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Georgios P. Kontoudis

Academic Abstract

This thesis presents the design, modeling, and development of adaptive robot hands that are

capable of performing dexterous, in-hand manipulation. The robot hand comprises of anthro-

pomorphic robotic fingers, which employ an adaptive actuation mechanism. The mechanism

achieves both flexion/extension and adduction/abduction, on the finger’s metacarpopha-

langeal joint, by using two actuators. Moment arm pulleys are employed to drive the tendon

laterally, such that an amplification on the abduction motion occurs, while also maintaining

the flexion motion. Particular emphasis has been given to the modeling and the analysis

of the actuation mechanism. Also, a model for spatial motion is provided that relates the

actuation modes with the finger motion and the tendon force with the finger characteristics.

For the hand design, the use of differential mechanisms simplifies the actuation scheme, as we

utilize only two actuators for four fingers, achieving affordable dexterity. A design optimiza-

tion framework assess the results of hand anthropometry studies to derive key parameters

for the bio-inspired actuation design. The model assumptions are evaluated with the fi-

nite element method. The proposed finger has been fabricated with the Hybrid Deposition

Manufacturing technique and the actuation mechanism’s efficiency has been validated with

experiments that include the computation of the finger workspace, the assessment of the

force exertion capabilities, the demonstration of the feasible motions, and the grasping and

manipulation capabilities. Also, the hand design is fabricated with off-the-shelf materials and

rapid prototyping techniques while its efficiency has been validated using an extensive set of

experimental paradigms that involved the execution of grasping and in-hand manipulation

tasks with everyday objects.
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General Audience Abstract

This thesis presents the design, modeling, and development of adaptive robot hands that

are capable of performing selective interdigitation, robust grasping, and dexterous, in-hand

manipulation. The robotic fingers employ an adaptive actuation mechanism. The design

is minimal and the hand is capable of performing selective interdigitation, robust grasping,

and dexterous, in-hand manipulation. Particular emphasis has been given to the modeling

and the analysis of the actuation mechanism. For the hand design, the use of differential

mechanisms simplifies the actuation scheme, as we utilize only two actuators for four fingers,

achieving affordable dexterity. A design optimization framework assess the results of hand

anthropometry studies to derive key parameters for the actuation design. The robotic fin-

gers and the anthropomorphic hand were fabricated using off-the-self materials and additive

manufacturing techniques. Several experiments were performed to validate the efficacy of

the robot hand.
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Chapter 1

Introduction

1.1 Grasping and In-Hand Manipulation

The �elds of robot grasping and dexterous manipulation have received increased attention

over the last years, as robots have already started to interact with their surroundings and

assist humans in the execution of dexterous tasks. Since the human hand is considered to

be Nature's most dexterous end-e�ector, the prospect of replicating human dexterity has

motivated roboticists to follow bio-inspired approaches [21, 26, 61, 62]. This is due to the

fact that the human hand is the most dexterous end-e�ector known, consisting of 29 joints,

27 bones, and more than 123 ligaments that are actuated by more than 30 muscles in a

synergistic fashion [31]. One of the most important joints in human hand is the metacar-

pophalangeal joint (MCP), which allows the �ngers to execute both adduction/abduction

and 
exion/extension motions, thus increasing the dexterity of the overall system. Moreover

the human thumb's MCP joint is responsible for the opposition which is a powerful motion

of the human hand operation [31].

1.2 Objectives

The focus in this thesis is on enhancing the robotic hand's performance that will facilitate the

execution of various grasping and in-hand manipulation tasks, by employing less actuators
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2 Chapter 1. Introduction

without losing dexterity [6]. More speci�cally, the objectives are,

1. Design and develop a minimal actuation mechanism to combine various motions, sim-

ilarly to the MCP joint.

2. Design and develop an adaptive anthropomorphic robot hand.

3. Employ less number of actuators so that the robot hand's complexity is reduced, the

developed hand is lightweight, and the fabrication remains signi�cantly low.

4. Inherit the grasping capabilities of adaptive devices.

5. Perform various in-hand manipulation tasks with the robot hand, e.g., object rolling,

�nger interdigitation, and equilibrium point manipulation.

1.3 Contributions

The contribution of this thesis is fourfold. First, we design and develop a tendon-driven

actuation mechanism for adaptive monolithic robotic �ngers that extends their dexterous

performance. The actuation mechanism design is minimal and modular, while it makes use

of simple mechanical elements. We investigate the performance of compliant monolithic �n-

gers that make use of 
exure joints based on elastomer material (urethane rubber), yet our

suggested actuation mechanism can be applied to other applications. The proposed mecha-

nism has the ability to perform concurrently 
exion/extension and adduction/abduction on

the MCP joint, by employing two actuators in a synergistic fashion. We present a modeling

framework to compensate gravity with a torsion spring. We also provide design speci�ca-

tion parameters for various adduction/abduction motions through a mechanism analysis. A

model of the �nger for performing spatial motion is discussed. Our actuation mechanism
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improves the dexterous workspace and ampli�es the exerted �nger forces. Next, we employ

the monolithic �ngers to design and develop a new adaptive, humanlike robot hand that can:

i) achieve selective interdigitation, switching from power grasps to pinch grasps and opti-

mizing its robust grasping performance to speci�c objects and ii) execute dexterous, in-hand

manipulation tasks (e.g., equilibrium point manipulation), o�ering an increased dexterity.

Furthermore, a design optimization framework is introduced that derives the di�erential

mechanism con�guration and the di�erential motion of cable-driven, under-actuated, an-

thropomorphic robot hands. The e�ciency of the proposed design and methods has been

extensively validated using a wide range of experimental paradigms.

1.4 List of Publications

This thesis has resulted to 1 journal paper and 2 conference papers. All publications are

currently (December 2018) under review.

Journal paper

[1] G. P. Kontoudis, M. Liarokapis, K. G. Vamvoudakis, T. Furukawa, \An Adaptive

Actuation Mechanism for Anthropomorphic Robot Hands," 2018.(under review)

Conference papers

[1] G. P. Kontoudis, M. Liarokapis, K. G. Vamvoudakis, T. Furukawa, \An Adaptive

Robot Hand for Selective Interdigitation, Robust Grasping, and Dexterous, In-Hand

Manipulation," 2018. (under review)

[2] G. P. Kontoudis, M. Liarokapis, K. G. Vamvoudakis, T. Furukawa, \A Modular Actu-

ation Mechanism for Adaptive Robotic Fingers," 2018.(under review)



4 Chapter 1. Introduction

1.5 Outline

The remainder of this thesis is organized as follows. Chapter 2 discusses the related work,

Chapter 3 focuses on the design of the actuation mechanism and performs an analysis of

the design constraints, Chapter 4 focuses on the design of the proposed adaptive, humanlike

robot hand, Chapter 5 presents the results of the experimental validation, while Chapter 6

concludes the thesis and discusses future directions.



Chapter 2

Literature Review

In this chapter we present previous works in actuation mechanisms, robotic �ngers, and

robot hands. We give particularly emphasis on adaptive robot hands that are closely related

with our work.

2.1 Robotic Fingers

In [54], the authors proposed a double active universal joint (DAUJ) that was implemented

with gear transmission and two actuators. Their focus was on in-pipe inspection systems and

robotic �ngers with pin joints. The work of [44], presented the UBH 3 that was equipped

with tendon-driven, spring loaded pin joints on �ngers. The robot hand was able to perform

grasping and in-hand manipulation by using 16 actuators. The authors in [63] introduced an

anthropomorphic robotic �nger with pin joints that employed a biomimetic tendon-routing

system and a pneumatic actuation scheme. Their objective was to develop a robotic �nger

that has identical function with human �ngers. In [38], the authors proposed a compliant

robotic �nger design that integrates passive parallel compliance. Their design combines elas-

tomer materials along with a speci�c structure that performs as a variable sti�ness compliant

joint towards improving the stability in grasping and manipulation. In [57], presented a ro-

tational elastic joint for underactuated robotic �ngers. Their design is monolithic and the

joint is implemented with an embedded spiral torsion spring. The 
exion/extension analysis

5



6 Chapter 2. Literature Review

for robotic �ngers with pin joints and 
exure joints has been studied in [7, 50] and in [51]

respectively.

Monolithic structures can signi�cantly simplify the manufacturing process and reduce the

manufacturing cost, as they require a single step process [37]. They also lack of wear,

backlash, and friction which impacts to minimal detrimental e�ect [29]. In the work of [1]

presented a methodology to design compliant mechanisms, based on the topology optimiza-

tion homogenization method [5]. However, when the employed material is 
exible, then the

rigid body assumption is not guaranteed for all geometries. In [30] presented the pseudo-

rigid-body model to design compliant mechanisms with 
exure elements that identi�es which


exural segments act as rigid bodies. A soft monolithic �nger was presented in [49]. The

authors investigated various types of 
exure joints and fabricated the �nger by employing

the Fused Deposition Modeling (FDM).

2.2 Anthropomorphic Robot Hands

Traditionally, the problems of robot grasping and dexterous manipulation have been ad-

dressed using rigid, fully actuated, multi-�ngered robot hands [12, 32, 45]. These devices

are typically heavy, expensive, di�cult to build and maintain, and they rely on sophisti-

cated sensing elements and complicated control laws in order to operate in unstructured

and dynamic environments. Recently, a new class of adaptive robot hands was intro-

duced [2, 3, 13, 16, 22, 27, 28, 36, 42, 59, 60] that attempts to revolutionize the �elds of robot

grasping and manipulation, by simplifying the extraction of robust grasps under object pose

uncertainties and the execution of dexterous, in-hand manipulation tasks. These hands are

considered adaptive, since they are equipped with 
exure or spring loaded pin joints, under-

actuated �ngers, and di�erential mechanisms. Di�erential mechanisms allow the hands to
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conform with unknown object's shape without any means of feedback. In [23, 48, 52] the

authors developed adaptive robot hands that can perform in-hand manipulation tasks. The

authors in [20] studied in-hand manipulation using a robot hand with a single actuator that

exploits extrinsic resources.

Regarding anthropomorphism of robot motion, a previous study [35, 40] investigated the

a�nity in structure and motion of robotic hands and the human hand. This study pro-

posed a methodology for the quanti�cation of robot hands anthropomorphism. The human-

identical model is compared in two di�erent stages with various robot hands by employing

computational geometry and set theory methods to derive a comprehensive index of anthro-

pomorphism that can be used for design optimization purposes.

For the control of hand posture, a Neuroscience study [56] revealed that during grasping

actions, a coupling/higher-level coordination in the human hand �ngers' motion exists. This

study concluded that the �rst two principal component vectors, of the grasp covariance

matrix account for approximately 84% of the variance of the total human hand grasping

actions. The particular �nding inspired new designs of robot hands and control schemes

that simplify the execution of everyday grasps. In [9, 13] the authors presented several

synergy-based robotic hands for humanlike grasping, but each actuator could trigger only a

single synergy. This means that the weight of the robotic hand in all cases was increased,

while the �nal force transmitted to the �ngers for grasping and manipulation was restricted.

In [17], the authors focused on bringing the aforementioned statistical neuroscience study in

robotics, introducing new representative robot hand grasping strategies called eigengrasps.

More precisely, the authors used a dimensionality reduction technique in order to represent

the robot hand motion capabilities in low-d manifolds, where the control is relaxed and the

task execution is simpli�ed. The derived strategies account again for most of the grasping

actions variance and are useful for solving online grasp planning problems.
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Adaptive hands can be developed either with 
exure joints (elastic joints) or with spring

loaded pin joints. The elastic elements in the �nger structures are typically used for a pas-

sive implementation of the �nger extension. Regarding adaptive hand designs, in [52] the

authors proposed the i-HY hand, an adaptive robot hand that was developed speci�cally for

in-hand manipulation. In [62] the authors proposed a theoretical framework for designing

anthropomorphic robot hands for robust grasping tasks. More speci�cally they proposed

underactuated �ngers �ngers to implement the human �nger adaptability. The work of [24]

proposed the Pisa/IIT SoftHand 2 that implements two actuators to enhance the grasping

and manipulation capabilities. The design make use of a single cable that connects the two

actuators and the robot hand achieved rolling of various objects. Chen et al. [14] pro-

posed an an optimization methodology, named mechanically realizable manifolds, to search

for grasping synergies and achieve stable grasping given the kinematics of an underactu-

ated robot hand and a set of possible grasps. They also proposed an adaptive robot hand

based on their methodology. In [11], the authors presented a �nger with an alternative

tendon-driven actuation design based on shape memory alloys (SMA) instead of cables. The

proposed �nger, has 2 degrees of freedom (DoF1) for the MCP joint, yet these motions were

independent, while 1 SMA was responsible for the 
exion/extension. Thus, only 1 SMA

contributed to the power transmission in grasping. In [25], the authors analyzed a planar

and a spherical mechanism for �ngers abduction in human-like robot hands. These mecha-

nisms can achieve various di�erential motions for adduction/abduction, according to speci�c

requirements. However, these mechanisms do not transfer power to the �ngers and actuation

is required for not only the abduction, but also for the adduction in order to maintain the

robot hand in its natural position. In [55], the MCP joint ranges of motion of the human

hand for adduction/abduction were presented. These ranges were di�erent for each �nger of

the human hand, making their implementation in under-actuated mechanisms challenging.

1We will use DoF for singular and plural forms.
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2.3 Summary

Many research groups have presented excellent works on adaptive robot hands. However,

only recent works in [24, 52] introduced adaptive robot hands that can perform in-hand

manipulation. Our work blends novel actuation mechanisms to augment the grasping capa-

bilities and to extend the dexterity of adaptive robot hands by keeping less actuators. We are

particularly interested in anthropomorphic adaptive robot hands that maintain the fraction

of actuators over �ngers below one, and yet achieve dexterous various in-hand manipulation

tasks.



Chapter 3

Finger Design

In this chapter, we present the design of the adaptive robot �nger and we describe the

tendon-driven actuation mechanism that allows the �nger to perform both 
exion/exten-

sion (F/E) and adduction/abduction (A/A). Next, we present the modeling framework to

compensate gravity with mechanical elements. The actuation mechanism analysis is pro-

vided to specify design parameters for various applications. The fabrication procedure of the

anthropomorphic, compliant robotic �ngers is also discussed.

3.1 Actuation Mechanism Design

The �nger structure is monolithic and consists of an elastic body (made out of urethane

rubber) and plastic parts, as presented in Figure 3.1. The robotic �nger is actuated by ten-

dons in a similar fashion with the human hand. The distal, middle, and proximal phalanges

are connected with 
exure joints. Portions of the �nger with reduced width are designed to

implement these 
exure joints. The MCP spring loaded pin joint is responsible for the A/A.

Besides the MCP joint's motion, the design is also modular since the �ngers are attached in

the base frame with a single bolt-nut set.

The actuation mechanism utilizes two independent tendon-routing systems to actuate the

�nger, as shown in Figure 3.2. We equip the proposed actuation mechanism with moment

arm pulleys to drive the tendon-routing system through a speci�c path. On this path, the

10
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Figure 3.1: An exploded view of the �nger's 3D model design. The �nger is compliant as
it employs elastomer material to implement the 
exure joints. The design modularity is
re
ected by using a single bolt-nut set to connect to the palm.

line of action of the applied force does not pass from the center of the pulley's axis of rotation.

Therefore, the forces transferred through the tendon-routing system, create a moment that

rotates the �nger. Each tendon is responsible for a di�erent motion. The tendon with

ending point at the central anchor (�rst actuator) is only responsible for the F/E motion of

the �nger. The tendon with ending point at the right side anchor point (second actuator)

triggers initially the A/A motion and then contributes to the F/E of the �nger. This twofold

contribution in motion and force transmission lies in the design choice to place the right side

anchor point at the distal phalange and not to the middle or the proximal phalange. In case
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Figure 3.2: The actuation mechanism that allows for F/E and A/A concurrently. This �nger
operates with clockwise motion. For counterclockwise motion, the right side anchor point
needs to be swifted on the left side. For bidirectional abduction, the central anchor point
needs to be placed on the left side of the �nger.

of concurrent tendon actuation the F/E is the dominant motion.

The selection of anchor points for each separate tendon-routing system is determined ac-

cording to the desired �nger motion. One can notice that from the human hand neutral

position, the index abduction moves oppositely from the ring and pinky abduction motions.

The abduction motion from the natural position of the middle �nger can be neglected since

it is relatively small. On the other hand, the thumb motion includes bidirectional A/A.

Therefore, for an anthropomorphic hand design we should be able to produce three di�er-

ent types of �nger abductions. For this purpose, we employ right-side anchor points for
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Figure 3.3: The mechanical model of a compliant �nger that achieves a clockwise rotation.
The 
exure joints were modeled as a spring-damper and each phalange as a mass. The

exion/extension of the DIP, PIP, and MCP joints re
ects the xd, xp, and x fm motions
respectively, while the adduction/abduction occurs towards the� rotational direction.

clockwise motion, left-side anchor points for counterclockwise motion, and both-sides anchor

points for bidirectional rotation. In case we pursue single side rotation, central anchor points

utilization is imposed to actuate the �nger F/E movements.

3.2 Rigid Body Modeling

In Figure 3.3, a mechanical model of the compliant robotic �nger is presented. We employ

a spring-mass system to model the �nger and its compliant 
exure joints. When no contact

occurs and since the �nger makes use of two tendon routing systems, it eliminates by de-

sign nonlinearities of the elastomer material such as twisting and lateral bending (bounding
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Figure 3.4: A model of the robotic �nger for computing the gravity compensation with a
torsion spring.

out-of-plane motion). This makes our assumption valid for the 
exure joint modeling, as

discussed in [33]. The mechanical model consists of discrete mass nodes distributed through-

out the �nger. The massesmd, mm, mp represent the distal, the middle, and the proximal

phalange masses respectively. The sti�nesskd, kp, kfm correspond to the distal interpha-

langeal (DIP), the proximal interphalangeal (PIP), and the MCP 
exure joints respectively.

The spring with sti�ness kt models the torsion spring. The dashed line is the tendon that

triggers �rst the adduction/abduction and then contributes to the 
exion/extension motion.

The forcef a, at the end of the tendon routing system, is the actuator force.

The �nger is maintained to its rest position with a torsion spring, that also mechanically

implements the passive adduction motion. The sti�ness of the torsion spring should be

precisely selected. In case of an extremely soft torsion spring, the �nger might be sensitive

to gravity or to external forces and might also struggle to maintain stable contact points with

the object. On the other hand, a highly sti� torsion spring, comparing with the elastomer

material sti�ness, makes the MCP joint work exclusively as a revolute joint for the �nger's


exion motion. Therefore, the actuation mechanism is analyzed to compensate the gravity

as a statically balanced mechanism, similarly to [18, 53], yet with a torsion spring. By
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employing the Euler's equation of motion

� MA = I A
•� MCP

M f k
A � M f m

A = m
�

L
2

� 2
•� MCP

kt � MCP � mg
L
2

sin� MCP = m
�

L
2

� 2
•� MCP ; (3.1)

where M f k
A is the restoring moment of the torsion spring about the point A,M f m

A is the

moment of the concentrated mass due to the gravity about the point A,I A is the mass

moment of inertia of a massless rod about the point A,� MCP is the abduction angle,•� MCP is

the angular acceleration,m is the concentrated mass, g is the gravity acceleration,L is the

�nger length, and kt is the sti�ness of the torsion spring as depicted in Figure 3.4.

For the statically balanced case the system becomes homogeneous and its angular accelera-

tion is •� MCP = 0, so from Equation (3.1) the torsion spring sti�ness results to

kt (� MCP ) = mg
L
2

sin� MCP

� MCP
:

Next, by considering the small angle approximation, i.e. sin(� MCP ) � � MCP , the minimum

torsion spring sti�ness to compensate gravity yields,

kt,min =
mgL

2
:

The sti�ness of the 
exure joints is related with the transmitted force to the �nger, so the


exure joint sti�ness kd; kp; kfm needs to be high. On the other hand, the sti�ness of the

torsion spring kt needs to be sti� enough to compensate gravity and successfully rebound

the �nger to its rest position. Therefore, we consider that the sti�ness of the 
exure joints

is much larger than the sti�ness of the torsion springkd; kp; kfm > k t,min . Since we analyze
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the worst case scenario for the torsion spring, the 
exure joints will also compensate gravity.

To this end, the adaptive �nger will compensate gravity even when the gravitational forces

are not aligned.

3.3 Actuation Mechanism Modeling and Analysis

We employ a spring-mass system to model the �nger and its compliant 
exure joints. When

no contact occurs, and since the �nger makes use of two tendon routing systems, it elimi-

nates by design nonlinearities of the elastomer material such as twisting and lateral bending

(bounding out-of-plane motion). This makes our assumption valid for the 
exure joint mod-

eling, as discussed in [33]. The mechanical model consists of discrete mass nodes distributed

throughout the �nger. The massesmd, mm, mp represent the distal, the middle, and the

proximal phalange masses respectively. The sti�nesskd, kp, kfm correspond to the DIP, PIP,

and MCP 
exure joints respectively.

Since our focus is on the A/A motion, we need to narrow down the problem and determine

the corresponding design characteristics. For our analysis we consider that the sti�ness of

the 
exure joints is much larger than the sti�ness of the torsion springkd; kp; kfm > k t . The

sti�ness of the 
exure joints a�ects the forces that can be transmitted to the �nger, so the


exure joint sti�ness kd; kp; kfm needs to be high. On the other hand, the torsion springkt

needs to be sti� enough to compensate gravity and successfully rebound the �nger to its rest

position. These two factors are in accordance with the aforementioned sti�ness selection.

The key idea underlying the actuation mechanism is that, by selecting various moment arm

pulley positions we will be able to achieve di�erent maximum abduction angles as presented

in Figure 3.5. That is a dependent motion problem with constraints the tendon length and

the datum. The datum is imposed by the moment arm pulley's position. The maximum
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Figure 3.5: The actuation mechanism in various con�gurations. Di�erent design choices
with respect to the moment arm pulley position, produce various abduction motions. (a)
The moment arm pulley is perpendicular with the tendon guide pin. (b) The moment arm
pulley is in an intermediate position. (c) The distance from the joint axis of rotation to the
moment arm pulleyram matches the radius lengthr . (d) The distance from the joint axis of
rotation to the moment arm pulley ram is higher than the radius lengthr .

abduction angle occurs when the �nger pulley reach the datum.

The actuator that is responsible for the A/A �rst triggers the abduction, until it reaches its

higher possible abduction angle, and then contributes to the F/E motion as depicted in the

lower part of Figure 3.5. When the moment arm pulley is by design perpendicular with the

tendon guide pin, then the mechanism will trigger only perpendicular motion �x, because

the moment arm r0 is relatively small, as shown in Sub�gure 3.5(a). In case that we select

the position of the moment arm pulley at a horizontal distanceram, the moment arm will be
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increased torm. Therefore, the mechanism will be abducted until its datum point at� max ,

as depicted in Sub�gure 3.5(b). Next, for the maximum abduction angle� max
max the moment

arm pulley should be placed at a distanceram = r , as presented in Sub�gure 3.5(c). The last

possible choice is to place the moment arm pulley at a distanceram > r where the �nger will

�rst reach its maximum abduction � max
max , but then it will be subject to tensile stress with a

� x deformation as shown in Sub�gure 3.5(d).

We tackle two problems. First, we specify the design parameters in order to achieve the

desired abduction angle� max in the mechanism. Second, we determine the transferred force

to the �nger after the friction losses that are induced by the recon�guration at the maximum

abduction angle � max . For the A/A motion analysis, the actuation mechanism model is

depicted in Figure 3.6. TThe joint length is the l1 and the length l2 is the �nger pulley

distance. The actuation mechanism has an internal angle� that is invariant of the actuator

displacement and depends only on the mechanism design. The abduction angles that the

actuation mechanism achieves range� MCP 2 [� �
2 + �; �

2 � � ] for bidirectional abduction. Since

our analysis deals with clockwise abduction, the mechanism achieves a range� MCP 2 [0; �
2 �

� ], yet the exact same analysis applies for counterclockwise and bidirectional abduction.

The angle� is formed by the perpendicular line of the link and the tendon. The lengthl3

is the distance from the tendon guide pin to the moment arm pulley. The distance from

the abduction joint axis of rotation to the tendon guide pin is illustrated by r . As the

mechanism performs abduction the distanceram remains constant. On the other hand, the

perpendicular distance from the abduction joint axis to the guide pin decreases tol4, when

the mechanism arrives at its maximum abduction angle.

The variable that imposes the moment arm is also responsible for the maximum abduction

angle. That is, the lengthl3 at the initial con�guration without any actuator displacement.

Given the �nger design characteristicsl1, l2 and the desired maximum abduction angle� max ,



3.3. Actuation Mechanism Modeling and Analysis 19

Figure 3.6: The actuation mechanism model at the initial and at the maximum abduction
con�guration. (a) The mechanism characteristics at the initial con�guration. (b) The mech-
anism characteristics at the maximum abduction angle. (c) The mechanism characteristics
at the maximum abduction angle. (d) The mechanism characteristics focused on the tendon
guide pin at the maximum abduction angle.

we need to justify the distance of the lengthl3. At the maximum abduction angle we have

� max = 
 max � � . Then, from the initial con�guration we obtain,

� = arctan
�

l2
l1

�
: (3.2)
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Next, we �nd that the maximum abduction angle 
 max as follows,

sin
 max = sin( � max + � ) =
ram

r
: (3.3)

Given that ram = l2 + l3, the Equation (3.3) takes the form of,

l3 = sin( � max + � )r � l2: (3.4)

Considering that at the initial con�guration the length r =
p

l2
1 + l2

2, we express the desired

length l3 exclusively as a function of the maximum abduction angle� max and the �nger

design characteristicsl1, l2 from Equation (3.4) as follows,

l3 = sin

"

� max + arctan
�

l2
l1

� #� q
l2
1 + l2

2

�
� l2:

For the second problem we consider the Euler-Eytelwein equationTload = Thold e�� . As the

�nger rotates, the abduction angle� increases, which results to the reduction of� angle.

Note that � and � are complementary, which yields� = 90 � � as shown in Sub�gure 3.6(c).

Therefore, we need to justify the maximum angle� , at the maximum abduction angle� max ,

to account for the maximum friction exerted forces. The key observation is that for the

proposed mechanism the� angle, at the maximum �nger abduction, is the same with� max ,

as shown in Sub�gure 3.6(d). Therefore, the available force for the 
exion at the maximum

abduction position yieldsThold = Tload
e�� max .

The modeling of tendon-driven underactuated �ngers has been studied for the planar case

in [4, 8, 46]. However, the proposed mechanism establishes spatial motions and thus another
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model is required. The kinematics of the coupling �nger yields,

J |
a� � = r a� � am; (3.5)

whereJa 2 Rn� m is the actuation Jacobian withn denoting the number of DoF andm the

number of actuation modes,� 2 Rn is the �nger con�guration, r a 2 Rm� m is the diagonal

matrix of the actuator pulley radii values, and� am 2 Rm is the actuation mode angle vector.

The number of actuators is not equivalent with the number of actuation modes, as combined

operation or even individual actuator triggering results to di�erent �nger motions. More

speci�cally, the abduction actuator enforces the MCP abduction, but when both actuators

operate then the �nger is 
exed. In our analysis, we consider four actuation modes. The �rst

two actuation modes are dedicated for individual actuator operation that re
ect to either


exion or abduction. The third actuation mode is correlated with the abduction actuator

after the maximum abduction angle is achieved, resulting to �nger 
exion. The fourth

actuation mode concerns simultaneous motion of the tendon-routing systems, that re
ect to

�nger 
exion. In this way, we can control the adaptive �nger in every possible scenario. The

actuation Jacobian has the form of,

Ja =

2

6
6
6
6
6
6
6
4

rd 0 rd rd

rp 0 rp rp

r fm 0 r fm r fm

0 ram 0 0

3

7
7
7
7
7
7
7
5

;

whererd, rp, r fm , and ram are the pulley radii of the DIP, PIP, 
exion MCP, and abduction

MCP joints respectively. The �nger con�guration for every actuation mode is given by

� = [ � d � p � fm � MCP ]| as presented in Figure 3.7. For simplicity we consider the actuator
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Figure 3.7: The �nger model for spatial motion. (a) The abduction� MCP is performed from
the abduction actuator f aa . (b) The 
exion is occurred either from the 
exion actuator
f aa , or from the combined motion of both actuators, or from the abduction actuator when
� MCP > � max .

pulley values asr a = I , where I is an identity matrix of appropriate dimensions. The

actuation mode angle vector is� am = [ � 1 � 2a � 2f � 3]| , where � 1 is the individual operation

of actuator 1, � 3 is the combined actuators motion, and� 2a, � 2f represent the individual

operation of the actuator 2 for abduction and 
exion respectively that yields,

� 2 =

8
>><

>>:

� 2a; if � MCP � � max

� 2f; otherwise.
:

Therefore, from Equation (3.5) we obtain the �nger motion for every actuation mode,

� � 1 = � � 2f = � � 3 = rd� � d + rp� � p + r fm � � fm ;

� � 2a = ram� � MCP :

Next, we present a static balance analysis to obtain the required tendon force for every joint.
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We assume that there are no external disturbances to the �nger, i.e.fe = 0, similarly to [46].

Then, the static balance equation is given by,

� K � � + J |
af a = 0; (3.6)

and f a 2 R+ the tendon force. Note, that the Equation (3.6) cannot blend various actu-

ation modes and thus the actuation Jacobian is reduced toJa 2 Rn . The sti�ness matrix

for the actuation modes that impose 
exion motions has the form ofK 1 = K 3 = K 4 =

diag(kd; kp; kfm ; 0), and for the abduction actuation modeK 2 = diag(0; 0; 0; kt ). The actua-

tion Jacobians for the 
exion actuation mode areJa1 = Ja3 = Ja4 = [ rd rp r fm 0], and for

the abduction actuation modeJa2 = [0 0 0 ram]. Therefore, the required tendon force for

the 
exion f af and for the abductionf aa without any disturbance yields,

f af =
kd� � d

rd
=

kp� � p

rp
=

kfm � � fm

r fm
; (3.7)

f aa =
kt � � MCP

ram
: (3.8)

For the worst case scenario that occurs when the �nger is 
exed at the maximum abduction

angle the the tendon force is further reduced tof max
af

= f af
e�� max , and f max

aa
= f aa

e�� max .

3.4 Developed Finger

The fabrication procedure and the adaptive �nger are presented in Figure 3.8. The 
exure

joints are corner-�lleted as they are more bending-compliant and they also develop lower

stresses [43]. We employed the Hybrid Deposition Manufacturing (HDM) technique [47]

using two di�erent molds. More speci�cally, we use a reusable mold (blue), a rotating base

(purple), and a sacri�cial mold (black) as presented in Sub�guge 3.8(a). The sacri�cial mold
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Figure 3.8: The fabrication porcess of the developed �nger. (a) The reusable mold in blue,
the rotating base in purple, and the sacri�cial mold in black. (b) The elastomer material at
the curing phase. (c) Side views and front view of the fabricated �nger.

has holes to penetrate the low friction tubes (green parts) as shown in Sub�gure 3.8(b).

Then, the reusable mold accommodates the sacri�cial mold and the rotating base to prevent

elastomer leakage as depicted in Sub�gure 3.8(c). The rotating base has a special geometry

with rounded corners to guarantee a robust interlink of the two bodies [19].

The �nger is a monolithic structure that consists of urethane rubber (shore hardness 80 A,

Smooth-On - PMC 780) and plastic parts (e.g., tendon routing tubes). We utilize the low-

friction tubes to eliminate the friction in the tendon-routing system and 3D printed ABS

material for the rotating base to ensure the structure robustness. Since the �nger is unibody,

we implement geometrically the 
exure joints with 6 mm width for the PIP and the DIP

joints, and 4:5 mm width for the MCP joint (making the MCP joint more compliant). The

design is anthropomorphic, as it optimizes the humanlikeness metrics described in [40]. We

exploit the material deformability to enlarge the contact surfaces [15]. The torsion spring has

sti�ness kt = 0:5 N.mm/deg, to mechanically rebound the �nger at its initial position. We

employed exclusively o�-the-shelf materials that reduce the cost and expedite the fabrication

process. The �nger is considered lightweight as it weighs only 25 g. The design incorporates

a modular �nger that can be easily replaced.
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3.5 Summary

In this chapter, we presented and analyzed the actuation mechanism for adduction/abduc-

tion. We show that the position of the moment arm pulley can be determined for desired

abduction angles. Moreover, we introduced the actuation modes of the proposed mechanism

to describe all possible �nger motions. Next, the fabrication process of the developed �nger

is presented. We employed exclusively o�-the-shelf materials and the HDM technique.
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Robot Hand Design

In this chapter, we present the design of the adaptive robot hand with two parallel di�erential

mechanisms based on the Whi�etree. Next, we discuss an optimization framework to derive

the di�erential mechanism con�guration and compute the di�erential motion. Then, we

describe the fabrication process of the robot hand and we list its characteristics.

4.1 Di�erential Mechanism Design

We equip the particular robot hand with the proposed actuation system by using 4 tendon-

routing systems and 2 parallel di�erential mechanisms based on Whi�etree as presented

in Figure 4.1. More speci�cally, we employ one di�erential mechanism as a single tendon-

routing system for the F/E of the four digits and similarly the other di�erential mechanism

as the second tendon-routing system for the A/A of the three digits. The rest two tendon-

routing systems are dedicated to the thumb abduction and the thumb adduction. It is to be

noted that when the tendon-routing systems of the thumb are simultaneously actuated then

F/E is occurred to the thumb. Ranges of adduction/abduction motion varies depending on

the �nger [55]. In order to tune the motion of every �nger, we can either select torsion springs

of certain sti�ness levels, or we can modify the structure of the di�erential mechanism.

26
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Figure 4.1: The two parallel di�erential mechanisms based on the Whi�etree. The di�er-
ential mechanism comprises of three bars. One bar to actuate the index and middle �ngers,
one bar to actuate the ring and pinky �ngers, and the main bar to connect the actuator with
the two bars. The �rst tendon-routing system is responsible for the F/E of the four �ngers
and the second tendon-routing system performs A/A on three �ngers.

4.2 Design Optimization

In this chapter we discuss the di�erential mechanism con�guration scheme using static op-

timization techniques [39] and we provide relations for various di�erential motions.

We modify the di�erential mechanism's parameters as a means to optimize the A/A motion

of the MCP joint for every �nger. For the A/A we employ a selectively lockable di�erential

mechanism that has the ability to vary its displacement when �ngers are locked. For our

analysis, we assume that tendons remain vertical and the input force of the di�erential
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Figure 4.2: The design optimization parameters of the proposed di�erential mechanism. The
two top bars are responsible for the index and the ring-pinky A/A motions. The blocked
�nger is depicted as solid black circle. The main bar connects the 2 top bars with the
actuator. The attachment points are located in the center of all bars.

mechanismFa is equally distributed to the remaining 3 digitsF i
a = F r

a = F p
a = Fa

3 , where

F i
a, F r

a, F p
a are the output forces of the di�erential mechanism for the index, ring, and pinky

�ngers respectively. Since the middle �nger is blocked, the bar that corresponds to the

index �nger rotates circularly around its center as illustrated in Figure 4.2. The mechanism

consists of 3 bars and a single actuator for the A/A of the four digits. The two top bars

are responsible for the index and the ring-pinky A/A motions. The middle �nger's motion

is blocked to its rest position. The main bar connects the 2 top bars with the actuator.

We select the attachment points to be in the middle of all bars, but this selection can vary

depending on the di�erential motion requirements. To this end, the total displacement of

the actuator gives us the position of the attachment point.

The formulation of the static optimization problem yields the di�erential mechanism con�g-

uration is de�ned as follows,
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minimize
x i ;xmr ;yi ;ymr

Dmi (x i ; xmr ; yi ; ymr ) (4.1)

subject to: x2
mr + ( ymr � yf)2 = r 2

m; (4.2)

(x i � xc)2 + ( yi � yc)2 = r 2
i ; (4.3)

xmr � x i = 0; (4.4)

ymr � yi � l i = 0; (4.5)

wherexmr ; ymr 2 R are the coordinates of the right edge of the main bar,x i ; yi 2 R are the

coordinates of the cable attachment point of the index bar,xc; yc 2 R are the coordinates

of the constrained connection of the middle �nger,l i 2 R+ is the length of the cable that

connects the main bar with the index bar,rm; r i 2 R+ are the radii of the main bar rotation

and the index bar rotation respectively,da 2 R+ is the displacement of the actuator, and

Dmi 2 R+ is the distance between the edge of the main bar and the index bar attachment

point as shown in Figure 4.2. In (4.2) we describe the constraint of the main bar in circular

motion, in (4.3) we provide the constraint of the index bar in circular motion, in (4.4) we

introduce the constraint of the assumption about exclusively vertical motion of the tendons,

and in (4.5) we provide the constraint of uniform tendon length (i.e. zero deformation). We

de�ne the distanceDmi of (4.1) as,

Dmi (x i ; xmr ; yi ; ymr ) = jjm � i jj 2; (4.6)

wherem; i are the Cartesian points that we want to justify, andk � k denotes the Euclidean

norm. The vertical tangent line that connects them; i points is the optimal solution. The

coordinates at the middle �nger's constrained connection can be easily obtained from the

structure of the di�erential mechanism as,xc = rm � r i 2 R+ and, yc = lm + l i 2 R+ ,
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where lm 2 R+ is the length of the cable that connects the actuator with the main bar.

Moreover, the coordinates at the main bar's attachment point are given as,x f = 0 and,

yf = lm � da 2 R+ .

Next, we obtain the di�erential mechanism con�guration. The main bar's slope produces a

perpendicular distance from its right edge to the center, dymc = ymr � yf 2 R+ . Since the

main bar attachment point is placed at its center, dymc is symmetric, and thus the same

in both edges. They-coordinate of the main bar's left edge is given as,yml = yf � dymc 2

R+ . Then, we calculate the ring bary-coordinate which remains horizontal, because the

attachment point is located at the ring bar's canter. The ring bary-coordinate yields from,

yr = yml + l r 2 R+ , wherel r 2 R+ is the length of the cable that connects the main bar with

the ring bar. For the calculation of the di�erential motion, we also need to determine they-

coordinate at the right edge of the index bar. Therefore, we calculate the index bar slope with

the Y-axis, cos(� ) = yc � yi
r i

. Next, we obtain the perpendicular distancer ir 2 R of the index

bar's right edge towards the �xed point of the middle �nger, dyir = ( r i + r ir ) cos(� ) 2 R+ .

The y-coordinate of the right edge at the index bar yields from,yir = yc � dyir 2 R+ . Finally,

we are able to calculate the di�erential motion,�y = ( yir � yr) 2 R.

The proposed di�erential mechanism con�guration scheme solves a challenging kinematics

problem in a minimal way, by employing static optimization techniques [39]. The framework

consists of only 4 variables, that arex i ; xmr ; yi , and ymr , and 4 constraints in (4.2), (4.3),

(4.4), and (4.5) to derive the di�erential motion �y . The rest parameters can be easily

obtained with geometric relations.

For a given displacement of the actuator, the bar associated with the ring and pinky motion

displays larger displacement than the index bar as shown in Figure 4.3. We also observe that

the index bar length reduction results to increased di�erential displacement�y i for the same

actuator displacementdai. Since the actuator displacement cannot exceed the length of the
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Figure 4.3: The alteration of di�erential motion according to the design characteristics. The
length reduction on the blocked index bar generates larger di�erential motion (�y i) for the
same actuator displacement (dai). (a) The 2 top bars have the same length. (b) The bar
that is related with index digit's motion is shorter that the other top (ring-pinky) bar.

cable that connects the actuator with the main bar we setdmax
a � lm 2 R+ . Next, we exploit

the generated discrepancy in the displacement of the bars to actuate di�erent A/A motions

on the remaining 3 digits. In our study, we only alter the length of the index bar. Other

design parameters, such as the main bar's relative length, can be taken into consideration,

depending on the device requirements and the task speci�cations.

4.3 Fabrication Process

For the fabrication process of the proposed adaptive robot hand, we employed exclusively

o�-the-shelf materials that can be easily found in hardware stores around the world. The an-
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Table 4.1: Finger Dimensions of Robot Hand

Finger Weight Length Breadth Width Abduction
Index 25 g 88 mm 16:2 mm 15 mm 25o

Middle 25 g 98 mm 16:2 mm 15 mm Fixed
Ring 25 g 95 mm 16:2 mm 15 mm -24o

Pinky 20 g 76 mm 16:2 mm 15 mm -28o

Thumb 20 g 68 mm 16:2 mm 15 mm � 165o

thropomorphic �ngers are monolithic and they are fabricated with urethane rubber (Smooth-

On - PMC 780) of shore hardness 80 A using the Hybrid Deposition Manufacturing (HDM)

technique [47]. We list their characteristic in Table 4.1. The total weight of each �nger is

25 g. The link lengths of the �ngers and the hand dimensions follow the anthropocentric

models described in [10].

The kinematics of the �ngers depend on the width of the the proximal IP (PIP), the distal

IP (DIP), and the MCP 
exure joint. We select the width of the joints experimentally, by

following a medical test. This test is developed in medicine for human hand surgeries. The

test provides a quick and robust validation of the human hand function after operations. In

Figure 4.4 we demonstrate the Kapandji test, which follows two steps [31].

1. The thumb's �ngertip must be able to contact with the MCP base frames of the index,

middle, ring, and pinky �ngers.

2. The thumb's �ngertip must be able to contact the index and pinky �ngertips, without

any 
exion on the PIP and DIP joints.

In Table 4.2, the radius of each joint is listed. Note that the thumb performs F/E to the

DIP and PIP joints and the middle �nger performs only F/E. After the selection of the

�nger widths we employ the smooth curvature model [51] to derive the sti�ness of each joint

as shown in Table 4.3. Then, we relate the sti�ness of the 
exure joints with the sti�ness
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Table 4.2: Finger Joint Radii

Finger Index Middle Ring Pinky Thumb
Radius DIP - F/E 10.00 mm 10.00 mm 10.00 mm 10.00 mm 1.00 mm
Radius PIP - F/E 10.00 mm 10.00 mm 10.00 mm 10.00 mm 1.25 mm
Radius MCP - F/E 12.50 mm 12.50 mm 12.50 mm 12.50 mm -
Radius MCP - A/A 15.00 mm - 15.00 mm 15.00 mm 28.50 mm

of the torsion spring. More speci�cally, the torsion spring needs to be characterized by

enough sti�ness to mechanically rebound to its initial position and to concurrently counteract

gravity. On the other hand, it should be soft enough to allow the A/A when the tendon

shifts, otherwise F/E dominates and A/A diminishes. The resulting torsion spring sti�ness

follows the analysis in Chapter 3.3. The MCP joint of the thumb performs A/A without the

need of the a torsion spring, as we employ side anchor points for the tendon-routing systems.

Next, we compute the required tendon force for each actuator by utilizing the (3.7), (3.8).

The desired 
exion angles of each joint are 90o for the DIP joint, 100o for the PIP joint,

and 80o for the MCP joint, as presented in [35]. Yet, due to palm restrictions the maximum

attained PIP joint angle is 40o. Also, we employ by design a DIP rest angle of 20o from [31].

To this end the DIP joint operates from 20o to 90o, i.e. 70o. Therefore, the required force

for the 
exion of the four �ngers yields, f af,total = f af,index + f af,middle + f af,ring + f af,pinky = 70 N,

wheref af, i = f af, i; DIP + f af, i; PIP + f af, i; MCP . Similarly, the required tendon force for the abduction

of the three �ngers is, f aa,total = f aa,index + f aa,ring + f aa,pinky = 8 N, where f aa, i = f aa, i; MCP . We

equip the robot hand with 2 Dynamixel RX-28 servo motors with torqueTm = 2:8 Nm at

12V and outer shaft diameterDm = 0:0025 m for the F/E and A/A. Then we place a pulley

to the outer shaft with diameter Dp = 0:0500 m. The resulting tendon force of each actuator

is f a = 112 N. Since both actuators are contributing to the F/E, the four �ngers can easily

perform full 
exion. It is to be noted that we use signi�cantly higher torque motors to ensure

robust grasping and dexterous in-hand manipulation.
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