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Abstract— This paper presents a hybrid of a soft computing
technique of adaptive neuro-fuzzy inference system (ANFIS)
and a hard computing technique of adaptive control for a two-
dimensional movement of a prosthetic hand with a thumb and
index finger. In particular, ANFIS is used for inverse kinematics,
and the adaptive control is used for linearized dynamics to min-
imize tracking error. The simulations of this hybrid controller,
when compared with the proportional-integral-derivative (PID)
controller showed enhanced performance. Work is in progress
to extend this methodology to a five-fingered, three-dimensional
prosthetic hand.

Index Terms—Prosthetic Hand, Adaptive Control, PID Con-
trol, Adaptive Neuro-Fuzzy Inference System, Genetic Algo-
rithm, Hybrid Control

I. INTRODUCTION

Artificial hands have been around for the last several years
developed by various researchers in the field [1]-[3]. Yet,
about 35% of the amputees do not use their prosthetic hand
regularly due to various reasons such as poor functionality
of the presently available prosthetic hands and psychological
problems. To overcome this problem, one has to design and
develop an artificial hand which “mimics the human hand as
closely as possible” both in functionality and appearance.

Soft computing (SC) or computational intelligence (CI)
[4] is an emerging field based on synergy and seamless
integration of neural networks (NN), fuzzy logic (FL) and
genetic algorithms (GA). The previous works on prosthetic
hand used artificial NN, FL, GA etc. mostly for EMG
signal classification for various movements or functions of
the prosthetic hand. Hard control (HC) techniques com-
prise proportional-integral-derivative (PID) control [5]-[7],
optimal control [8], adaptive control [9], [10] etc. with
specific applications to prosthetic devices. However, our
previous works [6], [7] for smart prosthetic hand showed
that PID controller results in overshooting and oscillation.
In addition, the main challenge to improve the prosthetic
hand performance is to estimate the disturbances, including

Cheng-Hung Chen is with the Measurement and Control Engineering
Research Center and the Department of Biological Sciences, Idaho State
University, ID 83209, USA (email: chenchen@isu.edu).

D. Subbaram Naidu is with the Measurement and Control Engineering
Research Center and the Department of Electrical Engineering, Idaho State
University, ID 83209, USA (email: naiduds@isu.edu).

Alba Perez-Gracia is with the Measurement and Control Engineering
Research Center and the Department of Mechanical Engineering, Idaho State
University, ID 83209, USA on leave with Institut de Robotica i Informatica
Industrial (UPC-CSIC) ¢/ Llorens i Artigas 4-6, Barcelona, Spain (email:
perealba@isu.edu).

Marco P. Schoen is with the Measurement and Control Engineering
Research Center and the Department of Mechanical Engineering, Idaho State
University, ID 83209, USA (email: schomarc@isu.edu).

978-1-4244-3296-7/09/$25.00 ©2009 IEEE

internal disturbances and external disturbances [11]. The
internal disturbances includes un-modeled dynamics, such
as the coupling flexibility in links/joints, and uncertainties,
such as unknown parameters. The external disturbances
include external forces/moments on the fingertips and friction
in joints. To overcome the overshooting and disturbance
problems, using adaptive control strategy to prosthetic hand
is precisely the main goal of this work.

In this paper, we first consider briefly the trajectory
planning and the inverse kinematics for a two-dimensional
movement of a two-link thumb and three-link index finger
using adaptive neuro-fuzzy inference system (ANFIS) and
genetic algorithm (GA). Next, the dynamics of the hand is
derived using regression matrix. Then the adaptive controller
is designed to reduce the effect of disturbances and unknown
parameters, including masses and inertia. The resulting over-
all hybrid system incorporating both soft and hard control
techniques is simulated with practical data for the hand. The
last section details the conclusions and future work.

II. MODELING

A. Trajectory Planning

It is necessary to know the desired paths before the pros-
thetic hand is controlled in order to execute a specific hand
motion task. Trajectory planning involves the generation of
the desired paths or reference inputs, so trajectory planning is
associated with some situations, such as avoiding barriers and
making sure that the desired path does not exceed the voltage
and torque limitations of the actuators. To generate smooth
trajectories, a cubic polynomial function for the fingertip
space is created [3], [6], [7].

B. Inverse Kinematics

Using inverse kinematics, the angular positions (or called
joint angles) of each finger can be obtained from the known
fingertip positions. A desired trajectory is usually specified in
Cartesian space and the trajectory control is easily performed
in the joint space. Hence, it is necessary to convert Cartesian
trajectory to the joint space [12]-[14].

1) Two-Link Thumb: As shown in Figure 1, thumb is
assumed as the two-link finger and the other four fingers,
such as index finger, middle finger, ring finger, and little
finger, are considered as three-link fingers. Hence, the joint
angles, angular velocities, and angular accelerations of each
finger can be deduced as follows. According to forward
kinematics [12]-[14], the fingertip coordinate (X% Y*) of
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Fig. 1.

Schematic Diagram of Thumb and Index Finger

thumb (¢) can be described as
Xt =
Yyt =

Ltcos(qt) + Licos(qt + ¢b), (1)
Lisin(qy) + Lysin(qi + ¢3)- )
Here L} and LY are the lengths of the link 1 and 2 of thumb,
respectively; ¢¢ and ¢} are the angles of joint 1 and 2 of

thumb. Choosing the elbow up configuration, the angle ¢4
of the joint 2 can be obtained as:

o Xt2+Yt2—L§2—L§2
—cos ST IL . 3
142

¢ =

Based on the geometry, we can get

\ & Lisin(g)
t -1 -1 2 2
q; = tan ( ) — tan ( . “4)
! Xt L + Licos(gb)

Then using differential kinematics, the angular velocities and
accelerations of each finger can be obtained from the known
fingertip linear velocities and accelerations. The correspond-
ing linear velocities d(X*®,Y*)/dt of the fingertip are obtained
as

Pt = I (5)
where, matrices Pt and ¢t are
. Xt q-t
Pt=| = b= |- 6
=] ©®

The matrix J® is called the Jacobian of thumb and the
angular velocities ¢¢ and ¢4 of the joint 1 and 2 are

g = J'pt. 7)

Similarly, the angular accelerations ¢} and ¢} of the joints 1
and 2 are obtained as

. 1w, AT,
g = Jt 1(Pt—ﬁqt>, ®)

where P* is the acceleration vector of the fingertip. Pt and
gt are denoted as

. > t ..t

Pt—[)f],dt—[‘?%]. ©)
43

Similarly for three-link index finger, the fingertip Cartesian

coordinates (X% Y?) are described in terms of three joint
variables ¢}, ¢5, and ¢4 [3], [7].

C. Dynamics of Hand

It is necessary to have a mathematical model that describes
the dynamic behavior of prosthetic hand for the purpose of
designing the control system. The dynamic equations of hand
motion are derived via Lagrangian approach using kinetic
energy and potential energy as [10], [14]

M(q)4 + C(q,q) + G(q) + Tais = T, (10

where M(q) is the inertia matrix; C(q,q) is the Corio-
lis/centripetal vector and G(q) is the gravity vector; Tg;s
is the disturbance vector. Eq. (10) can be also written as

M(q)d+ N(q,q) =, (1)

where N(q, q)=C(q, q)+G(q)+74s represents nonlinear
terms. The dynamic relations for the two-link thumb and
the three-link index finger are quite lengthy [3], [11], [15],
[16].

III. HYBRID ADAPTIVE CONTROL TECHNIQUE

The tracking error e and the filtered tracking error r are
defined as

12)
13)

€e=4qq —q,
r=¢&+ Ae.

Here, qq is the desired angle vector of joints and can be
obtained by (3) and (4); q is the actual angle vector of joints;
A is the positive-definite diagonal gain matrix. The filtered
error (13) ensures stability of the overall system so that the
tracking error (12) is bounded. Figure 2 shows the block
diagram of the hybrid adaptive controller. Here, the filtered
signal r(t) is derived from the tracking error e(t) and the
ANFIS based trajectory planner and is fed to the adaptive
controller of the prosthetic hand.

Uncertainity
Disturbance

N(q(0).q())

q(.4()

Hand

ANFIS Based
Trajectory Planner

70 e

q.(9) +®' q(?)

r(1) A
tx o e tx . a0
&) &)
Fig. 2. Block Diagram of Hybrid Adaptive Controller

Differentiating and substituting (13) into (10) gives the
dynamic equation in terms of the filtered error r as

M(q)i = —Cp(q, @)r+f -7 (14)
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where C(q,q) = C,,(q,q)q and the nonlinear term f can
be defined as

f

M(q)(da + Aé) + Crn(q, 4)(da + Ae)
+G(q) + Tdis

= Y. 5)

Here, the regression matrix Y is a matrix of known robot
functions and 7r is a vector of unknown parameters [9]. The
torque vector T can be calculated by

T=Y7m+Kpr. (16)
The unknown parameter rate vector 7v can be updated by
#=T"'Y'r (17)
where I' is a tuning parameter diagonal matrix.
IV. SIMULATION RESULTS AND DISCUSSION

Figure 3 shows the forward kinematics (upper row) in
terms of the thumb link angles and the tip positions and the
inverse kinematics (lower row) of the thumb in terms of the
tip positions and the link angles. Figure 4 shows forward
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Fig. 3. Forward Kinematics and Inverse Kinematics of Thumb
kinematics (upper row) in terms of the index finger link
angles and the tip positions and inverse kinematics (lower
row) in terms of the tip positions and the link angles of
the index finger by using ANFIS and similar results were
obtained using GA. During our simulations [7], we found
that the GA method although give a better solution (error
~ 10~7), takes more execution time whereas the ANFIS gave
a good solution (error ~ 10~%) with less time compared to
GA method.

When thumb and fingers are doing extension/flexion
movements, the ranges that fingertips can reach are restricted
to the reach of the angles of the joints. Referring to inverse
kinematics, Figure 5 explains that the movable range of the
fingertip of the thumb, in which the first and second joint
angles are constrained in the ranges of [0,90] and [-80,0]
(degrees). The first, second, and third joint angles of the
index finger are constrained in the ranges of [0,90], [0,110]
and [0,80] (degrees), respectively [17]. Thus, the green
and pink regions respectively show the reachable fingertip
positions of thumb and index finger. Further, the overlap
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Fig. 4. Forward Kinematics and Inverse Kinematics of Index Finger Using
ANFIS

region represents that the space that both the thumb and the
index finger can reach.

0.12,
0.1F
0.08F
0.06F
*
= *
5 o
£ o004 %
£ 2 =
= .
0.02F "
*
*
*
OF *
-0.02F Frame Base of Thumb
Frame Base of Index Finger:
~00 " " " " " " " " "
-0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16

X, (meter)

Fig. 5. The Movable Range of the Fingertips of Thumb and Index Finger
and Square Object

Next, we present simulations with a PID controller and
hybrid adaptive controller for the two-link thumb and three-
link index finger of a smart prosthetic hand. To demonstrate
the accuracy of the proposed hybrid adaptive controller, we
present two desired paths. The desired path 1 for two-link
thumb is cubic polynomial function. The desired path 2 for
three-link index finger is

Q@ = | gsm(%) gsm(%ﬂ) 0.7A% sin(Z%)]/. (18)
The various parameters [18] relating to desired trajectory
and the two-link thumb/three-link index finger selected for
the simulations are given as: A% = A} =0.1; T = 2 (path 2);
initial position (X¢, Y'*) = (0.035, 0.060) and final position
(X%, Y = (0.0495, 0.060) (m); initial and final velocities
are zero (path 1); the lengths of the links 1, 2 and 3 are
0.040, 0.040, and 0.030 (m); simulation time for paths 1, 2
and 3 is 10, 10 and 20 seconds, respectively. PID diagonal
coefficients, K, K; and Kq, are 100. As for hybrid adaptive
diagonal coefficients, Kp, A, and I" are chosen as 100.
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Figures 6 and 7 show that our previous work [6], [7]
with PID controller and the presented hybrid adaptive control
method for two-link thumb and three-link index finger.
It is clearly seen that the results using proposed hybrid
adaptive control method can overcome the overshooting and
oscillation problems even if the prosthetic hand is under
disturbances.
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Fig. 6. Tracking Error (left) and Joint Angle (right) for PID and Hybrid
Adaptive Controllers of Thumb for Path 2
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Fig. 7. Tracking Error (left) and Joint Angle (right) for PID and Hybrid
Adaptive Controllers of Index Finger for Path 3

V. CONCLUSIONS AND FUTURE WORK

This paper focussed on hybrid of soft computing technique
of adaptive neuro-fuzzy inference system (ANFIS) and hard
control technique of adaptive control for a two-dimensional
movement with thumb and index prosthetic hand. In par-
ticular, ANFIS was used for inverse kinematics, and the
dynamics of the hand is derived using regression matrix. An
adaptive control strategy was applied to the prosthetic hand to
reduce the effect of disturbances and unknown parameters,
including masses and inertia. The resulting overall hybrid
system incorporating both soft and hard control techniques
is simulated with practical data for the hand. The simu-
lations using this hybrid controller, when compared with
the proportional-integral-derivative (PID) controller showed
enhanced performance. Work is underway to extend this
methodology to a five-fingered, three-dimensional prosthetic
hand based on the works [19], [20].
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