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Fig. 4.1 Control system of 1-DOF manipulator

(Desirable angle) ( Desirable joint rigidity )

Mechanical equilibrium model [Eq.4.17, Eq.4.18]

v

Dynamic Models of Artificial Muscles Load torque
’ [Eq.4.29-Eq.4.45] q
Contraction of
artificial muscles

\— Model of load system of arm [Eq.4.48]

Output angle

Fig. 4.2 Schematic diagram of the manipulator model
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Fig. 4.3 Schematic diagram of joint of manipulator
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(4.1)

(4.2)
(4.3)
(4.4)

(4.5)

(4.6)
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Fig. 4.4 Relationship between pressure and stiffoésirtificial muscle
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F1 >0 F2>0 (4.9)
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- +

Fig. 4.5 Schematic diagram of joint of manipulator

58



ot xqr, X2l3 N 4.10 4110 L HIZHFKT LN TX 5,
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X1 =C _(EJH" (4.10)
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X =C, + (Ejé’d (4.11)

LinL, UAYDE=5%kc2MET 52 LIZEBER 720, T4 Y D75 B %4 ylrad)ic i & i
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bIns.
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JESI Py, P BT 5 2 ENTE RN,
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P(Hd T,K ) = [Gn(%l)Gzz(%z) - Glz(%z)Gzl(%l)
K
e G () Cos) + 2 o8] (4.17)

a2

K
G,,(%,)Gs1 (@) +K_a1621(%1)632(¢62)
a2
K. K
P(6,,7)=—-—2
2 d K Kaz

a2

P, (4.18)

15, 105
20| o; "X

= 4.19
) (|01_Xd1')2 +O,2Xd1.|01 ( )
2Kt | sin co
Gu(a,) = q .|:d :| |: i ¢f;1 S%l:l (4.20)
01 01 (9
_ Mtang,
G - 4.21
(1) d.nb, (4.21)
I -sing, co
Gsi(%) = {do_l}{% %21 S%l}
ot ud (4.22)
N ZIL1 sing, Mrd,, tang,
dp @,  4nb
2a.) °x.'%
(X42') = 202 —d2. (4.23)
%2 4 (|02 - Xd2 )2 +a2Xd2 |02
2K,t, | 1, sin co
Gy, (4%2) ——{ } { oo~ %22 S%Z} (4.24)
doy | oy @,
_ Mtang,,
G ks 73 4.25
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| @y, — Sin @,, COS@,
G32 (¢02) |: d :| |: 02 02 02 :|
02

Doz (4.26)
+ 2(;0—022 Si;foz - njgzb '\ZA tan ¢,
Xy = wl—;gd(%] (4.27)
Xdzl:‘//z—;;ed(%J (4.28)

Table 4.1 Parameters of the artificial muscle

04 Jirad] | Desirable angle] |n Number of the carbon fiber|
[Nm] Load torqu K; JINm/rad] Joint stiffness
|P1 Ky Modulus of longitudinal
P, [Pal Pressure K, [Pa] elasticity of rubber
F I
IF—1 [N] | Contraction forcq | & [m] Length of artificial muscle
2 02
X d1 Desirable dos . L
E [m] Contraction T [m] Diameter of artificial muscle
14 t
| [rad] Angle .Of slack o [m] Thickness of artificial musclg
¥, wire o2
by Width of carbon | [M Fiber constant number
o, | ™ fiber
2
o1 | Approximation
0 » constant numbe
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Artificial muscle

Compressor
Tube Pressure sensor (far)
Proportional Solenoid Valve

(L: Length of the tube)
(Pressure sensor (near))

Fig. 4.6 Air supply system of pneumatic artificial muscle

Displacement of

Desirable pressure: Ps l artificial muscle: x
s e l | Volumeresponse | I
i Response of proportional : | ke |
S Eq.4.29 : | of artificial muscle i
—————————————————————————————————————————— ' ; Eq4.45 |,

Upper pressure: Py | ERRRSSS
e ] Inner volume of
| Massflowinginartube | Eq4.30, Eq4.31 | artificial muscle V

Mass flow: gm

i Pressure response
| inartificial muscle Eq.4.36
T T Pressure in artificial g
o musclecP T
i Force response Eq.4.37
i of artificial muscle

Fig. 4.7 Nonlinear model of the straight-fiber-type artificial muscle
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i, TORIEE Y ERE L. 22T, FEBRICK o THRIEAREM T OFREL X 429 (TR
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B2 B0, EEEOIENEE PunFE SN S, £72, 428D Ty T, Lg 1T EH T1=0.025 4],
T,=0.025[s], Lg=0.040[s] & EH7-.

11
Ts+1Ts+1

—-sL

G(s) =

1 1 s*-150s+ 7500
Ts+1T,s+1s*+150s+ 7500

(4.29)

1.2
§ 0.6 [ ff —— Stepinput .
I§ 0.4 ff------- —— 0.05MPa -
c
% 02 [ 0-10'\/”?3 | -
E o b — Approximate equation B
-0.2
0 0.2 0.4 0.6 0.8 1
Time[s]

Fig. 4.8 Comparison of solenoid valve step response of experimental result and approximate equation

result
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T
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dv
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Y =cqg.T -P~ 4.32
mhmm)p%u pm (4.32)

ZIT, GIIEEEN, o ITERMLE, p ITKAEEE [kg/md, V IEALAHRNEHEREMY, P
XA LA ANEIE I[P, on 1A LHHRICHNIATZEROE &itE [ko/d, R IZEAEEEK
[PamiKglKYTHD. £/, KULDREHFEAL VX 433 235k 2o,

P‘i (4.33)
RT, '
LT, 4R 4BZ2RATLHILET, UTOXZED.
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—~——=c,q,T, - P 1+ 4.34
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H7o, HELOERLY, B« IIRRTERIND.
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IhaR 434 ITRANT 52 & TANLHRNEOENZ dPdt AR S D.

-1 -1
® (Y] 0 -e{L) -
dt K K dt



4.23.4 ANIEFEDIENFRE
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2
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M tang,
G,(g)= (4.39)
? d,nb
@ - smgacosqa |, sng @M
G = +2—= tan
= [ } [ % } d @ a0 4O
2al °x*
%(X) = o (a=11) (4.41)

(,=-x)*+a’l x

4235 ANLIfBFRADOEKEZEIL

BBIZ, ANTHROIMEEMEIC L A2NEAROZEILZE 2 5. 1ZLOICE 2 ED Figl7 %
Figd9 & LTHEIBT 5. ZZTlE, Figd9 O X I IC N THADEN x (2 & b7 BIRE %,
MEEARICZER T D b D L Bt £ LT, ZORRET LV E2EIC, A THRREEEOMH RN
ZROTUNL

F9, X HICEATT 5 CA LR E Y > 55 0OWmfEE S&E35. 35 ERADEY 2o,
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0
= ZL@ S cosgpdy (4.45)

|7 3 _ _ 12
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Fig. 4.9 Shape model of the artificial muscle from view of the Z-axis
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Fig. 4.10 Comparison of theoretical curve and experimental result of artificial muscle inner volume
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w=g4d
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Force of artificid muscle: F Load of thearm tip: i Input voltage: E

i Calculation of
1 drivetorque

! moment of
! inertiaof arm

Drivetorque: 4

L Forward
> 1 dynamics

Rotation angle accelerati on[
of anarm: &

Fig. 4.11 Load system model of a manipulator arm
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Cross section of
first link

M2, hz’ R2

Fig. 4.12 Schematic diagram of joint of manipulator
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Table 4.2 Conditions of the initial angle and a desirable angle of the arm

Experimental No. | Initial angle[deg] | Desirable angle [deg]

1 0 45

2 0 90

3 45 0

4 45 90

5 90 0

6 90 45
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-é—,? ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
g ——Desirable Angle
c
<

-15

77777 —— Angle(Experiment)

——Angle(Simulation)

Time[g]

10

Fig. 4.13 Experimental results and simulation results (Initial angle: 0 deg, Desirable angle: 45 deg)
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Fig. 4.14 Experimental results and simulation results (Initial angle: 0 deg, Desirable angle: 90 deg)
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Fig. 4.15 Experimental results and simulation results (Initial angle: 45 deg, Desirable angle: 0 deg)
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Fig. 4.16 Experimental results and simulation results (Initial angle: 45 deg, Desirable angle: 90 deg)
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Fig. 4.17 Experimental results and simulation results (Initial angle: 45 deg, Desirable angle: 90 deg)
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Fig. 4.18 Experimental results and simulation results (Initial angle: 45 deg, Desirable angle: 90 deg)

Table 4.3 Settling time of angle responses of the manipulator (Desirable angle and initial angle were

changed)
Settling time[s]
Experimental No. | Initial angle [deg] | Desirable angle[deg] Simulation | Experiment
1 0 45 0.815 1.125
2 0 90 0.958 1.073
3 45 0 0.708 1.287
4 45 90 0.743 1.614
5 90 0 0.828 1.225
6 90 45 0.764 0.92
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Fig. 4.19 Experimental results and simulation results (Load: 0 N)
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Fig. 4.20 Experimental results and simulation results (Load: 8.33 N)
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Fig. 4.21 Experimental results and simulation results (Load: 16.66 N)

Table 4.4 Settling time of angle responses of the manipulator (Load was changed)

Settling time [
Experimental No. | Load[N] | Simulation | Experiment
1 0 0.958 1073
2 8.33 1.102 145
3 16.66 1.567 2.009

4.3.3 FEEAIEEEREER

ARERTIE, ~v=FaL—ZOBEHRMEEZEEL, 7T—208b LIFEREZB 729, ERO
BRICT — DO A A 16.66 N, FIHIAE % 0 deg, HIEAEA 45 deg Tt — L, BIHEIRMIMED
T — LOFEN G 2 DB BT 5. Ao ERCIIBEFIRIMEA 0.2 Nm/deg, 0.5Nm/deg & L
THEBREB I /e-7z.

KREBROFER A Figa.22 & Figa.23 2. F7o, FEBREROEERRK % Table 45127777,
Fig.4.22 & Fig.4.23 /5, AHIHERIZREERIMEDZAIZHRT L CHMERIEAB Z /2 Tnb Z &
BWohd., ZLT, RET/IERICAELZESHZ2HETE T D, S5IC Table 45006, B
HIRIMEA F D EEERI A E L 70D Z E DR CTE D, ZTHUTFER, 7 VILICHEE TE TR,
KET /IR~ = 2 L—Z ORFFRIMORELZERTETNDLLEZD.
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Fig. 4.22 Experimental results and simulation results (Joint stiffness: 0.2 Nm/deg)
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Fig. 4.23 Experimental results and simulation results (Joint stiffness: 0.5 Nm/deg)

Time[s]

Table 4.5 Settling time of angle responses of the manipulator (Joint stiffness was changed)

Settling time [g]
Experimental No. | Joint stiffness[Nm/deg] | Simulation | Experiment
1 0.2 2.59 3.19
2 0.5 1.439 1.78
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Fig. 4.24 Controller of the MR brake
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— The braking torque increases for rotary speed linearly
— The braking torque increases for rotary speed quadratically

Torque [Nm]
S = N W ks U0 N

Rotational Speed [rpm]
Fig. 4.25 Output characteristics of the MR brake controlled by proposition technique
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Fig. 4.26 Simulation and experimental result (Without MR brake control)
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Fig. 4.27 Simulation and experimental result (Brake torque with straight-line dependence on rotary speed)
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Fig. 4.28 Simulation and experimental result (Brake torque with quadratic curve dependence on rotary
Speed)
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Artificial
muscle

1* link

Joint

MR brake

2 Jink

Fig. 5.1 Schematic diagram of the manipulator

Table 5.1 Specification of the manipulator

Mass of 2%link [kg] 0.168
Length of 2%link [mm] 250
Center of gravity 2link [mm] 240
Movable range [rad] H2=0=7/6
Inertia of 2%link [kgm?] 4.80x10°
Parallel number of artificial muscle| 2
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Fig. 5.3 Control method for experimental systems
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Fig. 5.4 Experimental results of the step respoasgdsition control
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Fig. 5.5 Experimental results of the step respoaseélblding control
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Fig. 5.6 Block diagram of inner model control
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Fig. 5.9 Experimental results of the step respoasgdsition control with MR brake
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