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Abstract. Multi-freedom prosthetic hand is multivariable system which has many inputs and
outputs. The design of fuzzy logic controller is very complex because so many fuzzy control
systems have to be designed based on conventional idea. Thus, a multivariable fuzzy control is
proposed. An effective strategy isthat all variables share acommon membership function and arule
base. It reduces complexity of membership function and rule base. Finally, the proposed
multivariable Fuzzy logic controller is used to control a multi-freedom prosthetic hand. The control
performance shows that the multivariable is effective.

Introduction

Multi-freedom prosthetic hand is a multivariable system which has many inputs and outputs.
Among various control methods for multivariable systems, proportional integral derivative (PID)
controllers are ill popularly used in industry. Although there has many PID design methods,
tuning of its gains is always challenging for optimum operations. Generally speaking, PID
controller may not perform well because practical systems are often complex, nonlinear, high-order,
etc. Moreover, there is multivariable coupling and environmental disturbance. Because the PID
controller is simple, the overall control performance with respect to transient and steady state
operations is always poorer compared with other advanced techniques such as model predictive
control, dliding model control, fuzzy control, etc.. However, it has been found that
fuzzy-logic-based PID controllers have better capabilities of handling the aforesaid systems [1]-[2].

The difficulty in using fuzzy logic controller is to properly design membership function (MF)
and rule base. The most popular approach used before is to select them based on the expert’s
experience. A linguistic variable can mean different things to different people [3], resulting in
different interpretation for MFs and rules, and thus different control performance may be produced
[4]. Many researchers have made contributions to multivariable fuzzy controls. These fuzzy
controls can be classified as two methods, composition and decomposition of multivariable fuzzy
system [5-6]. Since the former is very comple, it is nor proper for industrial processes. Thus, many
investigations have been made with the aim of reducing this complexity by decomposing the fuzzy
control rule bases [5-6]. The idea of the decomposing fuzzy system is to decouple multivariable
fuzzy system into a set of lower dimensional systems. A classical application of multivariable fuzzy
systems is to design fuzzy PID controller, where three parameters of PID controller are tuned by
three fuzzy systems respectively. Although the decomposition of multivariable control rules
alleviates the complexity of the problem, the workload is still larger because so many fuzzy control
systems have to be designed. A feasible method is that all variables share a common membership
function and a rule base. Although a few researchers have used this common rule base to design
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fuzzy controller preliminarily [7-8], the theory is still lack.

Motivated by above discussions, a multivariable fuzzy control strategy is proposed for
multi-freedom prosthetic hands in this paper. A key strategy is that all variables share a common
membership function and a rule base. It reduces complexity of membership function and rule base.
Finally, the proposed multivariable Fuzzy logic controller is used to control a multi-freedom
prosthetic hand. The control performance shows that the multivariable is effective.

Problem Formulation
A five-finger robotic hand [9] can be described by the following dynamic model
I(X)&+C(x, %) +G(x) =1 (1)

where x=[x,L,x,]" is the state vector, t=[t,,Lt,]" is the input vector, 1(x) is the inertia
matrix, C(x,k) isthe Coriolisvector, G(x) isthe gravity or eastic vector.

If the system in (1) can be decentralized into N(N =M) single input and single output (SISO)

subsystems, the design of multivariable fuzzy controller isreduced as N fuzzy subsystem [5], as
shown in Fig. 1.
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Fig. 1. Multivariable systems by decentralized fuzzy control

The complexity is summarized as follows

(1) Generally, every variable needs to design a membership function. Thus, the design
complexity is increased as the number of variable is increasing.

(2) Rule base is very complex. The rule base design is also complex because each variable
needs arule base.

Thus, a multivariable fuzzy logic control is presented in the following of the paper.

Multivariable FLC
The multivariable FLC has the similar basic structure with atraditional one, as shown in Fig. 2,
where e=[g,L,e]" and é=[&,L.,&]" are two crisp input vectors, and u=[u,L,u]" is crisp
output vector. The input of the FLC % ischanged as
e=HOe, v=W(é (2

with
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where %=[%,L.%]" ad h@ (j=12L,n).

This multivariable FLC is also composed of fuzzifier, rules, inference, and defuzzifier. The
difference is that the proposed FL C can process multi-variables.

Multi-variable FLC
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Fig. 2. The structure of Multi-variable FLC

Fuzzfier
The fuzzifier maps crisp input vector ¢ vi R" into fuzzy set A =[A,A], where A and A
are fuzzy sets of input vector ¢ and v, respectively. The most widely used fuzzifier is the

singleton fuzzifier. Thus, the singleton fuzzifier is adopted. A is fuzzy singleton with support «¢
if m,(e)=[4,L,0] for e=¢¢ and p,(e)=[0,L,0,]" for ere¢. A is fuzzy singleton with

support v¢ if p, (v)=[14,L,1]" for v=v¢ and p, (v)=[0,L,0,]" for v v

Rules
In order to smplify rule base, a rule base is used. The difference between the proposed and
traditional rule base is that each fuzzy input is a vector in the former and a single variable in the
later. Thus, the rules have multi-variables property. The 1-thruleisgiven as
S:IFeisc'and v is D' , THEN u is G'. 3
This rule represents a fuzzy relation between the input space and the output space.

Inference Engine
In the inference engine, fuzzy logic principles are used to combine fuzzy IF-THEN rules from
the fuzzy rule base into a mapping from fuzzy input sets to fuzzy output sets. Based on the | -th
rule (14), amulti-variable fuzzy relation is given as follows
s: c'D'e®G 1=12L,M 4
where M denotes the number of rules.
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Fuzzy set A firingtherule S isdenoted by
A0S =[A,A]o(C'" D'® G') (5)

Eachrule R determinesafuzzy set B'=AoR suchthat
py (U)=p, o (U)
=sup, ;o {814 (@) 1y (D B () 1y (W g ()] (6)
=g (W) {8, ;o s (&) g @) &P, () iy (0

where p, (u) =[m, (w),L,m, (u,)]", and

iy (6 1y () =@, @) o) L py (@) no@)H

. (7)
py (M ey (V) =8, 0) p, 0) L op, 0)* 1, 00)H
Combining all fired rules, one can obtains
B=U"B =U" B (8)

Defuzzfer

Defuzzification produces a crisp output vector from all fired rules. Many defuzzifiers have
been proposed in the literature, such as maximum, centerof- sums, center-of-sets, etc. [28]. Here,
the center-of-sets is chosen in this paper due to its simple computation. Multi crisp outputs can be
simplified as follows:

(9)

with

Q =diaggq L a4

where “ /x” denotes adivision operation that is defined as a division of each vector components.

Applied to Control a Multi-finger Prosthetic Hand

Dynamics of the multi-finger prosthetic hand

The proposed fuzzy logic control was applied to control an underactuated prosthetic hand with
multi freedom, as shown in Fig. 3. The underactuated prosthetic hand has five fingers. Each finger
has three knuckles, proximal phalanx, middle phalanx and distal phalanx. Only one actuator is
installed on the proximal phalanx finger, as shownin Fig. 4.
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Fig. 4 The scheme of underactuated finger

Generally, each finger needs to be designed a FLC. Five fingers need five FLCs. Thus, the
proposed fuzzy logic controller is adopted. For simplicity, only distal phalanx is contacted with the
grasped object, as shown in Fig. 4, where f is the vector of grasping. In the contact force space,
the dynamics of the prosthetic hand is described by

M (a)& +C(a, ) +G(q) =7~ Lf (10)
with

q=[0,L.q;,Lq,T"

L =diag(l,,L.I;,L,1,)

f=[f, L, f L, f1
where M(q) isinertia matrix, C(q,§) isthe Coriolis or centripetal vector and G(q) isthe elastic
vector, t istheinput torquevector, g ; and f,; denotethe angular displacement and the contact
force of the i-th finger and the j-th dactylus respectively, i=1L,1 and j=1L,J, | and J
denote the number of fingers that grasps an object and the number of dactylus. Here for the finger in
Fig.3, J=3.

Design of multivariable FLC

The multivariable FLC is designed, as shown in Fig. 5. The input ¢ and v as well as the
incremental control output & are classified into seven linguistic labels as positive large (PL),
positive middle (PM), positive small (PS), zero (ZR), negative small (NS), negative middle (NM),
and negative large (NL). For convenience, the MF is chosen as triangle-shaped MF as indicated in
Fig. 6.
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Fig. 5. Multi-variable FLC for multi-freedom prosthetic hand
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Fig. 6: Membership functions of input and output variable.

The | -thrule isdefined as

A

\ 4

R:If ¢ isc" and v is D', then uis G

A traditional rule base isused in Table 1.

Table 1. Rule base

¢/v. NL NM NS ZR PS PM PL
PL zr ps pm p p p pl
PM ns zZr ps pm pl p pl
PS n"m ns zZr ps pm p pl
ZR nl nm ns zr ps pm pl
NS n nl nm ns zr ps pm
NM  nl nn nl nm ns zr ps
NL nl nl n n nm ns zr

(11)

Inference follows the FLC design in section 3.2. Singleton fuzzifier is used for fuzzification, the
minimum is used for the t-norm in the intersection operation, and the center-of-sets is used for

defuzzification.

Experiment

The prosthetic hand is used to grip different objects. The control algorithm is developed in NI
Labview. The total computation expense is less than 8 milliseconds. Sampling period is 1ms for slip
detection. The total control system is 10ms. Experiment procedures are described as follows: Three
fingers grasp tennis stably, as shown in Fig. 7. The grasping forces are as shown in Fig. 8. The
experimental results show that the multivariable FLC can control the multi-freedom prosthetic hand

stably.
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Fig. 8. Grasping force

Conclusion

A multivariable fuzzy control strategy is presented for multi-freedom prosthetic hands. The
structure of the multivariable FLC is constructed. In order to reduce design complexity of the
multi-variable FLC, a scaling factor method is used to design membership functions (MFs). Design
procedure of multi-variable FLC can be simplified as two steps. (1) Like a traditional FLC, a MF
and arule base are designed. (2) For other MFs, they are transformed to design their scaling factors.
It reduces complexity of membership function and rule base. Finally, the proposed multivariable
Fuzzy logic controller is used to control a multi-freedom prosthetic hand. The control performance
shows that the multivariable is effective.
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