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Abstract: An adaptive control strategy for the 14 degrees of freedom (DOFs), five-fingered smart prosthetic hand
with unknown mass and inertia of all the fingers is developed in this work. In modeling, the various links used
for the five fingers of the prosthetic hand are shown. A cubic polynomial for the trajectory planning is used. In
particular, using a desired orientation for three-link fingers, the forward and inverse kinematics of the prosthetic
hand system regarding the analytical solutions between the angular positions of joints and the positions and orientations of the end-effectors (fingertips) have been obtained. The simulations of the resulting adaptive controller
with five-fingered prosthetic hand show enhanced performance.
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1

Introduction

adaptive controller can overcome overshooting and
oscillation. However, a five-fingered prosthetic hand
with adaptive control technique has not been developed yet.
In this work, we first describe briefly the trajectory planning problem, human hand anatomy and the
inverse kinematics for two-link thumb and the remaining three-link fingers (index, middle, ring and little).
Next, the dynamics of the prosthetic hand is derived
and feedback linearization technique is used to obtain linear tracking error dynamics. Then the adaptive controller is designed to minimize the tracking error. The simulation results show that the five-fingered
prosthetic hand with the proposed adaptive controller
can grasp an object without overshooting and oscillation. The last section provides conclusions and future
work.

Due to the extreme complexity of human hand that
has 27 bones, controlled by about 38 muscles to provide the hand with 22 degrees of freedom (DOFs),
and incorporates about 17,000 tactile units of 4 different units, reproducing the human hand in all its
various functions and appearance is still a challenging task [1]. Prosthetic hands have been built to replace human hands that can fully operate the various
motions, such as holding, moving, grasping, lifting,
twisting and so on [1–6]. However, about 35% of the
users do not regularly use their prosthetic hands because of several reasons, including poor functionality
of the presently available prosthetic hands and psychological problems. Thus, designing and developing
an artificial hand which can “mimic the human hand
as closely as possible” both in functionality and appearance can overcome these problems.
Hard computing/control (HC) techniques are
used at lower levels for accuracy, precision, stability and robustness. HC comprises proportionalderivative (PD) control [7], proportional-integralderivative (PID) control [8–11], optimal control [9,
12–14], adaptive control [15–17], robust control [18],
etc. with specific applications to prosthetic devices.
However, our previous work [16] for a two-fingered
(thumb and index finger) prosthetic hand showed that
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2.1

Modeling
Human Hand Anatomy

Figure 1 (a) shows a normal human hand composed of
thumb (t), index (i), middle (m), ring (r), little (l) fingers and palm. The wrist is located between the forearm and the hand and consists of eight carpal bones
organized in two rows of proximal (movable) and dis-
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lanx and distal phalanx), and each finger has three
links (proximal phalanx, middle phalanx and distal
phalanx).
Synovial joints are formed at the surface of relative motion between two bones. The joints of thumb
and four fingers contain two saddle-shaped articulating surfaces between two bones and can be classified as saddle joints. Index, middle, ring, and little fingers include three revolute joints in order to do
the angular movements (Figure 1 (b)). Metacarpalphalangeal (MCP) joint is located between metacarpal
and proximal phalange bones; proximal and distal interphalangeal (PIP and DIP) joints separate
the phalangeal bones. Thumb contains metacarpalphalangeal (MCP) and interphalangeal (IP) joints
[19]. For a human hand, each finger has 4 DOFs (2
at MCP joint, 1 at PIP joint and 1 at DIP joint), thumb
has 3 DOFs (2 at MCP joint and 1 at IP joint), wrist
has 2 DOFs and carpometacarpal (CMC) joint has 2
DOFs. In this work, we model 14 DOFs, five-fingered
prosthetic hand with two-link thumb and remaining
three-link fingers. q1j , q2j and q3j (j = i, m, r and l)
represent the angular positions (or joint angles) of the
first joint MCPj , the second joint PIPj and the third
joint DIPj of index, middle, ring and little fingers, respectively; q1t and q2t are the angular positions of the
first joint MCPt and the second joint IPt of thumb (t),
respectively.
Figure 1: Human Wrist and Hand: (a) Physical Appearance of Right Hand (Anterior View): A human
hand has thumb, index, middle, ring and little fingers,
palm and wrist. (b) Bones of Left Hand (Posterior
View): A human hand has 27 bones, including 5 distal
phalanges, 4 middle phalanges, 5 proximal phalanges,
5 metacarpals and 8 carpals.

2.2

The trajectory planning using cubic polynomial for
fingertip position control was discussed in our previous work [5,7,8,13,16] for a two-fingered (thumb and
index finger) smart prosthetic hand. For three-link fingers, we present the same technique for fingertip orientation control. A time history of desired (d) fingertip orientation (φ) and its differentiation (φ̇ and φ̈) is
given as

tal (immovable) carpal bones as shown in Figure 1 (b)
[19]. The proximal row (top) of carpal bones from lateral to medial is the Scaphoid, Lunate, Triquetrum and
Pisiform; the distal row (bottom) of carpal bones from
medial to lateral has the Hamate, Capitate, Trapezoid and Trapezium. The hand is composed of five
Metacarpals and five Digits. The metacarpals produce
a curve, so the palm is concave in the resting position.
The five digits contain one thumb (t) and four fingers,
e.g. index (i), middle (m), ring (r), and little (l) fingers, respectively. The thumb has two bones, Proximal phalanx and Distal phalanx. Each finger consists
of three bones, Proximal phalanx, Middle phalanx and
Distal phalanx. In this work, we assumed that the
palm is fixed, the thumb has two links (proximal pha-

ISSN: 1109-2777

Trajectory Planning

φjd (t) = ω0 + ω1 t + ω2 t2 + ω3 t3 ,

(1)

φ̇jd (t) = ω1 + 2ω2 t + 3ω3 t2 ,

(2)

φ̈jd (t)

(3)

= 2ω2 + 6ω3 t,

where ω0 -ω3 are undetermined constants and the superscript j indicates the index of each finger (j = i,
m, r and l). The relations (1) and (2) need to satisfy the constraint conditions at initial time t0 and final
time tf . This can be written as
T Ω = Φ.
149
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Here, the matrices T, Ω, and Φ are
1 t0
 0 1
T = 
 1 tf
0 1

Ω =
ω0 ω1
h
Φ =
φj0 φ̇j0



t20
t30
2t0 3t20 
,
t2f
t3f 
2tf 3t2f
0
ω2 ω3 ,
i0
φjf φ̇jf .

(5)

(6)
(7)

Therefore, the 4 unknown constants, ω0 -ω3 , can be
computed by Ω = T−1 Φ. The notation 0 means the
transpose.

2.3

Figure 2: Two-Link Thumb Illustration: The fingertip
coordinate (X t,Y t ) can be derived by forward kinematics. Lt1 and Lt2 are the lengths of the links 1 and 2,
respectively; q1t and q2t are the angles of joints 1 and
2; τ1t and τ2t are the torques of the joints 1 and 2.

Kinematics

Kinematics is the study of geometry in motion and
is restricted to a natural geometrical description of
motion by the manners, including positions, orientations, and their derivatives (velocities and accelerations) [20, 21]. Forward and inverse kinematics of
articulated systems study the analytical relationship
between the angular positions of joints and the positions and orientations of the end-effectors (fingertips).
A desired trajectory is usually specified in Cartesian
space and the trajectory controller is easily performed
in the joint space. Hence, conversion of Cartesian trajectory planning to the joint space [21] is necessary.
Using inverse kinematics, the joint angular positions
of each finger need to be obtained from the known
fingertip positions. Then the angular velocities and
angular accelerations of joints can be obtained from
the linear and angular velocities and accelerations of
fingertips by differential kinematics. The kinematic
descriptions of prosthetic hands are used to derive
the fundamental equations for dynamics and control
purposes. The following subsections introduce forward and inverse kinematics for the two-link thumb
and the remaining three-link fingers and then threedimensional five-fingered prosthetic hand will be described [5, 7, 8, 13, 16].

entation φt of the fingertip frame can be described as
X t = Lt1 cos(q1t ) + Lt2 cos(q1t + q2t ),
Y t = Lt1 sin(q1t ) + Lt2 sin(q1t + q2t ),
φt = q1t + q2t .

Figure 3 shows the illustration of three-link index fin-

Figure 3: Three-Link Index Finger Illustration: The
fingertip coordinate (X i ,Y i ) can be obtained by forward kinematics. Li1 , Li2 , and Li3 are the lengths of
the links 1, 2, and 3, respectively; q1i , q2i , and q3i are
the angles of the joints 1, 2, and 3; τ1i , τ2i and τ3i are
the torques of the joints 1, 2, and 3.

2.3.1 Forward Kinematics
Figure 2 shows the illustration of two-link thumb. Lt1
and Lt2 are the lengths of the links 1 and 2 of the
thumb (t), respectively; q1t and q2t are the angular positions (or called angles) of joints 1 and 2 of the thumb.
Using Denavit-Hartenberg (DH) method [20–23], the
fingertip coordinate Pt (X t,Y t ) of the thumb can be
obtained by DH transformation matrices. The fingertip coordinate Pt (X t,Y t ) of the thumb (t) and the ori-
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(8)

ger. Li1 , Li2 , and Li3 are the lengths of the links 1, 2
and 3 of the index finger (i), respectively; q1i , q2i , and
q3i are the angles of the joints 1, 2, and 3 of the index
finger. Similarly, using DH method, the fingertip coordinate Pi (X i ,Y i ) and the orientation φi of the index
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Accordingly, the angles αt and β t can be gained as
 t
Y
,
αt = tan−1
Xt


Lt2 sin(q2t )
t
−1
β = − tan
. (14)
Lt1 + Lt2 cos (q2t )

finger (i) can be written as
X i = Li1 cos(q1i ) + Li2 cos(q1i + q2i )
+Li3 cos(q1i + q2i + q3i ),
Y i = Li1 sin(q1i ) + Li2 sin(q1i + q2i )
φi

+Li3 sin(q1i + q2i + q3i ),
= q1i + q2i + q3i .

(9)

Then, by the summation of (14), the angle q1t of the
joint 1 can be determined as

2.3.2 Inverse Kinematics
The joint angular positions of each finger can be deduced as following. The sum of squared (8) is written
as
2

2

2

2

X t + Y t = Lt1 + Lt2 + 2Lt1 Lt2 cos(q2t ).

q1t

2

=

2

2



Yt
Xt



− tan

−1



Lt2 sin(q2t )
Lt1 + Lt2 cos (q2t )



. (15)

Hence, the expression of the joint angles q2t and q1t of
the thumb is given in (12) and (15), respectively.
The local coordinate Pi2 (X2i ,Y2i ) of the joint 2 of
the index finger can be obtained as

(10)

Rearranging (10), we can get the equation below.
cos(q2t )

= tan

−1

X2i = X i − Li3 cos(φi ), Y2i = Y i − Li3 sin(φi ). (16)

2

X t + Y t − Lt1 − Lt2
. (11)
2Lt1 Lt2

Choosing the elbow down configuration, the angles q2i
and q1i can be obtained as

Choosing the elbow up configuration, the angle q2t of
the joint 2 can be obtained from
!
t 2 + Y t 2 − Lt 2 − Lt 2
X
1
2
q2t = − cos−1
. (12)
2Lt1 Lt2

!
2
2
2
2
X2i + Y2i − Li1 − Li2
= cos
,
2Li1 Li2
 i


Y
Li2 sin(q2i )
−1
. (17)
q1i = tan−1
−
tan
Xi
Li1 + Li2 cos (q2i )
q2i

Notice that in this paper, all positive angles are defined counterclockwise. When choosing the elbow up
configuration, the angle q2t is clockwise, so the sign of
q2t is negative. Figure 4 is the geometric illustration of

−1

Then we can get the angle q3i of the joint 3 as
q3i = φi − q1i − q2i .

(18)

The orientation φi can be designed by trajectory planning in Section 2.2.
For the five-fingered hand shown in Figure 5, X G ,
G
Y , and Z G are the three axes of the global coordinate. The local coordinate xt-y t -z t of thumb can be
reached by rotating through angles α and β to X G and
Y G of the global coordinate, subsequently. The local
coordinate xi -y i -z i of index finger can be obtained by
rotating through angle α to X G and then translating
the vector di of the global coordinate; similarly, the
local coordinate xj -y j -z j of middle finger (j = m),
ring finger (j = r), and little finger (j = l) can be
obtained by rotating through angle α to X G and then
translating the vector dj (j = m, r and l) of the global
coordinate.

2.4

Figure 4: Geometric Illustration of Two-Link Thumb

The dynamic equations of hand motion are derived via
Lagrangian approach using kinetic energy and potential energy as [5, 15, 20, 21, 23]


d ∂L
∂L
−
= τ,
(19)
dt ∂ q̇
∂q

two-link thumb (elbow up). Based on the geometry,
we can get two triangular relations below


Yt
Lt sin(q t )
tan αt = t , tan β t = − t 2 t 2 t . (13)
X
L1 + L2 cos (q2 )
ISSN: 1109-2777

Dynamics of Hand
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the joints as

0
x(t) = q0 (t) q̇0 (t) .

(23)

q0 (t) and q̇0 (t) are the transpose vectors of q(t) and
q̇(t), respectively. Let us repeat the dynamical model
and rewrite (22) as
d
q̇(t) = −M−1 (q(t)) [N(q(t), q̇(t)) − τ (t)] . (24)
dt
Thus, from (23) and (24), we can derive a linear system in Brunovsky canonical form as


 
0 I
0
ẋ(t) =
x(t) +
u(t)
(25)
0 0
I

Figure 5: Relationship between Global Coordinate
and Local Coordinates: Local coordinate xt -y t -z t of
thumb can be reached by rotating through angles α
and β to X G and Y G of global coordinate, subsequently. Local coordinate xi -y i -z i of index finger can
be obtained by rotating through angle α to X G and
then translating a vector di of the global coordinate.

with its control input vector given by
u(t) = −M−1 (q(t)) [N(q(t), q̇(t)) − τ (t)] . (26)
Let us suppose the prosthetic hand is required to track
the desired trajectory qd (t) described under path generation or tracking. Then, the tracking error e(t) is
defined as

where L is the Lagrangian; q̇ and q represent the angular velocities and angle vectors of joints, respectively; τ is the given torque vector at joints. The Lagrangian L can be expressed as
L = T − V,

e(t) = qd(t) − q(t).

Here, qd (t) is the desired angle vector of joints and
can be obtained by trajectory planning [5, 7, 8, 13, 16];
q(t) is the actual angle vector of joints. Differentiating (27) twice, to get

(20)

where T and V denote kinetic and potential energies, respectively. Substituting (20) into (19), dynamic equations of thumb can be obtained as below.
M(q)q̈ + C(q, q̇) + G(q) = τ ,

ė(t) = q̇d (t) − q̇(t), ë(t) = q̈d (t) − q̈(t).

ë(t) = q̈d (t) + M−1 (q(t)) [N(q(t), q̇(t)) − τ (t)] (29)

from which the control function can be defined as
u(t) = q̈d (t) + M−1 (q(t)) [N(q(t), q̇(t)) − τ (t)] . (30)

(22)
This is often called the feedback linearization control
law, which can also be inverted to express it as

where N(q, q̇) = C(q, q̇) + G(q) represents nonlinear terms. The dynamic relations for the two-link
thumb and the three-link index finger are described in
Appendix A [5, 24, 25].

3
3.1

τ (t) = M(q(t)) [q̈d (t) − u(t)) + N(q(t), q̇(t)] . (31)
Using the relations (28) and (30), and defining state
vector x̄(t) = [e0 (t) ė0 (t)]0 , the tracking error dynamics can be written as


 
0
I
0
˙
x̄(t)
=
x̄(t) +
u(t).
(32)
0 0
I

Control Techniques
Feedback Linearization

The nonlinear dynamics represented by (22) is to
be converted into a linear state-variable system using feedback linearization technique [15]. Alternative state-space equations of the dynamics can be obtained by defining the position/velocity state x(t) of

ISSN: 1109-2777

(28)

Substituting (24) into (28) yields

(21)

where M(q) is the inertia matrix; C(q, q̇) is the Coriolis/centripetal vector and G(q) is the gravity vector.
(21) can be also written as
M(q)q̈ + N(q, q̇) = τ ,

(27)

Note that this is in the form of a linear system such as
˙
x̄(t)
= Ax̄(t) + Bu(t).
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Adaptive Control Technique

Here, τdis is the unknown disturbance. Y is a regression matrix of known robot functions and π is a vector
of unknown parameters [26]. The regression matrix
Y and the unknown parameter vector π of two-link
thumb and three-link index finger are given in Appendix B [5]. The torque vector τ (t) can be calculated
by

The tracking error e(t) and the filtered tracking error
r(t) are defined as
e(t) = qd (t) − q(t),
r(t) = ė(t) + Λe(t).

(34)
(35)

Here, qd (t) is the desired angle vector of joints;
q(t) is the actual angle vector of joints; Λ =
diag(λ1, λ2, . . ., λn) is the positive-definite diagonal
gain matrix. The filtered error (35) ensures stability
of the overall system so that the tracking error (34)
is bounded. Figure 6 shows the block diagram of the
adaptive controller. Here, the filtered signal r(t) is
derived from the tracking error e(t) and the trajectory planner and is fed to the adaptive controller of
the prosthetic hand. Differentiating and substituting

τ (t) = f (t) + KD r(t).

The unknown parameter rate vector π̇ can be updated
by
π̇ = Γ−1 Y 0 r(t)

4

-1

p

ò

Simulation Results and Discussion

Figure 7 shows that five-fingered prosthetic hand with

q(t)
G Y’

(39)

where Γ is a tuning parameter diagonal matrix.

.
q(t)

.
p

(38)

Y

Linear f(t) = Yp
System
.
qr(t)

..
qr(t)
+
S
+
..
qd(t)
Trajectory
Planner

+

KD

r(t)

S

+

t(t)

.
q(t),q(t)

L
S

.
e(t)

+
+

.
qd(t)

S

+

S

.
q(t)

-

+
+

L
qd(t)

e(t)
+

S

-

q(t)

Figure 6: Block Diagram of the Adaptive Controller
for a Five-Fingered Prosthetic Hand: Tracking errors
e(t) are calculated by actual angles q(t) and desired
angles qd (t), which are based on trajectory planner.
Then filtered tracking errors r(t) are computed by error changes and the parameters Λ multiplying errors.
The required torque τ (t) of the prosthetic hand nonlinear system is computed by the nonlinear term f (t)
and the gain KD multiplying the filtered tracking errors.

Figure 7: Five-Fingered Prosthetic Hand Grasping a
Rectangular Object
14 DOFs is reaching a rectangular rod in order to
grasp the object. When thumb and the other four fingers are performing extension/flexion movements, the
workspace of fingertips is restricted to the maximum
angles of joints. Referring to inverse kinematics, the
first and second joint angles of the thumb fingertip are
constrained in the ranges of [0,90] and [-80,0] (degrees). The first, second, and third joint angles of
the other four fingers are constrained in the ranges of
[0,90], [0,110] and [0,80] (degrees), respectively [27].
Next, we present simulations with an adaptive controller for the 14 DOFs five-fingered smart
prosthetic hand. The parameters of the two-link
thumb/three-link fingers [28] were related to desired
trajectory. All parameters of the smart prosthetic hand
selected for the simulations are given in Table 1 and
the side length and length of the target rectangular rod

(35) into (21) gives the dynamic equation in terms of
the filtered error r(t) as
M(q(t))ṙ(t) = −Cm (q(t), q̇(t))r(t) + f (t) − τ (t), (36)

where C(q(t), q̇(t)) = Cm (q(t), q̇(t))q̇(t) and the
nonlinear term f (t) can be defined as
f (t) = M(q(t))(q̈d(t) + Λė(t)) + G(q(t)) +
Cm (q(t), q̇(t))(q̇d(t) + Λe(t)) + τdis ,
= Yπ.
(37)
ISSN: 1109-2777
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are 0.010 and 0.100 (m), respectively. All initial actual angles are zero. The relating parameters between
the global coordinate and the local coordinates are defined in Table 2. Besides, in this work, we assumed

Table 2: Parameter Selection of the Conversion from
Global to Local Coordinates
Parameters
Rotating α
Rotating β
Translating di
Translating dm
Translating dr
Translating dl

Table 1: Parameter Selection of the Smart Hand
Parameters
Values
Thumb
Time (t0 ,tf )∗
0, 20 (sec)
Desired Initial Position∗∗
0.035, 0.060 (m)
∗∗
Desired Final Position
0.0495, 0.060 (m)
Desired Initial Velocity∗
0, 0 (m/s)
∗
Desired Final Velocity
0, 0 (m/s)
Length
0.04, 0.04 (m)
Index Finger
0.065, 0.080 (m)
Desired Initial Position∗∗
Desired Final Position∗∗
0.010, 0.060 (m)
Desired Initial φ0 ∗∗∗
75 (deg)
Desired Final φf ∗∗∗
160 (deg)
∗∗∗
Desired Initial φ̇0
0 (m/s)
Desired Final φ̇f ∗∗∗
0 (m/s)
Length
0.04, 0.04, 0.03 (m)
Middle Finger
0.065, 0.080 (m)
Desired Initial Position∗∗
∗∗
Desired Final Position
0.005, 0.060 (m)
Length
0.04, 0.04, 0.03 (m)
Ring Finger
0.065, 0.080 (m)
Desired Initial Position∗∗
Desired Final Position∗∗
0.010, 0.060 (m)
Length
0.04, 0.04, 0.03 (m)
Little Finger
0.055, 0.080 (m)
Desired Initial Position∗∗
Desired Final Position∗∗
0.020, 0.060 (m)
Length
0.04, 0.04, 0.03 (m)
∗ All fingers use same parameters
∗∗
Local coordinates
∗∗∗ All 3-link fingers use same parameters

Values
90 (deg)
45 (deg)
(0.035, 0, 0) (m)
(0.040, 0, -0.020) (m)
(0.035, 0, -0.040) (m)
(0.025, 0, -0.060) (m)

the desired/actual angles of thumb, index, middle,
ring, and little fingers for the proposed five-fingered
smart prosthetic hand, respectively. The observation
that all tracking errors dramatically drop within one
second and are less than one degree after convergence provides the evidence that the adaptive controller for the 14-DOFs prosthetic hand enhances performance. The other observation that after convergence, all three-link fingers show more unstable errors
than two-link thumb suggests that the more DOFs increase the difficulty of the adaptive controller without
knowing the mass and inertia of the links of all fingers.

that each link of all fingers is a circular cylinder with
j
the radius (R) 0.010 (m), so the inertia Izzk of each
link k of all fingers j (= t, i, m, r and l) can be calculated as
j
Izzk
=

1 j 2 1 j j2
m R + m k Lk .
4 k
3

(40)

Figure 8, Figure 10, Figure 12, Figure 14 and
Figure 16 show the tracking errors of thumb, index,
middle, ring, and little fingers for the proposed fivefingered smart prosthetic hand, respectively. Figure 9,
Figure 11, Figure 13, Figure 15 and Figure 17 show
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Figure 8: Tracking Errors of Adaptive Controller for
Two-Link Thumb
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Figure 9: Tracking Angles of Adaptive Controller for
Two-Link Thumb

Figure 10: Tracking Errors of Adaptive Controller for
Three-Link Index Finger

5

Conclusions and Future Work

Appendix A: Dynamic Equations of Two-link
Thumb and Three-link Index Finger

An adaptive control strategy was developed for the 14
degrees of freedom (DOFs), five-fingered smart prosthetic hand with unknown mass and inertia of all the
fingers. Further, the forward and inverse kinematics
of the system regarding the analytical relationship between the angular positions of joints and the positions
and orientations of the end-effectors (fingertips), was
obtained using a desired orientation for three-link fingers. The simulations of the resulting adaptive controller showed good agreement between the reference
and the actual trajectories. Work is in progress for
developing an adaptive/robust controller for the five
fingered hand with 14-DOFs.

The dynamic equations of thumb in (21) can be rewritten as below.
»

t
M12
t
M22

–»

q̈1t
q̈2t

–

+

»

C1t
C2t

–

+

»

Gt1
Gt2

–

=

»

τ1t
τ2t

–

. (41)

Here,
t
M11

=

2

2

2mt2 Lt1 l2t cos(q2t ) + mt1 l1t + mt2 Lt1 + mt2 l2t

2

t
t
+Izz1
+ Izz2
,
t
M12
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t t t
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mt2 Lt1 l2t sin(q2t )q̇1t q̇1t − mt2 Lt1 l2t sin(q2t )q̇1t q̇2t , (43)
g(mt1 l1t cos(q1t ) + mt2 Lt1 cos(q1t ) +
mt2 l2t cos(q1t + q2t )),
gmt2 l2t cos(q1t + q2t ),
(44)

=

τ1t and τ2t are the given torques at the joints 1 and
2, respectively; lkt is the distance between the end of
previous link and the center of mass of link k; Ltk is
the length of link k; qkt is the angle at joint k and a
function of time; g is the acceleration due to gravity;
t
the diagonal elements Imnk
(k = 1, 2), m = n are
called polar moments of inertia.
Similarly, dynamic equations of index finger in
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Figure 12: Tracking Errors of Adaptive Controller for
Three-Link Middle Finger

Figure 11: Tracking Angles of Adaptive Controller
for Three-Link Index Finger
(21) can be also obtained as
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=

g(mi3 l3i cos(q1i + q2i + q3i )).
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Figure 13: Tracking Angles of Adaptive Controller
for Three-Link Middle Finger
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Figure 14: Tracking Errors of Adaptive Controller for
Three-Link Ring Finger
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Figure 16: Tracking Errors of Adaptive Controller for
Three-Link Little Finger

Figure 15: Tracking Angles of Adaptive Controller
for Three-Link Ring Finger
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Appendix B: Regression Matrix Y and Unknown
Parameter Vector π
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Figure 17: Tracking Angles of Adaptive Controller
for Three-Link Little Finger
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+(Li2 l3i C12 S123 − Li2 l3i S12 C123 )q̇1 (q̇d2 + λ2 e2 )
+(Li2 l3i C12 S123 − Li2 l3i S12 C123 )q̇2 (q̇d1 + λ1 e1 )
+(Li1 l3i S1 C123 − Li1 l3i C1 S123 )q̇1 (q̇d3 + λ3 e3 )
+(Li2 l3i S12 C123 − Li2 l3i C12 S123 )q̇1 (q̇d3 + λ3 e3 )

+gL1 C1 + gL2 C12 + gl3 C123

+(Li2 l3i S12 C123 − Li2 l3i C12 S123 )q̇2 (q̇d3 + λ3 e3 )

+(Li1 Li2 S1 C12 − Li1 Li2 C1 S12 )q̇1 (q̇d2 + λ2 e2 )

ISSN: 1109-2777

=

+(Li1 l3i C1 S123 − Li1 l3i S1 C123 )q̇1 (q̇d1 + λ1 e1 )
159

Issue 5, Volume 10, May 2011

WSEAS TRANSACTIONS on SYSTEMS

Cheng-Hung Chen, D. Subbaram Naidu, Marco P. Schoen

+(Li2 l3i C12 S123 − Li2 l3i S12 C123 )q̇1 (q̇d1 + λ1 e1 )
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