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Abstract: Based on flexible pneumatic actuator (FPA), bending joint and side-sway joint, a new kind of pneumatic dexterous robot
finger was developed. The finger is equipped with one five-component force sensor and four contactless magnetic rotary encoders.
Mechanical parts and FPAs are integrated, which reduces the overall size of the finger. Driven by FPA directly, the joint output torque
is more accurate and the friction and vibration can be effectively reduced. An improved adaptive genetic algorithm (IAGA) was
adopted to solve the inverse kinematics problem of the redundant finger. The statics of the finger was analyzed and the relation
between fingertip force and joint torque was built. Finally, the finger force/position control principle was introduced. Tracking
experiments of fingertip force/position were carried out. The experimental results show that the fingertip position tracking error is
within £1 mm and the fingertip force tracking error is within +0.4 N. It is also concluded from the theoretical and experimental
results that the finger can be controlled and it has a good application prospect.
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1 Introduction

As final executing manipulators for robot to interact
with environment, the robot hand (always called robot
end-effector) plays an important role to improve the
dexterity and intelligent level [1]. Earlier conventional
industrial robot end-effectors had simple structure and
were limited to one degree of freedom (DOF), which
restricted the development and application of robots [2].
So, the robot multi-fingered dexterous hand with
multiple joints and multiple degrees of freedom has been
pursued by many researchers. From 1970s, different
kinds of multi-fingered dexterous hands have been
developed. The representative multi-fingered hands are
as follows [3—6]: Okada hand developed by Japanese
Electronic Technology Lab in 1974, the Stanford/JPL
hand developed by Stanford University and the
Utah/MIT hand proposed by MIT and University of Utah
in 1980, the DLR hands developed by German
Aecrospace Center and the Robonaut hand developed by
United States National Aeronautics NASA in 1990, the
dexterous hand based on the pneumatic artificial muscles
developed by Shadow Robot Company in the early 21st
century. The Robot Research Institute of Beijing

University of Aeronautics and Astronautics has
developed BH dexterous hands. Harbin University of
Technology has developed the HIT hand.

Most of the robot multi-fingered hands mentioned
above are driven by electric motors, and few of them are
driven by pneumatic pistons or pneumatic muscle
actuators (PMAs). Multi-fingered hands driven by
motors can realize high position control precision. In
order to get greater fingertip force with a smaller overall
size, multi-fingered hands driven by motors mostly have
motors placed on the forearm or the wrist of the robot
and finger joints are driven by cable-conduit mechanism
[7]. This motor-cable driven scheme results in many
disadvantages, such as 1) the hand structure is complex
and the size is always large; 2) additional cable tension
sensing mechanism is required, and it is difficult to
realize real-time control and accurate control; 3) when
power is transmitted by cables, additional friction in the
servo loop is difficult to avoid, which makes the hand
have low efficiency. The structure of multi-fingered hand
driven by PMAs (Shadow hand) or pneumatic positions
(Utah/MIT hand) is simple, but they also have some
disadvantages as follows. 1) Actuators and robot hands
are separated, and joints are all cable driven. Friction,
relaxation and energy loss are difficult to avoid. 2) There
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is no unified mathematical model for PMAs, so the
fingertip output force and the joint position are difficult
to control. 3) Many PMAs or pneumatic positions make
the robot forearms much bigger.

In recent years, a robot hand project has also
worked on by Zhejiang University of Technology, China.
The aim of this project is to develop an integrated
multi-sensory pneumatic multi-fingered dexterous hand
named ZJUT hand based on flexible pneumatic actuator
(FPA) [8—10] which can make up for the deficiency of
existing robot hands. As shown in Fig.1, ZJUT hand has
five fingers with 20 DOFs in total, and its size is
approximately 1.5 times as large as human hand. Each
finger has four DOF and four joints. The characteristics
of this hand are as follows. 1) The mechanical parts and
FPAs of the joint are integrated. Driven by FPA directly,
no additional power transfer devices (such as cables,
gears and artificial tendons) are needed, thus the friction
is small and the vibration can be avoided. 2) Because the
joint torque is output directly, the fingertip output force
can be controlled easily. 3) FPA has greater specific
power. Except for above advantages, ZJUT hand also has
characteristics of simple structure, good adaptability,
great passive compliance and adequate grasp rigidity.

Finger

Fig.1 Three-dimensional model of ZJUT hand

Robot multi-fingered dexterous hand usually
consists of 3—5 fingers. Each finger can be seen as a
small articulated robot which can be independently
controlled. So, the kinematics, dynamics and trajectory
planning of the finger is the basis of study on the
multi-fingered hand. The aim of this work is to introduce
the finger of the ZJUT hand, to illustrate the unique
mechanism used to actuate each joint and the sensory
system, to analyze the kinematics and statics of the
finger and to experimentally test a prototype finger.

2 Structure of ZJUT hand’s finger

2.1 Overall description

The structure and the photo of the finger are shown
in Fig.2. The finger was designed based on the following
concepts: 1) Each finger is designed as a module; 2) The
overall appearance and performance of the finger should
resemble a human finger as closely as possible. The
finger with force/position sensors proposed has four
DOFs and four joints: two for the metacarpal phalangeal
(MCP) joint, one for the proximal interphalangeal (PIP)
joint, and one for the distal interphalangeal (DIP) joint.

(a)
Fig.2 Pneumatic dexterous finger of ZJUT hand: (a) Structure
of finger (1—Five-component force/torque sensor; 2, 3,
4—Bending joint I, II, IIT; 5—Side-sway joint; 6—Contactless
angle sensor); (b) Photo of finger

2.2 Drive system of finger

The drive system of the pneumatic finger consists of
three bending joints and one side-sway joint. As shown
in Fig.3, the bending joint consists of a FPA, a rotating

(b)

Fig.3 Bending joint based on FPA: (a) Structure of bending
joint (1—Connect part; 2, 8—Covers; 3—Connecting rod;
4—FPA; 5—Rotating shaft; 6—Rubber tube of FPA; 7—
Helical steel wire of FPA; 9—Pipe connector); (b) Photo of
bending joint
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shaft, two connecting rods, four connecting parts and a
pipe connector, and FPA is composed of a rubber tube,
two covers and a helical steel wire embedded in the wall
of the rubber. Each end of rubber tube is sealed by a
cover. Covers and connecting parts are fixedly linked,
and connecting rods and connecting parts are linked by
SCrews.

The working principle of the bending joint is as
follows. Compressed air fills into the FPA by the pipe
connector. Under the high pressure of compressed air
inside FPA, the rubber tube will expand. Because the
helical steel wire restrains its deformation in the radial
direction, FPA will stretch in the axial direction and then
promotes the connecting rod trough the connect part. The
connecting rod will rotate around the axis through the
centre of the shaft. When the FPA is deflated, it will
return to its original state, due to the elastoplasticity of
rubber tube. Then, the FPA will pull the connecting parts
until the joint returns to its original state. The air pressure
in the FPA is adjusted properly, and then the bending
angle can be controlled.

The relationship between bending angle and the air
pressure inside FPA was profoundly analyzed, the static
built, and the and dynamic
characteristics were experimentally tested [11]. The static
models about the angle and force of the bending joint are

model was static
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where #, is the shell thickness of rubber tube of FPA; 4 is
the bending angle of the joint; / is the original length of
rubber tube of FPA; E is the elastic modulus of the
rubber; r( is the mean radius of the rubber tube of FPA;
H is the distance between the center of the shaft and the
axis of the rubber tube; p is air pressure inside FPA; p.u,
is the atmospheric pressure; Ap is the pressure increment;
F and 7, are the output force and torque of the bending
joint under Ap, respectively.

The side-sway joint based on FPA has been
proposed. The structure and the photo of the side-sway
joint are shown in Fig.4. It is basically composed of two
FPAs, two T-type connecting rods, two pipe connectors
and a rotating shaft. Two FPAs distribute symmetrically.
The covers of the FPA and T-type connecting rods are
fixedly linked. As shown in Fig.5, one T-type connecting
rod has a circular hole on the bottom, and the other one
has two waist-shaped holes on the bottom. Through the
gain structure, an axial stretching revolute pair is formed

bo —
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(b)
Fig.4 Side-sway joint based on FPA: (a) Structure of side-sway

joint (1, 8—T-type connecting rods; 2, 7—Covers of FPA; 3—
Helical steel wire of FPA; 4—FPA’s rubber tube; 5—Rotating
shaft; 6—FPA; 9—Pipe connector of FPA); (b) Photo of side-
sway joint

A

Waist—shap

hole

Circular hole

Fig.5 Two kinds of T-type connecting rods

with two T-type connecting rods and a rotating shaft.

The working process of the side-sway joint is as
follows. Before the bending movement, the same
pressure compressed air fills into the two FPAs. So, they
will have same stretch length. Because of waist-shaped
holes of the connecting rod mentioned above, the
side-sway joint will stretch along the axial direction, but
never bend in other direction. Then, changing the
pressure of compressed air in the two FPAs, the two
FPAs will have different stretch lengths. If the stretch
length of left FPA is greater than that of the right one, the
joint will bend to the right side, and vice versa. When
deflating the two FPAs, the side-sway joint will return to
its original state due to the elastoplasticity of rubber tube.
The bending angle of the side-sway joint can be adjusted
by controlling the air pressure inside two FPAs.

The relationship between bending rotation angle
and air pressure inside two FPAs was also obtained and
experiments to test their static and dynamic
characteristics were carried out [12]. The static model of
the side-sway joint about force is similar to bending joint.
The static model of side-sway joint about angle is

2E
S fol 4)
2tang 2 2Ety = (py = Pam )0
2
( L _la)g _ 2Et,l 5)
2tan9 2 2EtO_(ps _patm)rO
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where p;and p, are the air pressures inside two FPAs,
respectively; a is the distance between the axis of the two
FPAs; L is the length of two FPAs that have
pre-elongation. The other notations have the same
meanings with the static models of bending joint.

Joints design is one of the key issues for developing
a robot hand. The spatial dimension and function of a
robot hand is directly determined by the structure and
dexterity of the joints. The characteristics of the joints
mentioned above can be summarized as follows.

1) These two joints are directly driven by FPA and
have advantages of good adaptability, simple structure
and little energy loss. The length of the lever arm vector
is constant, so the output torque can be controlled easily.

2) Because of compressibility of air and flexibility
of the rubber, the stiffness of FPA is low, thus the
flexibility of the rotary pair of the joints is better. Except
FPA, the other parts of the joints are rigid components
which can improve the rigidity of the joints. As a human
hand is not rigid, but allows for great flexibility in the
relaxed condition, and some flexibility in the tight
condition, the finger in this work provides adequate
compliance. These stiffness/compliance characteristics
make this joint simulate the human hand joints well.

2.3 Sensory system of finger

A robot multi-fingered hand should be equipped
with a set of good position and force sensors which
enable control schemes for a robot hand to grasp and
manipulate objects. The sensors should have small size
and reduce the impact on the hand as small as possible.

Each joint of the finger in this work is equipped
with a contactless magnetic rotary encoder AS5045
manufactured by Austriamicrosystems AG. Combining
integrated Hall elements, AS5045 can calculate accurate
angular measurement over a full turn of 360° with a
resolution of 0.087 9°. It has the benefits as Ref.[13]:
1) complete system-on-chip, 2) ideal for applications in
harsh environments due to contactless position sensing,
3) no calibration required, and 4) small Pb-free package:
SSOP 16 (5.3 mmx6.2 mm).

As shown in Fig.6, the angular position sensory
system developed in this work consists of an embedded
microprocessor based on DSP, a data line and a small
PCB board with an AS5045. AS5045 can be fixed on the
joint by the small PCB board. To measure the joint angle,
only a simple two-pole magnet fixed on the end of the
shaft of the joint, rotating over the center of the AS5045
is required, as shown in Fig.7. The angle sensor is
contactless with the joint, so it has no influence on the
joint.

Except for the angle of joints, when a robot hand
grasps or manipulates the objects, the force between

objects and fingertips should be obtained. According to
the joint angle/fingertip force information, we can
determine whether the hand grasp or manipulation is
stable. As shown in Fig.8, a miniaturized five-component
force/torque sensor with digital output is fixed to the
fingertip. The technical parameters of the force sensor
with a double metallic slice of E-Film structure are listed
in Table 1.

Data line

/
AS5045 on Embeded microprocessor
small PCB board based on DSP

Fig.6 Joint angle position sensory system

Local view of 4

Fig.7 Schematic diagram of joint angle measurement: 1—
Bending joint; 2—FPA; 3—Rotary shaft; 4—Two-pole magnet;
5—AS5045; 6—PCB board

i
ROt

Fig.8 Photo of five-component force/torque sensor
3 Kinematics of ZJUT hand’s finger

3.1 Direct kinematics of finger
The kinematics definition for one finger is shown in
Fig.9. The origin of the base frame is built on the rotary
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shaft of the side-sway joint. The D-H parameters of the
finger are listed in Table 2.

Table 1 Technical parameters of force sensor

Parameter

24 (diameter), 20 (height)

Technical index

External size/mm

Component 5 (Fy Fy, F2, My, M)
Meastrement ¢ —20 N<F<20 N,
easurement rage —20 N-cm<M<20 N-cm

Precision/% 1-3 (Full scale)
Repeatability error/% <2 (Full scale)
Sample time/ms 1
Overload capacity/% 200 (Full scale)
Supply voltage/V 5(DC)
Work temperature/°C 0-50
Relative work humidity/% <85
Output form CAN bus

Vo

Fig.9 Link model of finger

Table 2 D-H parameters of finger

Joint i Link length, a/mm  Range of joint angle, 6,/(°)
1 43 [-15, 15]
2 65 [0, 90]
3 59 [0, 90]
4 45 [0, 90]

According to Fig.9, the transformation matrix of the
finger can be obtained:

A} = A} Ay A3 4] =

CiCozs —C1Sa3s 81 €1(ayCh34 +a303 T a50, +ay)
$1C34  —8153s —C1 81(a4C34 +a5003 +ay0; +ay)
S234 €34 0 AySy34 T A383 + A8,

o 0 0 1 |

(6)
For convenience, we define : c~cos@; s=sinf; c;~
cos(0:+0)); s;7=sin(0:+0)); c;p=cos(0+0:+0y); su=sin(0+0+

0/()9 i:j’ kzla 25 3, 4
From Eq.(6), the coordinates of fingertip relative to
the base frame are

x =¢1(agCp34 +asCy3 + a0y + ap) @)
Y =51(a4C034 + a3¢33 + ay0; + ap) (3
Z=a45934 T 3523 T a8, ©)

According to the above analysis, the direct
kinematics of the finger is easy and intuitive, and has a
unique solution.

3.2 Workspace of finger

Workspace is the volume of space that the fingertip
can reach under the actuators and structure limitation of
finger. Substituting the data in Table 2 into the direct
kinematics equations and using the simulation software
MATLAB, the finger 3D workspace and its project view
in 2D coordinate plane relative to the base frame can be
obtained, as shown in Fig.10. Through analyzing the
workspace, the structure parameters of the finger can be
further optimized.

3.3 Inverse kinematics of finger

Motion planning and control of a robot finger is
often a process of solving the inverse kinematics. The
problem of solving the inverse kinematics is a nonlinear
one that involves the existence of solutions, the
uniqueness of solutions, the optimality of solutions and
so on. The problem whether solutions exist or not
entirely raises the question of the workspace of finger
[14].

Given the coordinate value (pr, Pr,» Pr, ) of
fingertip relative to the base frame, substituting Eq.(7)
into Eq.(8), the bending angle 0, of side-sway joint can
be obtained with an unique solution in the range of [-15°,
15°] :

p
0, = arctan—> (10)
Pr,

x

Four joints of the finger in this work are not
mechanically coupled each other. Using algebra theory, it
can be seen that except 6, has a unique solution, the other
three joint angles have no unique solutions, thus there
exits a redundant problem. At present, four methods are
always applied to solve the inverse kinematics problem
of the redundant robot finger. They are geometric method,
algebraic method, numerical iteration method and
artificial intelligent method [15]. Geometric method
suffers from a lack of generality; algebraic method is
only suitable for the robot finger with a few joints;
Numerical iteration method can get one solution derived
from a variety of iterative solutions, but it is difficult to
guarantee the correctness of solutions; artificial intelligent
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Fig.10 Simulation of finger workspace: (a) Projection view in xqyo-plane; (b) Projection view in xyzo-plane; (c) Projection view in

yozo-plane; (d) 3D workspace in xqyzo-space

method with its own unique advantages becomes the
research trend [16—18].

An improved adaptive genetic algorithm (IAGA) is
applied to solve the inverse kinematics problem of the
finger in this work. IAGA uses binary coding, survival of
the fittest individuals
dynamically and introduces a self-adaptive genetic

selecting mode, adds new
operator based on population concentration-dispersion. It
can avoid the population premature convergence,
improve the speed of convergence and obtain a global
solution effectively. To implement the IAGA, there are
some key issues as follows.

1) Fitness function

Fitness function is an interface between GA and the
optimization problem. Through the fitness function, the
fitness value of each individual (solution) will be
calculated. According to the fitness value, we can judge
whether the individual is good or bad. The smaller the
fitness value of the individual, the closer to the
calculation the optimal

solution, and vice versa.

Combining with analysis on the direct kinematics, the

fitness function is built:
f()= |Cl (ageazq +ascoy +axes +ay) = pr, |+
|s1 (a4Cq34 +ascys +arc, + al)—pTy|+

(11)

|a4s234 T a3y aAySy PTZ|

where @=(6,, 6,, 03, 0,).

2) Constraints

According to the structure and performance of the
joints, the corresponding constraints suitable for this
finger are built:

Pr, o 1ce
6, =arctan——, 0, €[-15",157]
pr, (12)

0°<0,<90°, j=2,3,4

3) Self-adaptive genetic operator

To avoid the divergence or getting a local minimum,
it is necessary to adjust the crossover probability P, and
mutation probability P,, adaptively when the IAGA is
running. A self-adaptive genetic operator based on
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population concentration-dispersion is adopted in this
work. Self-adaptive crossover probability P, and
mutation probability P, proposed are

Pc=
p R _p, i ’ 2
P max _M(f _fmin) >
(fmax _f‘min)
afmax 2favg ’ (13)
Pemin (P — Do )M
¢,min ¢,max ¢,min f 5
f +fmax_2fmin
afmax <favg
Pm =
Smax —
pm,min + (pm,max - pm,min )f"l‘f:z——zfmin’
Y max 2 avg (14)
Pm, ~ Pm,mi . )
Qfmax < favg

where f.x 1s the maximum population fitness value; fiin
is the minimum population fitness value; f,, is the
average population fitness value; 1" is the larger fitness
value of two cross individuals; f'is the fitness value of the
mutation individual; Py and Pe i, are the maximum
and minimum crossover probabilities, respectively;
Prmax and Ppmin are the maximum and minimum
mutation probabilities, respectively; a is the population
concentration-dispersion factor (0.5<a<1).

From Eq.(13) and Eq.(14), Fig.11 can be obtained.
As shown in Fig.11, no matter what state of the
population, P, and P,, decrease with the increase of the
fitness value. The individuals with greater fitness value
have smaller P, and P,, thus the excellent individuals
will be protected and not be destroyed, and vice versa.
When the population concentrates, crossover operation
cannot change the state of the population. To improve the
population diversity and avoid premature, P, should be
increased and P, should be decreased. When the
population disperses, P, should be increased, P, should
be decreased and the excellent individuals are ensured
not to be damaged.

Under MATLAB and Sheffield GA toolbox
environment, IAGA is applied to carry out the simulation
experiments for analyzing the inverse kinematics of the
finger. The simulation parameters are listed in Table 3.
Given the coordinate values of the fingertip (120, 20, 75),
when the fitness value is less than 107, the simulation
results can be obtained, as shown in Fig.12. It can be
seen that IAGA stops running in the 147th generation.
Then, the best fitness value of 4.551 1x 10 ® and a set of
optimal solutions will be obtained. It is concluded from

(a)
comax "~ Population dispersion
Population
concentration
PC.I]Ii[I
fl-'nin
(b)
P{:,rli'.lx
Population concentration
Population
i dispersion
7
P, €.min

S min

Fig.11 Distributions of P, and P,,: (a) Crossover probability P.;
(b) Mutation probability Py,

Table 3 Simulation parameters of [AGA

Population Variables Generation gap, P
size, N number, N, Gap o max
50 4 0.8 0.9
P, ¢,min P m,max P, m,min a
0.1 0.15 0.001 0.85
100
75
L
=
g Average fitness value of
v 50+ each generation
£
=
i \ Best fitness value of
PRI each generation

07 25750 75 100 125 150
Generation, T
Fig.12 Simulation curves of inverse kinematics of finger
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the simulated results that the IAGA proposed in this
work can effectively solve the inverse kinematics
problem of the redundant finger.

4 Statics of ZJUT hand’s finger

4.1 Mapping fingertip force to equivalent joint
torques
According to the robotics, there is

r=J"OF (15)

where =[r; 7, 7, 7]", is a 4x1 vector of joint torques.
OF=[%: Ofy % Om, Omy om.], is a 6x1 force-
moment vector acting at the fingertip, and °F is the
general force with respect to the base frame. J' is the
Jacobian transpose with respect to base frame.

In this work, the Jacobian J of the finger with

respect to the base frame is

J:
T
-5 P oP 0 0 0 1
-0 =510 aqCypytazeptaxe, s —¢ 0
-cR -5R A4Co34 +A3Cx3 s, —¢ 0
T 148234 T 81045234 A4Co34 s —¢ 0
(16)

For convenience, P=a4crqtascptarcyta;, O=
48234 asSy3tass,, and R=a4s234+a3s23 are deﬁned,

4.2 Transformations of fingertip force

The fingertip output force *F=[*f, 4fy *f Ym, 4my *m.]
relative to the fingertip frame (tool frame) is a 6x1
force-moment vector, as shown in Fig.9. Because the
joints of the finger can only realize bending movement
and not torsion movement, the sub-moment “m, at x,-axis
of *F is very small and can be neglected. Thus, a
five-component force/torque sensor is chosen. °F in
Eq.(15) is relative to the base frame, and *F is also the
fingertip force sensor output force with respect to the
fingertip frame. So, the fingertip force *F is mapped
from the fingertip frame to the base frame. From robotics
and Eq.(6), the mapping relationship between *F and °F

can be obtained:
e O my my m] -
I CIC2344fx ‘0132344](} +514fz
5102344fx — 515234 4fy ¢ 4fz
S234 4fx +Co3a 4fy (17)
M *f, +sN 4fy +¢10 S —¢i593 4my +51%m,

4 4 4 4 4
—oM “f =N T f, +507 [ =8i8y4 my—cpm

y z

4 4
—P f.+cy m,

5 Experimental system and results

5.1 Finger force/position control principle

There are always two kinds of schemes for
controlling robot fingers: joint space control schemes and
cartesian space schemes. Joint space control schemes
have characteristics of simple algorithm, low real-time
computation and high control precision. That is why
most robot multi-fingered dexterous hands adopt the
joint space control schemes at present.

A block diagram of the finger force/position closed
loop control system proposed in this work is shown in
Fig.13. The control principle is: Given the goal position
and orientation Pr of the fingertip in cartesian
coordinates, using the inverse kinematics, a set of joint
angles @r that correspond to the goal position and
orientation can be calculated. The joint controllers can
make use of the joints feedback from angle sensors to
keep the actual joint angles @ following the desired angle
Or. Then, the fingertip actual position and orientation Py
will be calculated by using the direct kinematics for
tracking the desired fingertip trajectory. When the joint
angles are certain, Eq.(15) can be used to compute the
joint torques zp that correspond to the given goal
fingertip output force Fr. Using the feedback form the
force sensor, this control system will output the actual
fingertip force F5 tracking the desired fingertip force.

5.2 Experiments of finger
Based on the above analysis, the finger experimental
platform is built, as shown in Fig.14. Industrial personal

controller

Side-sway joint

Direct | Pa

ﬂ-{lnverse kinematics}@T ) Bending joint I

controller

kinematics

Pneumatic

Fr Mapping from fingertip| 71 Bending joint 11 finger

+ force to joint torques controller

Fingertip force] £a

controller

Bending joint III sensor

Fig.13 Block diagram of finger force/position control system
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USB/CAN bus
tranformer

T

DSPic embedded

= Pneumatic circuit
— Electric circuit

Air System bus micro-processor
COMPressor ’_l_‘
u o A Joint Fingertip
Pressure = <= position force
reducing valve J
Oil pollution SMC electro- |,
separator pneumatic regulators

Fig.14 Schematic diagram of experimental system

computer (IPC) sends five-channel analog voltage
signals by D/A converters which can adjust output air
pressure of five electro-pneumatic regulators (SMC:
ITV0050-3BS) connected with FPAs of the joint. Under
the air pressure, the joints will have a bending angles
which are measured by the AS5045 and sent to IPC by
CAN bus. At the same time, the pressure inside FPAs
feeds back to the IPC via the pressure sensor in the
electro-pneumatic regulator. Then, the fingertip force is
measured by five-component force/torque sensor and
also sent to the IPC by CAN bus. Combining Delphi and
the MATLAB, the PC control and graphics display
software are developed.

Static force/position tracking experiments of the
finger are carried out. When the fingertip output force
F=0, and a desired fingertip position trajectory: z;=30-
sin[(7/40)x,]+100 is given, the tracking curve in xgzp-
plane (base frame) is shown in Fig.15.
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Fig.15 Fingertip position tracking curves

It can be observed from Fig.15 that the static
fingertip position tracking result is good and the tracking
error is within 1 mm. Because of the output force F=0,
fingertip position tracking accuracy depends mainly on
the joints control precision.

When the fingertip is fixed, a desired fingertip

output force trajectory is a triangular waveform which is
described as

-2 Ofxa_4<0f‘xso
=1, . (18)
207 116,-8<"f, <14

The tracking results are obtained, as shown in
Fig.16. It can be found from Fig.16 that there is an error
between the tracking curve and the desired curve, and the
error is within £0.4 N. The causes of this error are: 1)
The air cavity of the rubber tube of FPA is small, thus the
air pressure inside FPA is more sensitive to the electro-
pneumatic regulators, which can result in the oscillation
of fingertip output force; 2) The irregular deformation of
FPA is formed under the air pressure; 3) The fingertip
force sensor leads to noise.
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Fig.16 Fingertip output force tracking curves

6 Conclusions

1) Based on a new type of pneumatic actuator PFA,
a stiffness/compliance 4-DOF robot finger integrated
with position/force sensors was proposed. It can simulate
the human finger well. Each joint
independently. Driven by FPA directly, the unique
mechanism makes the finger have some characteristics,

can move

such as small friction, no vibration, simple structure,
good adaptability, great passive compliance, small
overall size and adequate grasp rigidity.

2) An improved adaptive genetic algorithm TAGA
was proposed. It can effectively solve the inverse
kinematics problem of the redundant finger.

3) Static force/position tracking experiments of the
finger were carried out. The results show that the finger
position tracking error is within +1 mm and the fingertip
output force tracking error is within +0.4 N. With
reference to the experimental results, it is concluded that
the pneumatic robot finger can be well controlled by the
closed loop control system based on the angle and force
Sensors.
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