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Chapter 1

Introduction

1.1 Background

The hand is one of the extremities that plays an important role in grasp-
ing and manipulating objects. In order to reproduce the human grasping
functionality, the simple model of the hand consists of at least 20 degrees of
freedom (DOF). 1

To simplify large DOFs hands, some researchers study the coordination
between finger joints in the human grasping motions, the so called “Syn-
ergies” [1, 2][3]. Furthermore the size of the robot hand has to be similar
to the human hand to work in human environment. It means that all the
actuators and transmission systems have to be carefully placed within very
limited hand space.

Lots of interests are focused on the antropomorphic hand design. Gifu
Hand [4] and HPR3 Hand [5] both are internal-actuation hand which joints
are driven with small electric motors and high-reduction ratio gears which
are located in the fingers. Later, DLR Hand [6] went one step beyond by
adding torque sensor on every joints. Incorporating with control algorithms,
DLR Hand can archive the soft grasping. To attain high grasping forces, the
larger actuators and stronger reduction gears are required but consequently
large motors do not fit into the hand.

An external-actuation hand is one possible solution where one can em-
ploy higher-power actuators outside the hand, e.g. forearm space. Utah/MIT

1Each finger has 3 DOFs for flexion-extension movement and 1 DOF for abduction-
adduction movement. The thumb has more DOFs than the other fingers to achieve the
complex movement. In total one hand consisted of at least 20 DOFs.
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Hand [16, 7] has actuators outside the hand and transmit forces and motions
through tendons. The main difficulty is how to deal with the routing of ten-
dons. Recently, most of the hand designs are moving toward tendon-driven
mechanisms [8][9].

Tendon-driven mechanisms can be classified into 3 categories depend-
ing on number of wires that connected with actuators. We denote N as
the number of manipulator joints (DOFs). First, N -type has N actuators
controlling N DOFs. The main issue is how to pretension the system to
maintain positive tension force (pulling force) on the wires. N + 1-type has
N +1 tendons which are the smallest amount of tendons that is required to
maintain positive tension and full controllability over N DOFs. Finally, 2N -
type has two antagonistic actuators controlling each joint. DLR Hand Arm
System [8] uses 2N -type tendon-driven mechanism with non-linear spring
configurations on every joints to enable control over joint stiffness.

Underactuated hand is the design where controllable DOFs (number of
actuators) are less than DOFs of the mechanism. Most underactuated hands
have high adaptivity in power grasping where fingers can form the shape
of objects. In the past, USC/Belgrade Hand [10] is one example where
joint are coupled with rigid mechanical link. Lately, Catalano et al. [11]
developed the synergy-driven robot hand with elastic elements. Using only
few synergies, the hand can create most of the grasping patterns. Still,
it is difficult for underactuated hands to exert pinching force for precision
grasping.

1.2 Goals and Contributions of this Thesis

In this thesis, we are aiming at designing robot hand that has the simi-
lar functionality as the human hand but since the human hand is a very
complicated system. We propose to reduce the system’s complexity by con-
sidering the main functionality of human hand and design the mechanical
system based on functions not the biological structure. Our design of the
robot hand has 5 fingers with 19 joints driven by 12 active tendons. By
introducing passive tendon coupling in underactuated design, we show that
underactuated hand with our proposed coupling can preform better in fin-
gertip pinching tasks. Rapid prototyping technology enables us to design
a complex tendon-driven system that cannot be realized with conventional
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material-removal machining process. The complex tendon-driven system,
which actually has an inspiration from physiology, benefits in lowering the
friction by avoiding sliding contacts. The prototype of our proposed robot
hand has been made with rapid prototyping technology and test to prove our
proposal on the design of robot hand based on human hand functionalities.

1.3 Rapid Prototyping Technology

Rapid prototyping is technologies that enable design to quickly fabricate
the design from computer aided design (CAD) data. Instead of removing
material by machining tools, called subtractive method, parts are fabricated
with additive method where models are constructed by incrementally adding
the material layer by layer. To do that, 3-dimensional (3D) CAD data
are sliced into very thin layer represented by 2D drawing. Then, a special
software generates the trajectory from 2D drawing and send them to the
machine. This is when the fabrication is started.

Very well known and widely used rapid prototyping techniques are 3D
printing, Selective Laser Sintering (SLS), and Stereolithography (SLA). Each
technique has its own advantage and disadvantage as follows. 3D printing
is based on extrusion of materials that can be melt. The material extruder
move along X-Y plane to form a slice of the model and in addition after the
completion of each layer the extruder (or building platform) moves along Z
direction and the next layer is built. Thermoplastic materials ,e.g., Acryloni-
trile butadiene styrene (ABS) or Polylactide (PLA), are often used which
makes this process becomes very cheap and widely use. Next, Selective Laser
Sintering (SLS) involves the use of a high power laser to fuse a small power
of material (plastic, ceramic or metal) to form shapes. A roller delivers the
next layer of powder on top of the previous one the laser beams are focused
at the sintering area. The main advantage of this technique is very wide
range of material can be used but still the resolution is less than that of
Stereolithography (SLA) technology. In SLA, laser beams are used to cure
the curable photopolymer. The product are strong enough to be machined
later but the only difficulty is the choice of materials which have to be light
curable. They often come with high cost.

11



1.4 Outline of Thesis

The outline of the thesis is organized as follows. First, we will look at
robot hands that have been done so far in Chapter 2. We go into the detail
of tendon-driven mechanism where the mathematical models, classifications,
underactuated design, and coupling mechanism are discussed as well. Chap-
ter 3 depicts our design principle which based on the physiology of human
hand, low-friction pulley systems. The new coupling design for underactu-
ated hand are proposed in this section. By the end, we consider types of
tendon and the termination technique that will be used in our design. Later
in Chapter 4, we review our design of anthropomorphic robot hand based on
3D-printing manufacturing process. An in detail mechanical design of each
finger, palm and wrist are given. An implementation of joint encoders and
how they are included inside the hand structure are explained. A prototype
of the hand is built by 3D-printing process and experiment results are review
in Chapter 5. Finally, conclusions are drawn in Chapter 6.

12



Chapter 2

Previous Researches on
Tendon-Driven Robot Hands

2.1 Introduction

In this section, we will review the theory of tendon-driven mechanism started
from building the mathematical model to describe tendon-driven mechanism
and then the tendon-driven mechanisms are classified by using number of
joints and number of actuators. More recent interests are moving towards
underactuated design because underactuation reduces actuation complexity,
resulting in a simpler system. For underactuated hand, it is important to
review the concept of coupling. Coupling has an important role to relate
the movement of one joint with the others.

2.2 Mathematical Model of Tendon-Driven Mech-
anism

To model the tendon-driven mechanism, let us denote na as the number of
actuators, nj as the number of joints, and nw as the number of wires which
constituted of nwa active tendons and nwp passive tendons. To distinguish
the active tendons from the passive tendons, x ∈ Rnw can be written as
follows,

x = (xT
a ,x

T
p )

T (2.1)

13



where xa ∈ Rnwa and xp ∈ Rnwp are the displacements of active and passive
tendons respectively. q = (q1, . . . , qnj)

T ∈ Rnj is the joint space configu-
rations of the manipulator. We can write the relation between ẋ and q̇ as
follows,

ẋ = J q̇ =

(
Ja

Jp

)
q̇ (2.2)

where J ∈ Rnw×nj is the Jacobian matrix of joint velocities q̇ and velocity
of tendons ẋ. The Jacobian matrix composed of active-tendon Jacobian
Ja ∈ Rna×nj and passive-tendon Jacobian Jp ∈ R(nw−na)×nj which represent
the Jacobian of elastic tendons.

The relationship between joint torques τ and tension on the wires f =(
fT

a fT
p

)T
is below.

τ = JTf (2.3)

fa ∈ Rna and fp ∈ Rnw−na are tension on actively-controlled tendon and
tension on passive tendons respectively.

There exists a null space in JT in the case of nw > nj. Then, the null
space N is represented by arbitrary vector ξ in the following equation.

f = (JT )#τ +Nξ (2.4)

(JT )# represents the Moore-Penrose pseudoinverse of the Jacobian matrix
JT . In general, no compression force can be transmitted by tendons. To
maintain positive tension forces on tendons f > 0 in any joint torque con-
figurations, it is necessary that there exists ξ such that Nξ > 0. To satisfy
previously mentioned condition, the least number of tendons required to
control nj DOFs manipulators is nj + 1 tendons or nw ≥ nj + 1.

2.3 Classification of Tendon-Driven Mechanism

We classify tendon-driven mechanism by using the number of manipulator
joints and the number of actuators. It is clear that if we wanted to control
each joint independently the number of actuators (na) has to be at least
the number of joints (nj). For the following discussion, we consider the
manipulators with N joints (nj = N). Tendon-driven mechanism can be
classified into 3 types.

14



Figure 2.1: N-type tendon-driven mechanism on N joint manipulators with
internal actuation.

2.3.1 N Type Tendon-Driven Mechanism

This type of manipulator has numbers of joints equal to number of actuators
(nj = na). This type of mechanism requires the least number of actuators
na = N . To actuate joints in both forward and reverse direction, it requires
two tendons per each actuator to pull a joint in each direction. Conse-
quently, the number of tendons are twice as much as the number of joints
(nw = 2N). Pretension on tendons is necessary to prevent the tendons from
being slack which would result in joints’ backlash., Figure 2.1 shows N joints
manipulator with this type of mechanism where red circles represent actu-
ators and black lines are active tendons. More importantly, it is possible to
put all actuators together in the root link of the manipulator. Figure 2.2 is
an example of 3 joints manipulator which actuators are located at the base.
This way, it is more practical in the design of robot hand because each link
is too small to fit an actuator while we have enough space for actuators in
forearm. Still, the main difficulty is how to manage 2N tendons through
each joint without affected from joint movements.

2.3.2 N+1 Type Tendon-Driven Mechanism

According to Section 2.2, the least number of tendons for N joints manipu-
lator is nw = N+1. To achieve full controllability over joint torques, at least
N +1 actuators are required to drive all N +1 active tendons. The routing

15



Figure 2.2: N-type tendon-driven mechanism on 3 joint manipulators with
external actuation.

Figure 2.3: N+1 type tendon-driven mechanism on N joint manipulators.

of tendons has to be carefully chosen to be capable of maintaining positive
tensions. Figure 2.3 shows one possible configuration of N+1 tendon-driven
mechanism. Pulleys shown in blue are the idle pulleys while the gray pulleys
are fixed to the next link of the manipulator. The termination of tendons
can be any technique that fixes the end of tendon with the corresponding
structure. This type of mechanism is famous of its reduction in number of
transmission tendons which is the smallest number of tendons among all
other types. However, it has main difficulty in control in which all the joint
motions are coupled.

16



Figure 2.4: 2N-type tendon-driven mechanism on N joint manipulators.

2.3.3 2N Type Tendon-Driven Mechanism

Sometimes this type of mechanism is so called ”Antagonistically tendon-
driven mechanism”. 2N-type uses the largest number of actuators which is
two times the number of joints (na = 2nj). Each joint is driven by 2 actua-
tors. According to the fact that only positive tension can be transmitted on
tendons, one actuator moves a joint in one direction and the other actuator
moves the joint on the opposite. As a result, there are 2N tendons in total
which is the same amount of tendons in N-type tendon-driven mechanism.
This mechanism also requires no pretension system. Due to the redundancy
of actuation of the system, some researchers also add non-linear spring con-
figurations to enable control over joint stiffness. Figure 2.4 is one example
of this type of mechanism. The drawbacks of this system are large number
of transmission tendons and also huge number of actuators.

2.4 Underactuation for Robot Hands

Underactuation is a mechanism where Degree of Freedoms (DOFs) or num-
ber of joints (nj) is larger than number of actuators (na) or in the other
word nj > na. This concept gains lots of interests recently because it re-
duces numbers of actuators which is costly in term of space in designing the
robot hand and less actuators mean we can have the stronger ones that is
demanded for the power grasping tasks.
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There are more over 20 DOFs in human hand which means at least 20
actuators are required to independently control all DOFs in Fully-actuation
case. Even though there are redundancy in the actuations of human hand,
we cannot individually control some joints due to the tendon and muscle
configurations but still human hand can form any object shapes after con-
tact. With underactuation, we can build the robot hand with less DOFs to
reduce complexity without reducing DOFs together with some mechanical
constraints which determine underactuation behaviours.

The remaining questions for robot hand designers are at what level of
human hand grasping and manipulation capability we wanted achieve with
underactuated hand and if we wanted to reduce some actuators how the
tendon transmission system should looks like.

2.5 Coupling Mechanism for Underactuated Hands

Most of the underactuated hand [9][11][12][13] have similar configurations
of active tendons and passive tendons. In the case of 1-DOF finger with n

joints, there is one active tendon ,going through all the joints and terminate
at the fingertip, and n passive tendons connecting between any two neigh-
bour links. There are n + 1 tendons in total which is enough to maintain
the positive tensions and uniquely determine the joint space configurations
for any actuation. A coupling defines how the movement of each joint are
related. In underactuated design with passive tendons, actuation forces are
balanced with the force created by passive elements.

In order to do the analysis on the equilibrium configuration of underac-
tuated hand when there is no external contact force, we reduce the model
to underactuated finger with two joints, shown in Figure 2.5. There are
three tendons composed of one active and two passive tendons. The active
tendon is winded around the pulley to prevent it from losing the contact
with pulley. The radius of pulleys of active tendon at joint q1 and q2 are
ra1 and ra2. Two passive tendons have spring constants ke1 and ke2 with
pretension x1 and x2. The passive tendons create moments around the joint
by using idler pulleys with radius of re1 and re2.

After the finger is actuated with force F and displacement δl on an active
tendon, the joint configuration of the system move to the new equilibrium
at q′ = (q1 + δq1, q2 + δq2)

T . At the same time, the displacement of passive
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Figure 2.5: Configuration of active tendons and passive tendons for most of
the underactuated hand design.

tendon also changed to x1 + δx1 and x2 + δx2 at the corresponding joint.
To identify the equilibrium joint position of the system, we do the anal-

ysis based on Virtual work method. At the equilibrium configuration, the
total virtual work δU due to the external forces acting on the system is zero
for any δq = (δq1, δq2)

T .
δU =

∂V

∂δq
= 0 (2.5)

The potential function of the system after force F is applied to the active
tendon can be written as follow,

δV =
1

2
ke1(x1 + δx1)

2 +
1

2
ke2(x2 + δx2)

2

=
1

2
ke1(x1 + re1δq1)

2 +
1

2
ke2(x2 + re2δq2)

2
(2.6)

but actually the joint position δq1 and δq2 are not independent because the
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routing of active tendon adds the following constrain to the system.

δl = ra1δq1 + ra2δq2 (2.7)

Therefore, we can rewrite the equation 2.6 by substituting δq2 from the
above equation.

δV =
1

2
ke1(x1 + re1δq1)

2 +
1

2
ke2(x2 + re2(

δl − ra1δq1
ra2

))2 (2.8)

Virtual work method suggests the differentiation of equation 2.8 with respect
to q1 is equal to zero.

dV

dq1
= ke1re1(x1 + re1δq1)− ke2re2

ra1
ra2

(x2 + re2(
δl − ra1δq1

ra2
)) = 0 (2.9)

At the equilibrium we can show the relation between q1 and δl as the fol-
lowing.

δq1 =
ke2ra1re2x2 − ke1ra2re1x1 + ke2r2e2

ra1
ra2

δl

ke1ra2r2e1 + ke2r2e2
r2a1
ra2

(2.10)

We are interested in the configuration where all passive tendons have the
same spring constant, same pretension levels and same moment arms. There-
fore, we set ke1 = ke2 = ke, re1 = re2 = re, and x1 = x2 = x. On the active
tendon side, two pulleys have the same radius ra1 = ra2 = ra. The equation
2.10 results in simple form below.

δq1 =
δl

2ra
(2.11)

It is possible to calculate joint displacement q2 as well by substituting q1

from the above result on the equation 2.5.

δq2 =
δl

2ra
(2.12)

By doing analysis on the second derivative of potential function (d2V /dq21),
it is possible to classify types of equilibrium. If d2V /dq21 is more than zero,
the configuration where dV /dq1 = 0 is minimum point resulting in stable
equilibrium. On the other hand if d2V /dq21 is more than zero, the equilibrium
condition is unstable. If all the higher order derivatives of potential function

20



is equal to zero, system is in the neutral equilibrium.

d2V

dq21
= ke1r

2
e1 + ke2r

2
e2
r2a1
r2a2

> 0 (2.13)

Since the second order derivative of potential function is larger than zero,
the resulting configuration (δq1, δq2) = ( δl

2ra
, δl
2ra

) is the stable equilibrium
configuration. For any actuation displacement δl, the equilibrium position
always has δq1 = δq2 which we called them coupling effect.

For n-joint system with n passive tendons and one active tendon in the
similar configuration to the one shown in Figure 2.5, it is possible to show the
equilibrium configuration by using virtual work method as well. However,
types of equilibrium can be computed by using the determinant value of
n× n Hessian matrix.
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Chapter 3

Design of Low-Friction
Tendon-Driven Systems

3.1 Introduction

Friction is critical to the tendon-driven system because it changed the de-
sired behaviour of the system, for example, it changes the equilibrium con-
figurations, it degrades the force/torque controllability of the system. In
this chapter, we look at the physiology of the human as an inspiration and
more importantly, to review the functionalities of each component in the
hand. Later, we discuss about how to achieve lower the friction in tendon-
driven system by using pulleys instead of sliding contacts. We propose the
new coupling design for underactuated hand that enhance fingertip pinching
capability and we suggest the tendon-routing optimization for N+1 tendon-
driven mechanism. Finally, choices of tendons and termination mechanism
are given.

3.2 Physiology of Human Hand

3.2.1 Motion Notation of Human Hand

In physiology, there are words used to described the motion of the fingers.
Figure 3.1 shows flexion and Extension movement of the fingers. Flexion
movement is a movement where tips of the fingers are moving towards the
palm while extension is moving in the opposite of flexion. The muscles that
generate flexion movement of called flexor muscles and extensor muscles
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in the other case. Adduction movement describe the movement of fingers
towards the middle finger and abduction movement happens when fingers
are spread around, shown in Figure 3.2.

Figure 3.1: Flexion and extension movement of the fingers.

3.2.2 Fingers

Among all animals, hands attain perfection only in human due to its oppo-
sition movement [14]. Opposition is the movement which the pulp of the
thumb is in contact with other fingers. The opposition movement can be
seen even in great apes but the ranges are more limited compared to the
human. Opposition of the thumb takes an important role in all grasping
because the thumb is located almost opposite to the other four fingers so it
enables force closure in any grasping.

Human hand consists of 27 bones and if we count both hands, the number
of bones is over 20% of whole body bones. Figure 3.3 shows the configuration
and naming of 27 bones of the right hand. Bones are classified in to 5 groups
which are Distal Phalanges, Intermediate Phalanges, Proximal Phalanges,
Metacarpals and Carpals. All four fingers, index/middle/ring/little, have
almost the same structure which consists of 4 phalanges while thumb has
only four phalanges. Lacking of Intermediate Phalanges in thumb resulting
in a shorter thumb which benefits in opposition with all other fingers.

Joints are created with several shapes of bones and ligaments. Some re-
searches in physiology have been done on the identification of joints [15]. Fig-
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ure 3.4 is one way to simplify the joints in human hand. Trapezo-metacarpal
joint (TM) is a 2-DOF joint that connect Metacarpal bone of the thumb with
Trapezium bone on the wrist. 5 Metarpophalangeal joints (MCP) connect
Metacarpal bones with the fist phalanges of the fingers. We simplify the
MCP joints of index/middle/ring/little finger as 2-DOF joints because they
are saddle joints with cylindrical surfaces [14] while MCP joint on the thumb
has a very limited range of movement in one direction, therefore the MCP
joint of the thumb is simplify with 1-DOF hinge joint. All Interphalangeal
joint (IP), Proximal Interphalangeal joints (PIP) and Distal Interphalangeal
Joints (DIP) are assumed to be 1-DOF hinge joint even though it can be
observed in human that the rotation of these joint axis changes during the
movement. It is important to remark here that our simplify model does
not include DOFs for hollowing motion of the palm. Therefore, the hand
consists of at least 20 DOFs.

Fibrous sheaths are the biologically designed pulleys that hold tendons
in place and reduce the frictions that might generated from contact between
tendon and bones. The existence of Fibrous sheaths can be seen on the
palmar surface of Metacarpal bones, Proximal phalanges and Intermediate
phalanges.

3.2.3 Palm

Palm of the human hand consists of several Metacarpal and Carpal bones.
It is also an insertion place for some intrinsic muscles while at the same
time it plays important role in routing all tendons of extrinsic muscles,
muscles that are located outside the hand. From physiology, all extrinsic
flexor muscles are guided through the concavities in side the palm which is
made by arrangement of few Carpal bones [14]. The tunnel is called Carpal
tunnel and on top of flexor tendons there is Flexor retinaculum that holds
the tendon in place. Besides tendons, nerves are also guided along this
tunnel. The illustration of Carpal tunnel and Flexor retinaculum is shown
in Figure 3.5. Within the tunnel there is also Synovial sheaths that separate
each tendon from surroundings which also prevent frictions that might occur
in sliding contacts.

Some extensor muscles are also extrinsic muscles where tendons need to
be routed through the wrist and palm. Figure 3.6 shows Extensor retinacu-
lum that forms tunnels between itself and bones. Extensor tendons are also
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routed within those tunnels. Again, the biologically design pulleys, Synovial
sheaths, are also employed to reduce the frictions and control the tendons.

3.3 Low-Friction Pulley Systems

Human hands have lots of special structures such as, Fibrous sheaths and
Synovial sheaths (previously mentioned in the Section 4.3.5), where the basic
function is to change directions from one to the others. One similar structure
that can be found in mechanical system is Bowden cable (the outer cable of
the bicycle break line). By using Bowden cable, tendons (cables inside) can
be guided anywhere that it is possible to bend the outer cable. Due to its
simplicity in designing, Bowden cable is usually used in robot hands where
many tendons from fingers are guided through palm and wrist [16, 17, 18, 19].
The main problem is occurrences of sliding contacts. When there are sliding
contacts, the friction forces that is generated is proportional to the tensions
on tendons and bending angles, resulting reduction of grasping force and
controllability of tendon-driven systems.

One way to solve this problem is to use very low friction polymer materi-
als, e.g, Polytetrafluoroethylene (PTFE) and Polyoxymethylene (POM) and
reduce the sliding contact surface as much as possible. With a low friction
plastic, the friction coefficient can go as low as 0.1. DLR Hand Arm System
[20] is one example that the tendon routing parts are machined from low
friction plastic. Still the estimation of tendon sliding friction is difficult and
friction degrades both force sensitivity and backdrivability.

In the pulley based designs of tendon-driven mechanism, there is no
sliding contact between tendons and pulleys. With the use of bearings,
pulleys are supported with ball bearings where the inner diameter of bearings
is fixed to shafts. Inside bearings, there are many balls rolling along the
groove between inner diameter and outer diameter. It can be seen that
there exists no sliding contact in pulley systems which resulting in much less
friction compared to the systems with sliding contacts. Utah/MIT hand [7]
is an attempt in the past to overcome sliding contacts by twist and bend
tendons trough the pulley. Still the level of complexity of pulley system is
limited by the machining techniques at this time. The recent design of highly
underactuated 20 DOF robot hand, that is driven by only one actuator, is
also based on the pulley systems but still pulleys are oriented on orthogonal

25



planes.
We proposed to reduce the use of sliding contacts by replacing them

with pulleys. For any arbitrary directions and location of lines, it is possible
to construct one line that connects two previous lines. Using all 3 lines,
2 planes made by lines next to each other can be formed. Here, those 2
planes represent the plan of pulleys. As a result, we can use 2 pulleys in
3-dimensional arbitrary planes to route tendon from and to any directions
and locations in 3D space.

Figure 3.7 show the comparison between tendon routing with sliding con-
tacts and our proposed pulley systems. Two low friction plastic bushings on
the left is replaced with pulley system on the right. Both two configuration
has the same entrance and exit location-orientation of the tendon.

3.4 Proposed Design of Coupling

Most of the underactuated hand [9][11][12][13] have similar configurations of
the passive elements (elastic bands), shown in 3.8(a). The implementation of
this method is simple. When the active wire is being pulled, the equilibrium
joint configurations can be interpret as the configuration that has minimum
potential energy which is previously discussed in Section 2.5. However, in
the pinch grasping situation, where contact forces happen at the finger tip,
the amount of deformation depends on the spring constant. When we want
to exert larger finger tip forces, the higher-stiffness springs are required.
Therefore, actuators need to generate larger forces to overcome spring forces
and as a result maximum grasping force is lower unavoidably.

The new coupling mechanisms that we proposed are based on the fol-
lowing ideas.

1. The extension springs have the lowest possible stiffness which is enough
just to prevent the finger from moving due to the gravity.

2. Increase the fingertip forces.

3. The finger does not lose any capability in adapting to the object shape.

Our proposed mechanism is shown in 3.8(b). The blue lines represent exten-
sion springs, the red lines are joint-coupling spring. If the red spring has an
infinite stiffness, two joints will become 1 DOF, for example, q1 = q2 is al-
ways hold. In the proposed mechanism, the blue springs are those with high
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stiffness for joint coupling while the red ones have as low stiffness as possible
for extension of the finger. The joint configuration is uniquely determined.
The underactuation is shown when large contact forces are exerted on to
the finger. With our proposed design, it is possible to selectively choose the
spring constants of extension springs and coupling springs.

For the following discussions, Ri is the radius of pulley where i is e for
extension pulley, c for coupling pulley and a for actuator pulley. Using the
same definition, we can write ke as the extension-spring constant and kc as
a coupling-spring constant.

Given the coupling mechanism in 3.8(b), the relation between tendon
lengths x =

(
la lc1 lc2 le1 le2

)T
and joint angles q =

(
q1 q2

)T
is the

following.

ẋ = J q̇ =


Ra Ra

Rc −Rc

−Rc Rc

−Re 0

0 −Re

 q̇ (3.1)

When the position of actuator is fixed, l̇a = 0. the external force P

exerts on the finger and moves the finger to the new configuration q + δq.
The work done by external force Wext transforms into an energy stored in
the system as follows:

Wext =
1

2
δqT (JTKJ)δq (3.2)

where Kqb = JTKJ is the joint stiffness of all passive tendons which equals
to,

Kqb =

(
2R2

ckc +R2
eke −2R2

ckc

−2R2
ckc 2R2

ckc +R2
eke

)
(3.3)

We can simply derive the joint stiffness matrix of the mechanism in
Figure 3.8a as Kqa by setting the stiffness for coupling tendon zero kc = 0

Kqa =

(
R2

eke 0

0 R2
eke

)
(3.4)

Considering the equation (3.3), when q1 = q2, (desired coupling trajec-
tory) the work done by external force transformed into the energy stored by
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only spring ke while on the other hand when q1 ̸= q2 energies are stored in
both extension spring and coupling spring. The elastic energy are restored
when the external forces is removed and the finger moves back to the original
configuration q1 = q2�

As an illustrating example for 2-joints coupling, we can extend the same
idea to 3-joints coupling as shown in the Figure 3.9. All the constrains ten-
don in orange are three independent linear constrains which do not require
any work done to move along coupling trajectory. As a result the trajectory
q1 = q2 = q3 is desired when there is no external force acting on the system.

A similar coupling mechanism for 2 joints with 1 DOF was proposed by
Ozawa et al. [21] but the main difference is they model the extension tendon
as an active tendons while passive tendons in our case. To summarise, our
proposed design enables both precision and power grasping. We proposed to
reduce the active DOFs by using extension spring and finally we introduces
the coupling for 3 joints 1 DOF.

3.5 Tendon-Routing Optimization for N+1 Tendon-
Driven Mechanism

For N+1 type tendon-driven mechanism, there are many tendon routings
that satisfy the necessary condition of tendon-driven system where all ten-
dons has positive tensions in any joint torque configurations. In order to
choose one of the tendon routings, we specify a criteria for good tendon
routing and perform the optimization.

Assuming a manipulator with nw wires and nj joints, we can write nw =

nj + 1 by the definition of N+1 tendon-driven mechanism. To perform nj -
DOF of torque controllability all nw have to be active tendons. We can write
the relation between tension forces (f) and joint torques (τ ) as follows,

τ = J(x)T (f + fb(x)) (3.5)

where J(x) is the Jacobian matrix of distinct tendon configuration x and
fb(x) is the force bias that lies in the null space of J(x)T , denoted by
Null(J(x)T ). It has been shown in Section 2.2 that fb(x) > 0 is a necessary
condition to maintain positive tension forces on any joint torque configura-
tions. We define a criteria for good tendon routing as tendon routing that has
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the most uniform force bias. Therefore, we denoted e = 1/
√
nw(1, 1, . . . , 1)

T

as a nw-dimensional uniform bias vector. The following objective function is
used in the optimization routine to find good candidates of tendon routing.

maximize
x

eT
fb(x)
|fb(x)|

subject to fb(x) > 0 and fb(x) ∈ Null(J(x)T )
(3.6)

The main reason why uniform bias force is demanding because we assumed
that all actuators have the same power capability. Therefore, to balance the
loads among actuators the bias forces have to be uniform as well. In the
case of non-identical actuators, we can still perform the same optimization
routine by adding the weighed bias force on e to weighted the powerful
actuators with the others.

3.6 Tendon

3.6.1 Tendon Material

In tendon-driven mechanism, tendons have a main role in transmitting move-
ments from actuators to joints. The ideal properties of the tendons are able
to withstand large force while having very small elongations. Stainless steel
wires are usually very strong but heavy while tendons made from polymer
are much lighter but most of them are not as strong as the steel wires.
Ultra High Molecular Weight Polyethylene (UHMWPE) is a thermoplastic
polyethylene which can goes over 15 times stronger compared to steel at the
same weight [22]. Among these high performance tendons, there are several
trademarks, such as Dyneema™, Zylon™, and Vectran™[23]. Zylon™is the
strongest one but its strength decreases after few weeks of using due to hy-
drolysis, a chemical reaction with vapour in the air resulting in degrading
the polymer. The second strongest among the class is Dyneema™which is
widely use in tendon-driven robot hand [18][8]. It has no hydrolysis reaction,
good UV resistance, low friction and good abrasion resistance.

Dyneema™DB-56HSL from Hamilon Company [23] is made of 8 strands
Dyneema™fibers. At the 1.5 mm diameter, it can withstand around 2865
N, shown in Figure 3.10. The right figure illustrates 8 stands braiding of 1.5
mm tendon.
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3.6.2 Tendon Termination

One way to fix the tendons with the finger structures is by making a knot.
Here, we are considering only at knots that form loops at the end of tendons.
Later, we will design the part to fix the loop with the structure. There are
lots of available techniques to make the loop. Uniknot, Surgeon’s loop and
Butline hitch are examples of the knot that prevent themselves from loosing
with the frictions on tendon surfaces. However, those knots tend to slips
due to the low friction characteristic of Dyneema™. Long bury splice and
Brummel splice are alternatives where loops are locked by tendon braiding.
Long bury splice is made by separating the strands and braid each single
strand into the tendon itself which is actually vary strong but not rarely
works with very thin fibre tendons because of the difficulty in knitting.

Brummel splice is a knotting technique which works by making loop
with strand-locking technique . The procedure to make Brummel splice
is illustrated in Figure 3.11. First, make the blue mark on short end of
tendon and red mark on long end of tendon. A distance between two marks
represent the circumference of the resulting loop, shown in yellow part of
the tendon. Secondly, separate the stands at the read mark into two groups
equally and insert the short end of the tendon into the hole. Then, separate
the stands again at the blue mark and put the long end into the hole. Finally,
apply the stress on to the long end and the loop to make the knot tight.
Later in the next chapter, we will show the strength test result of Brummel
splice in comparison with others conventional knotting technique.

In the real utilization of the knot, not always that we can have both free
ends, for example, when we made Brummel splice on one end of a tendon
and fix it to the finger structure. Still, we need to make a loop at the
other end of the tendon to hook it with actuators which means a knotting
technique that requires only single free end of the tendon is necessary. We
develop a knotting technique to make the same Brummel splice knot with
only one free-end tendon. The process is shown in Figure 3.12. This process
is indeed the reverse process of building Brummel splice with two free end.
This time we start separating the strands from the short end (blue one).
Then, at the III step, a section of the tendon is pushed through the open
hole and repeating the same step on the red mark. Finally at the VII step, it
ends up at the same result apart from the III and VI steps where separated
strands are twisted which is negligible because twisting can be prevented by
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pre-twisting the tendon in the opposite direction.
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Figure 3.2: Adduction and abduction movement of the fingers.
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Figure 3.3: Bones of the right hand.
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Figure 3.4: The simplify joint configuration for human hand.
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Figure 3.5: Carpal tunnel of a right hand where flexor tendons are routed
inside.

Figure 3.6: Extensor retinaculum of a right hand routing extensor tendons.
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Figure 3.7: Comparison between tendon routing with sliding contact and
pulley system.
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Figure 3.8: The configuration of active and passive tendons�(a) The popular
design of underactuated hand.(b) The proposed design of coupling mecha-
nism for 2 joints with 1 DOF. Blue lines are passive extension tendon, red
lines are passive coupling tendons and back lines are active tendons.

Figure 3.9: The proposed design for 3 joints coupling with 1 DOF.
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Figure 3.10: DB-56HSL 1.5 mm Dyneema™tendon from Humilon Company.

Figure 3.11: The process to make Brummel Splice with two free-end tendon.
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Figure 3.12: The process to make Brummel Splice with one free-end tendon.
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Chapter 4

Design of Anthropomorphic
Robot Hand

4.1 Introduction

By using human physiology as an inspiration, we proposed the design of
robot hand that has similar functionality as the human hand. The design is
based on one of a rapid prototyping technology, called 3-dimensional print-
ing. With this manufacturing process, it enables the free-form design of
pulley systems that cannot be fabricated with any conventional process.
We discuss into detail about mechanical design of each fingers, palm, and
wrist. From the beginning we included the design of joint angle sensors in
the finger structures.

4.2 3D-Printing Based Design

Anthropomorphic robot hand design does not mean only building a robot
hand that resembles the functionalities of human hands but also a robot
hand that has similar structure and size when comparing with the human
one. Material-removal machining process starts with a solid material and
then the milling head remove the material from out side little by little which
makes it impossible to design the product with under-cut. On the contrary,
3D-printing process enables building any shapes even the design is not ac-
cessible from outside.

To explore the new design space which is mechanically meaningful and
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the shapes that cannot by any conventional process, it is true that parts
which are intended to build with machining process can be build with 3D-
printing process while the contrary is not true. 3D-printing process enables
us to design parts not only from outside but the detail inside the parts can
be manufactured. One direct benefit is that we reducing number of parts
by combining many neighbour parts. As a result, the products have more
reliability and assembly counts become less.

Though 3D-printing process facilitates designers in building fast proto-
type, it has a very strict limitation in resolution and accuracy while in the
conventional process tolerances can be specify to make the products very
precise. We developed a common design procedure to attain the good fitting
of final products manufactured with 3D-printer. We specify the part clear-
ances based on the shapes and printing machine. For some holes that require
all precision required detail are machined afterwards. Finally, we adopted
some special treatments on 3D-printed parts to increase the strength.

4.3 Mechanical Design

The main structure of our robot hand design is divided into five main com-
ponents, see Figure 4.1. All five fingers are categorized into 3 groups, which
are index / middle finger, little / ring finger and thumb, that results into
3 type of components. Every fingers has origins on the palm which also
has role in preparing the direction before enter the wrist. Finally, the wrist
has no DOF but again converting the direction and position before tendons
connect to 12 linear actuators.

In this section, we first introduce the design of pulley systems without
tendon winding which usually results in generating friction. Then, we will
go into the design concept of each main components starting from index and
middle finger, little and ring ringer, thumb, palm, and wrist.

4.3.1 Pulley Systems

Most of the times conceptual drawing of the pulley systems can be drawn
in the similar manner of the one shown in Figure 4.2. Consider rotational
joint j of the finger, the tendon i is winded around the pulley with rij radius.
Linear displacement δxi due to changes in joint angle δqj is explained by the
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Figure 4.1: Five main components of the hand.

following relation.
δxi = rijδqj (4.1)

It is necessary to keep contacts between any tendons and the corresponding
pulleys to create a constant moment arm. To prevent tendons from running
out of the grooves of pulleys, tendons must be winded one time around the
pulley. The grooves on pulleys have to be at least two times the diameter of
tendons which increase the pulley thickness. Similar implementations on the
tendon-driven robot hand can be found in [11]. The main problem of this
approach is the collisions between winded tendons which results in friction.

Figure 4.2: Pulley system with tendon winding.

The other way to route the tendon without winding [7, 9] is presented
in Figure 4.3. In order to maintain contact between tendon and pulley,
two idler pulleys, drawn in red, are fixed to adjacent links. Since there is no
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winding, no friction is generated from collision of tendons. With proper sizes
and position of those idler pulleys, the pulley systems behave the same as
with winding. The possible configurations of idler pulleys that can maintain
contact during the whole range of movement have to satisfy the following in
equality,

α1 + α2 ≥ θmax (4.2)

where θmax is the maximum angle of joint rotation relative to the joint’s zero
position and α1,α2 are the angles of tendon, as shown in Figure 4.4. In the
following tendon-driven hand, we employ the pulley system without winding
to reduce frictions and idler pulleys help prevent tendons from derailing.

Figure 4.3: Pulley system without tendon winding.

Figure 4.4: The proper location of idler pulleys that can maintain contact
between tendon and joint’s pulley without winding.
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4.3.2 Index Finger and Middle Finger

According to the simplified model of human hand in Section 3.2.2, we design
index and middle finger with the same mechanism. They both are important
in finger tip pinching tasks which require an independent control over flex-
ion of MCP joint and PIP joint while it is possible to observe that DIP and
PIP joint are coupled in human. Here, we implement our proposed coupling
mechanism for underactuated hand from Section 3.4. To design two-DOF
joint of MCP, we split it into MCP1 and MCP2 where MCP2 creates flex-
ion and extension movement while MCP1 creates abduction and adduction
movement. We take the range of movement as a design specification for
those two fingers, described in Table 4.1. We decided to fix MCP1 joint of
the middle finger to the palm to be the center of adduction. We will go into
the design of MCP1 joint later in Section 4.3.5.

Table 4.1: Movement ranges of index and middle finger.

Fingers DIP PIP MCP2 MCP1
Index 0◦ to 90◦ 0◦ to 90◦ 0◦ to 90◦ 0◦ to 20◦

Middle 0◦ to 90◦ 0◦ to 90◦ 0◦ to 90◦ 0◦

A tendon routing of index finger is shown in Figure 4.5. Three joints in
flexion plane are denoted by DIP, PIP, and MCP2. Index finger is controlled
by two active tendons called Index DIP which ends at the distal phalanx
while Index MCP2 which ends at the proximal phalanx. There are 5 passive
tendons which can be categorized as 2 passive tendons for coupling (xc1 and
xc2) and the other three for extension movement (xe1, xe2, and xe3). All
three passive tendons for extension have the same spring constant ke and kc

for coupling tendons. We can express ẋ and q̇ as follows,

ẋ = (ẋIndex DIP, ẋIndex;MCP2, ẋc1, ẋc2, ẋe1, ẋe2, ẋe3)
T (4.3)

q̇ = (qDIP, qPIP, qMCP2)
T (4.4)

where we can derive the relation between those two variable with regards
to tendon routings in Figure 4.5.
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ẋ = J q̇

=



ra1 ra1 ra1

0 0 ra2

−rp1 rp1 0

rp1 −rp1 0

−rp2 0 0

0 −rp2 0

0 0 −rp2


q̇

(4.5)

Figure 4.5: Tendon routing of index and middle finger.

To prevent the collision of tendons due to tendon winding in Figure 4.5,
we add idler pulleys using the concept described in Section 4.3.1, shown in
Figure 4.6. The pulleys shown in red are idler ones.

The section view of index finger is illustrated in Figure 4.7. Extension
passive tendons is shown in brown. Even though one one brown tendon is
drawn, the design allows separations of the brown tendon into 3 independent
tendons (xe1, xe2, and xe3) by using the tight fitting groove on intermediate
phalanx and proximal phalanx. The extension passive tendons and two
active tendons are stacked on the same section layer in the design to save
a space while two other passive tendons for coupling are located on two
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Figure 4.6: Tendon routing of index and middle finger without winding.

separate layers. All pulleys are ball-bearing supported to reduce the friction.

4.3.3 Little Finger and Ring Finger

Little and ring finger have the same design but different proximal phalanx
length to replicate the length of human fingers. Ranges of movement in
flexion plane are similar to that on the design of index and middle finger
but the range of MCP1 joints are differ between little and ring finger. Table
4.2 depicted the movement ranges of little and ring finger.

Table 4.2: Movement ranges of little and ring finger.

Fingers DIP PIP MCP2 MCP1
Ring 0◦ to 90◦ 0◦ to 90◦ 0◦ to 90◦ 0◦ to 10◦

Little 0◦ to 90◦ 0◦ to 90◦ 0◦ to 90◦ 0◦ to 20◦

They are underactuated design with 3 flexion joints (DIP, PIP, and
MCP2) driven by only one active tendon. Three joint coupling mechanism,
as described in Section 3.4, provides constraints on movement over underac-
tuated fingers. The routing of tendons is shown in Figure 4.8. Three orange
lines are passive tendon for coupling, denoted by xc1, xc2, and xc3. The
other three passive tendons for extension of the fingers are drawn in brown,
namely xe1, xe2, and xe1. By using a similar approach as we did in the
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Figure 4.7: Frontal section view of index and middle finger shows tendon
routing.

design of index finger (Section 4.3.2), we can formulate the relation between
ẋ and q̇ as follows,

ẋ = J q̇

=



ra1 ra1 ra1

rp1 −rp2 −rp2

−rp2 rp1 −rp2

−rp2 −rp2 rp1

−rp3 0 0

0 −rp3 0

0 0 −rp3


q̇

(4.6)

where,

ẋ = (ẋIndex DIP, ẋc1, ẋc2, ẋc3, ẋe1, ẋe2, ẋe3)
T (4.7)

q̇ = (qDIP, qPIP, qMCP2)
T (4.8)

and J is the Jacobian matrix of this specific tendon routing. After
that, we apply the conversion on pulley system to exclude the tendons with
winding. The new tendon routings is shown in Figure 4.9. Idler pulleys are
painted in red.

Figure 4.10 shows four section views of the little finger where the first
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Figure 4.8: Tendon routing of little and ring finger.

layer is the location for an active tendon and extension elastic bands. Again,
one brown tendon is routed through the structure but actually it represents
three independent passive tendons xe1, xe2, and xe1. The second to fourth
layers are area for coupling passive tendons, drawn in orange lines. The
design for MCP1 joint is included in the next Section 4.3.5.

4.3.4 Thumb

Thumb, unlike any other fingers, need to move oppose the other four fingers.
Consequently, the thumb has to be stronger and more precise in movements.
We designed thumb with fully-actuated tendon-driven mechanism. By using
our simplified model of the human hand, thumb has 3 joints (TM, MCP, and
IP) with 4 DOFs. TM is a 2-DOF joint located at the root of the thumb. To
implement 2-DOF joint, we separate it into TM1 and TM2 in adduction and
flexion plane respectively. To satisfy limited actuation strokes of actuators,
we specify the range of movement in Table 4.3 where it is still enough for
the thumb to oppose all other fingers. TM2 joint has around −10◦ degrees
of hyper extension to allow wider space of object caging.

To produce a proper orientation of contact surface of the thumb when
opposing with other fingers, axis of joint rotation cannot be parallel. They
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Figure 4.9: Tendon routing of little and ring finger without winding.

Figure 4.10: Frontal section view of little and ring finger shows tendon
routing.
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Table 4.3: Movement ranges of the thumb.

Finger IP MCP TM2 TM1
Thumb 0◦ to 80◦ 0◦ to 70◦ −10◦ to 70◦ 0◦ to 60◦

are inclined as depicted in Figure 4.11. In addition, the first phalanx of the
thumb (Metacarpal bone in human) is rotated 45◦ degree with respect to
the first phalanx of index finger (Metacarpal bone) to improve an opposition
of thumb.

Figure 4.11: Joint configurations of the the thumb.

By using N+1 tendon-driven mechanism, it is possible to perform torque
control independently on each joints. As a result, five active tendons are
necessary for four-joint finger. We use an optimization routine in Section
2.3.2 to choose the tendon routing that has as uniform as possible the bias
forces. We add the following constrains to the optimization to get the prac-
tical result for later mechanical design of the thumb.

1. All pulleys has the same radius ra1.

2. There are two active tendons terminated at distal phalanx of the
thumb called Thumb IP1 and Thumb IP2.

3. One tendon is terminated on the distal phalanx of MCP joint called
Thumb MCP.

4. One tendon is terminated on the distal phalanx of TM2 joint called
Thumb TM2.
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5. One tendon is terminated on the distal phalanx of TM1 joint called
Thumb TM1.

The result of the optimization on tendon routing is shown in Figure 4.12
and and the most uniform for bias is shown in equation The green blocks
represent sliding-contact tendon guides which is unavoidable because of the
inclined axis TM1 and TM2.

fb =


1

1

2

2

2

 (4.9)

Figure 4.12: Tendon routing inside the thumb.

We can also describe the configurations of tendons with the following
equations,
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ẋ = J q̇

=


−ra1 ra1 ra1 −ra1

ra1 ra1 −ra1 −ra1

0 −ra1 ra1 −ra1

0 0 −ra1 ra1

0 0 0 ra1

 q̇
(4.10)

where,

ẋ = (ẋThumb IP1, ẋThumb IP2, ẋThumb MCP, ẋThumb TM2, ẋThumb TM1)
T

(4.11)

q̇ = (qIP, qMCP, qTM2, qTM1)
T (4.12)

and J is the Jacobian matrix of this specific tendon routing of the thumb.
The tendon routing shown here is one of the candidate result of tendon-
routing optimization, previously described in Section 3.5. Self collisions
of tendons due to winding can be reduced by adding idler pulleys to the
design. Figure 4.13 highlights the uses of idlers pulley in tendon routing of
the thumb.

Figure 4.13: Tendon routing inside the thumb with no winding and sliding
contacts.
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Figure 4.14 is the section view of thumb in frontal plane depicts the
tendon routings inside the thumb. Red pulleys are idler ones and the green
rectangles are the sliding-contact tendon guides. Another section view of
the thumb on saggital plane is shown in Figure 4.15. Sliding-contact tendon
guides also make the routing simple and much smaller so that TM1 and
TM2 joint can be placed close to each other.

Figure 4.14: Frontal section view of the thumb shows tendon routings inside.

4.3.5 Palm

In our simplify model, originally there is no explicit movement in the palm
but since we separate MCP joint into MCP1 and MCP2, we consider MCP1
joints as the part of the palm while MCP2 joints are located in fingers. It
would be costly if we actuate four MCP1 joints of index, middle, ring, and
little fingers independently. Therefore, MCP1 joints of all four fingers are
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Figure 4.15: Sagittal section view of the thumb shows tendon routings inside.

design with underactuation. Abduction and adduction movement can be
seen as coordination movements, for example, four fingers abduct or adduct
at the same time.

The mechanism for adduction and abduction movement is shown in Fig-
ure 4.16. The middle finger is fixed with respect to the palm to provide the
center of abduction and adduction. Blue lines represent compression springs
which produce the separation forces between fingers, resulting in abduction
movement. Adduction motion is controlled by one active tendon, denoted
by Adduction.

Figure 4.16: Abduction mechanism implemented by compression springs.
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To implement abduction and adduction mechanism, we propose to use
elastic band instead of spring due the requirement of spaces. However, the
behaviour of elastic bands is not the same as compression spring because
elastic bands produce tension forces which is opposite to the compression
forces created by springs. Hence, the placement of springs need to be recon-
sidered and the result is shown in Figure 4.17.

Figure 4.17: Abduction mechanism implemented by elastic bands.

Figure 4.18 suggests the saggital plane section view of the abduction
mechanism where axis of MCP1 are shown in yellow dots and idler pulleys
are painted in red. The only adduction active tendon is the black line. Three
green lines are the routing of elastic bands along the grooves. To keep
moment arms created by green elastic bands as constant as possible, the
outer curvature of the components that have contacts with passive tendon
are designed to be circular chord where the center is located at MCP1 joints
(yellow dots).

A number of tendons, joints, type of mechanism and type of coupling are
summarized in the Table 4.4. Besides abduction and adduction mechanism,
palm is also the area where all the active tendons, twelve in total, from
fingers are guided before entering the wrist and ending at linear actuators.
By reducing the number of sliding contacts as much as possible, we route the
tendons with idler pulleys. The concept is introduced already in Section 3.3.
We model all the connections of tendons by using 3D sketch in Computer-
aided design (CAD) software.
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Figure 4.18: Saggital section view of the palm shows abduction and adduc-
tion mechanism.

Table 4.4: Number of tendons, joints and mechanism on each finger.

Fingers Tendons Joints Mechanism Coupling
Thumb 5 4 Fully-actuated N+1
Index 2 4 Underactuated DIP/PIP

Middle 2 4 Underactuated DIP/PIP
Ring 1 4 Underactuated DIP/PIP/MCP2
Little 1 4 Underactuated DIP/PIP/MCP2

(Adduction) 1 3 Underactuated 3 × MCP1
Total 12 19

The routing of tendons has to satisfy following property. First, the num-
ber of pulleys required to change tendons from one configuration (direction
and location) to the others has to be minimized. In our proposed design, we
are trying use only 2 pulleys for each tendon which actually the minimum
pulleys. Second, the routing must be collision free. Next, all tendons have
to be in parallel before escaping the palm which simplify the design of the
wrist. Finally, we build a structure that support the pulley systems under
the constraints that all the holes that support pulleys’ shafts have to be
accessible from out side because it has to be machined to get the precise
fitting and assembly afterwards. Figure 4.19 depicts one possible solution
of tendon routing that satisfy previously mentioned criteria. The figure is
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drawn with right angle projection where the top left is top view look from
the back side of the right hand. White pulleys are the pulleys that ori-
ented in 3-dimensional space. Due to the very limited space, two tendons
(Little DIP and Adduction) cannot be routed by pulleys. Therefore, they
are guided with low friction plastic bushes, drawn in black. Still the ten-
dons’ bending angles for those two tendons are minimized by the location
of bushes to reduce a friction due to sliding contacts as much as possible.

Figure 4.19: Tendon routing in 3D space inside the palm, shown in third
angle projection.

After we get the 3D sketch of tendon routing, we model the structure
that supports those pulley systems by projecting minimal support structure
of each pulley onto the fixture plane. Figure 4.20 shows the tendons in red
with the support structures in yellow. According to our design criteria, all
the shafts’ holes and slots for pulleys are accessible from outside to be able
to machined them afterwards. There are clearance holes for every entrances
and exits of tendons to prevent tendons from derailing even in the case of
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no tension applied on tendons.

Figure 4.20: Three-dimensional structure that supports pulley inside the
palm.

The pulley support structures are assembled inside the palm, see Figure
4.21. For ease of assembly palm is divided into two parts; main structure
and top cover. The main structure of the palm is shown in green which is
almost the pulley-support structure of some tendons from the thumb. By
can be seen clearly that all the tendons that exit the palm are parallel.

Figure 4.21: The main structure of the palm with pulley-support structures
inside.

Top cover of the palm is designed to mimic the curvature on the back
side of human hand while is the same time it is the smallest cover that
enclose all the components inside, shown in figure 4.22. There is another
small cover, light-green, is another small cover over the top cover. Between
those two covers, it is a location for signal cables’ connectors (more details
are described in Section 4.4.4.
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Figure 4.22: Top cover of the palm where curvature are inspired by that in
human.

The bottom side of the palm is covered with another plastic component
to mimic the curvature of human palm, illustrated in Figure 4.23. Since a
palm surface also has a contact with objects during grasping, the bottom
surface is then made with silicone to increase the contact frictions. Silicone
parts are deformable which also benefit in increasing the grip. To implement,
the silicone surface we first made the bottom sureface of the palm with ABS
plastic, shown in white, and then the inverse of bottom surface with offset
distance are made, green component in Figure 4.24, which will be used as
a casting mold. By using insert casting technique we can build the silicone
surface over the plastic component.

4.3.6 Wrist

Wrist is a connection between hand and forearm in human where in the case
of our design, wrist is a necessary component to fix the hand with respect
to the actuators. Humans’ wrists have around 3 DOFs. By counting 3-DOF
shoulder and 1-DOF elbow joint, human arm has 7 DOFs which resulting in
having a redundancy in joint space that help expanding the end effector task
spaces. However, to simplify the design of wrist, we propose to fix the wrist
with respect to forearm while most of the components must be reusable even
in the case of adding few-DOF wrist in the future.

Since the main function of the wrist is to connect tendons from a hand
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Figure 4.23: The buttom surface of the palm that mimic curvature of human
palm.

Figure 4.24: Buttom cover of the palm and its insert molding cast.
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and guide them to linear actuators. One possible solution to change the
direction of tendons is to design a pulley system oriented in 3D space. By
doing so, we use the similar technique as what we did for the palm in Section
4.3.5. Figure 4.25 show the pulley support structure as a result of designing
tendon-routing with collision free. To save the actuator spaces, we arrange
12 actuators into 3 layers with at most 5 actuators on each layer. Figure
4.26 is the wrist looking from backside of the hand. It can be seen that all
tendons on actuator side are parallel, as well as the tendons on the hand
side.

Figure 4.25: Isometric view of the wrist that has no DOF.

4.4 Sensors and Circuit Designs

Though we can measure the displacements of the actuators but still they are
not enough to determine the joint space configuration of the underactuated
hand. Most of the designs were not included the joint angle sensors because
of the limitation in space and handling the signal cables is another big issues.
One common type of joint sensors is potentiometer [12]. However, the analog
output signal is not robust against the noise and it requires one signal cable
per one joint which seems to be small but considering 20-DOFs hand, at
least 20 cables are needed. To overcome those problems, we proposed to use
the sensors with digital output and serial capability.
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Figure 4.26: Top view of the wrist looking from backside of the hand.

In this section, we will go through the design of joint angle sensors. We
begin with the choices of magnetic encoders and then we review the structure
of fingers that enables the use of them. By using the serial communication
protocol of the magnetic encoders, we can reduce the number of signal cables.
Later, the designs of circuit boards are presented and finally, the routing of
signal cables are discussed.

4.4.1 Magnetic Encoders

There are two types of magnetic encoders, incremental and absolute. The
incremental one needs always on connection between sensors and microcon-
troller which is not the case of absolute one. An absolute magnetic encoder
is available only for the on axis measurement, see Figure 4.27. The chip (be-
low) measure the absolute position of the magnet’s rotation angle by using
Hall sensors inside.

The main difficulty of using on-axis measurement magnetic encoder is
that the magnet has to be located in-line with the rotational joint’s shaft.
We solve that problem by designing finger joints with two-separate bearings
supported by the outer structure where magnets and sensors are fixed inside
the structure. Figure 4.28 shows the saggital section view of PIP joint. There
are two bearings that support the rotational joint, painted in yellow. One
bearing has a diameter large enough to contain the magnet inside, in flavour
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Figure 4.27: On-axis angle measurement of absolute magnetic encoder.

of making the fingers thinner.

Figure 4.28: Joint structure that enables an integration of encoder inside.

4.4.2 SPI-Daisy-Chain Communication

The absolute type magnetic encoder AS5048A from Austriamicrosystems
(AMS) is chosen for the implementation of joint encoders. The chip itself
integrates the Serial Peripheral Interface bus (SPI). SPI is a communication
through 4 digital signals: CLK for clock, CS for falling edge triggered chip
select, MOSI for master input slave output and MISO for master output
slave input. For a hand with 19 joints, CLK, MOSI, and MISO can be
shared among all sensors while each sensor has its own CS to enable reading
or writing sensor by sensor. In total it requires at least 22 signal cables which
is still a large number.

To reduce the number of signal cable furthermore, we use SPI on the
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other configuration called daisy chain. SPI-daisy-chain can be done by con-
nect MISO of one sensor to the next sensor’s MOSI. By doing so the
data previous sensor in the chain is forwarded to the next component. Fig-
ure 4.29 shows the connect of signal cables between all component in daisy
chain mode. As a result, no matter how long the chain is only 4 signal cables
are necessary for the communication.

Figure 4.29: SPI daisy-chain communication on n sensors.

The timing diagram for SPI daisy-chain is shown in Figure 4.30. In this
example, we transmitted and received data over 4 sensors by using only
4 signal cables: CLK for clock, CS for falling edge triggered chip select,
MOSI for master input slave output and MISO for master output slave
input. The communication begin with transmitting read command through
MOSI for 4 sensors (C1, C2, C3 and C4). After that 4 sets of data from each
serially-connected sensor are replied back to the host microcontroller. To
avoid losing the sensor data due to lower sampling frequency in daisy-chain
mode, the SPI clock frequency has to be selected carefully. The theoretical
data sampling frequency of SPI daisy chain with n sensors in the chain can
be expressed as followings,

fsampling =
fCLK

2× n× b
(4.13)

where b is the number of bit of each read packet, fsampling is the data sam-
pling frequency of the daisy chain, and fCLK is the SPI clock frequency.
Sampling frequency is divided by two because we consider b-bit transmission
and b-bit reception of every single sensors. In our implementation AS5048A
magnetic encoder has 16-bit packet size and if we connect 19 sensors in the
single daisy chain running SPI clock at 4 Mhz, we would get data sampling
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frequency around 6.53 kHz or data comes every 153 microseconds which is
still fast enough for the basic position control.

Figure 4.30: Timing diagram shows how communicate with SPI daisy-
chaining sensors.

4.4.3 Circuit Designs

The circuit board for each magnetic encoder has to fit inside every joints of
the finger. To reduce the number of distinct designs, we try to reuse the same
design of circuit board but since spaces inside the fingers are very small, it is
not possible to use any means of connector to connect between board. The
only choice we have is to solder the wires directly on to the board. Thin
wires are preferred over the flexible printed circuit board (FPCB) because
they can be bended in any direction while FPCB cannot be bended in the
surface plane. The more number of soldering connection, the higher possi-
bility of broken. Therefore, we propose to reduce the number of connections
designing the circuit board that combines sensors on the same phalanges.
Figure 4.31 depicts three types of the circuit boards. The top one contains
only one encoder and they are used on the thumb and DIP, MCP1 joints of
the index, middle, ring and little finger. The sensor board on the second and
third rows has 2 encoders for MCP2 and PIP joints. They have different size
correspond to the length of the proximal phalanges of index finger (middle
and ring finger as well) and little finger.

4.4.4 Routing of Signal Cables

One important point of our proposed robot hand design is that, it includes
all sensors and signal cables inside the structure. In this section, we will
present how the cables are connected in the fingers as well as in the palm.
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Figure 4.31: Three designs of the sensors’ circuit boards.

4.4.4.1 Fingers

Each phalanx of the fingers is composed of two main components separating
along the longitudinal plane of the finger. The first component contain
tendons and pulley systems for an actuation while the other component
enclose magnetic encoders and circuit boards. Figure 5.25 highlights a set
of components that contain circuit boards. There are 6 wires, 4 digital
signals and 2 powers, connecting all the sensors in SPI daisy chain manner.
The above figure shows the cables inside index finger (as well as middle
and ring finger) while the lower one shows the same for little finger. Cables
exit the internal structure of the finger through a small hole on metacarpal
phalanges.

4.4.4.2 Palm

Palm, in our design not only the center of actuation tendons, is also the
place where all SPI daisy chain from each single finger connects together
and at the end only 6 cables connect them to a microcontroller. We design
tracks for cables inside the palm. Figure 4.33 show the routing diagram of
all signal cables. Each line in the diagram actually contains 6 signal cables.
The blue lines are cables enclosed inside the finger structure, discussed in
Section 4.4.4.1. After cables escape Metacarpal phalanges, they go through
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Figure 4.32: Routing of signal cables inside index and little finger.

small holes to enter internal structure of the palm, drawn in pink. Then,
5 red cables from each finger daisy chain connect each other with small
connectors over the top cover of the palm (Figure 4.22). Finally, yellow
cables are the output that connects to a microcontroller.
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Figure 4.33: Routing of signal cables inside the palm.
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Chapter 5

Hand Prototype and
Experiments

5.1 Introduction

By using rapid prototyping as a fabrication process, we build the prototype
hand which is shown in this section. We also discuss about the experiments
on tendon termination. The hand prototype is assembled and demonstra-
tions on the movement of the hand is shown in experiment section. Finally,
we exploit our hand design that include joint angles sensors to do the move-
ment analysis of index and little finger.

5.2 Rapid Prototyping Process

Rapid prototyping technologies enable designers to build a fast prototype.
We choose 3D-printing process because the prototype can be done very fast
and cheap compared to other techniques. Products are made of ABS plastic
which has good impact resistance and toughness. In this section, we will
explain how we use 3D-printing process to build the final products. Starting
with some detail about the 3D-printer that we are using. Later, we introduce
the epoxy infiltration process to increase the overall strength of 3D-printed
parts.
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5.2.1 Dimension SST 1200: Rapid Prototyping Machine

Dimension SST 1200 is a 3D printer based on Fused Deposition Modeling
(FDM) process [24]. In order to build any shape product two types of
material are necessary. The first type that will be end up as a product
is ABS plastic while sometimes where there is an overhang in the design,
printed model material (ABS) may fall due to gravity. Therefore, the PLA
plastic are printed along with ABS model to form the support structures.
After the printing process is over, support material (PLA) is removed by
dissolving the product in Sodium Hydroxide solution which reacts only PLA
not ABS. Figure 5.1 shows the same part printed by Dimension 3D-printer.
The yellow parts are ABS model material while the one in brown is PLA
support material. On the left is the part before dissolving in support-removal
solution while right one is the same part after supports are removed.

Figure 5.1: Part made by 3D-printing process with support material.

5.2.2 Epoxy Infiltration Process

The main source of the weakness in 3D-printed parts comes from the pores
in between the printed layers where ABS plastic does not perfectly fused
and becomes a solid piece. We develop an epoxy infiltration process to fill
the gaps between layers which results in stronger parts. We chose the low
viscosity epoxy from Genus company GM-9002 which is originally intended
for detailed casting. After parts are fabricated with 3D-printer and support
materials are already removed, we paint an epoxy onto the surface. Right
after the painting, part are vacuum in the closed chamber to remove air
trapped inside the parts (air trapped in between printed slices). Here, we
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can observe that air bubbles appear on the parts’ surface and then we release
the value to let the air goes inside the chamber that is when infiltration
process has begun. We alternate epoxy painting can vacuum process until
there is no bubble appears on the surface during vacuum. It takes around
one day to let the epoxy fully cured in the constant temperature oven at
temperature around 55◦C.

5.3 Experiments on Tendon Terminations

When we apply stresses on the tendon with knots, the stresses do not dis-
tribute to all the fibres equally due to the bending of tendons in the knots.
If the applied stresses is over the ultimate tensile strength of the fibres, some
fibres start to worn out and the whole tendons are torn at the end. It is
worthwhile to test several knotting techniques and also elongations before
they break.

5.3.1 Experiment Setup

To test the maximum strength of knotting techniques, we use 1.5mm diame-
ter Dyneema™tendon from Hamilon Company which the maximum strength
is rated around 2865N. For each knotting techniques, including Brummel
splice [25], Uniknot [26] and Butline hitch [27], we prepared 3 samples where
both ends of a sample has the same type of knot. We add another set of
samples where we use multi-purpose epoxy to glue around the Brummel
splice. By using Brummel splice as a base line for making tendon-end loop,
we also prepare Double fisherman’s bend that connects two tendons in the
middle which benefits an intermediate connection of tendons.

In addition to the knotting technique, we also vary the tendon termina-
tion structure. There are two types of the structure. First, the termination
structure with compression force generated by the bolts which results in an
increasing friction between tendons and the structure, see Figure 5.2. The
other one has on compression force on tendons which is done by making a
structure that holds a bolt inserting into the tendons’ knot, shown in Figure
5.3.

For each of the termination structure, we change the bolts’ size as well.
According to the rough calculation on shear strength of stainless steel bolts,
the shear strength of M3 is around 1700N while 3000N for M4. On the Figure
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Figure 5.2: Termination structures with compression force.

Figure 5.3: Termination structure with no compression force.
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5.2 and the Figure 5.3, two rods on the left have M3 bolts while the ones
on the right have M4 bolts. Figure 5.4 shows the pulling test configuration.
Red lines are the tendon with several knotting technique on both ends. The
jigs for tendon termination structure are designed so that tendon lies on the
axis of the rod to reduce the bending moments as much as possible.

Figure 5.4: Experiment setup on knotting strength test.

To test pulling each sample up to the ultimate tensile strength, we use
the universal testing machine which can pull upto 10 tons of force. During
the experiment tension forces and elongation of tendons are recorded. Figure
5.5 shows the universal testing machine where samples and jigs are installed
in the middle of two clamps.

5.3.2 Results from Pulling Experiments

The pulling experiment is done over 36 samples from 12 combination of
knotting techniques and tendon termination structures where each configu-
ration of the test is done over 3 samples. Table 5.1 explains the definition
of each test code that covers all the pulling experiments.

The result of each experiment setup are plotted in Figure 5.6 to Figure
5.17. Vertical axis is the tension force and horizontal axis is the tendons’
elongation. There are 3 plots on each graph that represent three samples.

73



Figure 5.5: Universal testing machine.

Table 5.1: Summary of all tendon configurations.

Test code TTS1 Bolt size Knotting technique IK2 Epoxy
f-b-m3 Compression M3 Brummel splice No No
f-be-m3 Compression M3 Brummel splice No Yes
f-b-m4 Compression M4 Brummel splice No No
f-be-m4 Compression M4 Brummel splice No Yes
f-be-m4-d Compression M4 Brummel splice DF3 Yes
f-u-m4 Compression M4 Uniknot No No
f-bh-m4 Compression M4 Buntline hitch No No
s-b-m3 No Compression M3 Brummel splice No No
s-be-m3 No Compression M3 Brummel splice No Yes
s-b-m4 No Compression M4 Brummel splice No No
s-be-m4 No Compression M4 Brummel splice No Yes
s-u-m4 No Compression M4 Uniknot No No
1 TTS = Tendon Termination Structure
2 IK = Intermediate Knot
3 DF = Double Fisherman’s bend
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The first two samples are pulled from the rest to the breaking point while
the third one is pretension up to 1000 N before being released and start
pulling until the ultimate tensile stress. The third samples with pretension
are denoted by “pre”.

Figure 5.6: Plot of compression-based termination of M3 bolts and Brummel
splice

From the graphs, we collect tensions and elongations at the breaking
point of each experiment setup and the result from analysis is shown in
Table 5.2. From the result, we can summarize the following behaviours of
tendon knots in the strength test.

1. Within the same termination structures and same size of bolts, tendons
with Brummel splice has relatively higher tension and less elongation
at the breaking point when compared to tendons with Uniknot and
Buntline hitch.

2. The intermediate connection made with Double fisherman’s (f-be-m4-
d) bend significantly reduce the maximum tension and also increase
the elongation by almost three times compared to ones without (f-be-
m4).
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Figure 5.7: Plot of compression-based termination of M3 bolts and Brummel
splice with epoxy

Figure 5.8: Plot of compression-based termination of M4 bolts and Brummel
splice
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Figure 5.9: Plot of compression-based termination of M4 bolts and Brummel
splice with epoxy

Figure 5.10: Plot of compression-based termination of M4 bolts, Brummel
splice and double fisherman’s connection
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Figure 5.11: Plot of compression-based termination of M4 bolts and Uniknot

Figure 5.12: Plot of compression-based termination of M4 bolts and Buntline
hitch
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Figure 5.13: Plot of hooking-based termination of M3 bolts and Brummel
splice

Figure 5.14: Plot of hooking-based termination of M3 bolts and Brummel
splice with epoxy
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Figure 5.15: Plot of hooking-based termination of M4 bolts and Brummel
splice

Figure 5.16: Plot of hooking-based termination of M4 bolts and Brummel
splice with epoxy
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3. Gluing over the knot with epoxy reduced the elongation by almost
one-third in any cases.

4. Tendons without compression in the termination structure has higher
strength in comparison with the ones with compression. We suspect
that the termination with compression prevent the tendons’ fibres
from rearranging themselves resulting in unbalanced stress among fi-
bres.When any fibres break, the rest support more loads and continu-
ously the whole tendon starts to break.

5. The tendons with M4 termination are slightly stronger than the ones
with M3. The cause might come from the different in diameter of
the bolts which change the bending angles of tendons. Smaller the
diameter is higher the bending angle it becomes. With higher bending
angles the distribution of forces among fibres are not uniform resulting
in reducing the maximum strength.

Table 5.2: Results from the pulling test in several tendon configurations.

Test code Average tension (N) Min. tension (N) Max. elongation (mm)
f-b-m3 1258 1158 14.6
f-be-m3 1544 1423 8.0
f-b-m4 1493 1347 20.9
f-be-m4 1631 1585 11.5
f-be-m4-d 1154 960 31.5
f-u-m4 1159 1038 29.5
f-bh-m4 1297 1202 25.7
s-b-m3 1412 1328 14.9
s-be-m3 1541 1338 9.1
s-b-m4 1504 1413 17.8
s-be-m4 1751 1651 12.9
s-u-m4 1170 1112 24.9

5.4 Assembly of the Hand Prototype

For the right hand, over 50 parts are printed with 3D-printer and assem-
bled together with machined part, e.g, pulleys, bearings and shafts. During
assemblies tendon are routed through the structure as well. The prototype,
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not including a wrist and actuators, weights around 350 grams. Figure 5.18
shows the hand viewing from back side and palm side. The curvature on
the back surface of the hand covered part of the fingers untill MCP2 joints.
The size of hand is similar to the human hand with 195 mm height from
the wrist to the tip of middle finger and 110 mm breadth from the thumb
to little finger (when thumb is parallel to the other fingers). Palm surface is
casted over a 3D-printed part with silicone to increase the grip. Intermediate
knots are made to connect tendons from the hand side to the actuator side
for the ease of debugging while in the real products we planed to eliminate
these connections by knotting Brummel splice on actuators’ end as well, the
detailed procedures to make Brummel splice with single-ended tendon are
described in Section 3.6.2

Figure 5.19 shows the side view of the prototype. Base of the palm is
slightly thicker than around MCP2 joints not only for aesthetic purposes,
but inside the palm it contains routing mechanism of tendons where outside
curvatures are design on top to contain internal structures inside. Figure
5.20 depicts the internal tendon-routing structures inside the palm after the
top cover is removed. Tendons from the thumb are painted with colors for
the ease of routing process and debugging.

5.5 Linear Actuators

The actuations of our hand are based on linear actuators. Considering of
linear actuators, we are aiming at using our Electro-Hydrostatic Actuators
(EHAs) which have twelve linear hydraulic cylinders as outputs. EHA [?, 28]
is a hydrostatic transmission where one-hydraulic motor are driven by one-
hydraulic pump that is powered by an electric motor. The main difference
when comparing to the conventional hydraulic system is that instead of using
servo valves to control the hydraulic motors, hydraulic motors are controlled
by pumps directly. Since there is no valves blocking the flow of hydraulic
fluid, system becomes backdrivable. Forque/torque measurements can be
done easily by using monitoring pressure of hydraulic fluids.

In order to build the test system to compatible with our current develop-
ing EHA clusters, we decided to use simple pneumatic system. Actuations
are done by twelve cylinders that has 30 mm strokes which are equal to those
of EHA clusters. The movements of pneumatic cylinders are controlled by
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Figure 5.17: Plot of hooking-based termination of M4 bolts and Uniknot

Figure 5.18: The prototype of right hand.
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Figure 5.19: Side view of the hand prototype.

Figure 5.20: Structure inside the palm.
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5-way solenoid valves. A control software is programmed on a host computer
and communicated with solenoid valves using the EtherCAT™real-time pro-
tocol. Since there is no position sensor on the actuators in our setup, we
can test only with feed forward control. Figure 5.21 shows the setup of
pneumatic system. The right hand prototype with wrist is fixed to twelve
pneumatic cylinders and on the right is the cluster of solenoid valves running
EtherCAT™protocol. Figure 5.22 depicts the side view of hand prototype.
Twelve cylinders are stacked into 3 layers with the maximum of five on each.

Figure 5.21: Experiment setup with pneumatic actuators and solenoid
valves.

Figure 5.22: Side view of the hand prototype and pneumatic actuators.

5.6 Prototype Hand Experiments

Experiments are divided into 2 sections where the first one we test the
movement of our prototype by controlling the motion of each pneumatic
actuator. Here, we show video snapshots of each command that is sent
to the actuators. Later, we do the motion analysis of an index finger and
little finger and discuss about the effects on joint configuration due to our
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proposed coupling.

5.6.1 Finger Joint Demonstrations

These demonstrations shows the movement of each degree-of-freedoms (DOF)
in the hand. We took video during the experiments and take snapshot im-
ages at the end of actuation commands. Snapshots are shown in Figure 5.23
and 5.24. On the right column, names of tendons the are being pulled by
actuators are written.

The demonstrations start with initial configuration (Figure 5.23a) where
all fingers are fully extended and abducted. Index ,middle, ring, and little
finger are at the joint angles determined by minimum potential energy con-
figurations. Since there is no potential function in the thumb, joint config-
uration must be determined by all five tendons that constraints the joint
position. However, there is no feedback position control loop in our pneu-
matic actuators. Extension of the thumb can be done by sequentially extend
TM1, TM2,MCP, and IP joint in order.

MCP2 joint and DIP/PIP joint of index and middle finger can be moved
independently (see Figure 5.23b-5.23e) due to the tendons that terminate
at MCP2 joint and also the selection of extension spring constant ke and
extension spring pretension xe. ke and xe of the MCP2 joints are set to be
stronger than that of PIP and DIP joint.

Little and ring finger have one DOF with our proposed coupling for
three joints. When actuators pull the tendons, fingers move to the new
equilibrium established by minimum potential energy joint configurations.
After tendons are pulled to the end (full-stroke), little and ring finger fully
flexed, shown in Figure 5.23f-5.23g. Adductions of index, ring and little
finger are depicted in Figure 5.23h.

For demonstrations of the thumb, the sequences of actuation to extend
the thumb are necessary between each demonstration due to the lack position
controllability. Figure 5.24i shows the flexion of IP joint. The range of
movement is small before of high static friction in sliding-contact tendon
routing between TM1 and TM2 joint. Then, the flexion of MCP joint is
shown in Figure 5.24j and later the flexion of TM2 joint is shown in Figure
5.24k. Finally, last DOF of the thumb, adduction of TM1 is demonstrated
in Figure 5.24l. Figure 5.24m-5.24o are the combined movement of several
joints (Figure 5.24m - TM1/TM2/IP, Figure 5.24n - TM1/MCP, and Figure
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Figure 5.23: Demonstration snapshots of each degree-of-freedom.
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Figure 5.24: Demonstration snapshots of each degree-of-freedom (continue).
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5.24o - TM1/TM2).

5.6.2 Motion Analysis of Index Finger and Little Finger

By adding joint angle sensors into the finger, it is possible to study the
behaviour of under actuated hands as well as coupling mechanisms. Figure
5.25 shows the assembly of index finger that contains circuit boards for
magnetic encoder with SPI daisy-chain communication. SPI daisy-chain
connects sensors to SH2A microprocessor development board which is send
the data to host PC using Serial communication RS-232, see Figure 5.26.
Three joint angles in flexion plane (DIP,PIP,MCP2) are sampled every 100
milliseconds and logged on PC.

Figure 5.25: Joint angle sensors fitted inside a part of index finger.

Index finger is actuated by only Index DIP tendon while Index MCP2
remains free. The only control over Little finger is the Little DIP tendon.
Denoting qDIP, qPIP, and qMCP2 as the joint angles at DIP, PIP, and MCP2
joint respectively, we can compute the stroke at actuator (xa) at any joint
configurations as follows,

xa = rDIPqDIP + rPIPqPIP + rMCP2qMCP2 (5.1)

where rDIP,rPIP, and rMCP2 are the pulley radius at DIP, PIP and MCP2
joint. In these experiment of both index and little finger, all pulleys have
the same radius. The joint trajectory versus actuator stroke plots of index
finger and little finger are shown in Figure 5.27 and 5.28. Theoretical tra-
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jectory of each joints are plot in dotted line. All solid lines plots are data
collected from the experiments. Any joint configurations in along the joint
trajectory are the minimum point of potential function at given actuation
stroke. According to the plot of index finger DIP and PIP joint are 1:1
coupled (qDIP = qPIP)until they reach the mechanical joint limits around 90
degree then MCP2 joint starts to move. We can observe the hysteresis effect
from the actuator that pulled and released the tendon.

DIP, PIP, and MCP2 joint of little finger are coupled. In theory, the joint
trajectory at any given actuation stroke would result in qDIP = qPIP = qMCP2

while the same tendency can be observe from this experiment. Therefore,
we can recognize this tendency from the joint trajectory plot of little finger.
Hysteresis behaviour on little finger seems to be more than that on index
finger because 3-joint coupling, implemented on little finger, requires more
complex tendon routing resulting in larger static coulomb friction.

We can also plot the forward kinematic chains of index and little finger by
using the joint trajectories. The forward kinematic plots of index and little
are shown in Figure 5.29 and 5.30. Experiments start with configurations
shown in orange and after tendons are full at full stroke fingers end up at
the configuration drawn in red. It can be observed that for index finger
PIP and DIP are coupled at the beginning while MCP2 joint remain zero
but after PIP and DIP reach the joint limit MCP2 starts to rotate while on
little finger DIP, PIP, and MCP2 are trying to track the minimum potential
trajectory qDIP = qPIP = qMCP2.

The second experiments are done to prove an underactuated capability
of the design. Figure 5.31 and 5.32 are the trajectory plots when the ac-
tuator position is fixed to 7.3 mm for index finger and 10.6 mm for little
finger. An underactuation happens when there are external forces acting
on the finger resulting in the new equilibrium configuration which is still
the minimum potential configuration. The new equilibrium configuration
depends on direction and location of external forces. Theoretical trajectory
for all underactuated joints must lie on the line x = 7.3 and 10.6 accord-
ingly. Deviations of the trajectory results from the experiment are expected
to come from slackness of an actuation tendon. Once the external forces
are released fingers move back to the unique equilibrium configuration given
actuator stroke, shown in black and white dots.

Using the joint trajectories from second experiment, we can plot forward
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Figure 5.26: Renesas SH2A microprocessor development board.

Figure 5.27: Equilibrium joint trajectory of index finger.
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Figure 5.28: Equilibrium joint trajectory of little finger.

Figure 5.29: Forward kinematics of index finger’s equilibrium configuration.
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Figure 5.30: Forward kinematics of little finger’s equilibrium configuration.

Figure 5.31: Underactuated behaviour of index finger at fixed tendon length
(7.3 mm).
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kinematic chain of index finger and little finger as shown in Figure 5.33 and
5.34.

In the second experiment for both index and little finger, 3 joints are
constrained by the only one active tendon resulting in two underactuated
DOFs. These extra DOFs allow changes in joint configurations depend on
the external force. The constrain given by one fixed length active tendon
can be written as below,

c = rDIPqDIP + rPIPqPIP + rMCP2qMCP2 (5.2)

where c is the constant length actuation tendon which is 7.3 mm and 10.6
for the experiment on index and little finger. It is possible to plot a plane
in 3-joint space that is given by the constrain in equation 5.2. The resulting
plots are shown in Figure 5.35 and 5.36. White dots are the joint configura-
tions that has minimum potential energy at a given experiment setup. Blue
dots are joint configurations when external forces exerted on the system.
Red planes are the theoretical plane of all possible joint configurations for
underactuated finger. We can observe that most of the blue dots lie along
the red plane which explain the constraint given by fixed actuator stroke
while some outliers can be explained by slackness of the actuation tendons.
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Figure 5.32: Underactuated behaviour of little finger at fixed tendon length
(10.6 mm).

Figure 5.33: Forward kinematics of underactuated index finger at fixed ten-
don length (7.3 mm).
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Figure 5.34: Forward kinematics of underactuated little finger at fixed ten-
don length (10.6 mm).

Figure 5.35: Joint angle plot of underactuated index finger at fixed tendon
length (7.3 mm).
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Figure 5.36: Joint angle plot of underactuated little finger at fixed tendon
length (10.6 mm).
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Chapter 6

Conclusion

In this thesis we proposed the design of anthropomorphic robot hand . The
proposed design has 12 degree-of-freedom. By the end a prototype has
been made using rapid prototyping technology that breaks the limitation
of complicated shapes which are difficult to build with any conventional
machining techniques.

At beginning we reviewed the mathematical model for tendon-driven
mechanism which is very useful for later discussions. Some of the previous
design of robot hand are classify into categories. We also discussed about
the coupling mechanism for underactuated hands by analysing the joint
equilibrium configurations. We looked at the physiology of human hand as
an inspiration of our anthropomorphic design which not only having similar
sizes and shapes as human hand but also capable of performing the similar
grasping functionalities as well. To do so, we carefully selected the placement
of active DOFs in our simplified model of human hand, resulting in twelve-
DOF robot hand. To achieve the joint space controllability of underactuated
hand, we proposed a new coupling design that enables the separation of
passive tendons for coupling and for extension purposes. We developed
3-dimensional pulley system that is aimed for reducing the frictions. As
a result, we designed a free-form shape in 3D space that cannot be build
by any material-removal machining process. This emphasize the usefulness
of rapid prototyping technology. We discussed the detailed design of each
fingers, palm and wrist, as well as, joint angle sensors. Choices of tendon and
termination mechanism are tested to find the proper way to fix the tendon.
The prototype of five-finger 12-DOF underactuated hand has been built and
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the demonstrations of each degree-of-freedom motion are shown. We also
analysed the behaviour of the proposed underactuated hand by using joint
angle sensors that are integrated inside the fingers.

As future works, it would be interesting to do grasping experiments over
variety of objects especially pinching with fingertips to prove the use of our
proposed coupling compared to the common design of underactuated hand.
Since the pneumatic system that we are using right now is not capable of
feedback position control, we are planning to install all joint encoder to
roughly estimate the position of each actuator and perform more precise
control. Currently we are developing a cluster of 14 Electro-Hydrostatic Ac-
tuators(EHAs) for the actuation of the hand and wrist. In near future, we
will replace pneumatic cylinders with EHAs which are capable of performing
high output forces and precise position/force control. Twelve actuators will
be use for twelve-DOF hand and the other two for two-DOF wrist. The
design of wrist has to take in to account as well which is still the future
work at this current stage. More in the theoretical senses, more intensive
analysis on the behaviour of underactuated hand must be done. The grasp-
ing simulators for underactuated hand are essential to study the planning
of underactuated hand.

In terms of manufacturing techniques, we are searching for other rapid
prototyping technologies, for example, Selective Laser Sintering and Stere-
olithography, that enable the use of other materials like metal or acrylic.
More importantly, by combining rapid prototyping technologies with other
conventional process such as, machining, casting, or injection, it is possi-
ble to explore the new spaces of mechanical design which are impossible by
using single technique.
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