PER2m=ChE2m;

P13m=Table[S13m[[i,1,{1,2,3}]]* t13+Cn13m([i]],{i,1,6}];

P23m=Table[23m[[i,1,{1,2,3}]]* t23+n23m([i]],{i,1,6}];

P33m=Table[B3m[[i,1,{1,2,3}]]* t33+n33m([i]] {i,1,6}];

PEF3M=CnER3m;
At this step as a test for the kinematic of the hand and points to have been calculated correctly and every
part to be addressed correctly each link or end effector lengths has been calculated to check that it remains
unchanged during the rotations, for that at this step the parameters has been given the zero value in the
points calculated in the previous step. As it is obvious it has been found that all links and effectors have the
same lengths at each of the positions of the hand that confirms the anchoring points correct calculation also
it's a second check for the kinematics and synthesis results:

Pin=P1/.t1->0;

P11n=Table[P11m][i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
P21n=Table[P21m([i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
P31n=Table[P31m([i]]/ {t1->0,t11->0,t21->0, t31->0, t 12->0,t22->0, t32->0, t13->0,t123->0, t33->0},{i,1,6}];
PEF1n=Table[PEFIm([[i]]/ {t1->0,t11->0,t21->0, t31->0, t 12->0,t22->0, t32->0, 13->0,t123->0, t33->0}{i,1,6}];
P12n=Table[P12m][i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
P22n=Table[P22m[[i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
P32n=Table[P32m([i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
PEF2n=Table[ PEF2m([i]]/ {t1->0,t11->0,t21->0, t31->0, t 12->0,t22->0, t32->0, 13->0,t123->0, t33->0}{i,1,6}];
P13n=Table[P13m([i]]/ {t1->0,t11->0,t21->0, t31->0, t 12->0,t22->0, t32->0, t13->0,t123->0, t33->0},{i,1,6}];
P23n=Table[P23m([i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
P33n=Table[P33m([i]]/ {t1->0,t11->0,t21->0, 131->0, t 12->0,t22->0, t32->0, 1 13->0,t23->0, 133->0},{i,1,6}];
PEF3n=Table[ PEF3m([i]]/ {t1->0,t11->0,t21->0, t31->0, t 12->0,t22->0, t32->0, 13->0,t123->0, t33->0},{i,1,6}];

length1=Table[Syrt[
length2=Table[Syrt[
length3=Table[Syrt[
length4=Table[Syrt[
length5=Table[Syrt[
length6=Table[Syrt[

Pin-P1n[[i]]).(PIn-P1n[[i]]))] £i,1,6}]
P1n[[i]]-P21n{[i]]).(P11n[[i]]-P21n[[i]]))].{i,1,6}]
P21n([i]]-P31n{[i]]).(P21n{[i]]-P31n([i]]))].{i,1,6}]
P31n[[i]]-PEFIN([i]]).(P31n[[i]]-PEFIN([i]]))]{i,1,6}]
Pin-P12n[[i]]).(P1n-P12n[[i]])] {i, 1,6}
P12n([i])-P22n{[i]]).(P12n{[i]]-P22n[[i]]))].{i,1,6}]
length7=Table[Syrt[((P22n[[i]]-P32n([i]]).(P22n([i]]-P32n[[i]]))] {i,1,6}]
length8=Table[ Sqrt[((P32n[[i]]-PEF2n[[i]]).(P32n{[i]]-PEF2n[[i1]))] {i,1,6}]
length9=Table[Syrt[((P1n-P13n[[i]]).(P1n-P13n[[il]))] {i,1,6}]
length10=Table[Sqrt[((P13n[[i]]-P23n{[i]]).(P13n[[i]]-P23n[[i]]))] {i,1,6}]
length11=Table[Sqrt[((P23n[[{]]-P33n{[i]]).(P23n([i]]-P33n[[i]]))] {i,1,6}]
length12=Table[Sqrt[((P33n[[i]]-PER3N[i]]).(P33n[[i]]-PEF3n[[i]1))] {i,1,6}]

—_—aaa=
A AR ARARARRY

{141.649437067339056,141.649437067339056,141.649437067339056,141.64943706733906,141.64943706733906, 1
41.64943706733906}

{841.705932096167719,341.70593209616772,341.70593209616772,341.70593209616772,341.705932096 16 772,341
.70593209616772}
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{304.66174041316263,304.66174041316263,304.6617404131626,304.6617404131626,304.6617404131626,304.661
7404131626}

{146.791546412234118,146.79154641223412,146.7915464122341,146.7915464122341,146.7915464122341,146.79
15464122341}

{111.664418427440537,111.664418427440537,111.664418427440537,111.66441842744054,111.66441842744054,1
11.66441842744054}

{267.623597616071051,267.62359761607105,267.62359761607105,267.62359761607105,267.6235976160711,267.
6235976160711}

{311.390828968789114,311.39082896878911,311.39082896878911,311.39082896878911,311.3908289687891,311.
3908289687891}

{293.170635648824286,293.17063564882429,293.17063564882429,293.17063564882429,293.1706356488243,293.
1706356488243}

{109.525914864645088,109.525914864645088,109.525914864645088,109.52591486464509, 109.52591486464509, 1
09.52591486464509}

{100.10271791048406,100.10271791048406,100.10271791048406,100.10271791048406,100.1027179104841,100.1
027179104841}

{141.034136063109876,141.03413606310988,141.03413606310988,141.03413606310988,141.0341360631099,141.
0341360631099}

{189.848482603615982,189.84848260361598,189.84848260361598,189.8484826036160,189.848482603616,189.84
84826036160}

Here the lengths are gathered and total length of the hand parts has been calculated to be checked after
optimization:

nonconUnoptimizaed={length1,length2,length3,length4,length5,length6,length7,length8,length9,length10,length11,l
ength12};

Sum[nonconUnoptimizaed[[i]] {i,1,12}]

The un-optimized hand at each of its position has been plotted for overall inspections. Palm links, knife
branch, thumb branch and finger branch as explained at the beginning of this file (branched no. 1 -3) has
been drawn in green, blue, gray and magenta colors respectively:

VertexColor={{Black,Black},{Blue,Blue},{Red,Red}{Green,Green},{Blue,Blue}{Gray,Gray},{Magenta,Magenta},{ Yellow,Y
ellow},{Magenta,Magenta},{Black,Black},{Blue,Blue}{Gray,Red}};
linOkagemO=Table[ Graphics3D| List[Line[{P1n,P11n[[i]]}, VertexColors->VertexColor[[4]]], Thickness[0.006],
Line[{P1n,P12n[[i]]}, VertexColors->VertexColor[[4]]], Thickness[0.006],
Line[{P1n,P13n[[i]]}, VertexColors->VertexColor[[4]]], Thickness[0.006],
Line[{P1n,P11n[[i]]}, VertexColors->VertexColor[[4]]], Thickness[0.006],

Line[{P11n[[i]],P21n[[i]]}, VertexColors->VertexColor[[5]]], Thickness 0.006],
Line[{P21n[[i]],P31n[[i]]}, VertexColors->VertexColor[[5]]], Thickness0.006],
Line[{P31n[[i]],FrameknifeHMI[i]][[{1,2,3},4]]}, VertexColors->VertexColor[[ 5]]], Thickness[ 0.006],

Line[{P12n[[i]],P22n[[i]]}, VertexColors->VertexColor[[6]]], Thickness 0.006],
Line[{P22n[[i]],P32n[[i]]}, VertexColors->VertexColor[[6]]], Thickness0.006],
Line[{P32n[[i]],FrameThumbHMI[[i]][[{1,2,3},4]]}, VertexColors->VertexColor[[6]]], Thickness[0.006],

Line[{P13n[[i]],P23n[[i]]}, VertexColors->VertexColor[[ 7]]], Thickness 0.006],

Line[{P23n[[i]],P33n[[i]]}, VertexColors->VertexColor[[ 7]]], Thickness 0.006],
Line[{P33n([[i]],rameFingerHM[[i1][[{1,2,3},4]]}, VertexColors->VertexColor[[ 7]]], Thickness[0.006]1] i, 1,6}]
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Also the data at this step might be required to model the un-optimized hand, this data has been gathered as
follows and exported to a CSV file named PointsUnoptomized. The format is two point of each joint as they
are going to be addressed in the joint array, followed by the anchoring points of each axes and finally each
end effectors positions. Better explanation of the saved data is shown in the picture. This data can be used
by Solidworks automatic modeling macro for automatic modeling of the hand:
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Pi=MakePoint[J1];
PJ 1=MakePoint[J11];
PP1=MakePoint[P1];
PB1=MakePoint[[31];
PJ12=MakePoint[J12];
PP2=MakePoint[P2];
PBB2=MakePoint[J32];
PJ13=MakePoint[J13];
PP3=MakePoint[23];
PJ33=MakePoint[J33];

P1{=Ct;

P11{=Ci1;

P21f=C21;

P31f=C31;

P12f=C12;

P22f=C22;

P32f=C32;

P13f=C13;

P23f=C23;
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P33f=C33;
Ax=Table[(PD{[i,j]1[[{1,2,3},4]]+Normalize[ PD{[i,j]1[[{1,2,3},3]11){i,1,3},{i,1,6}1;

PointsUnoptomized={PJ,CommonNormalGen[J1,J11][[2,1]],PJ11,CommonNormalGen[J1,J11][[2,2]],P21,CommonNo
rmalGen[J11,21][[2,2]],PB1,CommonNormal Gen[21,81][[2,2]],P} 2,CommonNormal Gen[J1,J12][[ 2,2]], P22,Comm
onNormalGen[J12,22][[2,2]],PJ32,CommonNormalGen[ 22,132][[2,2]],PJ1 3,CommonNormal Gen[J1,J13][[2,2]],PR3,C
ommonNormalGen[J13,.23][[2,2]],PB3,CommonNormal Gen[23,J33][[2,2]],P1f,P11f,P21f, P31f,P12f, P22f  P32f,P13f,P
23f,P33f,PEF1n[[11],AX[[1,1]],PEFIn[[2]],AX[[1,2]], PEFI n[[3]],AX[[1,3]],PEFIn[[4]],AX[[ 1,4]],PEFI n[[ 5]],AX[[ 1,5]],PEFI n[[
611,AX([1,61], PEF2n[[1]],AX([2,1]], PER2n[[2]], Aq[2,2]], PEF2n[[3]], AX[2,3]], PER2n[[4]], AX{[2,4]], PEF2n[[ 5]], AX[[2,5]], PEF
2n[[6]],AX[[2,6]], PER3n[[1]], A3, 1]], PER3n[[2]], AX[[3,2]], PEF3N[[3]], AX([3,3]], PEF3n[[4]], AX{[3,4]], PEF3n[[5]], AX([3,5]],
PER3N[[6]],AX([3,6]1};

InputAddress

F\Romansy-2016\out10.lua

Bxport["E\\Romansy-2016\\ OptimizationFles\\ PointsUnoptomized.xIs',PointsUnoptomized," XLS'];

4. Analysis-As a closed chain

Drawing the contacts

FingerRadius=12;

OrangeSmallRadius=55;

OrangeCenterF3=FrameFingerHM[[1]].Arang[0,-OrangeSmallRadius];
S10=FrameFingerHM[[1]][[{1,2,3},4]]-FrameThumbHM[[1]][[{1,2,3},4]];
Sd1=OrangeCenterF3[[{1,2,3},4]]-FrameThumbHM[[1]][[{1,2,3},4]];

DO={0,FrameThumbHM[[11][[{1,2,3},4]]8J0};

D1=x{A1,FameThumbHM[[11][[{1,2,3},4]]aSd1};

D2=CommonNormal[D0,D1][[1,1]];

D3=CommonNormal[D1,32][[1,1]];

ThumbFrame=0Orthogonalize[{D1[[1]]/ Syrt[DA[[1]].D1[[1]]],D2[[ 1]}/ Srt[SD2[[ 1]]-D2[[ 1111, D3[[ 1]/ Syrt[DS[[ 1]]-
SOR[[1]113;

FrameThumbHMNew=Append[ Transpose[{ ThumbFrame[[ 1]], ThumbFrame[[2]], ThumbFrame[[3]], FFameThumbHM[[ 1
11[[{1,2,3},411}],{0,0,0,1}] . Xtrang P/ 2,0];

plotthumbNew=generatePlot[{HM2dg[ FrameThumbHMNew]},Green,3];

Contact Center2=FrameThumbHMNew.Xtrang 0,-FingerRadius];
ContactCenter3=FrameFingerHM[[1]].ZArang 0,FingerRadius];

PlotContact2=generatePlot[{HM2dq[ FrameThumbHMNew]},Green,5];
PlotContact3=generatePlot[{HM2dq[ FrameFRngerHM[[ 1]]]},Blue,5];

PlotContact Center2=generatePlot[{HM2dq[ Contact Center2]},Green,3];

PlotContact Center3=generatePlot[{HM2dq[ ContactCenter3]},Blue,3];

PlotCenter3=generatePlot[{HM2dq[ OrangeCenterF3]},Blue,3];
OrangeShape=Graphics3D[{Orange,Opacity[.3],3here[OrangeCenterF3[[{1,2,3},4]],OrangeSmallRadius]}];
ThumbShape=Graphics3D[{Gray, Opacity[.3],3here[ Contact Center2[[{1,2,3},4]],AingerRadius]}];
FingerShape=Graphics3D[{Gray,Opacity[.3],3here[ Contact Center3[[{1,2,3},4]],FingerRadius]}];
Show[OrangeShape, ThumbShape, FingerShape, Plot Contact 3,Plot Center3,Plot Contact Center3,Plot Contact2,Plot Contac
tCenter2]

Images for modeling method
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JintLength=10;

JintshapRC2X=Graphics3D[{Gray,Opacity[.5],0ylinder[{ContactCenter2[[{1,2,3},4]]+

JintLength* ContactCenter2[[{1,2,3},2]],ContactCenter2[[{1,2,3},4]]-wbintLength* Contact Center2[[{1,2,3},2]]},2]};
JintshapRC2Y=Graphics3D[{Gray,Opacity[ 1],Oylinder[{FrameThumbHMNew[[{1,2,3},4]]+

JintLength* ContactCenter2[[{1,2,3},1]],FFameThumbHMNew[[{1,2,3},4]] +bintLength* ContactCenter2[[{1,2,3},1]]},2
I

JintshapRC2Z=Graphics3D[{Gray,Opacity[.5],Oylinder[{ContactCenter2[[{1,2,3},4]]+

JintLength* FrameThumbHMNew[[{1,2,3},3]],Contact Center2[[{1,2,3},4]] +bintLength* FrameThumbHMNew][[{1,2,3},
313203

JintshapRC3X=Graphics3D[{Gray,Opacity[.5],0ylinder[{Contact Center3[[{1,2,3},4]] +

JintLength* ContactCenter3[[{1,2,3},1]],ContactCenter3[[{1,2,3},4]] +bintLength* Contact Center3[[{1,2,3},1]]},2]}];
JintshapRC3Y=Graphics3D[{Gray,Opacity[.5],Oylinder[{ContactCenter3[[{1,2,3},4]] +

JintLength* ContactCenter3[[{1,2,3},2]],ContactCenter3[[{1,2,3},4]]-wbintLength* Contact Center3[[{1,2,3},2]]},2]};
JintshapRC3Z=Graphics3D[{Gray,Opacity[ 1],Oylinder[{FrameFingerHM[[ 1]][[{1,2,3},4]]+

JintLength* FrameFingerHM[[1]1[[{1,2,3},3]],FrameFingerHM[[1]][[{1,2,3},4]] +bintLength* FrameFingerHM[[11][[{1,2,
313115215

(* JointshapRO2X=Graphics3D[{ Yellow,Opacity[ 3],Cylinder[{OrangeCenterF2[[{1,2,3},4]]+

JintLength* OrangeCenterF2[[{1,2,3},1]],0OrangeCenterF2[[{1,2,3},4]]+bintLength* OrangeCenterP2[[{1,2,3},111},3]}];
JintshapRO2Y=Graphics3D[{Blue,Opacity[3],Oylinder[{FrameThumbHMI[[ 1]][[{1,2,3},4]]+

JintLength* FrameThumbHMI[[11][[{1,2,3},2]],FrameThumbHM[[1]][[{1,2,3},4]] +bintLength* FrameThumbHM[[1]][[{1
2,34211521H;

JintshapRO2Z=Graphics3D[{ Yellow,Opacity[ 3],Oylinder[{OrangeCenterF2[[{1,2,3},4]]+

JintLength* OrangeCenterF2[[{1,2,3},3]],0OrangeCenterF2[[{1,2,3},4]]-+bintLength* OrangeCenter F2[[{1,2,3},3]1},31}1;*
)

JintshapRO3X=CGraphics3D[{ Yellow,Opacity[3],Oylinder[{OrangeCenterF3[[{1,2,3},4]]+

JintLength* OrangeCenterF3[[{1,2,3},1]],0rangeCenterF3[[{1,2,3},4]]-+bintLength* OrangeCenterF3[[{1,2,3},111},2]}];
JintshapROBY=Graphics3D[{ Yellow,Opacity[3],Oylinder[{OrangeCenter F3[[{1,2,3},4]]+

JintLength* OrangeCenterF3[[{1,2,3},2]],0rangeCenterF3[[{1,2,3},4]]+bintLength* OrangeCenterF3[[{1,2,3},2]1},2]}];
(* JointshapROBZ=Graphics3D[{Blue,Opacity[3],Oylinder[{FrameFingerHM[[ 1]][[{1,2,3},4]]+

JintLength* FrameFingerHM[[1]1[[{1,2,3},3]],FrameFingerHM[[ 11][[{1,2,3},4]] +bintLength* FrameFRngerHM[[1]][[{1,2,
31311521357)

Show[OrangeShape, ThumbShape, FingerShape, Plot Contact2,Plot Contact3,Plot Center3,Plot Contact Center2,Plot Contac
tCenter3,JbintshapRC2X JintshapRC2Y,bint shapRC2Z bint shapRC3X bint shapRC3Y,bint shapRC3Z bint shapRO3X,J
ointshapRO3Y]

X

here are the joints for the contacts

FxCR={ContactCenter2[[{1,2,3},1]]/Norm[ContactCenter2[[{1,2,3},1]]],Contact Center2[[{1,2,3},4]]a(Contact Center2[[
{1,2,3},1])/Norm[ContactCenter2[[{1,2,3},111])};
FRyC={ContactCenter2[[{1,2,3},2]]/Norm[Contact Center2[[{1,2,3},2]]],Contact Center2[[{1,2,3},4]]a(Contact Center2[[
{1,2,3},2]]/Norm[ContactCenter2[[{1,2,3},2]11)};
FReC={ContactCenter2[[{1,2,3},3]]/ Norm[ContactCenter2[[{1,2,3},3]]],Contact Center2[[{1,2,3},4]]2(Contact Center2[[
{1,2,3},4]]/ Norm[ContactCenter2[[{1,2,3},3]1])};
FxC={ContactCenter3[[{1,2,3},1]]/Norm[Contact Center3[[{1,2,3},1]]],Contact Center3[[{1,2,3},4]]a(Contact Center3[[
{1,2,3},1])/Norm[ContactCenter3[[{1,2,3},1]11)};
FRyC3={ContactCenter3[[{1,2,3},2]]/Norm[Contact Center3[[{1,2,3},2]]],Contact Center3[[{1,2,3},4]]a(Contact Center3[[
{1,2,3},2]]/ Norm[ContactCenter3[[{1,2,3},2]1])};
ReC3={ContactCenter3[[{1,2,3},3]]/ Norm[Contact Center3[[{1,2,3},3]]],Contact Center3[[{1,2,3},4]]2(Contact Center3[[
{1,2,3},3]]/Norm[Contact Center3[[{1,2,3},3]11)};
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Orange Contact axes for the second and third contacts are

FxO3={OrangeCenterF3[[{1,2,3},1]]/ Norm[OrangeCenterF3[[{1,2,3},1]]],OrangeCenter F3[[{1,2,3},4]1@(OrangeCenterF

3[[{1,2,3},1]1]/Norm[OrangeCenterF3[[{1,2,3},1]11)};

FRyOB8={OrangeCenterF3[[{1,2,3},2]]/ Norm[OrangeCenterF3[[{1,2,3},2]1],OrangeCenterF3[[{1,2,3},4]1@(OrangeCenterF

3[[{1,2,3},2]]/Norm[OrangeCenterF3[[{1,2,3},2]11)};

RO3={OrangeCenterF3[[{1,2,3},3]]/ Norm[OrangeCenterF3[[{1,2,3},3]]],OrangeCenter F3[[{1,2,3},4] |&(OrangeCenter F

3[[{1,2,3},3]]/Norm[OrangeCenterF3[[{1,2,3},3]11)};

here are all joint DQs, for the most general case (in future). also for the case of pointy finger joints as S

joints are also calculated. at the moment we just take the soft finger with one R joints the contact z direction,

so most of these are not used.
SigP=makequat[J1,6P1,0];
St1gP=makequat[J11,6P11,0];
1gP=makequat[[21,6P21,0];
SB1gP=makequat[J31,6P31,0];
S12qP=makequat[J12,6P12,0];
P2qP=makequat[L2,6P22,0];
SB2gP=makequat[J32,6P32,0];
S13gP=makequat[J13,6P13,0];
3qP=makequat[[L23,0P23,0];
B3qP=makequat[J33,6P33,0];
SC2gP=makequat[SRxC2,6PX2,0];
S/C2gP=makequat[ SRyC2,6PY2,0];
SFC2qP=makequat[ R2,0PZ2,0];
XC3gP=makequat[SRxC3,6PXC3,0];
§/C3gP=makequat[ SRyC3,6PYC3,0];
SC3qP=makequat[ RC3,0PZC3,0];
SXOgP=makequat[SRxO3,0PX0,0];
8/OqP=makequat[SRyO3,6PYO,0];
SOgP=makequat[ SR03,6PZ0,0];

Drawing the chain

codes

plotLine[S ,len_]:=Module[{h,c1,IS,

=8 Srt[g[11]-9[1]]];

ci=(q[1ag2])/ (S[11-9[11);

ISLine[{c1-len* [[1]],c1Hen* [[1]]}, VertexColors->{Blue,Green}];
graT=Graphics3D[{Red, Thick,Opacity[.8],|S,Aspect Ratio->1,Axes->True]

]

plotLineArrow[S ,len_,arrowHead_,tubeWidth_,Shame_]:=Module[{$,c1,ISgraT},
S=S§rt[[11].9[1];

ct1=(g[1ag[2)/ (S[111-9[111);

1Ss{Hue[1/6],Arrowheads arrowHead],Arrow[ Tube[{c1,c1Hen* S[[1]]},tubeWidth]]};
graT=Graphics3D[{Red, Thick,Opacity[.8],IS Text[Shame,c1+3[1]]* 10]},Aspect Ratio->1,Axes>True]
]

plotLineArrow2[S ,start_,len_,arrowHead_,tubeWidth_,hue_]:=Module[{h,c1,ISgraT},
S=8'Srt[[11]-9[1]]];

cl1=(g[1ag[2)/ (S[111-9[111);

IS{Hue[1/hue],Arrowheads[arrowHead],Arrow[ Tube[{c1+start* [ 1]],c1+Hstart-Hen)* S[[1]]},tubeWidth]]};
graT=Graphics3D[{Red, Thick,Opacity[.8],|S,Aspect Ratio->1,Axes->True]

]

plotSrew2Arrow[S ,arrowHead_,tubeWidth_]:=Module[{,l,c1,c2,ctot,n,pit,IS},
I=Length[S;

S=Table[d][i]]/ Srt[S[i,11]-[i, 1]11.{i, 1.1}];
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n=Table[CommonNormal2[J[i]],g[i+11]][[1,1]]1{i,1,I-1}];
c1=Table[CommonNormal2[F[i]],S[i+111][[2,11].{i,1,]-1}];
c2=Table[CommonNormal2[g[i]],g[i+1111[[2,2]].{i,1,]-1}];
ctot=Append|[c1,c2[[I-1]1];
pit=Table[[i,1]].9[i,2]/ (i, 11-[i, 111).{i, 1.1;

1S=Table[{Hue[1/6],Arrowheadq arrowHead* Sgn[pit[[i]]]* pit[[i]]/ 10],Arrow[ Tube[{ctot[[i]],ctot[[i]]+pit[[i]]* S[[i,1]]}:t
ubeWidth]1}£i,1,1}];
Show[Graphics3D[{Thick,Opacity[.8],IS,Aspect Ratio->1,Axes->True,Boxed->True,
ViewPoint->{1,1,1},iImageSze->600,Plot Range->{{-25,25},{-25,25},{-25,25}}], DisplayFunction-
>(PopupWindow[Button["Qick here"],#,
Window3ze->{650,650}]&)]
]
plotCylinder[S _len_,r_,off_,col_]:=Module[{$,c1,IS,
=5 Srt[J[11].9[1]1};
ci=g[1eg[2])/(S[1]11.9[11]);
1S=0ylinder[{c1Hoff)* len* [[1]],c1Hoff+2)* len* [[1]]},r];
graT=Graphics3D[{col, Thick,Opacity[.8],|1S,Aspect Ratio->1,Axes>True]
]
plotLink[S1_,2_,len_,r_,off1_,0ff2_,col_]:=Module[{1,512,c1,c2,|S,
S1=S1/Krt[SI[1]].SI[1]]];
ci=SI[[1]j@S[[2]])/(S[11].SH[1D);
S2=2/ Srt[S[1]]. 2[[1]]];
c2=([[1]122([2]])/(2A[1]].[1]]);
1S=0ylinder[{c1+off1*len* h1[[1]],c2+off2* len* 2[[11]},r];
graT=Graphics3D[{col, Thick,Opacity[.8],|1S,Aspect Ratio->1,Axes->True]
]

plotPam[SI_,22_,S3 %4, _,F_,len_,r_]:=Module[{1,52,53,54,h5,36,c1,c2,c3,c4,c5,66,IS},
S1=S1/Grt[SI[[1]].SI[[1]]];
cl1=SI[[1]]@S[[2]])/ (SI[[1]]-SI[[1]]);
S$2=8/ rt[[[1]]. ([ 1]]];
c2=([[1]ja[[2]])/(2[[1]]- ([ 1]]);
Sh3=S3/ Yrt[S[[1]].SB[[ 1]1];
c3=(S[[1]]=S3[[2]])/ (S3[[11]-SB[[ 111);
S4=8/ Grt[SA[1]]. SA[1]1];
cA=(SA[1]]aSA[2]])/ (SA[11]-SA11D);
6=/ Yrt[SH[[1]]-H[[1]1];
cS=(SB[[1]13SB[[2]])/ (SB[ 111- SB[ [ 111);
$6=S5/ Hyrt[ SB[ 1]]- SB[ [ 1]1];
c6=(SB[[1]]mSs([2]])/ (SBl[111- SB[ [ 111);

1S=Polygon[{c1+0* len* 1[[1]],c5+1* len* S5[[1]],c2+1*len* 2[[1]],c3+0* len* Sh3[[1]],c4+0* len* 4[[1]],c6+0.5* len
*S6[[1]],c5+1* len* 5[[111}];

graT=Graphics3D[{Blue, Thick,Opacity[.8],1S,Aspect Ratio->1,Axes->True]

]
plotPam2[SI_,2_,3_,len_,r_,w_]:=Module[{&1,5h2,3,34,55,36,c1,c2,c3,c4,c5,c6,1S.

S1=SI/Grt[SI[1]].SI[1]]];

cl=(SI[[1@S{[2]])/ (SI[111-S{[1]]);

2=/ Syrt[L[[1]]. 2A[1]]];

c2=([[1leA[2]])/ (KA[1]]- ([ 1]]);

S3=83/ rt[S[[11]-S3([1]]];

c3=(S3[[11@S3([2]])/ (K[ 111-SB{[11]);

IS=Polygon[{c1+w[[1]]* len* Sn1[[1]],c2+w[[2]]* len* S2[[ 1]],c2HWI[[2]]-
0.2)* len* 2[[1]],c3+w[[3]]* len* 3[[1]],c1HwW[[1]]+1)* len* A 1[[1]]}];
graT=Graphics3D[{Red, Thick,Opacity[.8],|S,Aspect Ratio->1,Axes->True]

]
plotPalm3[SI_,22_,3_,len_,r_,w_]:=Module[{$1,5h2,3,4,55,56,c1,c2,c3,c4,c5,c6,1S.
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S1=S1/Srt[SI[1]].SI[1]]];

ci=SI[@S21])/ (S-S

2=/ Srt[[[1]]. 2[[1]]];

c2=([[1]]22[[2]])/(2A[11]-[[1]]);

Sh3=83/ Srt[S[[1]]. ([ 1]1];

c3=(S3[[1]12S3[[2]])/ (S3[[111. SB[ 11]);

1S=Polygon[{c1+w[[1]]*len* h1[[1]],c2+w[[2]]* len* Sh2[[1]],c2HW[[2]]-
0.2)*len* $2[[1]],c3+w[[3]]* len* 3[[1]],c1Hw[[1]]+1)* len* 1[[1]]}];
graT=Graphics3D[{Blue, Thick,Opacity[.8],1S,Aspect Ratio->1,Axes->True]

]
plotFTASI_,p_,len_,r_,col_]:=Module[{h1,h2,3,34,c1,c2,c3,c4,I1SI2},

S1=S1/Krt[SI[1]].SI[1]]];

cI=(SI[[1]]@S[[2]])/(SI[11].SH[1]D);

1S=Oylinder[{c1-5* len* h1[[1]],p}r];

12=Sohere[p,r];

graT=Graphics3D[{col, Thick,Opacity[.8],I1SIS2},Aspect Ratio->1,Axes->True]

]

draw

A12g=(0,Cos{1.2],9n[1.2]};A229=(0,Cos[.98],9n[.98]};A32g=(0,Cos{ 1.2],9n[ 1.2]};A42g=(0,Cos{ 1.3],9n[1.3]};
P12g={-20,0,0);P22g={-15,17,17}:P32g={-11,22,22};P42g=(-5,25,25};
A13g=(0,Cos[1],9n[1]};A23g=(0,Cos[.9],9n[.9]};A33g=(0,Cos[.9], SN[ .9]};A43g=(0,Cos[ 1.1],9n[1.1]};
P13g={30,30,0};P23g={20,22,-17);P33g={11,22,-22};P430=(5,25,-25};

S12g={A12g,P12g2A12g};
2g={A22g,P22g21A22g};
B2g={A32g,P32g2A32g};
HA2g={A42g,P42gaA42g};
S13g={A13g,P13g2A13g};
3g={A23g,P23g2A23g};
S33g={A33g,P33g7A33g};
SA3g={A43g,P43gaA43g};

ax12g=plotLineArrow[S12g,7,0.05,0.1,"S12"];
j12ag=plotQylinder[S12g,1.5,2.5,-3,Black];
j12bg=plotCylinder[S12g,1,2,-1.5,Green];
112to22g=plotLink[S129,$2g,1,.8,-.5,.5,Green];

ax22g=plotLineArrow[$2g,9,0.05,0.1,"2"];
j22g=plotCylinder[$2g,1,2,1,Green];
j22g=plotCylinder[$2g,1,2,-1,Green];
121t031g=plotLink[ 229,332g,1,.8,-.5,.5,Green];

ax32g=plotLineArrow[S32g,9,0.05,0.1,"S32"];
j32g=plotCylinder[S32g,1,2,-1.5,Green];
j32g=plotCylinder[S32g,1,2,0.5,Green];
132to42=plotLink[S32g,$42g,1,.8,1,1,Green];

ax42g=plotLineArrow[$42g,10,0.05,0.1,"$42"];
j42g=plotCylinder[$42g,1,2,-1.5,Green];
j42g=plotCylinder[$42g,1,2,1,Green];

ax13g=plotLineArrow[S13g,7,0.05,0.1,"S13"];
j13ag=plotCylinder[S13g,1.5,2.5,-3,Black];
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j13bg=plotCylinder[S13g,1,2,-1.5,Bluel;
113to23g=plotLink[ S13g,$23g,1,.8,0.1,1,Bluel;

ax23g=plotLineArrow[S23g,9,0.05,0.1,"23"];
j238g=plotCylinder[$3g,1,2,-1.5,Blue];
j238g=plotCylinder[$3g,1,2,0.5,Blue];
123t033g=plotLink] 3g,S33g,1,.8,2,1,Blug];

ax33g=plotLineArrow[S33g,9,0.05,0.1,"S33"];
j33g=plotCylinder[33g,1,2,-1.5,Blue];
j33g=plotCylinder[S33g,1,2,0.5,Blue];
133t043=plotLink[ S33g,$43g,1,.8,2,1,Blug];

ax43g=plotLineArrow[$43g,10,0.05,0.1,"$43"];
j43g=plotCylinder[$43g,1,2,-1.5,Blue];
j43g=plotCylinder[$43g,1,2,1,Blue];

(*rd=(((SA3I[11I2SA3GI[2]1)/ (SA3[[ 1]].SA3[[1]1))-(SA2d[ [ 1]12SA2[[2]])/ (SA2dI[1]]-S424[[ 1]1)))/ 2
od=(((SA3I[111@SA3dI[2]])/ (SA3a[ [111. A3 [ 111))H(S2d[[ 1112424 [2]])/ (S42dI[1]]-S420[[111))/ 2
OrangeG=Graphics3D[{Orange,Opacity[.3],3here[{cd,rd}]}];*)

OrangeG=plotLink| $42g,$43g,1,1,2,1.7,0rangel;

Show[{ax12g,j12ag,j12bg,112t022g,ax22g,j229,/22g,121t031g,ax320,j32,j32g,132t 042,

ax42g,j42g,j42g,ax13g,j13ag,j 13bg,|113t023g,ax23g,j239,j234,123t033g,ax33g,j33g,j33g, 133t 043,ax434,j43g,j43g,0Orange
G},Boxed->False, Axes->None]

FK-Numerical
Equations
AK2P=Ratten[quat mult Sep[quat mult Sep[quatmult Sep[S12qP, 22qP], 32qP], S C2gF]];

FK3P=Ratten[quatmult Sep[quat mult Sep[quat mult Sep[ S13qP,23gF],S33qF],2C3qgF];

here we solve the equation for the two branches to be closed at orange center. | have put the equations in
different formats but it never finishes solving in any case.

At first | get the first the angle of joints (6P12,6P13) in both chains as variable then i put equations again and
| gave them cos of the first axes angles some value

CommonNormal[J12,22][[1,{1,2}]]

CommonNormal[22,032][[1,{1,2}]]

CommonNormal[J32,3RC2][[1,{1,2}]]

CommonNormal[J13,23][[1,{1,2}]]

CommonNormal[23,J33][[1,{1,2}]]

CommonNormal[J33,3RC3][[1,{1,2}]]

{{{0.091105168477990181,0.51314285940092996,-0.85345430699155444} {-
190.74131862900034,248.98342102393362,129.34089585575223}},177.08920532546745}
{{{-0.0242590206323236308, -
0.210880391675928140,0.97721080649190921},{324.65805215005166,25.190013179602260,13.495518207108172}
},101.29847748994626}

{{{-0.85803899095429,-0.502518014759976,0.106041194089068}{-
10.8536448737069,23.7293424531612,24.6278966202226}},143.133402776594}
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{{{-0.53303836303606777,-0.21862483807841029,-0.81735750055102456}{-
173.52930758533280,84.32744581262408,90.61115095632972}},18.63865377029934}
{{{-0.33520242251902626,-0.27944115427906569,-0.89975106403524 725} {-
108.45005321189721,77.24170413826473,16.413661718646139}},110.54242951231010}
{{{0.47906650194125207,0.35824911183886223,0.80134440821936152},{142.81193494079590,-
55.20356730216650,-60.69772828301313}},124.77544308637247}

Matlab-Numerical

1. third case

m1=360;

n1=360;

OFin1=N[Table[n*2* F/m1{n,0,m1}]];

B6Pn2=N[Table[n* 2* Fi/n1,{n,0,m1}]];

eq=FK2M[{1,2,3,5,6,7}]]-A3H[{1,2,3,5,6,7}1];
egstk2a=Table[ Table[Chop[Ratten[eq/ {6P12->0Fin1[[i]],0P13->6Fin2[[j]],6P22->t P22,0 P32->t P32,0 PZC2-
>tP42,6P13->t P13,0P23->t P23,0P33->t P33,0 PZC3->t P43}]] {i, 1,Length[6Fin11}] {j, 1,Length[BFin2] };

Matlab
nbegin=2
nend=360
Names

Iname=Range[1,Length[BFN1]];

Jame=Range[1,Length[6FN2]];

FleAddress=Table[ Table[Sringbin[add,"a", ToSring[Iname[[i]]],"b", ToSring[Iname[[j]]],".m"1{j,1,Length[6Rn2]}] {i,1
,Length[6Fin1]}];

Analysisname=Table[ Table[Sringbin["analysis","a", ToSring[Iname[[i]]],"b", ToS ring[ Iname][j]]],".m"1{j,1,Length[BF
n2]}]{i,1,Length[6FAN1]}];

Analysis=Table[ Table[Sringbin["analysis',"a", ToSring[Iname[[i]]],"b", ToSring[Iname[[]1]11{i,1,Length[6FRn2]}] {i,1,Le
ngth[6RN1]}];

DataAddress=Table[Sringbin[add2, ToSring[i],".mat"] {i,1,(Length[6Fin1]* Length[6Fn2])};

Writing to Matlab
hh=Table[Fk] {k,1,6}];
var={tP22,t P32,tP42,tP23,t P33,t P43};

Table[ Table[Analysisname]][i,j]]=OpenWrite[RleAddresd[[i,jl],PageWidth->300] {j,1,Length[6Fin2]}] {i,nbegin,nend}];
Table[ Table[OutputSream[FleAddresd[i,j]],125].{j,1,Length[BFin2]}] {i,nbegin,nend}];
Table[ Table[WriteSring[ Analysisname[[i,j]],Sringbin["function =",
ToSring[Analysig[i,j]]]," (x)"1].{j,1,Length[6FNn2]}] {i,nbegin,nend}];
Table[ Table[WriteSring[ Analysisname[[i,j]],"\n\n"],{j,1,Length[6Fin2]}] {i,nbegin,nend}];
Table[ Table[WriteSring[ Analysisname[[i,j1],
"tP22=x(1),tP32=x(2),t P42=x(3),t P23=x(4),t P33=x(5),t P43=x(6);\n\n"] {j, 1,Length[BFin2] }] {i,nbegin,nend}];

Table[ Table[ Table[ WriteMatlab[eqsfk2a[[i,j,K]],Analysisnamel]i,j1],
hh[[K]1]1.{k,1,6}].{j,1,Length[BFin2]}] {i,nbegin,nend}];

Table[ Table[Qose[ Analysisname][i,j]]1,{j,1,Length[6Fin2]}] {i,nbegin,nend}];
5.0utPut Plots

Bout=Table[Table[6i {j,1,Length[6Fin2]}] {i,1,Length[6FN11}];

Table[ Table[Bout[[i,j]]=Table[X[[K]].{k,(Length[BFin2](int)(i-1)Hj-1)6+1),(Length[6FN2] (int ) (i-1)+(j-
1)6+nt)}].{j,1,Length[6Fin2]}] {i,1,Length[6FN2]}];

theta22=Hatten[Table[ Table[Bout[[i,j, 1]]1{j,1,Length[6Fin2]}] {i,1,Length[BRN2]}],1];
theta32=Hatten[Table[ Table[Bout([[i,j,2]] {j,1,Length[6Fin2]}]{i,1,Length[6FN2]}],1];
thetad2=Hatten[ Table[ Table[Bout[[i,j,3]]{j,1,Length[6Fin2]}] {i,1,Length[6FN2]}],1];
theta23=Hatten[ Table[ Table[Bout([[i,j,4]] {j,1,Length[6Fin2]}] {i,1,Length[6FN2]}],1];
theta33=Hatten[ Table[ Table[Bout[[i,j,5]]{j,1,Length[6Fin2]}] {i,1,Length[6FN2]}],1];
thetad3=Hatten[Table[ Table[Bout[[i,j,6]]{j,1,Length[6Fin2]}]{i,1,Length[6FN2]}],1];
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theta22Points=Fatten[ Table[ Table[{6Pin1[[i]],0Pn2[[j]],00ut[[i,j,1]]}.{i,1,Length[6Fn2]}] {i,1,Length[6Fin2]}],1];
theta32Points=Hatten[ Table[ Table[{6Fin1[[i]],6FAn2[[j]],80ut[[i,j,2]]},{i,1,Length[6FNn2]}] {i,1,Length[BFiN2]}],1];
thetad2Points=Hatten[ Table[ Table[{6Fn1[[i]],0Fn2[[j]],80ut[[i,j,3]1}{,1,Length[6Fin2]}] {i,1,Length[6AN2]}],1];
theta23Points=Hatten[ Table[ Table[{6Fn1[[i]],0Fn2[[j]],80ut[[i,j,4]1}i,1,Length[6Fin2]}] {i,1,Length[6AN2]}],1];
theta33Points=Hatten[ Table[ Table[{6Fin1[[i]],0FAn2[[j]],80ut[[i,j,5]]},{i,1,Length[6Fn2]}] {i,1,Length[6FiN2]}],1];
thetad3Points=Hatten[ Table[ Table[{6FPin1[[i]],6Fn2[[j]],80ut([i,j,6]1}4i,1,Length[6Fin2]}] {i,1,Length[6FN2]}],1];

thetaAll=Aatten[ Table[ Table[Ratten[{BRin1[[i]],0FNn2[[j]], Table[Bout[[i,j,KI].{k, 1,6}1}1,{i, 1,Length[BRin2]}] {i, 1,Length[@
Rin2]}1,1];

thetaAll[[1]]
List Plot3D[{theta22Points,theta32Points,thetad2Point s}]
ListPlot3D[{theta23Points,theta33Points,theta43Points}]

6.Analysis-Workspace

Workspace of each finger with wrist:
S12gP=N[Table[makequat[J12,thetaAll[[i,1]],0] {i,1,Length[thetaAll]}]];
22qP=N[ Table[makequat[L2,thetaAll[[i,3]],0]{i,1,Length[thetaAll]}]];
B32gP=N[ Table[makequat[J32,thetaAll[[i,4]],0] {i,1,Length[thetaAll]}]];
$H#2gP=N[ Table[makequat[RezC2,thetaAll[[i,5]],0].{i,1,Length[thetaAll]}]];
S13qP=N[ Table[makequat[J13,thetaAll[[i,2]],0] {i,1,Length[thetaAll]}]];
23qP=N[ Table[makequat[3,thetaAll[[i,6]],0].{i,1,Length[thetaAll]}]];
S33qP=N[ Table[makequat[J33,thetaAll[[i,7]],0].{i,1,Length[thetaAll]}]];
A3gP=N[ Table[makequat[ReC3,thetaAll[[i,8]],0].{i,1,Length[thetaAll]}]];

FK2P=Table[quat mult Sep[quat mult Sep[quat mult Sep[ S12gF{[i]],22qM[i1]],S32qM[i]]], 429F[[i]]1 i, 1,Length[thetaAll]}
I;
RGBP=Table[quat mult Sep[quatmult Sep[quat mult Sep[ S13gF{[i]],23qP{[i1]],S33qF[i]]], $43gF[[i]11 i, 1,Length[thetaAll]}
I

point2=Table[quatmult Sep[quat mult Sep[ AK2H[[i]],HM2dq[ OrangeCent er F3]],quatconj4[ AR2A[i]1]][[2,{1,2,3}]] {i, 1,Len
gth[A2FY}];
point3=Table[quatmult Sep[quat mult Sep[ A3H[[i]],HM2dqg[ OrangeCent er F3]],quatconj4[ RS [i1]1][[2,{1,2,3}]] {i,1,Len
gth[A3PL};

P2Point Plot=List Point Plot 3D[point2,ColorFunction->GrayLevel]
P3Point Plot=List Point Plot3D[point3 ,ColorFunction->"Rainbow"]
]

Show[P2PointPlot,P3Point Plot]
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