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Abstract :  The goal of this study is to develop a mechanical system that can display elastic 
characteristic of an object aiming at the application in the field of virtual reality. Pneumatic 
parallel manipulator is introduced as a driving mechanism, which, consquently, brings capability 
of minute force displaying property owing to the air compressibility. Compliance displaying scheme 
based on the contact force and contact point detection is proposed. The validity of the proposed 
scheme is verified experimentally. 
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1. Introdution 
Virtual reality technologies have become one of the re- 
cent attracts in the industrial field and medicallwelfare 
one. Among the virtual reality technologies, the devel- 
opment of the instruments: which can display force or 
tactile feeling, is indispensable because such a. feeling, 
besides of the vision, plays an important role for human 
to  recognize an object. 

Pneumatic actuators are effective for this kind of me- 
chanical system’)’) since the air compressibility makes 
it enable to  regulate force minutely and brings an inher- 
ent features of softness and safety that are indispensable 
for the mechanical device which contact with human di- 
rectly. 

In this study, we aim at developing a mechanical 
equipment that displays elastic characteristic of an any 
fornls of object. Concretely, Stewart type parallel ma- 
nipulator with pneumatic driving cylinders is employed 
as a force displaying device and a any forms of shape 
module is mounted on the manipulator. This shape 
module is made so that it  may be resemble to the target 
shape, such as breast if it is used for detection training 
of stiffness of a breast cancer. By detecting the contact 
point and contact force applied on the surface of the 
module and constructing a compliance control system, 
an elastic module which has spatially different elastic 
characteristic can be realized. 

The validity of the proposed compliance displaying 
scheme is confirmed through some experiments and 
analysis. 

2. Outline of Pneumatic Parallel 
Manipulator 

Fig. 1 (a) shows the developed pneumatic parallel ma- 
nipulator. 6 pneumatic cylinders are employed to form 
so called Stewart type platform3). 

The PositionJorientation of the upper platform is ex- 

(a) Parallel Link hfechanism 

1-1 

(b) Pneumatic Driving Circuit 

Figure 1: Developed Pneumatic Parallel hlanipulator 

pressed by a hand vector h = [x ,y ,z ,4 ,8 ,$lT using 
roll-pitch-yaw angle notation. The origin of hand coor- 
dinate frame h is set at a center point of upper plat- 
form when manipulator stands in a standard posture. 
Similarly a link vector is defined as = [&,....,!,IT 
with an element of a displacement of each piston rod. 
Forcelmoment vector works at an origin of h is defined 
as fm = [fz, f,. fz.r~,i~,r*]T. The equivalent force 
vector acts on piston rod is denoted with f. which sat- 
isfy the following relation. 

, where J is Jacobian matrix and it forms the nex 
relation in a parallel manipulator mechanism. 

“2 fm = Yf. 

de d h  - = J -  
dt dt 

In the mean while, Fig.l(h) shows the pneuma,tic 
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3. Recognition of Elastic charac- 
teristic 

3.1 Conceptional image 
Fig.2 shows the concept image of compliance display. 
Human touches at an any point on the surface of an 
manipulator with their fingertip and applies force for 
a various direction. The manipulator displays a corre- 
sponding force for the pushing motion of a fingertip by 
regulating compliance of the manipulator itself based on 
the displwement of fingertip and applied force. In order 
to realize such an action, a manipulator should have a 
function to  detect which point a fingertip is pushing at 
and how much force is being applied. In the next sec- 
tion the strategy of compliance display including these 
detecting function is described. 

3.2 Compliance control system 
Fig.3 shows the proposed position based compliance 
control system5). The inner position control system is 
designed in order that the closed loop transfer function 
may follow the 3rd order system shown in Eq.(5). 

Figure 2 Concept image of compliance display 

Table 1: Systems parameters 

Time constant of pressure response 
Nominal time constant of pressure response 
Steady gain of pressure response 
Nominal steady gain of pressure response 
Steady gain between piston velocity 
and pressure 
Equivalent mass for one cylinder 
Viscous coefficient 
External force applied on a link 
cross sectional area of cylinder chamber 
air pressure in chamber 
displacement of piston rod 
Jacobian matrix 
Time constant of filter 

driving circuit of one cylinder. Low friction type pneu- 
matic cylinder is employed (Airpel Co. Ltd., 9.3" 
in internal diameter, 50" in rod stroke). Pressure in 
each cylinder's chamber, pi, p z  are detected by pressure 
sensors and the displacement of piston rod e is measured 
by wire type linear encoder. The AID converter is of 
12 bit resolution. 

A control signal U calculated every sampling p e  
riod(l0 ms) in a computer corresponds to an input volt- 
age of a servo valve (FESTO, 50 elmin) through D/A 
converter(reso1ution of 12 bit), which regulates the dif- 
ference pressure of each cylinder. Supply pressure p ,  is 
set to be 400 kPa. Table 1 shows the control parame- 
ters. 

The linearized state equations of pressure in 
cylinder's chamber are described by the following 
equation4). 

Equation of motion of piston rod is expressed by 
Eq. (4). 

d2e de 
dt2 dl piAi - p2Az = fg = m- + b- + fe (4) 

{ s3 + As2 + Bs + c G, = diag 
H 
E =  

The inner block with a doublet represents a control sys- 
tem of generating force Fg as shown in Fig.4, which 
works to lower the influence of piston rod velocity that 
acts as disturbance on pressure response as shown in 
Eq.(3) as well as to make Fg to follow to the reference 
d u e  with time constant Tpn5). 

First of all, the applied external force which works 
on a link equivalently is estimated hy introducing a 
disturbance observerB) for the transfer part Ph(s),  in- 
stead of measuring by installing a force/moment sen- 
sor which may loose a feature of compactness. The es- 
timated disturbance D(s)(= -P,(s)) is transfered to 
the hand coordinate forcelmoment vector fm through 
a transpose of Jacobian matrix JT and then fed back 
hy being multiplied with a compliance matrix K-' = 
diag{KFi,KF1,K;l, K-i 0 I K-l 0 , K-l w }T .  

3.3 Detecting contact force and contact 
point 

Fig.5 shows a geometrical model where contact force 
vector f is applying at a contact point represented by 
position vector R = [xo,~o,zo]~. So the first purpose 
of this study is to detect these vector f and R based 
on the estimated forcefmoment vector fm. 

Here we consider fm = [ftT,rTIT with transient 
force vector ft  and moment one r .  As you see that, 
force vector f is simply derived from the balance of 
translational force around the origin as 

f = f t  (6 )  
In the mean while, if the equation of manipulator's 

surface is known as Eq.(7), then the contact point can 
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Figure 3: Proposed compliance control system 

Figure 4: Generation force control system 

Pigure 6: Spring model 

Figure 5 Geometrical model 

be derived based on the balance of moment shown by 
Eq.(8) in the following manners). 

s(xo,YO,~o) = 0 (7) 
R x  f = T  (8) 

From Fig.5, position vector R can be described using 
a parameter X as 

ft x 7 ft R =  - + x- 
lft12 lftl 

And R is obtained by substituting Eq.(9) into Eq.(7) 
to determine A. 

In our manipulator, as shown in Fig.l(a), a hemi- 
spherical shell, which is made of plaster, is introduced 
as the outer shape, whose center matches to the origin 
of h. 

Therefore giving an equation of hemispherical shell as 
Eq.(lO) with radius T ,  contact point can be represented 
by Eq.( l l ) ,  where [zlr yl, 2lIT is a first term of right 
hand side of Eq.(9). 

zi + y i  i z i  = r2 (10) 

(1l.a) 

(1l.b) 

(1l.C) 

In the next, displaying corresponding compliance to 
the contact point is considered. Fig.6 shows a ge- 
ometrical compliance model, where Kd is a desired 
stiffness along with the direction of the contact point. 
Hence the remaining probleni is how much each element 
K,, Ku, K ,  should be set to realize the desired stiffness 
K,j for any contact point. 

From a balance of translational force a t  the origin of 
h, the desired stiffness Kd for the direction of the con- 
tact point (so, yo, TO) and the stiffness for each axis 
K, ,  Kv ,  K ,  satisfy the relation represented by Eq.(12), 
where [Az, Ay, AzIT is a displacement vector gener- 
ated by an applied contact force. The left hand side 
corresponds to the desired force converted to  the direc- 
tion of contact point vector and the right one do the 
resultant force of each axis. 

Ax xo + Ay yo + Ai i o  

> =  

(K,Az)' + (KUAy)' + (K,Ai)'  (12) 

In order that K,, K ,  and K ,  may satisfy Eq.(12), 
we introduce a constraint condition which makes t,he 
compliance control characteristic be normalized for each 
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direction in the following manner. The closed loop re- 
lation of the control system shown in Fig.3 is described 
as 

F, = I,, J~ JGG,-' ( I +  I,,,,, J~ JC~K-')-'( H & -  
(13) 

, where I , ,  corresponds to a mechanical impedance in 

ImpFe in Fig.3). In our manipulator, it is designed so 
that J T J  may become almost diagonal at the origin of 
hand coordinate frame h, which means that the relation 
between F, and (HdG, - H )  can be considered to be 
diagonal. The value of J T J  at origin of h is represented 
by Eq.(15), where non-diagonal element,s are denoted 
as 0 since they are thoroughly small compared to the 
diagonal one. 

the velocity control loop(name1y sat,isfying sL = sL d +  

(14) 
T J J =  
1 . 5 0 0  0 0 0 
0 1.5 0 0 0 
0 0 2.9 0 
n n n 3.0 x in3 n 0 

70, . . , I , . . . . , . . , 

0.1 0.5 I 5 10 50 
yl lrad/sl 

Figure 7 Frequency characteristic 

f Is1 
fa) Horizontal direction , ,  

1 
~. 

o 0 o 0 1.4 x 103 o 
o o o o o 1.4 x 103 

Seeing from Eq.(15), diagonal element corresponding 
to the z axis in J T J  is almost 2 times as much as that 
for x and y axis. Therefore by setting each element 
of K according to the ratio in Eq.(15), the frequency 
characteristic between F, and HdG, - H for x ,  y, z 
direction becomes equivalent except for the influence of 
a static gain. 

ti,: tiy: ti, = 1 : 1 : 2 (15) 

Substituting Fq.(15) into Eq.(12), desired stiffness for 
each axis is given as 

In this study, the stiffness for the rotational direction 
Km, Kg, I<* are all set to be 0, which meam positioning 
control is implemented for the rotational direction. 

0 Model 

@ ..... 

1 2 3 4 5  
f IS1 

(b) Rotational direction 
Figure 8: Position control performance 

4. Experiments and Discussion 

4.1 Position control performances 
Fig.8 shows the positioning step response, where (a) 
and (b) corresponds to the horizontal and rotational 
direction, respectively. A small circle o indicates the 
response of a model shown in Eq.(5), where parameters 
are chosen as A = 38, B = 410, C = 1400 in order that 
the step response may be almost the same with that of 
2nd order system with un = 8.0 rad/s and 6 = 1.0. 

In the both figures, a little overshoot are confirmed 
but the obtained response for each direction is almost 
the same with that of the desired model, which proves 
an effectiveness of a proposed position control system. 

Fig.7 shows the frequency characteristic of the coef- 
ficient of HdG, - H in Eq.(13). By normalizing the 
frequency characteristic of the compliance control per- 
formance for each axis, the frequency characteristic of 
the desired compliance (admittance) can be also pre- 
scribed hy the same frequency characteristic, which is 
useful in evaluating the realization of the desired com- 
pliance (admittance) in a frequency domain. 

4.2 Detection of contact force vector and 
contact point 

Fig.9 shows the estimation performances of the con- 
tact force and contact point. Contact force is applied 
through a force sensor continuously 3 times for the same 
point (xo ,  yo, z0)=(-21.4, 37.0, 74.0) [mm] as shown in 
the figure (a). The estimation performance of contact 

495 



(a) Experimental situation 
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3 4  
- 

2 

'0 20 40 60 80 100 
I Is1 

(b) contact force 

1 IS1 

(c) contact point 
Figure 9: Estimation performance of contact force and 
contact point 

force and contact point are shown in (b) and (c), re- 
spectively. In spite that force is applied from various 
direction, both of the contact force and contact point 
can be confirmed to  he estimated well, which proves the 
effectiveness of the proposed detection scheme. 

4.3 Compliance display performance 
Compliance displaying performances are verified. We 
introduce a geometrical model of a stiffness on a human 
skin as Eq.(17) apploximately, which means reference 
stiffness Kd displaying for a fingertip has a maximum 
value of K,,, at a point [xp, yp, zp] and according to 
going away from that point K d  closes to  the minimum 
one Kmin. 

Kd = (Kmor - K m i n )  

11 x w{(- 

+ G i n  (17) 

(50  - 5pI4  + ( Y o  - yPI4 + (20 - zd4 
SP 

Fig.10 shows the geometrical image of Eq.(17)_ 
where restriction of zo = 0 is introduced to 
make possible i t  to be shown in the actual 3-d 

Figure 10  Stiffness model 
space, where (zp.yp,zp)=(O,O,O), K,,, = I.O[N/mni], 
K,,,=OS[N/mm], and spreading parameter sp = 200. 

Fig.11 shows the experimental result of compliance 
display. As shown in figure (a), human holds a force sen- 
sor and execute a round trip motion in order that con- 
tact point may go over the most rigid point with apply- 
ing a force for normal direction continuously. The most 
rigid point is set to  be (zp, y,, zp)=(-40.0, 0.0, 75.5)[mm] 
and the stiffness is determined as K,,, = 1.0 [N/mm], 
K,,, = 0.5 [N/mm] based on the prior measurement 
stiffness data of a forearm. 

Fig.11 (b) shows the locus of the contact point. See- 
ing from the figure, round trip motion is confirmed to 
be done for the direction along with y axis. 

Fig.11 (c) shows the realized stiffness, where solid line 
corresponds to  the value obtained from a models shown 
in Eq.( 17), while dotted one indicates the actual realized 
stiffness obtained by a calculation of 
IftI/v'(A~)* + (AY)' + (Az)'. 

A remonse lag can be confirmed. which is considered 
to he resulted &m dynamics lag of inner position con- 
trol system, but almost satisfactory displaying property 
can be obtained, which proves that the proposed dis- 
playing scheme works properly. Further improvement 
of the displaying performance is the matter to  be set- 
tled at present. 

Fig.12 shows the same experimental results with 
Fig.11 except that the difference stiffness K,,, - K,,i, 
is quite small of 0.1 [N/mm] for the contact point of 
(xp, yp, zp)=(O.O, -40.0, 75.5)[mm]. It is confirmed that 
even small variation of stiffness of 0.1 [N/mm] can be 
displayed, which is owing to  the air compressibility and 
it is the advantage of employing a pneumatic driving 
system. 

5.  Conclusion 

In this study, we developed a mechanical system using 
a pneumatic parallel manipulator, aiming at displaying 
a compliance characteristic on a human skin. 

In order to realize such a motion, we proposed a com- 
pliance displaying scheme, where a contact point(which 
point on the surface of the device an operator is 
touching at) and contact force(how much force an op 
erator is applying) are detected using an estiinared 
force/moment with no use of general force/moment sen- 
sor and then display the target compliance determined 
according to  the contact point by constructing a com- 
pliance control system. 
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f Force sensor 

Foa 

(a) Exuerimental situation 

1.6 
__ SlinneSS model I ..... I ......... Based on estimated force 

E - 

I I 
45 50 55 60 9 5 1 ~ 1  

(c) Realized stiffness 
Figure 11: Compliance display performance 

Through some experiments, almost satisfactory con- 
trol performances can be confirmed both in estimating 
contact force and contact point and in displaying the 
reference stiffness. The small variation of stiffness of 
0.1 [N/mm] can he displayed, which is owing to the air 
compressibility of pneumatic. actuator. 

In addition to the further improvement of compliance 
displaying performance, the concrete recognition using 
not only sense of force feeling reported here but that of 
vision by constructing the deseased part in a computer 
using graphics image is under the current investigation. 

In this study, we developed a pneumatic parallel ma- 
nipulator to display a compliance of an object. A coni- 
pliance displaying scheme is proposed, where the de- 
sired compliance is realized based on the detection of 
contact force and contact point. Using the proposed 
method, any shape of object that has a spatially dif- 
ferent compliance on its surface can be realized, which 
may contribute in designing mechanical equipment like 
a elastic switch. 
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