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Abstract: The motion control problem for the finger of a humanoid robot hand is investigated. First, the index

finger of the human hand is dynamically modelled as a kinematic chain of cylindrical links. During construction

of the model, special attention is given to determining bone dimensions and masses that are similar to the real

human hand. After the kinematic and dynamic analysis of the model, in order to ensure that the finger model

tracks its desired trajectory during a closing motion, a fuzzy sliding mode controller is applied to the finger

model. In this controller, a fuzzy logic algorithm is used in order to tune the control gain of the sliding mode

controller; thus, an adaptive controller is obtained. Finally, numerical results, which include a performance

comparison of the proposed fuzzy sliding mode controller and a conventional sliding mode controller, are

presented. The results demonstrate that the proposed control method can be used to perform the desired motion

task for humanoid robot hands efficiently.
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1. Introduction

Dextrous humanoid robot hands have been

developed in the last few decades, e.g. the

Belgrade=USC Hand, the Stanford=JPL Hand,

the Utah=MIT Dextrous Hand and the DLR

Hand etc. (Jacobsen et al., 1986; Hirzinger et al.,

2000; Banks, 2001). The need for improving the

dextrous robot hands and end-effectors arises

from the desire to adapt the motion mechanisms

of the human hand to robotic and prosthetic

hand designs in order to mimic natural move-

ments and handle objects of different sizes and

shapes like human hands (Li et al., 2000; Pollard

& Gilbert, 2002). Therefore, to design robot

hands that have human-like qualities, the hu-

man hand should be investigated from the view-

point of biomechanics.

The human hand is a very articulated struc-

ture and it can be considered as a linkage system

of intercalated bony segments. Many biomecha-

nical models of the human hand have been

developed (Armstrong & Chaffin, 1978; An

et al., 1979; Buchholz & Armstrong, 1992; Mill-

er et al., 2005). Anthropometric data and limita-

tions of motion capabilities of the human hand

can be derived from these studies. Furthermore,

many investigators have suggested various bio-

mechanical models for the human hand fingers

and they have carried out studies to determine

the kinematic and dynamic behaviours of the

fingers (Youm et al., 1978; Buchner et al., 1988;

Brook et al., 1995; Biggs & Horch, 1999; Vig-

ouroux et al., 2006). Additionally, the funda-

mental neuro-musculo-skeletal components of

fingers and their interactions have also been

investigated to analyse the biomechanical func-

tion and neuromuscular control of the fingers

(Valero-Cuevas, 2005). Excluding the thumb,

the kinematic structures of the finger bones are
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similar to each other. Therefore, motion analy-

sis of only one finger provides a general evalua-

tion of the whole human hand behaviour.

Proportional-integral-derivative (PID) con-

trollers are widely used in industrial applica-

tions. On the other hand, this type of control is

not efficient when there are parameter varia-

tions and external disturbances. Therefore fuzzy

PID control was introduced to deal with para-

meter variations. Kazemian (2005) presented a

novel self-organizing fuzzy PID controller in

which the PID gains are tuned at a supervisory

level using fuzzy logic. His paper concludes that

the fuzzy PID controller produces a better out-

put response than the classical PID controller.

Sliding mode control, as a robust and special

class of variable structure, is preferred in ro-

botics and in a variety of applications because of

its invariance properties. This control method

became widespread after a paper by Utkin

(1977). The basic idea of the method is to drive

the system states to the so-called sliding surface

and then keep the system within a neighbour-

hood of this surface. Slotine and Sastry (1983)

developed a sliding mode controller for control

of time-varying non-linear systems and applied

this controller to a two-link manipulator, for

handling variable loads in a flexible manufactur-

ing system environment. Gao and Hung (1993)

presented a new approach, called the reaching

law method, for the design of a variable struc-

ture controller for non-linear systems. The ap-

proach was applied to a two-link robot arm

to demonstrate its effectiveness. Cavallo and

Natale (2004) proposed a control strategy based

on a second-order sliding manifold multiple-

input multiple-output approach, which is used

to design a robust multivariable linear control-

ler. A manipulator with 6 degrees of freedom

(df) was used as a test bed for experiments.

Herman (2005) presented a sliding mode con-

troller for a rigid manipulator in terms of the

generalized velocity components vector, and

tested this control method on a 3 df robot.

In recent years, great effort has been made

in order to improve the transient performance

of the sliding mode controller. Much work has

focused on the time-varying sliding surface

design, where the surface can rotate or shift in a

prescribed manner (Choi et al., 1993; Bartosze-

wicz, 1995; Tokat, 2006). A fuzzy tuning scheme

for the sliding surface rotation has also been

presented (Ha et al., 1999). In addition to these

studies, fuzzy logic algorithms for tuning the

control gain of the sliding mode controller were

presented (Guo&Woo, 2003; Lin &Mon, 2003),

since the control gain has a direct effect on the

reaching phase. Therefore a fuzzy logic algo-

rithm for adaptation of the control gain of the

sliding mode controller is presented in this study.

The main objective of this study is to analyse

the kinematics, dynamics and control of the

closing motion of the finger of a humanoid

robot hand. The remainder of the paper is

organized as follows. After a brief introduction

to the anatomy of the human hand in Section 2,

a dynamic model of the finger, which is based on

an approximate model of human hand anato-

my, is presented in Section 3. During the con-

struction of the model, care was taken to ensure

that the bone dimensions and masses are similar

to a real human hand. Then, the robust fuzzy

sliding mode control method is presented and

applied to this finger model to track the trajec-

tory, which is determined by using camera

images of a real human hand. Finally, numerical

results for the finger of a humanoid robot hand

during the closing motion are presented in the

last section.

2. Human hand anatomy

The human hand has an articulated structure

having high functionality which is based on its

multiple degrees of freedom. The human hand

has 23 df provided by 17 joints (LaViola, 1999).

If spatial motion is taken into consideration, the

degrees of freedom increase to 29 because of

orientation and position variation of the hand.

In Figure 1, the skeletal structure of the hand

which demonstrates the degrees of freedom of

the joints is depicted.

The finger skeleton consists of bone segments

called phalanges. The nearest phalange to the

palm is called the proximal phalange and the
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one at the end of each finger is called the distal

phalange. The distal interphalangeal (DIP) and

proximal interphalangeal (PIP) joints have 1 df

owing to rotational motion and the metacarpo-

phalangeal (MCP) joint has 2 df owing to

adduction=abduction and rotational motions.

The index, middle, ring and little fingers of the

hand have similar structure in terms of kine-

matic and dynamic features. The thumb has the

most complex physical structure amongst the

fingers and requires an extra effort during mod-

elling because the metacarpal segment of the

thumb is a part of both thumb and palm (de

Campos, 2006). The index finger has the greatest

range of motion amongst the fingers such that,

for the extension=flexion movement, the max-

imum dynamic range is 801 at the DIP joint,

1101 at the PIP joint and 901 at the MCP joint.

Furthermore, the abduction=adduction angle at

the MCP joint has been measured as 201 for the

index finger (Bundhoo & Park, 2005).

3. Model of the finger

The finger model of the humanoid robot hand

used in this study is considered as a kinematic

chain having three degrees of freedom. It con-

sists of three cylindrical links, which represent

the proximal, middle and distal phalanges of the

index finger. Also there are point masses repre-

senting the extra weight at articulations at each

joint of the finger. The physical model of the

finger is given in Figure 2.

Mi, Li and Ii (i¼ 1, 2, 3) are the mass, link

length and mass moment of inertia of the

related links. a, b and c are the distances of the

mass centre of the first, second and third link,

DIP joints (1 df) 

PIP joints (1 df) 

MCP joints (2 df) 

Distal phalange 

Middle phalange 

Proximal phalange 

IP joint (thumb)
(1 df) 

MCP joint of
thumb (1 df)  

Carpometacarpal joint
of thumb (3 df) 

Figure 1: Skeletal structure of the human hand (Gray, 1858).
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Figure 2: Finger model of the humanoid robot

hand.
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respectively. mi represents the mass of the joints

and yi is the joint angle of the related link. Also,

there is viscous friction at each revolute joint

denoted by bi. ui stands for the control torque

acting on the related joint. The link lengths used

in this model were determined using camera

images of a human hand index finger during its

closing motion. Additionally, the diameters of

links and joints are based on an x-ray image of a

real human hand. Mass values of the links and

joints were determined by using a bone density

of 1.9 g=cm3 (Weghe et al., 2004). The para-

meters for the finger model are tabulated in

Table 1.

Equations of motion for the finger model are

obtained by using Lagrange equations and are

given in state space form as

MðyÞ½ �€yþ Cðy; _yÞ þ GðyÞ¼ u ð1Þ

Here, [M(y)] is an n � n mass matrix of the

finger, Cðy; _yÞ is an n � 1 vector and includes

the coriolis and centrifugal terms, G(y) is an

n � 1 vector of the gravity terms and u is an

n � 1 generalized torque vector. For brevity, de-

tails of the terms in equation (1) are given in the

Appendix. For checking the robust behaviour of

the controller, a resistive torque is used at the

PIP joint as an unexpected joint friction fault.

4. Controller design

After introducing the sliding mode control in

Section 4.1, the proposed fuzzy sliding mode

controller for the finger of the humanoid robot

hand is presented in Section 4.2.

4.1. Sliding mode control

In sliding mode controlled systems, the control

action is deliberately changed during the control

process according to certain predefined rules,

which depend on the error states of the system.

Then, the system moves on stable and unstable

trajectories and finally reaches the sliding sur-

face where the error states go to zero by sliding

on this surface.

The state space form of a non-linear dynamic

system, as in equation (1), can be written as

_x¼ f xð Þ þ B½ �u ð2Þ

Here x is a an n � 1 vector of states, u is an n � 1

control input vector, f (x) is an n � 1 vector and

includes the non-linear part of the equations and

[B ] is an n � n control input matrix. For a

control system, the sliding surface can be se-

lected as

r¼ G½ �e ð3Þ

Here e¼xr –x is the difference between the

reference value and the system response. [G]

includes the sliding surface slopes. Then

si ¼ aiei þ _ei ð4Þ

ai represents the negative value of each related

sliding surface slope. For stability, the following

Lyapunov function candidate, which is pro-

posed for a non-chattering action, has to be

positive definite and its derivative has to be

negative semi-definite.

Table 1: The numerical parameters for the finger model

Parameter Numerical value Unit Parameter Numerical value Unit

m1 0.0027 [kg] I2 3.3003 � 10�8 [kg]
m2 0.0013 [kg] I3 1.0181 � 10�8 [kg]
m3 0.0005 [kg] L1 0.037 [kgm2]
b1¼ b2¼ b3 0.0001 [N m s] L2 0.019 [kgm2]
M1 0.0027 [kg] L3 0.017 [kgm2]
M2 0.0010 [kg] a 0.0185 [m]
M3 0.0004 [kg] b 0.0095 [m]
I1 3.1693 � 10�7 [kg] c 0.0085 [m]
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vðrÞ¼ rTr

2
> 0 ð5Þ

dvðrÞ
dt
¼ _rTr

2
þ rT _r

2
r0 ð6Þ

If the limit condition is applied to equation (6),

the controller force for the limit case is obtained

from equations (2) and (3).

ueq¼ GB½ ��1 dUðtÞ
dt
� G½ � f ðxÞ

� �
ð7Þ

Here U(t)¼ [G]xr. Equivalent control is valid

only on the sliding surface. So an additional

term should be defined to pull the system to the

surface. For this purpose the derivative of the

Lyapunov function can be selected as follows.

_v¼ � rT G½ �r < 0 ð8Þ

By equating equations (6) and (8) and carrying

out the necessary calculations, the total control

input is found as

u¼ ueq þ GB½ ��1 G½ �r ð9Þ

[GB]� 1 is always invertible and equal to the

mass matrix for mechanical systems. The con-

trol gain matrix [G] is a positive definite matrix

and its entries are decided by trial at the design

stage. However, if knowledge of f (x) and [B ]

is not well known, the calculated equivalent

control inputs will be completely different from

the needed equivalent control inputs. Thus, in

this study, it is assumed that the equivalent

control is the average of the total control.

For estimation of the equivalent control, an

averaging filter, here a low pass filter, can be

designed as follows.

ûeq¼
1

tsþ 1
u ð10Þ

Here, t is the time constant of the low pass filter.

Finally the non-chattering control input is de-

fined as

u¼ ûeq þ GB½ ��1 G½ �r ð11Þ

4.2. Fuzzy sliding mode control with adaptive

control gain

In this section a fuzzy logic approach for tuning

the control gain of the sliding mode controller is

presented. The proposed fuzzy logic scheme

changes the control gain of the sliding mode

controller dynamically using certain heuristic

decision rules; thus, an adaptive fuzzy sliding

mode controller is obtained.

In the proposed fuzzy logic scheme, the slid-

ing surface si and its derivative _si are used as

inputs and the output is the control gain Gi of

the sliding mode controller. Thus, a fuzzy logic

unit with two inputs and a single output is used.

For fuzzification of the input and output vari-

ables, Gaussian membership functions are used

as shown in Figure 3. In this figure, for input

membership functions the NB, NS, Z, PS and

PB stand for negative big, negative small, zero,

positive small and positive big, respectively.

Also, for output membership functions the VS,

S, M, B and VB stand for very small, small,

medium, big and very big, respectively. Input

membership functions are defined on the closed

interval [�1, 1] and output membership

functions are defined on the closed interval

, ii σσ–1 10

1

–0.5 

VS
1

S M B VB

iΓ(µ )

iΓ10.01 0.750.25 0.5

�

0.5 
(a) (b)

NB NS Z  PS PB

(σi,σi)
.

.

Figure 3: Membership functions for (a) the input variables and (b) the output variable.
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[0.01, 1], since control gain Gi is positive definite

as stated in the sliding mode control design.

Scaling factors are used in order to map crisp

variables into their fuzzy universe of discourse

and they are found at the design stage by trial.

First, the conventional sliding mode controlled

system is simulated, and the bounds of the input

variables of the fuzzy logic part of the proposed

controller and the bounds of the required output

variable for the system are determined. This

allows the scaling factors to be tuned by simu-

lating the fuzzy sliding mode controlled system

only a few more times before satisfactory results

are obtained. The membership function M for

the control gain Gi is defined in the vicinity of

the gain of the conventional sliding mode con-

troller. This allows smaller or larger values for

the control gain Gi to be obtained whenever

necessary.

In order to construct the fuzzy rule base,

certain cases are investigated and a few sample

rules are discussed below.

If (si: PB) and if ( _si: Z) then (Gi: VB) (case 1)

If (si: PS) and if ( _si: NB) then (Gi: S) (case 2)

If (si: Z) and if ( _si: PB) then (Gi: VS) (case 3)

If (si: Z) and if ( _si: Z) then (Gi: M) (case 4)

Suppose that the system is far from the sliding

surface and reaching velocity to the surface is

approximately zero, i.e. si is PB and _si is Z.

Then, the control gain is selected to be VB in

order to bring the system states to the sliding

surface rapidly (case 1, Figure 4). In case 2, si is

PS and _si is NB, i.e. the system is not far from

the sliding surface and it is approaching the

surface; thus small control gain is enough and

Gi is selected to be S. In case 3, the system is on

the sliding surface but it tends to leave the

surface due to the non-zero sliding function

derivative; thus Gi is selected to be VS in order

to avoid overshoot. In case 4, both si and _si are
zero, i.e. the system is on the sliding surface and

it cannot leave the surface since the derivative of

the sliding surface is zero. Thus, Gi is selected to

be M as it is for the conventional sliding mode

controller. By using similar reasoning the rule

base for the fuzzy logic sliding mode controller

(t)σ

t

case 2

case 1 

case 4

case 3

Figure 4: Graphical representation for the sam-

ple rules.

Table 2: Decision rules for the control gain

si _si

NB NS Z PS PB

NB M B VB B M
NS S M B M S
Z VS S M S VS
PS S M B M S
PB M B VB B M

Table 3: The numerical parameters of the con-

troller

SFs1 ¼ 1 SFG1
¼ 800

SFs2 ¼ 0:588 SFG2
¼ 1400

SFs3 ¼ 0:588 SFG3
¼ 1800

SF _s1 ¼ 0:0025 ai¼ 1
SF _s2 ¼ 0:00025 ti¼ 0.002
SF _s3 ¼ 0:0004

i¼ 1, 2, 3.

�i

iσ iσ.

Figure 5: Fuzzy rule surface.

296 Expert Systems, July 2009, Vol. 26, No. 3 c� 2009 The Authors. Journal Compilation c� 2009 Blackwell Publishing Ltd



with adaptive control gain is constructed; it is

given in Table 2.

Numerical parameters for the proposed fuzzy

sliding mode controller are given in Table 3. SFsi
and SF _si are the input scaling factors and SFGi

is

the output scaling factor of the fuzzy logic unit.

Figure 5 depicts the rule surface for the fuzzy

adaptation part of the proposed fuzzy sliding

mode controller. The block diagram, illustrating

the system and controller structure, is presented

in Figure 6.

5. Trajectory planning and numerical results

Since the humanoid robot finger is expected to

simulate the natural movement of the human

Finger
Model 

Fuzzy
Logic 

SF

σSFσ

σ

uSliding Mode
Control  

Γ

Γ

SF

Control Gain
Adaptation 

rθ

θ

e

+

–    

θ

Trajectory
Planning 

σ
. .

Figure 6: The system and controller structure.
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Figure 7: (a), (b), (c) Experimental data of joint angles and their polynomial approximations;

(d) trajectory of the robot finger for closing motion.
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finger, trajectory planning plays an important

role in design. In this study, the flexion move-

ment of the index finger of the human hand is

investigated. For this purpose, while the index

finger was closing down, the movement of the

finger was recorded using a digital camera. The

recorded video was split into frames with 0.08 s

time intervals. Then, these frames were trans-

ferred into a computer-aided design program

where the joint angles were measured with the

aid of marks previously placed on the finger

joints.

In order to have continuous reference paths

for the joint angles, sixth-order polynomials

were fitted to the experimental data. The data

and their polynomial approximations are given

in Figures 7(a), 7(b) and 7(c). By using the

polynomials as reference, the motion of the end

of the distal link is obtained as shown in Figure

7(d). It is seen from this figure that the trajectory

obtained is a natural one. Thus, the polynomials

will be used as reference for the fuzzy sliding

mode controller through the numerical analysis

of the finger model.
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Figure 8: Applied resistive torque to the PIP

joint.
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Figure 9: (a) Reference and actual values for joint angles; (b) tracking errors for the links.
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It should be noted that during simulations an

unexpected joint friction fault occurs after 0.3 s,

which tests the robust behaviour of the control-

ler. This resistive friction is shown in Figure 8.

Figure 9 gives the reference and actual joint

angles and the tracking errors for the related

links. It is seen from this figure that tracking

errors for the related links are acceptably small

and each link of the finger tracks the specified

trajectory successfully in spite of the unexpected

joint friction fault. This indicates the efficiency

and robust behaviour of the proposed fuzzy

sliding mode controller.

The control torque input for each link is given

in Figure 10. They are the output signals of the

controller, and are used to manipulate the finger.

The maximum joint torque is obtained for the

MCP joint and the minimum torque is obtained

for the DIP joint, which are also as expected.

Figure 11 presents a comparison of the related

joint angle errors for the conventional sliding

mode controller and the proposed fuzzy sliding

mode controller. The parameters of the conven-

tional sliding mode controller are determined as

ai¼ 1, ti¼ 0.002, G1¼ 200, G2¼ 400, G3¼ 600.

It is observed from this figure that the magni-

tudes of the related joint angle errors are smaller

for the proposed fuzzy sliding mode controller

than for the conventional sliding mode control-

ler. Additionally, it is seen that the proposed

fuzzy sliding mode controller recovers faster

than its conventional counterpart when an un-

expected joint friction fault occurs on the PIP

joint after 0.3 s.

In order to verify the performance of the

proposed controller, two different performance

indices are calculated and presented in Table 4,

for both the conventional sliding mode control-
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Figure 10: Control torque inputs produced by the fuzzy sliding mode controller.
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ler and the proposed fuzzy sliding mode con-

troller. The first is the integral of the absolute

error (IAE) criterion which penalizes the errors

with different signs equally, and the second is

the integral of the time multiplied absolute error

(ITAE) criterion which penalizes the errors late

in time heavily. When the results are investi-

gated it is verified that the proposed fuzzy

sliding mode controller outperforms the con-

ventional sliding mode controller since all per-

formance indices for the related joints are

smaller for the proposed controller.

6. Conclusion

In this paper, the motion control problem of a

humanoid robot hand finger model was investi-

gated. The model design was based on the
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Figure 11: Comparison of the related joint angle errors for a conventional sliding mode controller

(SMC) and the proposed fuzzy sliding mode controller (FSMC).

Table 4: Performance indices for the designed controllers

MCP joint PIP joint DIP joint

IAE
ðey1Þ � 10�2

ITAE
ðey1Þ � 10�2

IAE
ðey2Þ � 10�2

ITAE
ðey2Þ � 10�2

IAE
ðey3Þ � 10�2

ITAE
ðey3Þ � 10�2

SMC 0.46 0.36 2.60 1.89 2.52 2.07
FSMC 0.20 0.16 2.17 1.53 0.68 0.51

SMC, sliding mode controller; FSMC, fuzzy sliding mode controller.

i¼ 1, 2, 3.
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biomechanical features of the human hand in-

dex finger. The trajectory of the end point of the

finger was determined using camera images

during the closing motion of the index finger,

and joint angles were obtained with the aid of a

computer-aided design program. The equations

of motion were acquired by dynamic analysis of

the finger model. Then, a robust sliding mode

controller improved by a fuzzy logic unit was

presented and applied to the system. From the

numerical results it is concluded that by using

the proposed fuzzy sliding mode controller an

efficient tracking performance was obtained

despite an unexpected friction fault. Also it

was verified that the performance of the pro-

posed fuzzy sliding mode controller is superior

to the conventional sliding mode controller

since the IAE and ITAE performance index

values were reduced. Consequently, the results

have shown that the proposed fuzzy sliding

mode control technique is preferable for use

in humanoid robot hand design in order to

improve the life quality of people with ampu-

tations.

Appendix

The mass matrix, coriolis–centrifugal vector and gravity vector of the motion equations are as

follows:

½MðyÞ� ¼
A1 þ A2 þ A3 þ 2L1A4c2 þ 2cM3 L1c23 þ L2c3ð Þ A2 þ A3 þ L1A4c2 þ cM3 L1c23 þ 2L2c3ð Þ A3 þ cM3 L1c23 þ L2c3ð Þ

A2 þ A3 þ L1A4c2 þ cM3 L1c23 þ 2L2c3ð Þ A2 þ A3 þ 2cM3L2c3 A3 þ cM3L2c3
A3 þ cM3 L1c23 þ L2c3ð Þ A3 þ cM3L2c3 A3

2
4

3
5

Cðy; _yÞ¼

b1 _y1 � L1 A4s2 þ cM3s23ð Þ 2 _y1 _y2 þ _y22
� �

� cM3 L1s23 þ L2s3ð Þ 2 _y1 _y3 þ 2 _y2 _y3 þ _y23
� �

b2 _y2 þ msignð _y2Þ þ L1 A4s2 þ cM3s23ð Þ _y21 � cM3L2s3 2 _y1 _y3 þ 2 _y2 _y3 þ _y23
� �

b3 _y3 þ cM3 L1s23 þ L2s3ð Þ _y21 þ L2s3 2 _y1 _y2 þ _y22
� �� �

2
6664

3
7775

GðyÞ¼
g A5c1 þ A6c12 þ cM3c123ð Þ

g A6c12 þ cM3c123ð Þ
gcM3c123

2
4

3
5

where

A1¼M1a
2 þ I1 þ ðM2 þM3 þm2 þm3ÞL2

1

A2¼M2b
2 þ I2 þ ðM3 þm3ÞL2

2

A3¼M3c
2 þ I3

A4¼M2bþ ðM3 þm3ÞL2

A5¼M1aþ ðM2 þM3 þm2 þm3ÞL1

A6¼M2bþ ðM3 þm3ÞL2

In the expressions above, the abbreviations c1¼ cos y1, s2¼ sin y2, c123¼ cos(y1þ y2þ y3) and

s23¼ sin(y2þ y3) are used.
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