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Abstract

In a robotic hand it is desirable to have low mechanical and control complexity as well as
the capability to perform a variety of tasks. This cannot be achieved simultaneously in the
existing hand designs. In this project we present a design in which multiple finger joints
are actuated using a single displacement actuator and two multiarticular tendons which
apply torques at multiple joints. Compliance is introduced between the pulleys and the
joints. This design allows the finger to have a structure with reduced mechanical complexity
and weight. Further, this structure also results in control equations such that individual
actuator behaviors can be linearly superimposed, regardless of posture. This leads to lesser
control complexity. This is in contrast to other dextrous robotic hands where coupling of
actuators leads to considerable control complexity. Even with simpler mechanical as well
as control structure, the finger can perform a variety of tasks. For example, it can be used to
implement multiple synergies, end point impedance control and trajectory tracking to name
a few. Due to its built in compliance, the design is also capable of conforming to surface of the
object in contact in order to establish grip. The compliance is also important from the safety
standpoint as it allows the finger to yield to a certain degree in case of collision and thereby
absorb the impact. Dynamic simulations highlighting these capabilities are presented in the
results. We have built a prototype of the finger along with a palm, using rapid prototyping.
Experiments were performed using the displacement actuator like the free motion of finger
and interaction with objects of different shapes and sizes, highlighting the capability to grasp
different objects and track surfaces by conforming to them as result of built-in compliance of

the finger.



Contents

1 Introduction

2 Background

2.1
2.2
2.3

2.4

2.5

Classification of Grasps byahumanhand ... ... ... ... .. .......
Kinematic Models Used In RoboticHands . . .. ... ...............
Classification of Actuators . . . . . . . .. ... .. ..
2.3.1 Variable Impedance Actuators . . ... ... ... ... ...
2.3.1.1 Variable Passive Compliance Mechanism . ............
2.3.2 Activelmpedancecontrol . . . ... ... ... .. .. . ...
Actuation Strategies . . .. ... ... e
2.4.1 FullHand Actuation . ..... ... ... .. ... ...,
2.4.2 Adaptive Under-Actuation. . . . .. ... ... ... ...
243 SYNergies . . . . . . e e e e
2.4.3.1 Application of Synergies in AnthropomorphicHand . . . . . ..
2.4.3.2 Displacementbased synergies . . . .. ... ............
2.4.3.3 Forcebasedsynergies . .. ... ... . ... ... .......
2.4.3.4 Rigid Synergies vs Compliant Synergies. . . . . . ... ... ...
2.4.3.5 Grasp Force control using compliant synergies . . ... ... ..
2.4.4 Variable Stiffness Actuation . . . . ... .. ... L L Lo

Summary . . . ...

3 Design

3.1
3.2
3.3

FingerModel. . . . . . . . .. .
Use of Variable Compliance in a soft hand with synergistic control . . . . . . ..
Design . . . . . e
3.3.1 Single FingerDesign . . ... ... ... .. ... . . ... . ...
3.3.2 Analysisofthestructure . . . .. ... ....... .. ... .. .. ... ..

10
10
11
12
13
14
14
15
17



3.4 Interactionwithobjects . .. ... ... ... .. . ... ... . 24

34.1 Casel:SoftObject . .. ... ... . . ... .. .. 24
3.4.2 Case2:RigidObject . . ... ... .. . .. . ... 25
3.4.3 Interaction with object of Stiffness Ky . . . . .. ... ... .. ... .... 25

3.5 ImplementationofDesign. . . ... ... ... . ... . ... . .. . ... 27
3.5.1 Design Specifications . . ... .. ... ... ... . .. . . o 27
3.5.2 First Synergy Implementation . ... ..................... 27
3.5.3 Implementation of Variable Stiffness Actuation . ... ........... 29

3.6 SUMMATY . . . . . oo e e e e e e e 30
4 Results and discussion 31
4.1 Simulations . . . . . . ... e 31
4.1.1 Displacement Mode/First Synergy Actuation . ............... 31
4.1.2 TrajectoryTracking . . . . . . . .. ... . . . . . . 32
4.1.3 First Synergy Actuation with wall collision . . . ... ... ......... 33
4.1.4 End-point Impedance Control . ... ..................... 37
4.1.4.1 StepForcelnput ........... ... ... ... ... 38

4.1.4.2 RampForcelnput .. ... . ... ... ... . ... . ...... 39

4.1.5 Disturbance Rejection . . . .. .. ... .. ... . Lo L. 40

4.2 EBXPEriments . . . . . . . . o o ittt e e e e e e e e e e 42
4.2.1 Free motion using first synergy/displacement actuator . ... ... ... 42
4.2.2 Tracking Surfaces of Largeobjects . . . . .. ... .. ... ......... 43
4.2.3 Gripping of objects with differentshapes . . . . .. ... .. ... ..... 45

4.3 SUMMATY . . . . o o e e e e e e e e e e e e e e 47
5 Conclusion and Future Work 48

vi



Chapter 1
Introduction

The aim of this project is to study ways in which robotic hands could be designed for me-
chanical dexterity. The inspiration for this robotic hand is the human hand itself, for the
reason that it is probably one of the most dexterous gripper. Although it is the best gripper
to emulate, it is extremely hard to copy even its architecture. On the skeletal side, its joints
don’t have have fixed axes of rotation, and rolling joints don't have simple contours. Further,
these joints are actuated by tendon and muscles, whose architecture is even more complex.
There are single muscles actuating a large number of joints, with a single tendon spanning
multiple joints and there single joints which are actuated by simultaneous firing of several
muscles. Even if the anatomy of hand is successfully copied and the role of every single
muscle is understood, creating motion as human hand does in performing a simple set tasks
is non-trivial. This is because it extremely hard to discern which muscles are being activated
to accomplish a given task. Moreover these muscle actions don't happen at a single instant of
time. They are spread over time. This gives rise to temporal overlaps of muscle activation and
it’s close to impossible to understand them. So, even if the architecture of hand is successfully
copied, we wouldn’'t know how to control it effectively to perform a task.

There is evidence of morphological computations [15] in the tendon networks of human
hands which implies that most of the dexterity of human hand that is ascribed to Central
Nervous System is a result of the efficient mechanical architecture of human hand, as a
product of evolution. Hence, while performing a grasp, the role of brain in planning the grasp
may not be as pronounced. In fact, most of the related computation may be offloaded in
form of morphological computation [11] by the virtue of inherent compliance of the hand
and that of the interaction between object and hand.

Further, the mechanical architecture of hand, and the control architecture in the brain en-

sures, that there is some correlation between several degrees of freedom. This correlation is



observed in form of postural synergies[13]. While the underlying mechanism of them is not
understood, synergies might be a way for the brain to cope with the complexity of controlling
many degrees of freedom in real-time during daily activities. It also presents a way to reduce
mechanical and control complexity of the robotic hand.

Two factors that are crucial to dexterity of hand are (i) its physical structure i.e. how links and
joints are arranged, so as to form a gripper which can take several shapes and (ii) efficient
control (actuation) architecture of that gripper. The former one is important because in order
to perform a variety of grasps a lower bound on degrees of freedom is important. For example
a human finger has three degrees of freedom to span a plan. Although it could have spanned
the plane with two degrees of freedom, but its ability to curl around and enclose an object
would have reduced. This points towards an efficient structure of human hand. The actuation
architecture is also important in this regard as the efficient control of the hand would depend
on how the actuators are used to actuate several joints. For example, with increase in the
number of actuators the capability of the hand would increase but the complexity of design,
size and weight of hand and also the computational complexity would increase.

Drawing inspiration from the biological hands we incorporate synergies along with multi-
articular tendons to arrive at a design which has low mechanical complexity and a simple
control structure. Corresponding control equations can be use to explicitly determine each
of actuation parameters from the desired output. Implementing open loop control, we are
able to match the desired behavior to a high degree of accuracy as we show in simulations on
synergies, trajectory tracking, impedance control and disturbance rejection.

The details about the physical structure and actuation strategies commonly used in robotic
hands are presented in chapter 2. Chapter 3 discusses the design of a single finger and it’s
control structure in detail, In chapter 4, simulation results displaying a variety of capabilities
is presented and experimental results from a prototype are presented. Conclusions and

future work are discussed in chapter 5.



Chapter 2

Background

2.1 CLASSIFICATION OF GRASPS BY A HUMAN HAND
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robotics. The taxonomy tree is organized such that it is first divided into power and precision
grasps from left to right, and by shape and function down the tree. The division between
power and precision grasp is important to us when we move to whole hand design from the
single finger design. This division will provide us a guideline on keeping the whole hand

underactuated.

2.2 KINEMATIC MODELS USED IN ROBOTIC HANDS
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Figure 2.2: Hand Model [10]

In order to capture the kinematic capabilities of a human hand, several models for the
robotic hand are used. The simplest one as shown in Fig 2.2, uses hinge joints for DIP and
PIP joints while universal joint or a series of 2 hinge joints with axes perpendicular to each
other to replicate the MCP joint[10]. Some hands also capture the opposition movement
of the little(pinky) finger, which helps in curling the palm, to cover the object. Apart from
having abduction- adduction movement for the little finger, they also have additional rotation
about a tilted axis. This allows the palm to form a curvature around the object and enhance
grip. Two models with this capability are shown in Fig 2.3a and Fig 2.3c. In addition to
these capabilities, Pupin Hand [12] as shown in Fig 2.3b, introduces compliance between
metacarpal links of Index-Middle fingers and Ring-Little fingers allowing more adaptability
and conformity to the palm.
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Figure 2.3: Kinematic Models of some robotic hands



2.3 CLASSIFICATION OF ACTUATORS

Actuators
Position I Vari:ble Force [ torque
mpedance
Active
. Inherent Inherent .
impedance by compliance damping Inertial
control

Figure 2.4: Classification of actuators. [16]

As shown in the Fig 2.4, actuators used for robotic hands can be classified into 3 primary
categories: position controller, torque controller and variable impedance actuator. Position
controllers (or stiff actuators) can be seen as having a very high stiffness and follow the
source trajectory accurately, regardless of external forces for example servo motors. These
are particularly very important for precise position control applications in industries and
where uncertainty in the environment is low [16]. On the other hand, Torque controllers have
zero virtual impedance and act as a force source for example direct drive motors or constant
torque springs [16].

Another category of actuators, in contrast to stiff actuators is the compliant actuators which
take the position depending on the equilibrium between external forces and the impedance
(stiffness and damping) properties of the actuator. Compliant actuators can be further
divided into 2 sub-categories:(i) constant compliance actuators(series elastic actuators) and
(i) variable compliance actuators. Compliant actuators are important from the safety point of
view, for their capacity to absorb the energy in case of a collision and thus, prevent damage to
the robot and human. Also, in case dynamic applications like throwing, compliant actuators
have shown better performance than stiff actuators through efficient use dynamics of the
system. Moreover, variable compliance actuators offer even better safety and performance

advantages over constant compliance actuators.

2.3.1 Variable Impedance Actuators

Variable stiffness actuator have application in robots that must physically interact with an

unknown and dynamic environment. They offer following advantages: (i) energy efficiency



e.g. in motions like throwing, walking (natural gait) (ii) ability to mimic both position control
(high stiffness) and force control (low stiffness) actuators and (iii) safety.
These Actuators can be further divided based on: (i) active impedance control and (ii) passive

(or mechanical) compliance.
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Figure 2.5: Passive Variable Compliance [1]

Passive variable compliance (see Fig. 2.5) is a category of variable impedance actua-
tors where an actual spring and a mechanism to change its stiffness are employed. Such
mechanisms are discussed in the next section.

2.3.1.1 Variable Passive Compliance Mechanism

Variable passive compliance mechanisms can be primarily classified into to two configura-

tions: (i) antagonistic configuration and (ii) series configuration. Antagonist configurations,

Joint Axis _
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Figure 2.6: Antagonist configuration [16]



Joint Variable Stiffness Load
Motor (M1) Mechanism (M2)

Figure 2.7: Series Configuration [16]

as shown in the Fig 2.6, use two non-linear springs. When one spring is pulled while other is
released, position of the pulley is altered while if both are pulled/released simultaneously
stiffness of the joint is changed. In series configurations(see Fig. 2.7) joint motor decides
the position, while separate variable stiffness mechanism is used between the joint motor
and link. Series configuration often use spring pre-loading, variable transmission or material
properties to alter the stiffness. In spring pre-loading (Fig. 2.9), the apparent stiffness of
the spring between the actuator and the link is changed by controlling the initial deflection
in the spring. In case of variable transmission mechanism (Fig. 2.8), position of the spring,
which determines the moment arm of the spring force, is changed to control the actuator

stiffness. Antagonist mechanisms typically have low-stiffness ranges and are energetically
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Figure 2.8: Variable Transmission in Series Passive VSA [16]
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Figure 2.9: Spring Pre-loading in series Passive VSA [16]

inefficient as two motors have to be online, to maintain the stiffness. Series VSA don’t have

these disadvantages, but are mechanically complex and heavier.

2.3.2 Active Impedance control

Active impedance control (see Fig 2.10) involves use of stiff actuators, sensors and controller,

to imitate the properties of a passive compliance actuator. However, Active Impedance
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Figure 2.10: Active Impedance Control [1]

Control doesn’t use any actual springs so, there is no provision to store energy and optimize
energy usage. In fact, it takes energy for the system to mimic the compliance. Also, for Active
Impedance Control in case of collision, detection and action play important role in safety. So,
sensor and actuators are required to be fast enough. The benefit of active impedance control

is that it can enable faster adjustment of stiffness as compared to passive variable actuators

2.4 ACTUATION STRATEGIES

2.4.1 Full Hand Actuation

Under this scheme, as shown in Fig 2.11, every single joint is independently controlled leading
to mechanical and computational complexity. This scheme is hardly used for anthropomor-

phic hands due to this complexity .

Figure 2.11: Full Hand Actuation [4]



2.4.2 Adaptive Under-Actuation

Adaptive under-actuated hands make use of an approach based on differential transmissions,
which distribute the displacements of a very small number of motors to all the fingers. This
is used to reduce the degrees of actuation all the while allowing the hand to adapt to the
surface of object. In Fig 2.12 one can see that, if any of the link comes in the contact with
arigid object or is blocked, then the pulleys would accommodate and allow movement of
unblocked joints, until they are blocked by the object. Use of this strategy in a hand allows it

to maximize its contact with the object. Examples of such hands are [7] and [8].

Figure 2.12: Adaptive Under-Actuation [4]

2.4.3 Synergies

Joint movements in human hand are correlated and brain appears to command the hand as
a unit (depending on task) rather than individually actuated joints. This is revealed in the
several studies done in neuroscience. There correlations in joint movements are referred to
as kinematic synergies. Underlying factor for these observed synergies are (i) the anatomy of
the hand i.e. the tendon and muscle networks, and their connection to the joints (ii) cortical
control scheme underlying the activation of these muscles i.e. temporal variation in actuation
of muscles. What is even more crucial is that these synergies might be a way for brain to deal
with the complexity of actuating 20 dofs in real time while performing a task.

Statistical tools like Principal Component Analysis have been used to determine correlations
in joint actuation during human hand movements. As shown in [13], Principal Component
Analysis of a set of static hand postures, reveals that first few (3-4) eigenpostures (synergies),
superimposed on each other are able to explain more than 80% of the variation in the given

set of hand postures. These synergies are however task dependent. A study encompassing

10



even broader set of tasks [14], like unconstrained exploration, mimed grasps, actual grasps etc,
has also given the evidence of existence of synergies although more number of synergies are
required to explain the same variation in hand postures. Also important, is the observation
that higher order synergies account for finer variations in the gross hand posture, which is
obtained using first few synergies. Thus, the existence of this form of correlation in the joint

movements can be exploited in simplifying the control of an anthropomorphic robotic hand.

2.4.3.1 Application of Synergies in Anthropomorphic Hand

To determine the synergies, Principal Component Analysis (PCA) is applied on the posture
matrix obtained using joint angle data obtained for static hand postures corresponding to
the grasps of given set of objects [2].

Each posture is represented by a vector comprising the joint angles. The vector for grasp of
i'" object is:

T
q:Pi:[ q . qr .. qh] 2.1)

The posture matrix is given by:
P=| P .. Py .. Py 2.2)

where h is the number of joints and n is the number of postures.
Using PCA on matrix P, eigenvectors Ej with corresponding eigenvalues, 1; ;. are determined

and any column P;, of the given posture matrix P can be expressed as:

h
q=P;= Zai,kEk:S'ai (2.3)
k=1

where, a; \ is some constant dependent on the posture matrix and
T
S=|E .. Es .. Ej ] and a; = [ ail ... Qjs .. Qip (2.4)

Of the h eigenvectors, only the r which have the greatest eigenvalues are used to reconstruct

the approximate hand postures:

q=qs=ai E1+ai2E> + ......... +a;i rE; (2.5)

11



Replacing a; i by o to obtain any general posture from these eigenvectors, the equation

becomes:
qU:01E1+0'2E2+ ......... +O'rEr=qg=E'O' (2.6)

where
T
E=|E .. Es .. E; and o=|0y .. Os .. Oy (2.7)

For example using two synergies (r=2) with h=20 (human hand) the posture equation

becomes:
Eiy Eip»
E> E>»
qg:0'1E1+0'2E2:O'1 ' +0>o ' (2.8)
| E201 | | E202 |

By changing the values of 0 and o, different postures can be obtained. Hence, they can be

interpreted as actuators. The actuators can be used to either input displacement or force.

2.4.3.2 Displacement based synergies
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Figure 2.13: Displacement Synergies [4]

In displacement synergy, the actuation variable is motor displacement. One way to

implement this is shown in [2] where 0 and o, are rotations of shaft connected to the motor

12



and Ej ;. is the diameter of the pulley corresponding to actuation of j™ joint on the k'"
shaft. Contributions from two shafts are added as shown in Fig.2.13. This way each joint gets
contribution from the two synergies represented by the two shafts. Ratio of pulley diameters
on one shaft represent the corresponding eigenvector. Thus, we get joint angles as a function
of two actuation variable, in the form given in eqn (2.8) . This scheme has no compliance in it
and is called Rigid Synergy [4].

2.4.3.3 Force based synergies

Figure 2.14: Force Synergies [4]

Fig. 2.14 shows a method of implementation of force based synergies such that o, and o,
are actuator forces and E; . is the compliance of j’ " joint and the radius of pulley associated
to the joint. Contributions from two actuators are added by addition of torques divided by
the compliance of the joint from both actuators.

Rl,l/kl ] [ R1,2/kl
R2,1/k2 Rg_g/kz
qg:O'lEl-l-O'gEg:C'(Tl-l-Tg):Fl . +F2 . 2.9)
| R20,1/k20 | | Roo2/ k2o |
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Where C is the compliance matrix and k; is stiffness associated with jj joint. Also, o = Fy.
This scheme has inherent compliance in it and is called Adaptive Synergy, as it adapts to take
the shape of the object [4].

2.4.3.4 Rigid Synergies vs Compliant Synergies

Displacement based implementation of synergy shown in Fig. 2.13 is rigid (tendons are
inextensible). This poses a disadvantage because if a single joint is obstructed in its motion,
other joints also lock-up. Since the hand is underactuated due to use of only a few synergies,
the hand postures which need higher order synergies for their description are unattainable.
Hence, use of rigid synergies for an underactuated hand could lead to ineffective grasps for
some objects.

On the other hand, the force synergy shown in Fig. 2.14 is compliant, which solves the
problem of joint locking. This increases the grasp quality by increasing the contact between
object and hand.This can be implemented, even with use of a single actuator (first synergy)
and yet the hand would establish an effective grasp. Moreover, Compliant synergies turn
problem of position control into that of force control. While posture of hand is decided by
the shape of the object, contact force can be controlled as shown in the next section.
Hence, compliant synergies have two-fold advantage over Rigid Synergies in terms of grasp
behavior: (i) it allows establishment of better contact between object and hand, (ii) it allows
control over grasp forces.

Rigid synergies have been implemented in the hand by [2]. The use of adaptive synergy is
made in IIT-PISA soft hand [3]. Hand design based on adaptive synergies allow effective
whole hand grasps with simple control. A single synergy is used to achieve these grasps but
manipulation would require design to include higher order synergies. Stiffness changing

mechanism isn’t there in the hand. Also, Grasp of very thin objects is reported to be difficult.

2.4.3.5 Grasp Force control using compliant synergies

Torque acting at the j”* joint due to compliance of the hand is given by:
1j=k;(qj0—qj) (2.10)

where, k; is the stiffness, g; ; is the synergistic joint angle(joint angle in case of no contact),
gj is the actual joint angle, of the j* " joint.

14



The torque matrix for entire hand is given by:
T=K-(go—q) 2.11)

where K is the joint stiffness matrix, g is the column vector of actual joint angles.
Torques due contact forces exerted by the object on the hand are balanced by the torque

generated by joint compliance, as in the following equation:
J'f=1=K-(do— ) (2.12)

where J and f are jacobian matrix and contact force matrix respectively, corresponding to
hand-object interaction. Thus, controlling the g, matrix gives control over grasp forces. Also,
the hand follows the synergistic trajectory, if no external contact forces are acting on the hand
(f=0). (Internal friction is assumed to be absent.)

Using g, = E - 0 from eqn.(2.6)

JIf=1=K-(E-0—-¢q) (2.13)

2.4.4 Variable Stiffness Actuation

Variable stiffness actuation can be done by two methods: using impedance control or using
variable passive compliance actuators. Both of these have been discussed in the section

2.3. Here we present one of applications in robotic hands. One of the implementations of

Figure 2.15: Full Variable Stiffness Actuation [4]

variable stiffness actuators is in DLR robotic hand which uses full variable stiffness actuation

(see Fig. 2.15). This scheme uses antagonistic pair configuration (see Fig. 2.6) to control

15



stiffness for each joint. In this configuration two motors are required for each joint and so
twice the number of actuators as the number of joints. This allows the ability to control the
stiffness of every joint in the hand allowing greater dexterity than any other scheme. However
the mechanical complexity is extremely high and so is computational complexity requiring
control of a large number of actuators. Synergy can be implemented using software to reduce
some of the control complexity[9]. In the DLR hand shown in Fig. 2.16 , the metacarpal joint
is a hyperboloidally shaped saddle joint and interphalangeal joints are hinge joints. Joint
are actuated using complex tendon network, with antagonistic variable stiffness actuation
mechanism. It is designed to mimic human hand with high accuracy and also for safety

under collisions.

Figure 2.16: DLR Hand [9]

16



2.5 SUMMARY

In this chapter, we saw some of the kinematic hand models used in existing robotic hands.
We also saw various types of actuators and actuation strategies used. Dexterous robotic
hands like DLR which use variable stiffness actuation have very high mechanical as well as
control complexity due to their large number of actuators and complex control equations.
On the other hand some simpler hand designs like PISA hand use synergy and compliance to
attain a simple control structure and mechanical design. However, they are limited in their
capability to perform a variety of task. We try to combine synergy framework with variable
stiffness actuation to arrive at a design that has a simple control and mechanical structure

and it capable of a variety of tasks.
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Chapter 3

Design

3.1 FINGER MODEL

0 reference frame

3" reference frame
Figure 3.1: Finger Model.

Fig. 3.1 shows the basic finger model, with three links and three revolute joints, abduction-
adduction degree of freedom has been neglected for the sake of simplicity. Each joint has an
inherent stiffness and damping. How the stiffness is introduced, is discussed in the section
3.3. Dynamic equations for the finger can be derived using Euler-Lagrange equations. The
position vectors for the center of masses corresponding to the phalanxes are determined. Us-
ing these corresponding velocities and kinetic energies can be computed. Potential energies
corresponding to gravity and joint spring can be computed. Further, Rayleigh dissipation
function can be computed using the joint velocities and damping coefficient. Neglecting
abduction-adduction, the dynamic equations for a single finger are derived here. Following
change of coordinates is employed: x-y is the local frame notation, while X-Y is the ground

frame notation.
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Let, v1=0ncp; W2 =0pcp +0p1p; w3 =0pcp+0prp+0p1p 3.1

The position vector of center of mass of j" phalanx with respect to j reference frame is
given by
- T
Gjj=| by bjy 0 (3.2)

The position vector w.r.t. the 0" reference frame is given by

Gix | jo1| Lac¥q bjxcyj=Dbjysy;
Gi=| Giy | = L | Lasvq | +| bjesyj+Dbjyey; 33)
Gi. | © 0 0
. dG; .
v="1 =G (3.4)

Total potential energy is given by

3 1
U= .(m;gGjy+kjy;—wj-1)° 3.5)
1

Total kinetic energy is given by

13 ,
T= EZ(mJ-Vfﬂjwﬁ) (3.6)
1
Rayleigh dissipation function is given by
3
1 . .
f:Z(E,Bj(Wj_Wj—l)Z 3.7
1

Euler-Lagrange equations in terms of generalized coordinates v :

d (O(T—U))_O(T—U)+ of -1, (3.8)

dr\ oy oy; 0y

Generalized force, 7; can be computed using the principle of virtual work.

_ YIoW;

(3.9)
oW

Tj

- T
Ifaforce F=| Fj, Fj, 0 | (inlocalframe) isapplied at the j*™" phalanx at a point
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with position vector é'j =lejx;ejy;0] T'in the jt h reference frame, then:

T
Tj=(Fjyejx—Fjxej)+ Y, | Ljcy; (Fyxswq+ Faycw,) (3.10)

The complete dynamic equation for the system is of the form:

¥ IR LN i | V1 71
M| Gip | +C| T2 ix X3 v [+B| w2 [+K| v2 [+G=]| 15 (3.11)
Vs Y Wik Y v Vs | V3 T3
Pr+p2 P2 0 [ kit ke -k 0
where  f= B2 Po+P3 —P3 , K= ~ko  kpt+ks —ks |,
0 -Bs B3 |0 —ks k3
& M= M(WI;WZ,WS) ’ C= C(w1;w2)w3) ’ G= G(WI)WZ)W:%)

3.2 USE OF VARIABLE COMPLIANCE IN A SOFT HAND WITH SYN-

ERGISTIC CONTROL

Synergistic control with use of variable stiffness mechanism for joints hasn’t yet been used
in any robotic hand and it could have substantial advantages over constant compliance
synergies.

In eqn. (2.12) the stiffness matrix K, represents the constant mechanical compliance of the
joints. While the use of constant compliance makes the grasp stable for some cases, in other
cases grasp may not turn out to be stable. Inherent in the adaptive synergies is thee tendency
to adapt to the shape of the object. So, other types of grasps may not be possible, although
this problem could be dealt with, by choosing appropriate stiffness for the joints. Moreover,
the ability to control the grasp force isn’'t completely independent from the posture of the
hand.

To deal with this, we introduce another column vector A in eqn (2.12) to get:

T=K-(go—q)+A (3.12)

Here A is torque due to additional actuators (other than synergy actuators). The implementa-

tion of these additional actuators is discussed in the design section. This allows better control
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over hand postures as well as grasp forces. For example, if it is desired for the hand to hold

the object in the posture such that g, = g then
T=A=JI'f (3.13)

So, grasp forces can be controlled, while holding the synergistic posture (g, = g).This is
similar to rigid synergies, only with better force control. This is similar to active impedance
control. However this also increases the number of actuators. So a mechanism needs to
designed with constraints on the number of actuators and mechanical complexity of the

system.

3.3 DESIGN

3.3.1 Single Finger Design

In this section, the design of a single finger consisting of three joints, first synergy actuator and
two stiffness controllers is presented.Two actuators are used because they allow stiffness to be
varied at different joints independently. Figs.3.2 and 3.3, show the pulley-system arrangement
for synergy actuation. Pulley radii are in the ratio of joint synergies. ;" link is attached to i*"
pulley via torsional springs of spring constant k;. Both pulley and link are free to rotate on a
common axle. All the pulleys are actuated using the same displacment actuator. In absence
of any external force, the finger links rotate by the same degree as the pulley connected to it

via spring.

Pulley 2
Pulley 1 |

\ Spring 1 S.prlng 2 Pulley 3

|
Link2 | Spring3

Link1 |

Belt1 -
To the T Belt 2
Synergy Actuator

(Servo Motor) SIDE VIEW

Figure 3.2: Side View of synergy and compliance mechanism.
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-

+

To the
Synergy Actuator
(Servo Motor)

TOP VIEW

Figure 3.3: Top View of synergy and compliance mechanism.

The stiffness controller mechanism (shown in Fig.3.4), is super-imposed on the synergy
structure. Tendons can be routed along the links both on the dorsal and palmar side of the
finger. One end of the tendon is fixed on a suitable phalanx at a position which gives the
desired moment arm.The stiffness controllers use multi-articular (which pass over multiple
joints) tendons routed along the finger (see Fig. 3.4), through which torque (A) is transmitted
to the joints. Thus actuators can be kept away from the joints, avoiding increase of hand

inertia.

Figure 3.4: Variable compliance mechanism.
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The general form of torque matrix (A) with 20 joints and m stiffness controllers is as shown.

-

a,; a1 . . . Aim Ty
a, @p . . . dom T
A= . . R . . (3.14)
| a1 a2 - . . axom || Tm |

Here T is the cable tension associated with the j* " actuator and a;, j is the moment arm of
the T; on the i’ " joint. (NOTE: This design is different from adaptive synergy discussed in 37¢

chapter. There the synergy parameter o is force, while here it is displacement.)

3.3.2 Analysis of the structure

From eqn. (3.12) & (3.14), we can see that for two stiffness actuators and three joints the

equilibrium equation will be:

3 kv 0 O o1E11—-q1 ay @ T
1

T, |=[ 0 ko O o1E1—q2 |+ | az1 aop (3.15)
5

73 0 0 ks 01E31- g3 as, asp

These Torques are balanced by the external forces acting on the finger and equation in

notation form is:

JIf=1=K-(01Ei—q)+ Tha1 + Toay (3.16)
0 ai,j Eyk

Here, a=1 q , aj = | ap;j and Ey = | E;) | Further
qs as,j Es i

analysis considers the case of force, f; acting on the fingertip as shown in the figure:

For this case the Jacobian matrix is only a function of ¢, g2 and g3 and L.H.S. of eqn. (32) is:

feLisin(ge + g3 — B) + fcLasin(qs — B) + feLssin(—p)
'@ f = feLasin(gs — B) + foLssin(=p) (3.17)
feLssin(—p)
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Figure 3.5: Force on the fingertip .

Rearranging the terms, we arrive at following eqn.:

o1 kiEvg ain aip kigi+ fcLisin(qz + g3 — B) + fcLasin(qs — B) + feLssin(—f)
T | =| keE2n a1 azp kogo+ fcLasin(qs — B) + feL3sin(—p)
T ksEs1 asy asp» kzqs + fcLzsin(—p)

(3.18)

The LHS of eqn.(3.18) are the input parameters while right hand side is the function of desired
output. Using this equation, force generation capabilities (f;) for different postures (g1, g2, g3)
at desired angle of attack (f), can be computed.

3.4 INTERACTION WITH OBJECTS

3.4.1 Case 1: Soft Object

If a soft object is desired to be held, without compressing it, in a particular pose then f, = 0

= -1
o1 kiEin ain aip k1q:
Ty | =| keEx1 axy azp k2q> (3.19)
T ksE31 az1 asp ksqsz

So the system can hold the object in any desired pose. Same is true for finger motion in free
space. However the whole hand can still be underactuated (See the section on scalability
of design to whole hand in future work), as all degrees of freedom can’t be independently
controlled.
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If we consider the case where object is assumed to compress, then during the time of approach
any posture can be fixed (assuming it makes contact). Then the further changes in posture
and force can be determined from eqn (3.18) using its differential form and the object stiffness

properties in the direction corresponding to f angle of attack:

3.4.2 Case 2: Rigid Object

In case of rigid objects, the posture can be decided during approach. Then, fixing the posture
i,e. 6q;i =0, wherei=1,2,3 >

oo kiEiyp ain a1 —(Lysin(f—qg2—qs) + Lasin(f— q3) + Lgsin(p))
0Ty | =| keEzy az1 azp ofc —(Lasin(f —q3) + L3sin(B))
0T ksEsy as;1 asp —Lgsin(p)

(3.20)

Hence, o1, T1, T> can be varied in the fixed ratio of (Lysin(f — q» — g3) + L2sin(f — g3) +
Lssin(P)) : (Lasin(B — g3) + Lgsin(B)) : Lysin(P), respectively to achieve the desired force

change.

3.4.3 Interaction with object of Stiffness K|

Figure 3.6: Interaction with object of Stiffness K.

Fig. 3.6 shows the interaction. The finger is in contact with the object such that force
fc on the finger is at an angle a with the horizontal. For the sake of simplicity of equations

let’s assume that lengths of links are equal. Then, equations for interaction turn out to be as
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follows:

kiEin a1 aip o1 kiqr cos(gi+a)+cos(qy+ g2+ a)+cos(g1+ g2+ qs+ @)
koEr1 axy app Ty | =| kego |+[cL cos(qi+qx+a)+cos(qg1+qg2+qgs+a)
ksEsy az1 asp T, ksqs cos(qr+q2+q3+a)
(3.21)
Let,

cos(gi+a)+cos(qi+q2+a)+cos(qr+qg2+qs+a)=0Q;

cos(qi+qg2+a)+cos(gi+qga+qgs+a)=0Q»

cos(qi+qg2+qgs+a)=0Qs3

In differential form this becomes:

kiEigy a1 aip oo k16 g1 Q1
koEry apy1 app 0Ty | =| kebgqo | +L| Q2 |6fc+fcL
ksEz1 asy1 asp 0T ko6 qs3 Q3

and
Ofc=LKy(Q16g1+ Q20q2+ Q36g3)

6Q
6Q>
6Qs

(3.22)

(3.23)

Eqn (3.23) comes from the object stiffness relation. Object stiffness in the direction of force f,

is Ky and the component of displacement in the direction of force is L(Q,6 g1+ Q26 g2+ Q30 g3).

Substituting the values of Q;, Q2, Q3 and d f; in eqn (3.22), we get

-1

oo kiEvg a1 aip X U VvV oq
6T | =| keE2n az1 azp u vy w dq
0T, ksEs1 as1 azp» Vv w Z 6q>

Where,

(3.24)

X=KL*Q?-Lf.A+ki, Y=KJL*Q5-Lf.B+k, and Z=KoL*Q5-Lf.C+ks

U=KL*Q1Q2-Lf;B, V=KL*Q1Qs-Lf;C and W=KL*QQ3-Lf.C

A=sin(qy+a)+sin(gi+ g2+ a)+sin(q1 + g2+ g3 + @)

B=sin(h+q+a)+sin(q1+qg2+q3+a)=Q,
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C:sin(q1+qg+q3+a)

This shows that multiple desired finger postures can be achieved, for any given force. Hence
the hand essentially simulates variable stiffness. The final finger posture and force is deter-

mined by equilibrium between finger-stiffness and object-stiffness.

3.5 IMPLEMENTATION OF DESIGN

3.5.1 Design Specifications

In our case, PCA reveals that E; 1 : E» 1 : E31 = 265:222:155. This is used to determine the
radii of pulleys. Setting R3 = lcm — R, = 1.43 cm and R3 = 1.71 cm.

Stiffness values ki, k», k3 are supposed to be high enough so that system is response is fast.
Stiffness value can’t be too high because, as they determine the stiffness of 'soft’ state of
the hand. The minimum stiffness is chosen based on settling time from dynamic response
curve. For k; =0.01 Nm/rad, k, =0.01Nm/rad, ks = 0.01 Nm/rad. Settling time was close to
0.04 sec for as high as 1 rad/sec. A viscous damping of 0.0001 Nm-sec/rad is considered for
simulation purposes.

Column vectors a; and ay can be anything as long as they satisfy the constraint a; # a,. A
better estimate for their values would be made from the prototype. Since T; and T, can be
thought of as 274 and 374 synergies, a; and ay can be chosen such that a; = E> and a, = E3.
In this case, there would be 1 displacement synergy (o) and 2 force synergies (77 and T>).

This could be crucial in human hand like dexterous manipulation.

3.5.2 First Synergy Implementation

The first synergy implementation (Fig. 3.7) on a single finger consists of three equal pulleys,
each of diameter 2 cm which a semi-circular channel in the pulley (Fig. 3.8a) that houses two
linear extension springs.

One end of the each spring is fixed to the end of the channel on the pulley. Another end of
the spring is attached to a small rod. This rod (parallel to axis of the pulley) passes through
the small holes (Fig. 3.8b) on the two parallel link on the opposite sides of the pulley on the
common axis. This small rod couples the links and the pulley via the spring.

Three separate cables are passed over each pulley and wrapped over a drum (Fig. 3.9) with
three pulley which have diameters in the ratio of first synergy.It is necessary to pass the cable

from outer pulleys on the finger (pulley 3 and 2 ) through the axes of inner pulleys on the
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Figure 3.7: First synergy implementation.

Small hole far
link-pulley coupling

(a) Pulley Design. (b) Link Design.

Figure 3.8
finger (pulley 1 and 2 for pulley 3 cable and pulley 1 for pulley 2 cable). This is so that cable

from outer pulley don’t exert additional torque at inner joints and the equations discussed in

the previous sections are maintained.
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Drum with Pulleys in
the ratic of First Synergy

Figure 3.9: First synergy implementation.

3.5.3 Implementation of Variable Stiffness Actuation

Figure 3.10: Variable Stiffness Implementation.

The Variable Stiffness mechanism is superimposed over the first synergy mechanism.
Two outer shells (Fig.3.11) are attached to the link using plug-socket joint. These shells have
holes in them to route the variable stiffness tendons, which are then connected to the force

source.
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Holes for \V.S.
Tendon routing

Figure 3.11: Shell with tendon routes.

3.6 SUMMARY

In this chapter we presented a conceptual design of the finger which consisted of three
joints actuated by three actuator: one displacment actuator and two force actuator. We also
analysed the control structure of the finger, which allows us to determine each actuation
parameters explicitly as a function of desired output posture. We further studied some cases
of object interaction with the finger. In next chapter, we present some of the simulations

highlighting the capabilities of the finger.
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Chapter 4

Results and discussion

4.1 SIMULATIONS

Dynamics of the finger links is governed by following equations:

i Yo Gi*XY3_ q; 7 T
M| G [+C| X7,GixX3_,q; | +B| ¢ | =] 2 (4.1)
s Y, qi*X3 | d; qs T3
T] kiEyp ain aip o1
where T2 | = ]Tfext +Tactuarors and  Tacruators = koEpy azy1 azp T
T3 ksEs1 as1 aszp» T

4.1.1 Displacement Mode/First Synergy Actuation

In this simulation, the dynamic response of the finger is determined in response to sinusoidal
input at the displacement actuator. The dynamics is given in eqn.(4.1), where foy; =0, 71 =0
and T, = 0. Response is determined for two sinusoidal inputs: o = sin10x¢ (5 Hz) and
o =sin2nt (1 Hz). 5 Hz is the peak operational frequency of the human hand. The response
for o =sin10x¢ is shown in Fig. 4.1. The finger isn't able to follow the desired synergy ratio at

this frequency.
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Figure 4.1: Displacement Mode Setup

The response for o = sin2nt is shown in Fig. 4.2. From this figure we can see that the
finger can output the desired ratio of joint anglescfor lower frequencies.

Joint Angles

‘N N N NEE
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5 \\\ | 'n\ b 15‘-\\- , /}# A /AT
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A W/ \\ / \\_/]
/ \ / \ b
o/ ®, \ / \ /-
\/ \/ \./ \/ |

Figure 4.2: Displacement Mode Setup

4.1.2 Trajectory Tracking

This simulation is done to demonstrate the ability of finger to follow any desired trajectory
for each joint independent of each other. From eqn.(4.5) we can determine the actuation

parameters o, T1 and T2, by setting Kx and Ky equal to 0 and ¢, g» and g3 to the desired
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trajectory.(Note: This is open loop control.) Thus,

01 k1 qi1,des
Ty | =K | ka2qodes 4.2)
T2 k3 qs,des

In the following simulation, we gave sinusoidal input q; ges = 1 +sin(pit), go2,ges = 1 +
0.5sin(pit) and g3 4.s = 1 +sin(pi/2t). The resulting trajectory of the finger is shown in
Fig. 4.3. The finger is able to follow the desired trajectory.

28 T T T T T T T
MEP achisl
MICP desired
— PiP actuai
PP e sinedd
| — DIP achial
D3R o e

Joint Angles

1 il | | | L |
0 1 7 a 4 8 ] L4 & a 1o
Time

05

Figure 4.3: Trajectory tracking.

4.1.3 First Synergy Actuation with wall collision

As shown in Fig. 4.4, the finger base and the horizontal surface are fixed. The finger is initially
horizontal and the vertical distance between finger and the surface is 1.5 cm. The wall is
modeled as a spring-damper system with stiffness and damping constants as K.,, and C..,
respectively. Surface is assumed frictionless and so the contact force along x-direction in
zero.The finger is operated using the first synergy motor at a constant rate of 6 rad/min,
so the joint angles change in those ratios (Here the synergy ratio is taken to be 1:2:3 for
MCP PIP and DIP respectively) accordingly. The dynamics is given in eqn.(4.1), where
fext = (Keon(y = ¥0) + Ceon * ¥) * us(y — yo), T1 = 0 and T» = 0.The displacement actuator is

given an input such that o = 0.1¢ .When the contact occurs, the finger starts to yield and as
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Figure 4.4: Displacement Mode Setup

the synergy actuator is further moved, the normal force starts rising.
Fig. 4.5 and 4.6 show the variation of contact force after contact for wall stiffness 2000 N/m

and 100 N/m respectively. Damping constant of the wall is 0.01 N-s/m in both cases.

allly |r||-u|'I
|\ \‘|‘| il

|“||||J“”"||"l l

Contact Force

i

Figure 4.5: Contact Force vs time for displacement mode for wall stiffness K¢y t4c:=2000 N/m
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Contast Force
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Time

Figure 4.6: Contact Force vs time for displacement mode for wall stiffness Ccpy14c,=100 N/m

The finger moves freely without any external force in accordance with first synergy until
contact happens at t=0.5 sec. After contact, the finger starts to yield. For a higher stiffness of
the wall, the finger rebounds from the wall and looses contact(Contact Force = 0) at several
points of time, before establishing steady contact with increasing contact force as shown
in Fig. 4.5. For the softer wall, finger penetrates into the wall maintaining contact and the
contact force gradually increases. It is to be noted that there is no actuator torque limit
imposed in the simulation. So, the contact force could keep on increasing with increasing
finger penetration. In reality, actuator limit will reach at some point and the finger will start
sliding along the wall after that.

Fig. 4.7 and 4.8 shows the evolution of finger posture in space for spring constants 2000 N/m
and 100 N/m.
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Finger Posture Evolution
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Figure 4.7: Finger Posture evolution for displacement mode

As shown in Fig. 4.7, the penetration of finger in the wall of stiffness 2000 N/m is very low
while for the softer wall shown in Fig. 4.8, there is higher penetration.
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Figure 4.8: Finger Posture evolution for displacement mode
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4.1.4 End-point Impedance Control

Simulations were performed to demonstrate the ability of the finger to operate under impedance
control.Given a starting posture of finger, if an external force is applied to it, the deflection of
the fingertip is determined by the desired resultant stiffness at the endpoint. An open loop
impedance controller is used for this purpose. Here, we simulate the dynamics of the finger
for a step force input and a ramp input. The dynamics of the finger links is given by eqn. of

the following form

0 Yo Gi*Y3_ q; 7 T
M| G |+C| X5 ,qi*X3_1a;j | +B| ¢ | =] 72 (4.3)
s Y, qi*Y0_ 4 qs T3
T1
where Ty :]Tfext+Tactuators
T3

We want to simulate the behavior such that under quasi-static condition finger deflection
from initial position in x-direction AX = f,x/Kx, where Kx and f,x are desired stiffness and

external force in x-direction. Hence, under equilibrium

| Kxax
KyAY + Tactuators =0 (4.4)
kv 0 0 o1E11—q a, a2 T
1
where Tactuators= | 0 kz O o1E1—q2 |+ | a1 app
13
0 0 k3 o1E31—q3 as) asp

Thus we can determine actuation parameters from the following equation:

71 k1 Kx(X — Xo) + Cx X

=k kg |-k F X (4.5)
Ky(Y - Yo) +Cy Y

T, ks qs

kiEyg ain aip
where K= | kEz1 az1 azp
ksEs 1 az1 asp
(X,Y) and (X, Y) are end point coordinate and velocities respectively. We have introduced
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damping to account for oscillations and reduce settling time.

4.1.4.1 Step Force Input

For the simulation F,x =1 N, F,y = 0N, Kx =100 N/m, Ky = 10000 N/m, Cx =1 N-s/m,
Cy =1 N-s/m. The results are shown in Fig.4.9 and 4.10.

=107 Constant Force Fx = .
TR ! T T T T T

T T
kY m—_t
."“ — K¥ = 10000
AN
)
h
| 5y
2 \\,
W\
W\
\
\ Y
TS
A e
s
X
e Wk
= LY
= T
= o
= LR =t
*® N
SON
N
8= .I:\\:‘\_\ -
I
R
e
oy X:0.1985
-
—— ! 000950
B e, - e n
g
Equilitrum posion
1 - 1 | | | 1 |
0.02 004 006 0.08 o1 012 01d )16 DA 02
Time

Figure 4.9: X-deflection vs time for Step Force function.

For step force input in x-direction with very high controller stiffness in y-direction should
allow finger end-point to move in x-direction such that it settles at F, x/ Kx. For low controller

stiffness along y-direction, high overshoot happens in y-direction but the end point finally
settles at the desired position.
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Figure 4.10: Y-deflection vs time for Step Force function.

4.1.4.2 Ramp Force Input

For the simulation F,x =0.5¢ N, F,y =0 N, Kx =100 N/m, Ky = 10000 N/m, Cx =1 N-s/m,
Cy =1 N-s/m. The results are shown in Fig.4.11 and 4.12
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Figure 4.11: X-deflection vs time for Ramp Force function.
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Figure 4.12: Y-deflection vs time for Ramp Force function.

For ramp force input results are as expected, better than in case of step force input with
lower overshoot in y-direction even for lower controller stiffness in y-direction.
It is to be noted that the values of T and 7> are at times required to be negative in order to be
able to any possible external force. This requires cables to be on both the palmer as well as
dorsal side. Cables from both the sides can be actuated using independent actuators for both.
This would double the number of variable stiffness actuators. Another way to accomplish
this without increasing the number of actuators is using a clutch based mechanism, such
that when one cable(say on the palmer side) is under tension, the opposite one(on the dorsal

side) is free.

4.1.5 Disturbance Rejection

In this simulation the open loop controller described in previous section is tested for its
ability to handle disturbances in the direction, perpendicular to the direction in which spring
behavior is simulated. A constant force of 1 N is applied in negative x-direction and at 0.5
seconds an impulse of 0.01 N-sec acts in positive y-direction. The results are shown for high

y-direction stiffness vs low y-direction stiffness, in Figs. 4.13 and 4.14.
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Constant Force Fx = 1N with impulse of D.071 N-s in y-direction at t=0.5 sec
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Figure 4.13: X-deflection vs time for Step Force function with impulse of 0.01 N-sec at 0.5 sec.

Constant Force Fx = -1N with impulse of 0.01 M-s In y-direction at t=0.5 ssc
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Figure 4.14: Y-deflection vs time for Step Force function with impulse of 0.01 N-sec at 0.5 sec.

As shown in Fig. 4.14 for low stiffness in y-direction, Ky = 1, the finger deflects in the

y-direction, while maintaining the desired behavior in the x-direction for most of the time

as shown in Fig. 4.13. Thus for a low y-stiffness, behavior in x-direction can be maintained
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without reaching the actuator limit. While in case of high y-stiffness, an impulse in y-direction
would lead to high actuator torques which could damage the actuator.

4.2 EXPERIMENTS

In this section we present three sets of experiments that were conducted with the finger with

a palm attached to the setup.

4.2.1 Free motion using first synergy/displacement actuator

The first synergy actuator was manually operated by rotating the drum. Fig. 4.15 shows the
resulting pose of the finger. The objective was to test the output ratio of joint angles as a

result of first synergy actuation.

(b)

Figure 4.15: Free Motion using first synergy actuator
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4.2.2 Tracking Surfaces of Large objects

The finger is able to conform as a result of contact and can slide along the surface of a large
flat, convex or concave objects. Few such experiment is shown in Fig. 4.16 and 4.17. The

videos of these experiments are attached along with the file.

(@ (b)

Figure 4.16: Convex Surface Tracking
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(b)

Figure 4.17: Flat Surface Tracking
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4.2.3 Gripping of objects with different shapes

The finger is able to conform to the surface of several objects and grip them against the
surface of the palm and can lift very light objects like marker, a wooden block, a wooden
thin strip, pencil etc. Some of these are shown in Fig. 4.18c, 4.19a and 4.19b. (Note: These
experiments are conducted using only the displacement actuator)

(a) Awooden block (b) A wooden thin strip

(c) Small Spool

Figure 4.18: Grip of some object
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(b)

(a)

Figure 4.19: Holding a Marker

Figure 4.20: Holding a Spool
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4.3 SUMMARY

The finger is able to perform a free motion in accordance with the desired ratio of joint angles
as described by the first synergy. Further the finger is also able to conform to a surface and
track it just by actuating the first synergy. There are however some discontinuities in motion
as spring in the channel has deformed at few places. This issue could be resolved with greater
care during assembly of the next prototype.

Along with the palm, the finger is able to hold a variety of shapes and sizes and lift light
objects. It has trouble in lifting heavy objects however. This is for two reasons. Friction at
the finger surface is very low and needs to be addressed by adding friction pads/ soft rubber
at the surface. Because of low friction, high normal contact is required to lift a heavy object,
which the current prototype is not able to deliver due to lower stiffness of the springs than
desired. A custom made spring with desired stiffness needs to be incorporated in the next
prototype. Another issue is the length of the finger links. The length of proximal phalanx
needs to be increased to increase the hold of the finger over the objects. This would enable it
to large objects like white board eraser, spool with greater ease. Also, in order to hold thin
objects like pencil with greater ease the fatness of the finger needs to be reduced (for same
link lengths). The fingertips need to be thin in order to enable picking of very fine objects like

pin. So, in effect the length to fatness ratio of the finger needs to be optimized.
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Chapter 5
Conclusion and Future Work

A finger design is presented by using the principle of postural synergies and variable stiffness
actuation together. To sum up, synergies are related to motion of finger joints and they offer
a way to reduce the degrees of actuation (and hence simplify control) by combining motions
of several joints in a single degree of actuation. Thus, only a few degrees of actuation can
explain a large variation in the hand postures. Reducing the degrees of actuation also means
that some of the hand postures become unattainable. Compliance is introduced to deal with
this. This makes hand adaptable to the surface of the objects and increases the range of
grasps. Introduction of compliance also offers a way to control the grasp force by relating
synergistic motion to grasp forces. However, introduction of compliance means that ability
to control the posture is lost, which would make some of the grasps impossible, particularly
ones which don’t adapt to the shape of the object.This is why variable stiffness mechanism is
introduced in the design. This helps better control over grasp forces and hand postures.
The finger design consists of 3 actuators: one synergy actuator and two stiffness controller.
The finger is capable of attaining any posture in free space (contact force = 0) The interaction
of the finger with both soft and rigid object is discussed in the section 7.3.

Furthermore, the two stiffness actuators which use cables to apply torque at the joints can
be made to behave like 2% and 3" actuators by choosing the moment arms in the ratio of
respective synergies. Through simulations position and impedance control of the finger, using
these three actuators, is demonstrated. It is shown that the finger can follow a prescribed
trajectory as well as maintain a desired end-point impedance. A prototype of one finger
attached to palm was built and a few experiments demonstrating motion of finger in free
space and grips of several object with different shapes, were conducted.

In future, experiments related to posture control, trajectory tracking, impedance control

and disturbance rejection would be conducted with a new prototype which would have
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tendon on both palmer as well as dorsal side of the finger. Each pair actuated through a single
actuator with some sort of a clutch. This would allow the finger to implement negative values
of stiffness controller variable.

Further the whole hand can be kept underactuated by allowing the same 3 actuators used in
a single finger to behave as synergy actuators for the entire hand. Since in the force control
equations both displacement actuator as well as force actuator contribute to the torque
similarly and are linearly superimposed, they can behave like three synergies provided we
implement moment arms of multi-articular tendons appropriately. Thus the whole hand
would be underactuated and yet be able to take most of the postures by the virtue of synergy.

Another way to keep the hand underactuated is shown in the next section.

Scalability of the design to whole hand

In a human hand, most of the grips that require precision control, involve the index finger,
middle finger and thumb (fig.2.1). Ring finger and little finger are mostly involved while per-
forming power grasps which involve conforming to object shape and establishing maximum
contact with the surface. So, it is safe to employ variable stiffness tendons only to the former
three fingers. Further, the thumb has one less joint. Thus, we can get away with one less
stiffness actuator. So, the actuators employed for an entire hand, will be one synergy actuator,
two variable stiffness actuators for index and middle finger each and one variable stiffness
actuator for the thumb. So, a total of six actuators can be used to control the 20 joints of the
hand. Hence the hand is still under-actuated. For the entire hand the design of palm, the
abduction-adduction joints, thumb and the opposition function in little finger still needs to

be explored, to complete the design of entire hand.
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