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Abstract: A bionic shoulder joint with three degree-of-freedom (DOF) driven by pneumatic muscle actuator is pro-
posed and its corresponding kinematic model is established. The bionic shoulder is optimized by particle swam opti-
mization (PSO) with the fitness standards that the requirements of rotation indexes are met and the fluctuation of
motion is kept in the lowest resolution in a pneumatic muscle actuator range. Simulation considering rotation inde-
xes only (first simulation) is compared with the one considering both rotation indexes and motion resolution (sec-
ond simulation) subsequently. Mounting position of the pneumatic muscle actuators in bionic shoulder is optimized
after initializing the same condition in simulations. Results show that the fluctuations of parameters are consistent,
and the parameters of the first simulation have good convergence than those of the second one. With the increase of

stretch rate of the pneumatic muscle actuator, the needed length of fixed link in the center of static platform de-
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creases in optimization.
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0 Introduction

The shoulder joint is the most flexible joint
rotating in three-degree-of-freedom ( 3-DOF )
(Fig. 1), which can realize the motions of abduc-
tion, adduction, lateral rotation, medial rotation,
flexion and extension. While motions of different
people are not the same as the differentiated
bones, the motion indexes such as the degree of
abduction, adduction, lateral rotation (when ab-
duction degree is 90°) , medial rotation (when ab-
duction degree is 90°), flexion and extension are
appropriately defined as 180°, 180°, 90°, 90°,
180° and 180°, respectively.

The study of bionic shoulder joint has come
to its climax in recent years. A 3-RRR ('R’ is ex-
pressed as a revolute pair) mechanism suitable for
[, Hou" improved
the suitability of 3-RRR for shoulder in the base
A 3-DOF

shoulder was proposed by Yi

of traditional 3-RRR mechanism.
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Fig. 1 Rotation motion of shoulder joint

shoulder driven by muscles was designed by Gar-
ner’ under the consideration of the visible human
project image dataset, and then dynamic optimi-
zation of the shoulder was analyzed by Terrier™ .
A kind of 3-DOF shoulder possessing scapula,
clavicle and humerus was put forward by Sodeya-
ma"® . In spite of the fact that all mechanisms
mentioned above are capable of three degrees of

rotation, they either have simple structure with-
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out the flexibility or complicated structure that
cannot be controlled easily.

The pneumatic muscle actuator (PMA)! s
a new kind of actuators powered by pressure, and
its durability and strength has been improved
since the emergence of PMA in 1960 s. PMAs are
highly applicable for the actuators in bionic re-
search, because they have impressive power-to-
weight and power-to-volume ratios and provides

o8] similar to biological mus-

natural flexibility
cles. PMAs capable of producing high force have
application in many areas, but are of particular
interest in human interactive environment.
Recently, the optimization of parallel mecha-
nism has been hot research topics. Several opti-
mization algorithms, such as genetic algorithm
(GA), particle swarm optimization (PSO), sim-
ulated algorithm (SA) and adaptive simulated al-
gorithm (ASA), are employed to design parallel
mechanism. According to motion, force, and
power distribution performance indicators,
Zhang' optimized the structural parameters of 3-
RPS ('R’ is expressed as a revolute pair, 'P’ as a
prismatic pair, and 'S" as a spherical pair) parallel
mechanism and got the corresponding workspace.
A 3-P¢SS/S (P’ is expressed as a prismatic pair
with a ring rail, and 'S’ a spherical pair) spherical
parallel mechanism for the shoulder joint is pro-
posed by Hou''"'. They optimized its parameters
of the mechanism and improved its flexibility
with GA. Zhang"" obtained the optimal particle
which was optimized by means of the improved
chaotic PSO and improved motion performance of
Ahut-Delta. Sun"?' analyzed the impact of main
parameters in PSO upon the search of particles
and used PSO in parameter optimal design of six
degrees-of-freedom (DOF) parallel mechanism.
Particle swarm optimizer was presented by
Kennedy and Eherhart in 1995 on the basis of
evolvement analysis of intelligent controlt*!*,
Shoulder joint powered by parallel mechanism has
several motion indexes which cannot be satisfied
simultaneously, but PSO is a way of multi-objec-

tive optimization which is well suitable for shoul-

der joint optimization.

A bionic shoulder joint driven by six pneu-
matic muscle actuators is proposed in this paper.
By using the optimization of PSO, the shoulder
joint can optimize its structure with the optimiza-
tion goal that motion indexes are satisfied and
motion resolution of joint is reduced minimally in

the contraction range of PMA.

1 Kinematic Model for Bionic Shoul-

der

A geometric model composed of a motion
platform B,B,B;B,B;B;, six links A;B, (i=1—
6) and a static platform A,;A,A, for the bionic
shoulder of right upper arm is depicted in Fig. 2.
Motion platform is connected to static platform
by spherical joints separated at both ends of links
driven by PMA,; (i =1—6). Points A;, A,, A,
and points A,, A;, A; in the static platform are
distributed uniformly in the radius of R and R, re-
spectively. Meanwhile, A, A, A, is not overlapped
with A, A; A ( L AIOA, = LA, OA; = L A;0A; =
7). Points By, B,, B; and points B,, Bs, B in
the motion platform are distributed uniformly in
the radius of r and r. respectively. Moreover,
B, B,B, and B,B;B; are all perpendicular to O, B
in their own geometric center. Points B, ., B; and
B project themselves to the plane of B, B,B; at
points B). B, and B}, and /B,BB,=_B,BB, =
/B;BB;=¢. The length of a fixed link (OO,)
located in the geometry center of static platform
is [, the length of a fixed link (BO,) located in
the geometry center of motion platform is L, and
the distance of O, to B,B;B; is L,..

Two coordinate frames are defined for analy-
sis. The base coordinate frame {A}: XYZ is atta-
ched to the geometric center of static platform O
with its Z-axis perpendicular to the plane defined
by the actuator base points A;A,A;A,A; A and
X-axis parallel to A;O. The moving coordinate
frame {B}.

of the link installed in the geometric center of

xyz is attached to an endpoint (O,)

moving platform with its z-axis perpendicular to
the plane of B,B,B; and x-axis parallel to B, B.
The degree of bionic shoulder is, apparently, de-
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termined by spherical joint defined as O, in
Fig. 2, so its degree is three as spherical joint can

rotate in three perpendicular axes.

. Forward of shoulder
Static
platform

Moving
B, platform

Backward of shoulder

Fig. 2 Geometric model for bionic shoulder

The direction of forward/backward shoulder
is shown in Fig. 2. The angle of the moving plat-
form rotating around Y-axes from OY~ to OY" is
the abduction angle. Let the angle of the moving
platform rotating around Z-axes in a clockwise di-
rection and an anticlockwise direction be, respec-
tively, the medial rotation (abduction degree is
90°) and lateral rotation (abduction degree is 90°)
when the moving platform do not rotate around

cosacosf

2R =R, (a)Ry (PRx (y) = |cosasinfcosy + sinasiny

— sinf

where ¥, 8 and « are the orientation angles of the
moving platform denoting rotations of the moving
coordinate frame about the X-axes, Y-axes and Z-
axes in the base coordinate frame, respectively.
With the definition of 4R mentioned above,
the transformation matrix 4T can be expressed as
‘ETFR Aol} (5)
0 1
Hence, the length of pneumatic muscle actu-
ator can be calculated as
Ly =| 4TB, — A, | (6)
where A; and B; are the coordinate expressed in
Eqgs. (1), (2).
The ¢ in Eq. (1) and 7 in Eq. (2) are the
structural parameters determining the character-

ization of singularity. If $=17, the bionic shoulder

cosasinfsiny — sinacosy

singsin@siny + cosacosy

X-axes and Y-axes. Assume that the degree of
moving platform rotates around Z-axes in the
clockwise direction and the anticlockwise direc-
tion, respectively, is the degree of extension and
the degree of flexion when moving platform ro-
tates around Y-axes to OY . OY  and OY mean
the maximum degrees in which the moving plat-
form rotates clockwise and anticlockwise around
Y-axes, respectively.

The coordinate of point B; in the moving
frame can be written as
jBi:(rcﬂ,» s, L 1T 0
B =Grc0,+¢) rs@,+¢ L. DT

where ﬁi:@, i=1—3.

3
The coordinate of point A; in the base frame
can be written as
A, =(Ref; Rso, 0 17T
Ai; =Rec@:+n Rs@ +p 0 DT

where 0; is the same value shown in Eq. (1).

2

The position of point O, in the moving plat-
form is defined as
0, =0 o0 DT (3)
Also, the rotation matrix 4R is applied to de-
fine the orientation of the moving platform with
respect to the base frame.
cosasinfcosy + sinasiny
singsinfcosy — cosasiny
cospsiny cosfcosy
4
stays in a singular state in initial position. More
details about it is that the moving platform cannot
rotate around the static platform in Z-axes when
y=0, =0 and a=0. If $7* 9, the moving plat-
form is able to rotate around the Z-axes when y=

0, f/=0 and «a=0.

2  Kinematic Optimization Aim of
Bionic Shoulder

The bionic shoulder is a spatial parallel
mechanism which can be optimized in manipula-

bility, space utilization''™ and motion resolu-

tion'*™. Considering the actual features of the
bionic shoulder, rotation indexes and motion res-

olution are optimized in the contraction range of
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PMA.

2.1 Constraint function of rotation indexes about

bionic shoulder

After the numerical values of the dimensions
are entered through parameters input interfaces,
the geometric model will then complete. In this
way, a repeatable and standard modeling method
is created to avoid the tedious modeling process in
ANSYS. The structure dimensions are displayed
in Fig. 2.

Rotation indexes are the abduction angle, ad-
duction angle, the degree of lateral rotation
(when abduction degree is 90°), the degree of
medial rotation (when abduction degree is 90°),
the flexion degree, and the degree of extension.
The constraint function of rotation indexes can be
described as
Froe (1A Ly | <<ELY) =w, C, +w, C, +w, Cy +

w, C, +w; Cs 7
where ALp =Ly — L%, Lp is the length of PMA
% the initial length of PMA, £ the

contraction ratio, C, the constraint value of medi-

in rotation,

al rotation, C, the constraint value of lateral rota-
tion, C; the constraint value of abduction, C, the
constraint value of flexion, C; the constraint val-

ue of extension, and w; the weight value.

c, :JO ui == Quia G ZJO e = Qued
11 i = Puid 11 P = Pued
c, :jo Ou = Qua C— [0 Qu = Qua
11 Co K Qua 11 Cu L Qua
O i > i
C, { For = (8
1 Ppr < Dprd

where @uis Quas Qs Quas @wa are the desirable
lateral rotation degree, the desirable medial rota-
tion degree, the desirable abduction degree, the
desirable flexion degree, and the desirable exten-
sion degree, respectively. ¢. s @us ¢us 0. and @,
are the calculated lateral rotation degree, the cal-
culated medial rotation degree, the calculated ab-
duction degree, the calculated flexion degree, and

the calculated extension degree, respectively.

2.2 Constraint function of motion resolution

about bionic shoulder

The micro displacement of any point Q(x,

y, ) in B;B,B; can be transformed into three

micro displacements of coordinate axis in the base

coordinate frame, and their relation can be ex-
pressed as

(dD?* = (dx)? + (dy)* + (d2)? 9

Any displacement in Eq. (9) can be trans-

formed into three micro rotational angles of coor-

dinate axis, expressed as

&:%m+%w+%w
dr = 9% dq + PLap+ 224
B RS
@:%@+%w+%w
&:%@+%w+%w
Substituting Eq. (10) into Eqgs. (9) yields
Eq. (1D).
(5) =Gy +(55) (%)
P 2 dx 2 S 2 p 2
(%) =(58) +(G) +(5) v
() =) + () + (55

&) =5 ()~

dy #Nay’  \9 N B
al 1 /ol
— = (= 12
(901), 2N Jda a2
(2L — L [oL 2y L [ot
ay). Ny \apg). N aR’
al 1 /ol
(), =42 as)

where (%),’ (%) ,» and (%), in Eq. (12) are the

motion resolutions of X-axes, Y-axes, and Z-axes

. . al Il
relative to r, respectively. (f’) ’ <ﬁ) and
0 ’ Ip/r

d . . .
(Tl) in Eq. (13) are the motion resolutions of
da/ ,

X-axes, Y-axes, and Z-axes relative to r., respec-
tively.

The point B; in the base coordinate frame can
be expressed as

‘B, =4TB, (14)

The motion resolution relative to r of *B,;
(i=1—3) in B, B, B; can be calculated by
(55) =T (15)

ay/ .,



No. 3 Liu Kai, et al. Kinematic Optimization of Bionic Shoulder Driven by--* 305

(5).

cos”f —+ sin*fsin’y + p” cos’ y + 2usinfsinycosy
(16)

(%) =B TR TE (an
al r
= cos’fcos’ B+ sin®fsin’ Bsin® y +

where y=1L/r, k,
sinfcos’y, k, = y’sin’Beos’y + isin’y +
2sinfcosfsinfcosBsiny + 2pcosfsinfeosfeosy s ks =
2psindsin’ Bsinycosy — 2usinfsinycosy.

Sows, (VLo =Ly | <XELY) = f5. + f5,+ f5.  (18)
where

o= LS Gk 1) (3 ) ) an

i =

=S B 1) =l ))

j =

(20)
(2 (ﬂws 7ea) |)—n(§—i<n>))

@D

Eq. (18) can be used to evaluate the fluctua-

tion of motion resolution. The parameter n in
Egs. (19)—(21) is the number of micro rotations
around X-axes, Y-axes, and Z-axes, respective-
ly.

The point *B; (i =4—6) in B,B;B; can also

achieve the fluctuation of motion resolution rela-

tive to r. by the method mentioned above.

8
ForCl A Ly [<TELS) = D7) fom, (| ALy | << ELSD

i=1

22)
where £, (|A Ly |<<ELY) in Eq. (22) can be used
to calculate the fluctuation of motion resolution of
install locations of pneumatic muscles actuators.
Note that the motion resolutions in point *B; (i =
1—3) and *B,;(i=4—6) are relative to r and r.,

respectively.

3 Optimization Model of PSO

The core idea of PSO is that all particles can
update their locations and velocities according to
the position vector, the velocity vector, the best
positions of particles and the best positions of
population in any iteration, so the population can

acquire the optimal solution in N iterations™ ™%,

The algorithm can be described as follows.

The population has m particles, which can be
expressed as Swarm={x{* , -+, x* } in kth itera-
tions, and the dimension of the population is D.
Let the position vector and velocity vector of the
ith particle in % iteration be x{* = (&’ , =+, 2
and v\®? = (o, -
(P e, DY and P =(pi 0,

the position vector of the best fitness that the ith

, vih ), respectively. P, =

G+1D
. pip ) are

particle has achieved so far and the position vector
of the best fitness that any particle of the popula-
tion has achieved, respectively. The process for
execution of PSO is described as: (1) Initialize
the position velocity vectors and position vectors
on D dimensions in the search space; (2) Evalu-
ate fitness function of each particle; (3) Obtain
P. and P, after calculating p%™" and p¥’
(23), (24);
ith particle in the dth dimension are adjusted by
Eq. (25);

maximum number of iterations.

(k+1) (k+1) (k)
pyrn = LS Al (23)

‘lp(k) f/,z(l(H”)>fm(Pm

in Egs.
(4) The velocity and position of the

(5) Loop to (2) until reaching the

b’ €Apid s pad s P | fa (P ) =
min{ f s, (P ) s fr (Phua )} 2o
J"u(f V=gol +eoirm (pl —xP)+

cory (piy — 2 (25)

ll,ff‘#l) :I,Ef) Ugf+1)
where i=1—m, d=1—D. ¢, and ¢, are the two
acceleration constants weighting of the random
acceleration terms, r; and r, the random numbers
from 0 to 1, and w the inertia coefficient.

In order to keep the convergence of velocity,
the velocity vector should meet the constraint

shown in Eq. (26).
‘ ‘Z)fj‘ 1> < VH\E\X (26)

4 Two Cases of Kinematic Optimiza-
tion of Bionic Shoulder

Case 1 Only consider the rotation indexes

into fitness function.
fao =minf,. (| ALp | < ELY) 27)
Sie =max{os + oo + 0. T oo + o, (28)
Eq. (28) works when the f5, values of two parti-
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cles are equal.
Case 2
motion resolution into fitness function

mea =minf, (| ALy |<ELw)

Lo =minfo, (| & Ly |< &3

Particles are updated on condition that one of

them (f4s and fh, in Eq. (29)) is met and the

other is equal or both of them are met.

Consider the rotation indexes and

(29)

Assuming that a particle has a nine-dimen-
sional vector x=(R,R.,r,r s/, L,L,,5,4), and
the swarm has P=50 particles, with the iteration
of N =40, learning factors of ¢, =¢, = 1. 494,
contraction ratio of £=0. 1, inertia coefficient of
w=0.5+rand() /2, where rand() is the function
of a random number generator uniformly distribu-
ted in [0,1], and weight values w, = w, = 10,
w; =5, w, =ws; = 1.

Assuming the constraint boundary

r&l0 601, r.€[0 60], R&e[0 60], R €
[0 60], /&[0 100], Le[0 100—!(], L, €
(L 100—1], g€l0 257, gefo 2F.

Desirable rotation values are

=T - S - S
Paid — 4 s Qaed — 4 s Qud — 2 s Qard — 4 s Pprd — 4"

Velocity constraint values are

(b+1) < Rmax_Rmin k+1) < R(’max_R(min
‘UR ‘ < N ) ‘“URr ‘ A N )
Pmax — Vmi r TV emi
(k+1) max min (k+1) cmax cmin
R S A L A I vt
Loax — 1 hs — L,
(k+1) ma min (k+1) 3 ma
ot | Gt e | o B
hy;—L ¢
(/:-1)‘ 3 ‘ (k{l)‘ 2 1 ‘ (k}l)‘
‘ uL, < N s | Uy < N s | Uy <
¢ —
N

According to the initial condition and con-
straint, four random simulation results of Case 1
and Case 2 are shown in Tables 1, 2. It is depic-
ted that the number of iteration in Case 1 is less
than that in Case 2. Most of optimal results in
Case 1 are occurred in the first iteration. In con-
trast, in view of the motion resolution in Case 2,
more iterations are needed to get optimal results.
From the above simulation, it is shown that de-

sirable rotation value can be obtained, but further

simulations depict that once ¢, >n/2 (or .. >n/
4, or @i >n/4s @uq>>m/4), one or more parame-
ter (R, Ry ro ros Ly Ly Lo ¢5 ) cannot be ac-

quired from this optimization.

Table 1 Four random simulations for Case 1
Result 1st 2nd 3rd 4th
R/mm 37.99  23.20 10.70  33.84
R./mm 33.08  7.09 0.82  19.57
r/mm 8.15  34.82  34.68  30.87
r./mm 3.70  37.22 31.47  35.98
//mm 95.90  93.80  94.98  93.22
L/mm 4.10 6.20 5.02 6.78
L,. (mm) 2.24 3. 84 4,74 0.08
7/ () 75.90  22.05 46.26  55.97
/(D 76.74 12.05 92.54  52.81
S 0 0 0 0
S 9.43 9. 42 9.42 9. 42
Seien. 111

Table 2 Four random simulations for case 2

Result 1st 2nd 3rd 4th
R/mm 20.73  29.32  33.63 33.84
R./mm 10.01  24.80  8.08  16.23
r/mm 12.40  13.26  20.57  24.35
r./mm 32.79  26.92  23.54  14.37
//mm 94.85  94.87  92.13  90.53
L/mm 5.15 5.13 7.87 9. 47
L,/mm 0.24 0.68 0.42 0.26
7/ (" 37.90  39.98 32.65 67.81
¢/ (D 92.01  65.74 91.36  60.75
frw 0 0 0 0
S 0.196  0.196  0.197  0.195
S 2% w0 b

R.,R.,r,r, 1, L, L., ypand ¢ are coupled
with each other. The subtle change of one param-
eter can alter the turning angle. For example, in
the first simulation of Table 1, @uis Quas @us
¢ua and ¢, can meet the desirable rotation value.
However, once one parameter changes ([ =
94 mm), ¢.q cannot achieve x/4 but only /6. In
the first simulation of Table 2, if r=15 mm, .
cannot reach =/2 but only =/3.

The kinematic optimization of bionic shoul-

der focuses on the reachability in space, and more
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optimal results can be calculated when the same
fitness value occurs. Fluctuation of nine variables
is obtained by calculating variance of 50 simula-
tions in four groups and the results in Cases 1, 2
are shown in Figs. 3, 4, respectively. It is dem-
onstrated that the fluctuation of R, R., r and r.
appears to be uniform: fluctuation of the four
variables increases or decreases synchronously,
that is to say, they are coupled with each other.
This phenomenon is reasonable in that as the re-
sult of the limitation of contraction ratio of PMA,
the change of one variable may cause others ad-
justing in the optimized range. Fluctuations of 7
and ¢ in Case 1 is less than those of » and ¢ in
Case 2, which indicates that the consideration of
motion resolution in Case 2 has great effect on the
convergence of y and ¢. The reason why the fluc-
tuation of / and L is same lies in that (/L) is a

constant.

80
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Fig. 3 Fluctuation simulation of four groups in Case 1
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Fig. 4 Fluctuation simulation of four groups in Case 2

In the eight simulations shown in Tables 1,

2, it can be seen that / approaches to a limit value

L. A new simulation about the contraction ratio &
to [ in the optimized condition is done in the same
condition mentioned above. Results shown in
Fig. 5 reveal that the needed parameter / in the
optimized condition decreases with the increase of
& and the needed [ in Case 1 is smaller than the

needed / in Case 2 at the same &.

o
g
=1

S

~

Fig.5 Relationship between & and /

Particle swarm optimization (PSO) and ge-

netic algorithm (GA) are both optimization algo-
rithms. Both of them can simulate the adaptabili-

ty of individual population on the basis of natural
characteristics. Compared with conventional opti-
mum evaluation methods, for instance, the
Powell method, they can improve the searching
efficiency in the whole field by gradually shrink-
ing the area of design variables.

For Case 1, in order to prove rationality of
PSO in this paper, we compare the results of op-
timization of two algorithms (PSO & GA), as
shown in Tables 1,3.

Table 3 Four random simulations for case 1 with GA

Result Ist 2nd 3rd 4th
R/mm 28.762 21.846 25.297 28.442
R./mm 24.013 20.154 25.448 32.896
r/mm 18.649 15.462 17.346 24.654
r./mm 20.347 15.538 19.858 25.346
{/mm 93.333  98.263 91.018 90.344
L/mm 6.667 0.519  8.982 0
L, /mm 1. 649 0 6.517  1.212
7/ () 46. 26 0 15.48  57.3
$/ (D 33.65 0 17.77 4477
S 0 0 0 0
S b2 9.42 9.42 9.42 9.42
Number of 1 1 1 7

iteration
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It is found that both of these two methods
can quickly achieve the optimization so that meet
the requirements of performance. Compare with
GA, PSO is easier to implement with less param-
eters to adjust. Obviously, it is feasible and rea-
sonable to apply PSO to the structural optimiza-

tion.

5 Conclusions

A 3-DOF bionic shoulder driven by six pneu-
matic muscle actuators was proposed in this paper
and the relationship between the three-dimension-
al rotations of shoulder and the length of six
pneumatic muscle actuators was constructed.

Rotation indexes about abduction, adduc-
tion, etc. of the bionic shoulder were defined by
bionic model. The bionic shoulder was optimized
by means of PSO in the fitness standards that re-
quirements of rotation indexes are met and fluctu-
ation of motion resolution is kept in a lower level
in the contraction range of PMAs.

A comparing simulation between considering
rotation indexes only (Case 1) and considering
both rotation indexes and motion resolution (Case
2) was conducted. Conclusions from further sim-
ulation results show that R, R., r, and r, appear
to be uniform and the fluctuation of » and ¢ is ti-
ny. Finally, from the simulation of &-17, it was
found that / needed in the optimal condition de-
creases with the increase of & In addition, the
comparison results about Case 1 between PSO
and GA show that PSO is feasible and satisfactory

in the design of the parallel mechanism.
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