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SUMMARY

This paper investigates the kinematics and the optimization of a generic robotic structure composed
by N serial rotary joints and actuated with a mono-directional tendon system. In the first part of the
paper, the specific case that brought us to develop this study is introduced; the main motivations and
the scenario with its specific constraints and design choices have been described.

Since a complete and detailed analysis of an n-R serial structure with this kind of characteristics
could not be found in the literature, the study of the kinematics and the parameter optimization of
such a structure is treated as generally as possible, in order to make the procedure and the results
applicable for any similar structure. Finally, in the last part, through the introduction of specific
constraints and the definition of the parameters, the general analysis has been applied to the specific
case of study: the preliminary study of a finger exoskeleton for an astronaut suit.
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1. Introduction
Robotic structures can differ from each other for their initial requirements and constraints, for their
general architecture, and finally for the elements that compose it, mainly actuation and transmission.

This paper focuses on a wire actuated single effect robotic structure. This kind of actuation system
was chosen in order to minimize the dimensions and weight of the final device, since bulk is a
fundamental constraint for our specific project.

Cable (or wire, or tendon) actuation is widely used in robotics, and in particular for parallel
manipulators or robotic hands. Several examples of parallel manipulators can be found in the literature:
the WiRo"2, WARP,> NIST Robocrane,* Falcon-7.0 Extensive theoretical work has been performed
by Merlet.5® Regarding robotic hands, the Shadow Hand® and the DLR-Hand II'° are two very
important examples of the state of the art.

The main advantage of using wire actuation is the opportunity to lighten the most critical points,
by placing the actuators elsewhere. This is evident in the Shadow Hand, where all the actuators, i.e.,
pneumatic muscles, are placed in the forearm thus realizing a human sized robotic hand. On the other
hand, the main inconvenience of wire actuation is that cables can only work by traction: therefore,
special solutions are required to obtain the complete control of each degree of freedom (DoF).
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Fig. 1. Articulations and phalanges of the human hand.

In order to overcome the problem of traction and to reduce the complexity of the device, single effect
actuation is considered. Therefore, each DoF of the robotic structure is actuated actively only in one
direction, while the recall movement is effected through passive elements, e.g., elastic components.

1.1. Specific project and motivation
This research activity arose from a larger project which aims to produce a hand exoskeleton to help
astronauts overcome the stiffness of the suit glove while conducting extra vehicular activities (EVA).!!

Hand exoskeletons present in the literature are usually developed for rehabilitation, as medical
prostheses or as human—machine interfaces and are often characterized by a reduced number of DoFs,
by large dimensions and weight. Small dimensions and a low weight are however fundamental aspects
of our project, which thus requires a different conceptual and technological approach.

As mentioned before, wire actuation allows dimensions and weight to be reduced by keeping the
actual device unhampered. Moreover, the placement of the actuation system in a noncritical position
means that it can be neglected completely during the first steps of the design, and its actual definition
postponed. Furthermore, the intrinsic stiffness of the EVA glove, due to its multiple layers and its
internal pressurization, allows the realization of a single effect strategy, since the glove itself can act as
the passive elastic element for the return stroke.'?>~!7 This choice simplifies the structure and the actuat-
ing system greatly and contributes, in part, to achieving the goal of lightness and reduced dimensions.

In this paper, the conceptual design of the robotic structure has been generalized as much as
possible and separated from the specific design of the hand exoskeleton. This generalization permits
to apply the analysis to different designs and structures, provided that they adhere to the conceptual
choices explained in the following.

2. Concepts Behind the First Design
In order to simplify the approach toward a hand exoskeleton we decided to start from a single finger
exoskeleton: in the future, this study will be generalized for all the other fingers of the device.

All the requirements for the whole hand exoskeleton are however considered in the single finger
device: it has to support the finger movements, to ensure the correct kinematics and it must not
interfere with the palm or with the other fingers of the hand. It is important to underline that this first
design aims to minimize dimensions and weight.

The single effect finger exoskeleton is actuated only in flexion and utilizes passive components,
e.g., elastic elements (or the EVA glove itself) for the extension.

This section describes some constraints and design choices which are specific to our project but
may contain valid suggestions for other researchers working on similar applications. Moreover, an
extension to the more general case is attempted.

2.1. Human finger
The human hand is constituted by five digits: four fingers and the thumb. As shown in Fig. 1 the human
finger is composed of three articulations, distal-interphalangeal (DIP), proximal-interphalangeal
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Fig. 2. Human knuckles behavior.

(PIP), and metacarpophalangeal (MCP) and of four phalanges, distal, middle, proximal, and
metacarpal phalanx. Each finger can be modeled with a kinematic chain composed off our links
and four DoFs. Three of them are related to the flexion—extension movement and one is related to the
adduction—abduction movement. The thumb shows a different structure, not specifically addressed
here for the sake of brevity. At this stage, the adduction—abduction movement is neglected and kept
passive, thus the realized model is composed of only the three DoFs which have parallel axes. The
centers of rotation of the joints of the mechanism and the ones of to the corresponding human joints
must be coaxial, thus the MCP articulation presents another problem: the crotch. The webbings
between fingers impose strong restrictions on the location and shape of the elements of the device,
and require the designer to look for nontrivial solutions. The main critical point in the development
of a hand exoskeleton is related to the extremely wide hand dexterity, which may not be excessively
restricted by the device.

All mentioned concepts can be generalized and applied to different solutions that maintain the
general idea of a single effect robotic structure. Moreover, the modularity of the approach presented
in this paper means that the concept can be generalized to structures having a generic number of
links n.

2.2. Joints

The human knuckles are not pure rotational joints. They have a behavior which is more similar to
a sliding convex—concave couple of profiles with different and varying radii,'® as shown in Fig. 2.
The faithful reproduction of this type of joint is an unnecessary complication in the design and
would be excessively demanding in terms of size and weight. A pure rotational joint is an acceptable
compromise that guarantees a kinematical behavior which is very similar to the real one, since the
human finger has enough flexibility to compensate for such small differences without problems or
risks. Three solutions have been analyzed to design pure rotational joints: traditional joints, virtual
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Fig. 3. Wire actuation with (left) and without (right) access to the joint.

joints, and no joints. Traditional joints, i.e., a classic coupling of two or more rigid elements, such
as a hinge, have the advantage of ensuring the right kinematics, and of allowing the distribution of
a large part of the resultant forces directly on the structure. This solution is demanding in terms
of dimension and weight. Real (traditional) joints are widely used both on hand exoskeleton and
robotic hands; Shadow Hand,® the DLR-Hand IL'° and HANDEXOS'? are only few examples. The
jointless solution, using human joints only, is the best one in terms of dimension and weight, but
has some disadvantages. First of all the resultant forces act on the finger articulation, and only the
human finger guarantees the correctness of kinematics. This solution results unsuitable for robotic
hands; it is adopted mainly in low power exoskeleton design, DiCicco’s orthotic exoskeleton?” and
Li Jiang’s haptic exoskeleton?! are a couple of examples. Finally, virtual joints are elements that
ensure kinematics without being true joints, such as elastic components, e.g., flexures. They are a
compromise between the traditional joints and the joint less solutions. In literature there are several
examples, in particular the work of Berselli et al.?*> shows an overview of some compliant and elastic
joints for robotic structures.

The analysis presented in this paper can be applied to any joint solution, provided that there is an
element, which ensures extension movements, e.g., an elastic element, in order to apply the concept
of “single effect.”

2.3. Transmission

Although our specific aim is to design a finger exoskeleton structure, it is paramount to stress the fact
that this study can be applied to any single effect n-R planar arm, no matter what its proportions or
scopes are.

The transmission proposed in this paper is achieved by mono-directional tendons (wires), which
pull each phalanx (or link) only in its flexion movements. The extension movement is guaranteed by
passive elements coaxial with the joints, such as a torsion spring or any element that can be modeled
like an elastic component, e.g., the intrinsic stiffness of the EVA glove. Tendon transmission permits
to place the actuation system in a noncritical position, thus the actuation itself is not treated in this
study.

The solution proposed in this paper considers that the actuation and transmission system cannot be
directly linked to the joints. The wires pass through the links and are fixed to their “final” link without
guaranteeing a fixed arm with respect to the joints. This assumption permits to generalize the concept
for solutions with virtual joints and “no joints,” where it is not possible to impose the passage of the
cables in a fixed point of the joint. This choice has two main consequences: the minimum distances
between the cables and the joints will not remain fixed during movements, and the passage of the
cables through the center of rotation of the joints cannot be imposed. Figure 3 shows the differences
between the classical wire actuation with access to the joint (left) and the solution proposed in this
paper with no access to the joint (right).

These assumptions imply that the movements of the joints cannot be decoupled from one another,
thus transmission of the joint i also acts on the previous i—1 joints.

2.4. Global overview

The above discussion provides a series of motivations for each choice and a functional idea of each
element of the physical device. This means that a family of devices could be unified under the
same previously treated “guidelines,” independently from the technological solutions. The choices
to place real springs or not, to allow the passage of the cables with micromachined holes rather than
micropulleys are examples of different technological solutions for the same concept with different
advantages and disadvantages.
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Fig. 5. Link schemes.

Figure 4 represents the conceptual scheme under study. Each link of the robotic arm is represented
by a rounded block; in the actual design these blocks can have any shape and size. Two adjoining
blocks are linked together with a pure rotational joint that can be real, virtual or fictitious (in the case
of “no joint” solution). An elastic component (not represented in the pictures) is placed inside each
joint in order to guarantee the extension movement.

A certain number of tendons pass through each block. They are used to transmit motion, depending
on the position of the block in the kinematic chain. The passage of the wires through the links can
be achieved in different ways. Figure 4 shows two examples, i.e., micromachined holes (left) and
pulleys (right). Other solutions are also possible.

It is important to underline that this model is planar and with all the axes parallel to each other.
Axes with a different orientation (e.g., the abduction—adduction DoF in the specific case of human
finger) cannot be placed inside the kinematic chain, but rather can be treated separately and added
upstream.

3. Statics
Figure 5 represents the scheme of the generic ith link of the robotic structure. Each link is associated
with a coordinate reference system R; which uniquely defines its position and orientation. In this

https://doi.org/10.1017/50263574713000751 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574713000751

362 Analysis and optimization of a wire actuated, single effect n-R robotic structure

study the apex i on the generic vector ‘x states that the vector is expressed in the ith reference frame
‘R;. The ith reference system is placed on the ith rotational joint, which connects the ith link to the
previous one. R; can be obtained from R;_; through a translation represented by the position vector
i1;_1 and a subsequent rotation around it of an angle ;. Each link is driven by a corresponding wire.
The architecture consists of a serial chain of N links, each of them hosting the holes for the wires
that drive the following elements. Hence, as shown in Fig. 5, N 4 1-i wires enter the ith link from the
previous one, while N-i of them go to the following link. The wire i acts specifically on the link i and
ends there. The generic wire j (j > i) enters the link i/ coming from the previous one and continues to
the following one. If the wire does not pass exactly through the origin of R;, it has a non-null torque
effect on the ith link, which must be controlled and optimized. The position vector that identifies
the entrance of the hole for the generic jth wire in the ith link is called ‘u; ; (u for upstream). The
position vector of the end of the same hole is referred to as 'd;; (d for downstream). It is important
to underline that by imposing ‘d;; = ‘u;;, one obtains the specific case in which the passage of the
wires is performed trough micropulleys rather than micromachined holes. '¢;; is the unit vector that
identifies the direction of the generic jth wire on the ith link, and it is defined as follows:

P wi+A;_, (iilli—l - iild(i—l)f) (D
T A (P — i_ld(i—l)j)’

i

where 'A;_, is the linear operator which maps vectors and points from the reference R;_; to the
reference R;.

—sin(6;) cos(6;) )

A = [ cos(6;) sin(6;) }
and 6; is the counterclockwise angle between R;_; and R;.
The generic ith link is subject to the following forces and torques, depicted in Fig. 5:

* 'R; and ' C;, exerted by the previous link at the ith joint

e —R; .y and —'C;,, exerted by the following link at the (i + 1)th joint

* I F;, external force applied on the ith link (e.g., exerted by the user), whose point of application is
identified by vector ‘a;

* m;g, link weight applied in its center of mass, identified by vector ‘b,. Vector g is gravity, typically
expressed in the fixed, or Oth, reference system: Og

e —T;;'t;;, tension exerted by the jth wire, whose point of application is given by the vector ‘u, i
Given that the force is a traction one, its direction is opposite to the unit vector ‘¢;;, while its
magnitude is 7;;. The index j varies from i to N

* ¢;jT;;'ti41;, tension exerted by the jth wire, whose point of application is given by the vector 'd; i
Its direction coincides with the unit vector it([+1) j» while its magnitude is ¢;; T;;. The coefficient
;; is a factor that considers the reduction of force along the jth wire due to the friction associated
with the sliding of the wire into the hole. The index j varies from (i + 1) to N.

A study of the coefficient ¢;; follows. When the wires pass inside their holes, they are bent by a
certain angle. In practice it will not be a sharp corner because the hole’s extremity will be rounded,
therefore the effect of friction at the bend can be studied according to the theory of belts. Figure 6
depicts this friction effect, which reduces the tension of the wire twice per hole, at the entrance and
at the exit.

The total effect of friction in the hole?® is equal to:

(p.AT..it o .
gij = TV D] o= fle 1By (3)
_Tijltij

The constant f is the Coulomb friction coefficient between wire and hole walls, which can be
evaluated experimentally or extracted from literature data, and depends on the materials and on the
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Fig. 6. Friction due to the sliding of the wires inside the holes.

contact geometry. The two bending angles «;; and B;; can be calculated as follows:

"t.ﬁ(’vd..—"u.,) i .-([d-»—iu~-)
i, (i+1) i
o = arccos [A], Bij = arccos [# . 4

idij,iuu_ id,_j,iul_j
Thus, the equations of the translational (5) and rotational (6) equilibrium of the generic ith link
can be written as:

N N
‘Ri — 'Riy1 +mi' A g +'F; — ZTijitij + Z 9T A" =0 ®)
j=i j=it1

'Ci = 'Civ1 ="l N'Ripy +mi'b, AT A g +'a; AT,

N N
= i AT+ Y i ATy A ey =0, (6)

j=i j=i+1

The equations of the ith link require the solutions of the following N — 1 links to be solved.

4. Optimization
The optimization process aims to find the best set of parameters in order to minimize internal stresses
and to limit the range of tendon tensions. However, the definition of “best” is not univocal. In some
cases it could mean limiting the peak of a specific internal variable, in other cases reducing oscillation
by keeping a variable as constant as possible. Using the kinematic relationships between parameters
(see Egs. (5) and (6)) the set of values of parameters that optimizes a certain target can be called
the “best” configuration of the tunable parameters. A wide and comprehensive study related to the
manipulators and grasping device in terms of modeling, constraints and optimization criteria can be
found in the work of Ceccarelli>* and Carbone et al.>>~>

Sections 4.1.1 and 4.1.2 will analyze all the elements involved in the optimization process and
present some possible optimization choices. The magnitude of tendon tensions is one of the main
quality factors of this specific project. In any case, the generic tension 7; must be limited between
two values:

Tmin < Tl < Tmam (7)

where T, 1s the minimum acceptable wire tension value. This must be positive, and to increase the
controllability margin a value of T, greater than zero has to be introduced in order to compensate
undesired effects or nonidealities. Tp,x iS the maximum acceptable wire tension value. This is a
function of the maximum stress that the wires can undergo and by the maximum value of T that the
actuators can (directly or indirectly) produce.
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Fig. 7. Flow chart.

There are two typologies of parameters to combine in order to achieve the goals mentioned above:

* Fixed: intrinsic and unchangeable parameters specific to each design (e.g., geometrical parameters,
position of the joints, DoFs, etc.).

e Tunable: parameters that can vary within a determined range of values on the basis of design
choices (e.g., the possible positions of the passing points of the wires inside the structure): these
can be adjusted for optimization.

It is necessary to underline that different projects, though based on the same concept, can have
different sets of fixed and tunable parameters according to the characteristics of the device itself. The
distance between two joints is an example of a fixed parameter in an exoskeleton design because the
device has to be worn, while it could be tunable for another application.

4.1. Algorithm

An algorithm calculates the best possible configuration of the tunable parameters. Figure 7 presents
a flow chart describing the main steps of the optimization procedure.
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The main tunable parameters for robotic structures according to the previously presented concept
are:

* the position of the wire holes inside each phalange of the device

¢ the parameters of the elastic components (depending on the chosen elastic components)

¢ the minimum tendon tension range T,

* the range of the external force F (if in the specific design it is considered as a tunable parameter).

For each value of F and T,,,;, and for each specific wire hole position, an analysis of every possible
wire configuration (inside the defined range) is carried out. At the end of this analysis the following
values are calculated:

* the elastic parameters that best satisfy the design requirements
¢ the mean and peak values of the N tendon tensions.

During each iteration (corresponding to a specific wire configuration), the N tendon tensions are
calculated and the stiffness values of the elastic components is optimized to find the best configuration.

Due to the superposition effect, the generic ith link also applies an effect on the previous i-1. The
algorithm begins by calculating and optimizing the parameters of the last link (the Nth), and then
proceeds backwards along the kinematic chain.

The first step of the iteration is to calculate the tension 7; of the tendon acting on the link i. At this
point all parameters except the stiffness of the elastic element are known. For each combination of the
elastic parameters, within the desired range, the trend of 7; is calculated as a function of the bending
angle 6;. A 2-D matrix containing the values of the tension 7; versus the angle 6; and the elastic
parameters of the ith elastic component is obtained. This matrix has to be analyzed and optimized.
The following values are obtained:

¢ the best elastic parameters of the ith elastic component (the definition of “best” will be investigated
in4.1.1.)

¢ the mean values of T;

e the peak values of T;.

The generic output matrix obtained from the study of the ith link is a (N-i+2)-dimensional matrix.

4.1.1. Optimization of K. The calculation of the wire tensions yields a matrix describing the behavior
of T; as a function of the bending angles, defined for the values of the elastic parameters of the ith
elastic element. The number and typology of the elastic parameters depend on the typology of the
elastic components and on its model, e.g., linear torsion springs can be defined using their stiffness
and free angle.

Many different possibilities are available for the choice of the best parameters, depending on
various constraints and design choices. Some examples are the minimization of the p-norm related to
specific Lebesguespaces?®?? Lp:

¢ Minimization of the L, norm = minimization of the peak value of the signal.
* Minimization of the L, norm = minimization of the energy of the signal.
¢ Minimization of the L | norm = minimization of the total resources of the signal.

Figure 8 represents an example of the result of the optimization of the generic 7;. In the specific
case the elastic component has been modeled in a similar way to a linear stiffness torsion spring. This
spring applies a torque proportional to the angle, but with a fixed target torque for a particular angle
(corresponding to point P). The parameters are the stiffness k; and the free angle 6;. In this example
the minimization of the L, norm of the signal 7; was imposed, i.e., the underlying area of the signal.
Figure 8 shows a family of curves; each curve is the trend of 7; for a certain value of k; and of the
corresponding ;. The horizontal star-dotted line shows the minimum threshold of the tendon tension
Tin and the thick line corresponds to the curve with the optimized value of k;.

Many other solutions, such as nonlinear springs, discrete elastic elements or other components
are equally possible and can be treated in a similar way using their respective transfer
functions:

Ci = f(0). ®)
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Fig. 8. Wire tension with different values of elastic parameters.

) o’ 00
Fig. 9. Finger exoskeleton design.

As mentioned above, the elastic elements act in opposition to the tendons. This means that there is
an additional design possibility because more rigid elements can be compensated by a larger tendon
tension. A good shaping of the transfer function of the elastic elements means that the behavior of
the tensions could be modeled by imposing the passage through fixed points, which then modify the
peaks and slopes.

4.1.2. Optimization of the tendon configurations. Changing the tendon configuration allows us to
study the effects of different combinations on internal forces and torques and in particular the tendon
tensions. In this way it is possible to find the most suitable combination according to specific design
criteria.

At the end of each iteration, the peak and mean values of the three tendon tensions for a specific
set of tendon configurations is obtained. The goal is to find the best solution, generally the one that
minimizes the demand of the actuators. Depending on the requirements of the specific project, the
tendon configuration can aim to minimize different values:

e the peak of tensions: min[m[ax(T,»)] i=1...N

¢ the mean of tensions: min[mean;(7;)]i =1...N

The first results useful to control and limit spikes and overshoots which could damage the tendons
or exceed the actuator capability, the second can be useful to reduce as much as possible the power
consumption.

5. The Specific Case of Exoskeleton Design

5.1. The design concepts

Figure 9 depicts a possible design for a finger exoskeleton that follows the general concepts described.
The structure is fixed to the palm by a proper support and is composed of three links corresponding
to the human phalanges connected by rotary joints. Several holes are present on each phalange to
illustrate the possible paths of the wires among which a choice will be made through optimization.
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Fig. 10. The specific link design with additional constraints: schematics (a) and CAD model (b).

For model validation, a simplified structure has been conceived in order to allow testing and to
compare the theoretical simulation with the experimental results. It fits the following requirements
and simplifications;

* all the forces and the vectors defining the geometry lie on the same plane

e three links: N = 3

* all wire holes of the ith link are parallel to the ith x axis

¢ all wire holes of the ith link start and end at the same x coordinate

* no friction:g;; = 1Vi, j

* the ith external force is parallel to the ith y axis

* the external forces are tunable parameters because they are targets for control strategies
* negligible weight

¢ the elastic elements are modeled as linear torsion springs.

Figure 10 shows a schematic representation (a) and a 3-D cad model (b) of the simplified
structure defined above. The model shows an asymmetric design composed by three DoF actuated by
coplanar tendons, passing through the holes. The joints are torsion springs guaranteeing the extension
movement. This solution was chosen in order to minimize the lateral thickness of each phalange;
moreover, it does not interfere with the finger crotch in the specific case of the index finger. Different
fingers will require different solutions for the MCP articulation. Finally, some constraints on the
relative position between two tendons have to be imposed to avoid intersections.

5.1.1. The finger “soft constraint”. During the study of the characteristics of the human hand, intra-
and interfinger constraints were analyzed. These relationships are due to the structure of the hand and
the tendon/ligament properties, and couple different DoF. In particular, there is a “soft” constraint
between DIP and PIP articulations.’® This is not a strict kinematic relationship between the two
articulations, in fact a partially independent motion on the two phalanges can be forced, but it is valid
during normal movements. The relationship is not linear and it is variable among different subjects.
However, the constraint is soft and can be partially altered or corrected without causing discomfort;

therefore, it has often been approximated with a fixed ratio between the two bending angles:*!-32

2
Oprp = §9PIP- ©))

The introduction of this constraint inside our algorithm, resulted in a 2-D matrix instead of a 3-D
matrix for the tension 7, and to a 3-D matrix instead a 4-D matrix for the tension 77, simplifying
calculation and reducing computation time.

5.2. The elastic elements

During the static analysis, we introduced the effect of elastic elements with a generic torque C;. The
equation and the behavior of C; depend on the element used to guarantee the extension movement.
As mentioned previously, the elastic elements have been modeled as linear torsion springs, with a
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Fig. 11. Parameter values and wire holes.

certain free angle and constrained to yield a given torque at a certain bending angle (the fixed point
P). The free angle guarantees a certain torque, different from zero, in §; = 0 and the fixed point P
assures the maximum extension force applied by the EVA glove to the finger.

The equation of the generic elastic element is:

Ci=k - (Oi — Oi*) +C}, (10)

where 0} and C; come from preliminary studies and tests performed on the EVA glove.®

* 0 is the maximum bending angle of the ith articulation wearing the EVA glove;
» C/ is the torque applied by the glove to the phalange when it is bent by the angle 8;*.

The maximum absolute value of the free angle is guaranteed through the limitation of the minimum
value of stiffness k; during the simulation:

ki ’ 1D

5.3. Results
Many simulations with different characteristics have been performed. The input parameters defined
for each simulation are the following:

* Thin: the minimum tendon tensions to always guarantee the control of the movements.

* Fiin: the minimum contact force between finger and exoskeleton (which becomes the threshold
value of the contact force).

* §;: the free angle of the springs: the material used to build the springs has a finite range of internal
stress it can bear. Fixing the value of the free angle (as a function of the material) means that only
usable values of the spring parameters can be obtained.

» The acceptable passing points of the holes through the structure and the minimum distance between
two adjacent holes, these elements depend on the specific mechanical design of the device.

* The structure of the holes. Reducing the length of the holes, for instance, allows us to simulate the
behavior of micropulleys or other design concepts.

In this last paragraph we present two examples of the performed simulations. For these simulations
we fixed the parameters values and the discrete passing points of the tendons (shown in Fig. 11) as
follows:

In the following part two simulations will be analyzed and, for each one, three different solutions
will be presented. In these simulations, the angles 6; are considered positive with bending movements,
for simplicity, convenience and clarity of interpretation. In each of the following solutions the elastic
parameter shave been obtained by minimizing the L, norm of the tendon tensions, and the best wire
configuration has been obtained by minimizing the maximum value of the tendon tensions. For each
proposed solution the following outcomes are shown:

* Tendon configurations, describing where the three tendons pass through the different links of the
structure.
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Fig. 12. Solution 1: behavior of the three tendon tensions (left), tendon configuration and elastic parameters
(right).
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Fig. 13. Solution 2: behavior of the three tendon tensions (left), tendon configuration and elastic parameters
(right).

* Behavior of the three tendon tensions as a function of the respective bending angles. As stated
before the tensions 7, and T3 are functions of only one bending angle so their behavior is shown
as a 2-D graph. The tension 77 is a function of two bending angles, thus it is represented through a
3-D graph.

¢ Maximum and mean values of the three tendon tensions.

5.3.1. Simulation A: Micromachined holes. In the first proposed simulation the wires pass through
micromachined holes. In this section two nonoptimal solutions (Figs. 12 and 13) are presented as an
example, plus the optimal solution (Fig. 14) found with the algorithm.

Table I collects the mean and maximum tension values obtained in the described simulations. It
can be noted that the values of the tendon tensions obtained with the optimal solution are sensibly
lower. The different values of tension are mainly due to the wire positioning scheme because, as
shown in the respective tables, the values of k£ and 0 are very similar.
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Fig. 14. Optimal solution: behavior of the three tendon tensions (left), tendon configuration and elastic parameters
(right).

Table I. Comparison of Maximum and Mean values of the three tendon tensions in the three proposed solutions
with micromachined holes.

Maximum [N] Mean [N]
Sol 1 Sol 2 Opt Sol 1 Sol 2 Opt
T, 346 222 191 220 145 119
T 395 277 116 97 92 54
T 105 56 48 66 32 28
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50}-..
| e Spring 3 540 0.05
15 02 08 0|

5
8red)

Fig. 15. Solution 1: behavior of the three tendon tension (left), tendon configuration and elastic parameters

(right).
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Fig. 16. Solution 2: behavior of the three tendon tension (left), tendon configuration and elastic parameters

(right).
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Fig. 17. Optimal solution: behavior of the three tendon tensions (left), tendon configuration and elastic parameters
(right).

As mentioned previously each link has an effect on the previous ones. This effect is complex and
generally it favors the extension movement of one of the previous phalanges. This can be seen in the
increase of the mean value of the tendon tension moving backwards along the kinematic chain.

5.3.2. Simulation B: Micropulleys. In the second proposed simulation, the passage of the wires
through the structure is done with micropulleys. As in the previous paragraph two nonoptimal
solutions (Figs. 15 and 16) and one optimal solution (Fig. 17), calculated with the algorithm, will be
presented.

This second simulation confirms the same observations to the first one. With respect to simulation
A, the tension values are lower, as can be seen Table II, probably due to the fact that the use of pulleys
allows us to obtain longer arms for the forces.
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Table II. Comparison of maximum and mean values of the three tendon tensions in the three proposed
solutions with micropulleys.

Maximum [N] Mean [N]
Sol 1 Sol 2 Opt Sol 1 Sol 2 Opt
T, 475 391 163 280 241 107
T 193 224 111 100 107 53
T 100 90 46 63 54 28

6. Conclusion
This paper presents the study of a single effect wire actuated n-R robotic structure. The preliminary
choices which define the proposed concept stem from dimension and weight constraints related to

our

specific project, but can be extended to encompass a more general conceptual scheme. The paper

provides a procedure which is as general as possible for the analysis and optimization of any single
effect structure which has serial kinematics and is actuated by wires, with no direct access to the joint
axes. Finally, two simulations with all the geometrical dimensions and characteristics of our specific
project are presented. The comparison between the results obtained through the different simulations,
show that results can change widely with little variation in the parameters.
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