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Summary

This dissertation describes a research on motion control based on animal musculoskeletal
structure. Especially this research focuses on musculoskeletal structure of animal arm.
Three important characteristics of animal arm: (1) antagonistic driving, (2) bi-articular
driving and (3) non-linear viscoelasticity, are introduced into robot arm and a control
method. This dissertation shows three major theme: a development of robot arm based
on musculoskeletal structure of animal arm, control method based on animal muscular
principle and extended manipulability measures applicable to arms which have complex
alignment of actuators like animal arm.

Recently many industrial robots works in advanced factory. However aging society desire
human-cooperative robots which can work in human living space for such as house work
and nursing care. Industrial robots require high-speed and precise motion in well-known
environment separated from human. However for human-cooperative robots, skillful mo-
tion in unknown environment and safety in a collision are more important. Skillful and
safe motion are advantage of animals such as human over robots. To realize human-
cooperative robots, it is necessary to introduce merits of animal structure and control
into robots. Chapter 1 describes background and purpose of research and fundamental
researches on role of animal musculoskeletal structure.

By comparison of arm model between robot and animal, animal arm has a unique
actuator, bi-articular muscle, which drives both two joints simultaneously. Bi-articular
muscle is mostly ignored in conventional robotics. However this unique structure make a
important role of animal skilful control mechanism. In this dissertation, discussions are
based on two link arm model derived from animal musculoskeletal structure. This model
consists from three antagonistic pair of six muscles. Chapter 2 discusses about models and
basic characteristics.

Chapter 3 describes development of robot arm based on animal musculoskeletal struc-
ture. As bi-articular muscles, developed robot arm has bi-articular driving mechanism
which consists from a timing belt and pulleys. Three antagonistic muscular pairs are re-
placed by three DC motors. Muscular non-linear viscoelasticity is mimicked by software
control. The motor corresponding to mono-articular muscular pair of the joint 1 connects
the base of robot arm and the link 1. The motor corresponding to mono-articular muscular
pair of the joint 2 connects the link 1 and the link 2. The bi-articular driving mechanism
connects the base and the link 2. The motor of this mechanism is placed on the base.
A torque transfer component of this mechanism is coaxially mounted on the joint 1 but
floated from the joint 1 by bearings. Motor torque is transferred to the joint 2 through
the joint 1 by the timing belt. Experimental results shows improvement of force output

characteristic at end point of the arm. Also the arm obtains redundancy. Any two of the



three motors can drive arm arbitrarily.

Chapter 4 proposes feed-forward (FF) control algorithm based on animal muscular prin-
ciple. The algorithm utilize a behavior of joint driven by antagonistic muscular pair. When
constant contractile forces are given to antagonistic muscular pair, the joint is driven to
equilibrium position. Combination of contractile forces of muscular pair controls equi-
librium position and behavior of response. Proposed controller based on antagonistic
muscular pair is robust over model disturbance in spite of FF control. Given contractile
forces can design position command and response. In this dissertation, proposed controller
is represented as equivalent block diagram contains PD controller for discussion. The algo-
rithm can be applied for two joint link arm. Moreover the case adding bi-articular muscles
is considered. Antagonistic pair of bi-articular muscles has a role to control summation
of angles of joints. Results clarify that bi-articular muscles suppress error at end point
in working space. Furthermore path tracking algorithm is also prposed and verified its
effectiveness.

In chapter 5, manipulability measures are extended to be applicable to arms which have
complex alignment of actuators like animal arm. Here, manipulability measure is ellipsoid
which represents a characteristic of transfer of physical quantity from joint space to working
space by arm posture and others. In the past, several measures have been proposed but it
can not apply to animal arm. Existing of multi-articular muscles undermine an assumption
that each joint is driven independently. Animal arm can not treated as a serial redundant
manipulator. For using conventional measures, multi-articular muscles should be ignored
or divided as actuators which generate joint torques independently. Both volume and
gradient of ellipsoid representing characteristic of external force (or distal acceleration)
become incorrect. In this research, Impedance Matching Ellipsoid (IME) is extended.
IME is an unified manipulability measure. Well-known measures, Dynamic Manipulability
Ellipsoid(DME) and Manipulating Force Ellipsoid(MFE), are typical case of IME. To
introduce matrix which represents transfer from torque of actuators to joint torque, the
extended measures solve problems. Especially in the case of MFE, extended measure are
verified by experiments. Advantage of existing bi-articular muscle is indicated by analysis
changing conditions. Furthermore, extended measures is applied in case studies.

Finally, chapter 6 describes conclusion and future vision. Proposed robot arm mimics
animal musculoskeletal structure by simple mechanism and obtains animal advantages.
Adding bi-articular driving mechanism, robot arm obtains advantages of output and re-
liability than enlargement or duplication of motors which drives one joint. Proposed FF
control algorithm based on muscular principle is useful and bi-articular muscles help it. To
introduce animal musculoskeletal structure, robot can be controlled more easily. Extended
measures enables efficient design of arms based on animal structure. This dissertation clar-

ified principles of motion control based on animal musculoskeletal structure.
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Length of L2 300 mm

Digital 10 Board Interface PCI-2130CM
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Motors TAMIYA(380K75)

Encoders OMRON(E6H-CWZ6C)

Force Sensor NITTA(IFS-67TM25A25-140-ANA)

Current Sensor | MAXON ADS 50/5
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U35 0000d0ooodg

Motor driver

MAXON ADS 50/5

0OS Vine linux 4.2 (kernel 2.4.31) + ART-Linux
CPU Intel Pentium4 1.5MHz
AD-DA board Interface PCI-3523A

Counter board

Interface PCI-6201E

Receiver of force sensor

Nitta IFS-PCI-2184D

036 00000doooogg

Total height 270mm
Total length 500mm
Total mass of link 1 0.72kg
Total Length of link 1 between joint 1 and 2 165mm
Total mass of link 2 0.27kg

Total length of link 2 between joint 2 and center of force sensor | 185mm

Moment of inertia of joint 1 0.034kg-m?
Moment of inertia of joint 2 0.0058kg-m?
Torque coefficient 0.20Nm/A
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Limit — diag(0.3,0.3,0)

Limit — diag(0.2,0.2,0.2)

Limit — diag(0.15,0.15,0.3) (3.5)
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with bi-articular muscles (arm3)
Limit — diag(0.15,0.15,0.3)

arm3
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K, | 15.3 Ka | 2.45
Ky | 2.29 K | 0.367

Ja1 | 0.02kg-m? Jn2 | 0.003kg-m?

kt, | 0.20 Nm/A

- 47 -



330gpooodg

T T T T T T T T
actual force + actual force +
4r expected 7 4r expected
2 F % F N 2 r +£+ 3+
++ + +
—_ + — +* s
Z Z
Z of U - < of . '
o i L B+
+ 4 T *
2 F %{ . 2 F oy
4 + . 4+
| | | | | | | | |
-4 -2 0 2 4 4 -2 0 2 4
FXx[N] FX[N]
T T T T T T T T T
actual force + actual force +
4r + expected 7 4 expected
+
+ .t ¥
2 F s 2+ A
4 +
= * = * *
= 0f * . = O o +
L + 4 i o 4
+ + £
2 ’ B ki T 2 r + g
hi +
+ +++
-4 - + - 4
| | | | | | | | |
-4 -2 0 2 4 4 -2 0 2 4
FX[N] FX[N]
T T T T T T T T
actual force + actual force +
4r expected 7 4r expected
+ o
L T i o
2 i T 2 .
#
zZ Sy * Z
= O0F S+t - = 0 + 1
0w + w T4
+
o &
-2+ + - 2k S R
2 ot 2 n
w +
4 | 4L #
| | | | | | | | |
-4 -2 0 2 4 4 -2 0 2 4
Fx[N] FX[N]

6, =1.013,0, = 1.115
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"t = Kp(0 — 0") + Kg(6 — 07) — (1 — Q)T =t (4.1)

0000K, = diag(K,1,K,,) 000 RIDR20000 PDOOO0O0O0O0O0OOO0K, =
diag(Ka1, K) 0000000000000000000000000000000 J,=
diag(Ju1, Je) 00000000000 O000000000 k,0000Q0 100000
0000000000000000 ¢, 0000Tg4,000000000000007%s
0000000000000000000000047" = diag(@™, 4" 0000000
0000000000000 000000000000000000000000000
0000 (42)00000000000000000

imsl — Distijnt (42)

imst = diag(é, il )00 000000000000000000000000 Dt
00000 (43)0000000000
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3 3
is 1 2
1 1
3 3
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Dit=10 0 (4.5)
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0 1 = arctan (Y, Tpm) — arctan(y/a, + y2, — 22, zm)
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Usm = O+ O (4.41)
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00 6s,J,,00 (443) 000000000000
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0 (444)000008,,,00 (43700000000

Ak T

0000000000000 000000O0000oooO0o0o0ooo0O (4450000
D,,0O86,,,00000000000000000000O0O0O00OO
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Do = k1S i (4.45)
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T,,00000000000000000000000 (446)00000000000
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Tnm = T 5a
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lgr | 0.3[m] | lgs 0.3[m]
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ro | 0dm] | 0.1m]
k | 3.3N/m] | b | 5.0[NOs/m]
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gbobobooboboboooobobobobg23200000000000000
0000000000000 00D000DO 447)00C000000000OO0ODODOOoOO

(520 -

gboboboboboo4o0000D0000

r—0.3 2+
0.6

0.2

(4.47)

gbooboboboobooboobo4400b00bbo0obooboobooDo

0000000000000 000000000 44900000000

1

Jy = gmllf (4.48)
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Jy = —myl3 (4.49)
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end p'oint end p:oint
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5.2 UUOU0OOOOOOODOOOOOOOO

5.2.1 UUOOOOOOOooLoOboboOon
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00000000 [000000000ooo7™er000000ononoongén
gbbuogbobobodgbuoobuooobboobooobbuoooboobbooobn
gbbuogobboodgbbuoooboobboobbuooboboooobooobobobon
0000 T™O000000000000 FPOO0O000O00O0O0O0O0OOOOOOO
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5.2.2 UU0OO0OOUOOoOoOOUoObUboogo

000000000000000000 6000000000000 X00000
000 (5.2)00 (5.3)00 (540000000000 J,,0000000000

XeP = f(0) (5.2)
. 0 . .
X = — = Jaco .

L e
XP = Juwoh + Jacoh (5.4)

gbobodobboodgbbooobbuooobbuoogbboobbooobbooob
000000000000000 () 00000ODOO0ODooon

Timt = M(0)6 + C(0, 0) + G(6) + Jaoo! FP (5.5)

D0007T™00000000M(A)00000000000000C(A,9)00000
D0GM)OO0O000F»000000000000
00000000000000(56) 00000000000

Fer = MY (XeP 4 §) (5.6)
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000 Xe,0OOOOO0OO0gOO0OO0O0OO00O0OM, 00000000000 (b.4H)00 (5.5)0
O(Ge6)I000O0O0O0D0D00OO (Bb.7)DOODOOODODODODODOODOOO

Tjnt — Q(O) (Fep _ Fbias) (57)
godd

Q(0) = Jaco + M(0)Jgeo! M,™"
FY%es — (J,eo! + M (0)Jgeol MY
X [M(O)Jaco’r(g + J(B)H) - C(q7 9) - G(e)]

0000000 Fes00000000000000000000000O0O0000O000
00'00000000000000000000 T9~00 (5800000000

Tant _ pimit=!

Tint (5.8)
L™t00 (5.9)000000000000000000000000000000

L™ — diag(L{™, Ly™, ... L) (5.9)

pint’ pint < 1 (5.10)

0000 (5.10000000000000000000 (5.7)(5.8)(5.10)000 (5.11)00 0
0000000000000000000000 [61]0

(Fep - Fbias)TQT(Limit)—QQ(Fep - Fb'ias) S 1 (511)

MFEOO DMEO IMEOOOOOOOOO0OO0OOOOO0OOO0O0O (§=0)000
0000000 (G()=0g9g=00000000000M,=0000 (5.11)0 DMED
OD00000M,=cc00 MFEOOODOOOOMFEO DMEODO (5.12)000 (5.13) 0
ooo

FePl J oo L™ 72,00t FoP < 1 (5.12)

X' (M(p)Jaco )T (L™ 2(M () Juco ) Xo# < 1 (5.13)
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= \\ J =
Torque at R1[Nm] Torque at R1[Nm]
without bi-articular muscles with bi-articular muscles

gs3:gbuobobobobbobboobooboon
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Tjnt — Alig'nqwnsl (514)
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0(5.15000000000mO0000000O0O0OO0OO0»0000000000000
0ood0a,,0000O0OOO0O0O0O0O0OO0O0O0O00O00O000000000000000
DO00oo00O000O000000

11 A21 ... QAmp

. 12 Q22 ... am1
Alzgn — (515)

A1n A2n --- Amn

A" 0000000000000000 (5.14)000000000000000000
O0000000D0D00000000OO0O0O0O0O0 (b9UOoOooooo (h.l6)D0ooogo

Lot = diag(L{, L3, ..., Lo (5.16)
000000000000 000DO000DO00OO00 (s 17)DODOUODODDOOOODOOOO
Tjnt:comp(LactAlign>TTjnt (517)

000 eomp 0000000000O0O00O0O00C0O0O0 (5.18)000000000000
goboboooooboboooobbobboooooooo

pandlpant < (5.18)

000000 (5.12)(5.13)(5.11)0 3000000000000 0000OO0O00O0OOOOO
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ooooo0 MFE:

F1'JucoEatendaco F < 1 (5.19)

00000 DME:
X" (M(0)Jaco!) Botend M (8) Jaeo) X <1 (5.20)

Oo00oo IME:
(FeP — F%) T QT E 1 ornd@(FeP — Fbias) < | (5.21)

0000 Epeng0 00000000000

2
E:z:tend - Comp

(LactAlign)TT(LactAlign)T

5.24 [HOOOOOOOOOOOOOOLOOOLDOODO

0000000000000 00000000000000000000000000
000000000 com(LotA¥™)QOO00000000000y,0,...,0p 00000
0000000000000000 (5.22)000000

w, =0y oyt oy (5.22)

gobogobbodgbobooobbuooobbooobooobbooobbooboo
gbobobooogbbbuoooobbboooobboobooood

Wy, = 07" (5.23)

OM
= — 5.24
w = (5.24)
D(5.23)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
D(5.24)DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDwTD

gbobboooobbobuoooobn

5.25 UUuobogoooobb200b0bbubgooobbd

D000 e, 000000002000000000000000000000000
0000054000000000000000000000000000000000
0000000000000000000000000000 cem,d00000000
000000000000000000000AA)OD0OBMB)000CC)0000
00000 ¢, 0000000000000000000 (3 (5.25))0

Comp = MaxX ( CompA, CompB; CompC ) (5 .25 )

gooo

(LactAlign)TT(LactAl'ign)T _ ( €11 €21 )

€12 €22
L = diag(L§“, Ly, L§™) (5.26)
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054 0000000000000000 compd 00

000 LY 00000 RL,R20000000000D000O0OOOOOOODO LS
000000000000000000000000000000000A%™00 (5.27)

000oooooo
Alion — (1 0 1) (5.27)
011

0(526)000000000A,0B,0CO00000000000 CompasComps:Compe
0000000 (5.28),(5.29),(5.30)0 000000000000

1 461 1
CompA = : 5.28
ra L5t + Lg<t \/461,162,2 — (e21 +€12)? ( )

1 462 2
CompB = : 5.29
B Lot + Lget \/461,162,2 — (€21 + €12)? ( )

Corr 1 = 4(e11 +e12 +ea1 +eop)
omp! (LCILCt + L%Ct)2{4€17162,2 — (6172 + 6271)2}

(5.30)

5.3 UQOUOOoOOooooond

5.3.1 UUOOOOOOOLOOOLOOO0OO0
goodooooobobooon

gbobogoboobboogbbogobbuoobobooobboobobooboan
gbotobdobbooboobodobouoobuobobobbobooboobooboobo
goboboogogb2b0buoooobbbooobobbooooboboooobobon

- 11
Ly = diag(3, 5, 1) (5.31)
Limit = diag(1,1) (5.32)

0000 (5.31) 000000000 (5.32) 0000000000000 000O0O0O0O0O0O
gbobbooggbbbuooobbob
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my | 1.0[kg] || m2 | 0.5[kg]

0000000000000000000 A%™ 0 Moore-Penrose 00000000

(5.33)00000
) (5.33)

gbobbooggbbbuooobbbuoogoobboags2bbubbooodn
gboobogooobogaooo
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[SSI] )
W=
Wl Wl

3 3

o000 MFEODOO

0(.1900000000000000000000000000000000000
00 (2.13),214)00000000000000000000O0O0O0OOOOOOO MFE
00000550000000000000006=1[30°,60°]000000000000
D000 MFEOOOOOOOOODOOODOOOOOOOOOOOO0OO0ODODO0O00O0O00
0000000000000000000000000000000000000000
00000000000000000000000000000MFEOOOOOOOA5.5
D000000000000000MFEOOOOOOOOOOOOOOOOO0O0000
00000000000000000000000000MFEOODOOOOOOOOO
000000 L™t =diag(L™, L") 000 0000000000000000000
000 L™ = diag(Limit + Limit [imit 4 [ OO0 0000000000000000
O000000000000000000000000000000000000000
00000000 0000000000000000MFEOOODODODOOOOOOOO
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Oo0o0o DMEOOO

0000 (5.20000000000000000000O0OODOO0OOOO0OOOO0O0
000000 (b.34)00000000000O0

XeP = J, oM, ' T (5.34)
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00000000000000 6 =[30°,60°]000000000O0O0O0OO0O0O0O0O0OO
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000 (5.2)000000000000000000O0OOODOO0OOOOOOOOO0
O00000000000000 (b3s)00000booooooo

Fer = QITint | pbias (5.35)
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gbbogdbboodobbbodobbbodbbudidbeaselU0O0OODOOOODO
gbobodgdbib0O00case 20000000000 0O0OO0OODODOO0OODOOOO0ODO
gbbuobogbboodbbuooobbuooobbobboobboobboodoabn
oooooOooooooboooboobobOob0oboboboboboboe,0b300b00n0O
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gbboggbboggbbosbbuogobobuooobbooobbuooobboon
O00case 2000000000000 0O00O0O0DOODOOODOOOODOOODOODOO
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0m0000000000m,00000 (5.38)000000 RoOO00O
R, = [~wy, —he — by +1,]" (5.38)

Ooooooboe 00000000000 OobOobDobDOoD . =0000000000O
00000000000000000000000 Xe,OO (5.39)0000000000
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= R, + [sinf,, cos 6,]" (5.39)
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(5.40)000000
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Limit — diag(L2F L L' = diag(50, 40, 40) (5.44)
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ll sin 81 + lg sin(01 + 62)
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0000000000000 00ooooo0oO0 (DobO)ooooooUOoooo
000000 (000)0000000000oooooooooOooooog Vo

int initCounter() 00000000000
int finalizeCounter() 0000000000

int readAngle(int ch, double* angle) chO0 O D00 0000000000 OOOOO
O0000b00b000angle000D00O0O0ODO0OODOODOOOOODOODODOOOO
00000 rad

int writeAngle(int ch, double angle) ch 00000000000 Oangle0 0000
Jdoodooddobooooooooooooobooooooooooog va

RobotControlUtils. hO O O OO

void initSystem() O 0000000000 O0O00O0O

void startRealTimePart(int cycleTime) 00000000000 OcycleTimeOd OO
gbobbooodgobbod

void waitInRealTimePart() 00 0000000000000 O00O0OO0O
void endRealTimePart() 00000000000

void beepInRealTimePart(int cntLength) cntLength D 0000000000001
00000 startRealTimePart() 00 000000

void sleepInRealTimePart(int cntLength) cntLength OO0 000000001000
00 startRealTimePart() D 0000000

int writeCurrentCommand(int ch, double val) chc 0000000000 valO OO
O00D000chOOO00OORobotControlUtils h DO D OODOODOOODODOODOOO
000D0000D0ODOO0ODOOD AO

int writeCurrentCommands(double vall, double val2, double val3) 000 1000
020000300000 vallval2val30000000000000000000ODODO
O000000 A0

int readCurrentVal(int ch, double* val) 0000 valOOO0O0OOchO0OOO0OODO
0000000000 0000D00OchDODOOORobotControlUtils hOD O OO OO
OO000D0O0DbOO0O0O0o0DbO0obO0OU0ODbDODOODODO AD

int readCurrentVals(double* vall, double* val2, double* val3) OO0 10000
2000030000000 000000 vallval2val 3000 0ooooonoonO
O000000000DO0ODO0O0OD0OO ACD
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int read Angles(double* anglel, double* angle2) 00 00 anglel,angle20 0000 O
RIOR2000000000O0000O000000O0OOOOOOO radOd

int writeAngles(double anglel, double angle2) R1,R200 00 00O anglel,angle2
O0Oo0bO0o0ob0obooobooooboobUobobOoboboOonog radd

ExperimentalEnvUtils.h 0 0O 0 0 0O

EXP FUNC U00000O0O0ODOOOOOOODOOOOOOODOODOOOOODO0ODO
gboboboooobbbuoooobobobuoooobood

ExperimentalEnvUtils.h 0 0 0 0O [

int experimentMain(int argc, char **argv, void* env, EXP_FUNCS* funcs) O
oot dlarge 00O 0OOODOOODOOON argv
dooooooodoooooodddenvd 00000 oooooooooonon
O0000D0fumesO0 000000000 OODOODOOODOODOODO EXP_FUNCO
0o

CommonUtils. hO0 O OOOO

ARRAY ODO00OO0O0OO0OOO0OOnOmOODOODOOOOODOO

HASH MAP 00000000 DOODOOOOOOOODOobDOobOobooboooonDg

CommonUtilsO0 OO OO

ARRAY* create ARRAY (int row, int col) row O OcolO0 ARRAYO O OO OOO
0d

void freeARRAY(ARRAY™ array) arrayJ D000 ARRAYO O OOOOOOO

void writeData(ARRAY* array, int row, int col, double val) ARRAY O OO ar-
raydrowdO0OcolOO0valOOOOOOODO

void writeDataList(ARRAY™ array, int row, int num, ...) ARRAYO OO array O
row O OO0O0D0D numUO 000000000000 0000nm0O0000000

double readData(ARRAY™* array, int row, int col) ARRAY O O O array O row O
colDOOOOOO

void write ARRAY2File(FILE* file, ARRAY™* array) fileOO OO0 Darray0 00O
goodooooobbboooooogoooo

HASH _MAP* createHashMap() HASHMAPO OOOOOOOO

void freeHashMap(HASH MAP* map) mapO0 00000
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void putInteger(HASH_MAP* map, char* key, int i) map 0 key 0O 00000
goooodiooooooon

int getInteger(HASH_MAP* map, char* key) map0 key OO OO DOO int 000
O0000keyOOOODDOOOOOODODOODO doubleOOOOOODOOOOOO
gooo

void putDouble(HASH_MAP* map, char* key, double d) mapd keyO O O OO
00000000 dooooooog

double getDouble(HASH_MAP* map, char* key) map keyJ 000 OO double
00000000 keyOOOOOOODODOOOODODOOdoubleOOOOODOO0O
OO0 NANODOO

void dumpMap(HASH MAP* map) map0 0000000000000 O00O0ODO

ControlElements.h 000000

LPF 0000O0O0ODODOODODODOOODOODOODOODOOO

LPF2 000000000 O0ODOODOODOODOODOOODOODOODOODOOD
INTG 00000000 DODOO0O0ODO0ODO0ODO0DOO0O0OO00ODODOO0D0OO
DIFF 000000000000 DOODOOODOODOOO0

PID PIDO0ODODOODOODOODOOOOODODOOO

MOTORDOB 0000000 ky,//,00000000000000O0O0OOOOODO
gobobooooobooo

MUSCLE v —-kuzr —buz 00000000000 0ODO0ODOOOOOOOOODOODOO

MUSCULARPAIR ODOO0OODOOOOOOOOODOODODOOOO

ControlElements.h OO0 OO0

LPF* createLPF(double tau, double ts) tau 0 00000000000 (Hz 1)Ots
000000000 (sec) LPFOOODODOO

double execLPF(LPF* lpf, double input) 00 input 000000000 lpfOO0O
Jl1godoboooooooon

LPF2* createLPF2(double tau, double ts) tau0 00000000000 (HzqO ts
000000000 (sec)D00O0OLPFODOODOOO

double execLPF2(LPF2* Ipf, double input) 00 input 0 20000000000
lpf0000 10000000000000

INTG™* createINTG(double ts) D0 0000000000 DOOO0O0ts00OODOO
000 (sec)
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double execINTG(INTG* intg, double input) 000 intg 000 input 000 10
gdooooooodooooo

DIFF* createDIFF (double tau, double ts) 0000 1/(rs+1)000000000
Otau000ts000000000 (sec)000O0O

double execDIFF (DIFF* diff, double input) 0000 diff 000 input 000 10
gdooooooodooooo

PID* createPID(double tau, double ts, double kp, double ki, double kd) PIDO
00000000 kpOO0O0DO KdDOOOODO kKIOOOO PIDOOOOOOO
O0000tau000000000 (sec)0000ts000000000O (sec)0O000O

PID* createPDForMotor(double tau, double ts, double zn, double tr, double kt,
double j) 0000 k/JOODDOODOPDOOOODOOOOOzn0 tr0O000O0O0O
0000000000000 00w000000000 (sec)D000tsO0O00OODO
0000 (sec)0000

double execPID(PID* pid, double delta) PIDOO0O pid0 00000000000
Oo000d0Odeta0 000100000000 0OO0OOO

MOTORDOB* createMOTORDOB (double taulnner, double tauOuter, double
ts, double kt, double j) 0000 k,//JOD00000000O0OO0OODOOOOOO
O0kt,j0 00000 (Nm/A)D0D00O0O0O0OO0OO0O0OO0O0O (kgem*)OtsO OO0
00000 (sec)dtauOuterd taulnmer 000 0000000000000 O0OOO
00000000000 (sec)0000O

double execMOTORDOB(MOTORDOB* motordob, double crtcmmd, double an-
gle) 0000 crtemd 000000 angled motordkobO0 000100000000
googo

MUSCLE* createMUSCLE(double tau, double ts, double k, double b, double
r) 000000 k(N/m)JO00000 b(N/ms) J000000 rv(m)000000
00000000000 (sec)D0tau000000000O0OODODODOODOOOO
(sec)

double execMUSCLE(MUSCLE* muscle, double u, double angle) 0O muscle [
OO0 angle0 0000 wuOOOO10000000O0OOO0OO

MUSCULARPAIR* createMUSCULARPAIR(double tau, double ts, double k,
double b, double r) 00000000 k(N/m) 000000 b(N/ms)0D0O0OOO
O0r(m) 00000000t 000000000 (sec)00tau000000000
0000000000 (sec)

double execMUSCULARPAIR(MUSCULARPAIR* pair, double ue, double uf,
double angle) 0000000 wed 0000000 uf0000 angled O OO pair
D000 1000000000000
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double execMUSCULARPAIRSD(MUSCULARPAIR* pair, double S, double D,
double angle) DO 000 SOOODOO0O0OODOOOODO angleD OO0 paird
OO001000000D000000

goboobobbboboboooobooboboobobobobobobo4b0oDO
gbbubbogobboobbooobbuobboooooobbuoooboboabn
OOoboooboooboooboooooo ANYODOUODOODoobobouoboonooo

freeANY(ANY* any) any0 00000

print ANY (FILE* file, ANY* any any O 00000000000 000C0OfiledOO
gog
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