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Vorlesung

Biorobotik

(1) Bitte die geanderten Startzeiten beachten:

Karlsruhe bleibt bei 10 Uhr

Stuttgart erst 10:45 Uhr (von Darmstadt so gewinscht)

Darmstadt 10:30 Uhr (aus organisatorischen Griinden von Darmstadter Seite)

www.uni-stuttgart.de

(2) FUr den Termin in Stuttgart einen Laptop mit Matlab/Simulink inkl Simmechanics bzw.
Sim Multibody toolbox mitbringen, wenn man direkt die Live-Demo mitmachen mdchte.
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Morphologie des Skelettmuskels

Muskel

1mm
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Physiologie des Skelettmuskels

CNS

ZNS / Reflex Aktivierung

motorische i\‘x

Endplatte \ )\,

Neurophysiologie

Aktivierungs- /
Kontraktionskopplung
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"8 physiologie des Skelettmuskels

vereinfachte Darstellung

(1) Elektromagnetische
Aktivierung des
Motoneurons

(3) Elektromagnetische
Aktivierung der
Muskelfaser (EMG)

(5) Biochemische
Aktivierung des dunnen
Filaments (Ca**)

@
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Neurophysiologie

Aktivierungs- /

Kontraktionskopplung




"8 physiologie des Skelettmuskels

A&P Flix

Muscle Contraction Part 2:
ExcitationiyContraction Coupling
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Biologische und technische
Muskelexperimente und
Muskelmodelle
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Apparat von Hill um ca. 1910 (1970)
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Quick-release mechanism
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Apparat von Hill um
ca. 1910. Hill (1970)
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Length change

0.5 mm

—

Warmeproduktion. Hill (1938)

Tad

éz

[ime —

10 ms

Muskelkontraktion. Hill (1938)

;g..tl::ﬁtj

(a)
| | | | | ~

Time marks:(+2 sec.

Time marks-0-2sec.

Kraft-Geschwindigkeits-
Beziehung. Hill (1938)
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"% B lologische Muskelexperimente
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= Isometric

74 hip fixin

s . b9

g - nerve stimulation electrode

§ force transducer
——e—— munuml- T pr——

&b

concentric and quick release

encoder

]
—] 1]l T ‘—l_©_j'——— GUnther, M, Schmitt, S,

Wank, V. 2007. High-

o = frequency oscillations as a
initial muscle length consequence of neglected
adjustment — t serial damping in Hill-type

= load muscle models. Biological

Cybernetics, 97:63-79.
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- EXPERIMENT -----
- SIMULATION ———

isometric 40

hip fixing

nerve stimulation electrode

tuttgart.de

force transducer

WwWw.uni-s

FORCE [N]

GUnther, M, Schmitt, S, Wank, V. (2007)
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[(P+a).v:b-(PO—P)]

Hilltyp Muskelmodelle beinhalten ein
kontraktiles Element das die
empirische Kraft-Geschwindigkeits-

g Beziehung in sich tragt
tnspo

Force-velocity

Archibald Vivian Hill
Nobelpreis 1922:

, ... fOr his discovery
relating to the
production of heat
In the muscle.”

Hill, A., 1938. The heat of shortening and the
dynamic constants of muscle. Proceedings of the
Royal Society of London B 126, 136-195. 13
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~~~~~ Bobbert & Ingen Schenau 1990 '
—— Woittiez et al. 1984
0 I O 1 ]
0.5 1 1.5 0.5 0 0.5
L/ Lo-dimensionless V /VL,0 — dimensionless
k k, ks L, Fr, -F F bV V,
Rat! —4.50 8.95 —3.45 27.0 mm 029N p <0.001 . a/ Lo Lo . / e Lo
Frog? —6.79 14.69 -6.88 31.0 mm 0.67N r2=0.96 dimensionless N dimensionless mm/s
Cat® ) -5.71 11.52 —4.81 31.9 mm 0.18 N ri =0.99 Rat' 0.356 4.30 0.38 144
IS-Ililrilanl ~13.43 28.23 ~13.96 215.9 mm 193.1N r2=0.75 Frog? 027 0.67 0.28 4
Mjsgz Cat® 0.27 0.18 0.30 191
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GK Klute, JM Czerniecki, B Hannaford (2002) Artificial Muscles: Actuators for
Biorobotic Systems. The International Journal of Robotics Research, 21: 295.
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Mechanische Eigenschaften e. Skelettmuskels
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Efficiency = mech. energy output / mech. energy input

4 GUnther, M, Schmitt, S. 2010. A macroscopic ansatz to deduce the
| n s po Hill relation. Journal of Theoretical Biology, 263(4), 407-18.
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Thermodynamik eines Skelettmuskels
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Enthalpy rate = power output * main. heat rate ~
shortening heat rate

= GUnther, M, Schmitt, S. 2010. A macroscopic ansatz to deduce the
tNSpPO Hill relation. Journal of Theoretical Biology, 263(4), 407-184
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Biologische Muskelexperimente
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Abbildung 2.21: Die Kraft-Langen-Relation. Links: Die Relation fiir eine Fa-
ser des Menschen (Lieber et al., 1994). Rechts: Relation fiir eine Faser des
Frosches von mehreren Autoren als Vergleich.
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Mikrodynamik eines Skelettmuskels

Thick filament

www.uni-stuttgart.de

[\

Andrew Fielding Huxley
Nobelpreis 1963:

Huxleytyp Muskelmodelle erklaren die , ... fOr ... ionic
mechanisms involved

Mechanik der Muskelkontraktion auf der " excitation ... of the ...
Grundlage der Mikrostruktur cell membrane.”

(,,sliding filament theory*)

Thin filament

- Huxley, A. F., Niedergerke, R., 1953. Structural changes in
muscle during contraction. Interference microscopy of living
' n s po muscle fibres. Nature 173 (4412), 971-973. 20



()
O
-

1]

(®))
=

=
e

(7))
i

o

=

.

\\\\\\\‘\\\\\\\\“‘“m%\%

//,

l"“x";

~

=, W
flament ‘\\\\\\\\\;\\\\\\\\\\\\\.
(F: mz-isl-k _O;n(:v) - - dx

J

m: Anzahl der Querbriicken pro
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S: Sarkomerlénge

k: Federkonstante

[: Abstand zweier M-Stellen

X: Auslenkung von Ruhelage

n(x): Anzahl der gebundenen Zustande bei

einer Auslenkung x
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Mikrodynamik eines Skelettmuskels
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t1 Huxleytyp Modell beschreibt die __ e S 0 % o .
= . — eV oW g
o Myosinkopf Bewegung = ';b_
E ’, — @ . o
= M-line Thick Filament Cross Sectional View
E Beinhaltet molekulare Reibung, _— Thin Flament (cti)  Thick Flament
chemische Kinetik und stochastische :
Komponenten
Sagt Anderung der Muskelkoordinate (b) Wilne

voraus (Winkel der Myosinkopfchen)

Benotigt Kraft und chemischen

. &% B
Zustand als Eingabedaten @@ rmotor domain

F

i) ight-chain domain
8 ¥ @ colled-coll stalk
{d) forms bundles to become thick filament

Lan, G., Sun, S., 2005. Dynamics of myosin-driven skeletal muscle contraction: |. Steady-

@
INs pO state force generation. Biophysical Journal 88 (6), 4107—4117. -
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proximal distal
initial length

Z-disc M-line

|

actin filament binding site crossbridge

myosin heads

Iprox_lg[O] | I PEVK]O0] Idist_ Ig[0] |
I I 1

stretch
—_—

/

AIPE\{K dist_Ig[0] IAIIdist_Ig

shortening

y N

Rode, C., Siebert, T. Blickhan, R. 2009. Titin-induced force
enhancement and force depression: A ‘sticky-spring’ mechanism
in muscle contractions? Journal of Theoretical Biology 259 (2009)
350-360.

(a) I-band A-band

f proximal PEVK  distal f thick filament 4
Z-disc  tandemIg N2A tandem Ig thin filament M-line
segment segment

(b)

Kiisa C. Nishikawa, Jenna A. Monroy, Theodore E. Uyeno, Sang
Hoon Yeo, Dinesh K. Pai and Stan L. Lindstedt

2012. Is titin a 'winding filament'? A new twist on muscle
contraction. Proc. R. Soc. B 2012 279, 981-990
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Kontraktionsdynamik des Skelettmuskels

S

‘é F F H _ power output

g | power Input

7 hyperbolic

(= /

3

§ 0 | 0 \' 0 2>V
Kraft-Lingen Kraft-Geschwin- Mechanische

Beziehung digkeits Bez. Effizienz

#H = (mech. power output)+

isometric rH (maint. heat rate)+

T (contract. heat rate)

Gunther, M, Schmitt, S, /

Wank, V. 2007. High-
frequency oscillations as a 0 >V
consequence of neglected .

serial damping in Hill-type Enthal plerate
muscle models. Biological
3 load Cybernetics, 97:63-79. 24

initial mule length
adjustment t
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Ist der Muskel der bessere Aktuator?

Biologischer Muskel als Vorlage fur biomimetische Aktuatoren

15~ - - -
X experimental data
hyperbolic fit
theory

— — — biology

www.uni-stuttgart.de

0.1 0.15 0.2
Veg [MVs]

0 0.05

Schmitt, S., Haufle, D.F.B., Blickhan, R., Gunther, M. (2012). Nature as an engineer: one simple
concept of a bio-inspired functional artificial muscle. Bioinspiration & Biomimetics, 7 036022

Haeufle, D.F.B., GUnther, M., Blickhan, R., Schmitt, S. (2012). Can Quick Release Experiments Reveal
the Muscle Structure? A Bionic Approach. Journal of Bionic Engineering, 9(2), 211-223

&
tNSpo 25



;ﬁ University of Stuttgart

= Germany

Modellsicht auf den biologischen Motor

o)
O
Fu Biologischer
oy Elementarantrieb
3 ‘Muskel e (EBD)
uéa Hill-Typ Muskelmodell: M /
CE ~jCE __ mtc jCE n
§ U, —lj —fv(lj 7lj 7QJ) , 4
T~y | i
S =/ q (q.77 STIMJ) - mteq
jmte ,mte JCE Motorische Kontrolle
f f ( A ’qJ) Equilibrium-Point-Control:

Gunther; Schmitt, Wank (2007)

 _ fs()\z lC’E C’E)

]
ﬁ Gtinther and Ruder (2003)
|

Skelett
Modell des mechanischen Systems:

| M ()it + C(r)i* + g(r)+
‘ -R(r) [ +e(r,7) = 0
/\'/7’ Pandy (2007)
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Beispiel eines Muskelmodells
nach Hilltyp

B Biological Cybernetics
July 2007, Volume 97, Issue 1, pp 63-79

siad High-frequency oscillations as a consequence of neglected
B serial damping in Hill-type muscle models

ter  Michael Gulnther, Syn Schmitt, Veit Wank

&
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http://link.springer.com/journal/422
http://link.springer.com/journal/422/97/1/page/1
http://link.springer.com/search?facet-author=%22Michael+G%C3%BCnther%22
http://link.springer.com/search?facet-author=%22Syn+Schmitt%22
http://link.springer.com/search?facet-author=%22Veit+Wank%22
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Modellskizze

NANNANAARN
isometric \
= T I PEE %
concentric and quick release

GUnther, M, Schmitt, S, Wank, V. (2007)

initial muscle length

adjustment

SEE g
v

_____ @ nass
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Modellskizze

nerve stimulation electrode

=| ce | PeE § Dee

lpe

www.uni-stuttgart.de

GUnther, M, Schmitt, S, Wank, V. (2007)

Yoo
_ A
g
mass = 100, ..... , 1800 g
g = Graviationsfeld der Erde
SE
v
A mass




Modellskizze

4 ~N \

Aktivierungsdynamik W
q; = fq(CIj7 STIM;)
\ ) y :EE ce [ PEe g
Kontraktionsdynamik

CE CFE t CE _~N| | ¥Y-----_
/Uj — l] — fv(l;n C, l] ,q]) Irrntc A
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g

Muskel-Skelett-System . v

frte = fp(ie, v 197, g;)

- J

Mass




Modellierung des kontraktilen Elements

Feg=A-F;-F, - fnaw Hill’'sches

Produktansatz t Muskel-Modell
Hill 1938

www.uni-stuttgart.de

Fisom FC’E,norm
\ <

q
— Aktivitat [9o]

O . ;
0 AL[m] 0.2 0 v[m/s] 2

Kontraktionsdynamik
Aktivierungsdynamik Materia|gese’[ze
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" Aktivierungsdynamik

qzi(STIM—STIM-u—ﬁq)-(q—qo)—ﬁq-(q—qo))

Tq

mit gg < g < 1 : Aktivierung der Muskulatur, Ca2+ - Konzentration

www.uni-stuttgart.de

Tq - Zeitkonstante flr ansteigende Aktivierung

ﬁq . Verhaltnis zwischen Zeitkonstante flr ansteigende und
abfallende Aktivierung

0 < STIM < 1 : aktuelle, neuronale Stimulation des kontraktilen
Elements

Zajac FE (1989) Muscle and tendon: properties, models, scaling, and application to biomechanics and motor control. In: Bourne JR (ed) CRC critical reviews in
biomedical engineering, vol 17. CRC Press, Boca Raton, pp 359411

&
' n s o Hatze H (1977) A myocybernetic control model of skeletal muscle. Biol Cybern 25:103-119
p Hatze H (1981) Myocybernetic control models of skeletal muscle — characteristics and applications. University of South Africa Press, Pretoria 33
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" Kontraktionsdynamik - Ausgangspunkt

nach Hill (1938) .
Fmtc — Fmtc(lmtc)

unter Berucksichtigung des
Kraftgleichgewichts

Fspr(lmte,lcr)+
Fser(lmte,log) =

Fpee(lcr)+
Fee(ler,lcr,q)

ergibt

{Z.CE = iCE(lmtca lcE,q

N

)

4

@
tNSpo

| wEs

g

SEE § De:

v

Mass




Modellierung der Sehne - SDE

Fser ‘|‘[FSDE]: Fprr + For

www.uni-stuttgart.de

FSDE — dSE,maa:(lC’Ea Q) '

Fer(lor,lo, q)

Fmax

-lsp

mit

Fmax ) Arel,O

dsg.maz(lcE,q) = Dsg -

@
tNSpo

lC’E,opt ) Brel,O

35
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Modellierung der Sehne - SEE

Q
O
>
Fo__ A
= SEE
™
whd
¢
= AUggg i
SEE — AU
= SEE.| > AFsee
£ 3
I AUgee ) * lsgeo
|
|
|
AFsgE 09 |
// |
7’ *
o BUsee ) * Isge o
// /\ I
| lsee

| AUsee ™ Isee 0 (1+ AU )*]
SEE,0 SEE,nil) " ISEE,0

@
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: FSgg(Isg) h
0, Ise < ISEE,0
= 1 KsgEg,ni (Isg —[SEE,0)"SEE, Ise < ISEE I 4)
AFSgg,0+ Ksgg,; (IsSE—ISEE,nl1), ISE = [SEE y

where Isg = [mie— [cE 1s the length of the serial element (SE)
and

ISEE.nn = (1 + AUSEE.nn) ISEE.0
VSEE = AUSEE n1/AUSEE
KSsgg.ni = AFsgg.0/(AUSEE nn ISEE.0) SEE

Ksgg,; = AFSgg 0/ (AUSEE, | ISEE.0)

36
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T Modellierung des Bindegewebes - PEE

Q
S
T
>
e 0 [ [ :
Z : CE < IPEE.0
+H Free(lcr) = U4
5 Kpeg (Ice — IpeE.0)'FE, IcE > IPEE.(
§ " Y
. - Fmax
with Kpgg = JPEE (ICE,opt (AWiimb=des+1—LpEE,0)) "PEE and

IPEE,0 = LPEE,0 [CE,opt With the three free parameters Fpgg,
LpgE. o and vpgg (Table 2).

&
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Modellierung der Kraft-Langen-Beziehung

[
VCE,limb

tuttgart.de

Fisom — €EXP

WwWw.uni-s

\ 4

I :

| S : : i : :
PEE : : AR : : _ -

1.4 . F - van SOGSt e e , .............. ",._. ............... ............... ............ - 100 - B (

isom’ : : s
. s Hat7e - - - -.- : : Py e o
Fom: Hatze e 5 a0l
isom+ NIEW A E |
12 + | | Fisom +_FPEE semmenns R g R — — i 3
B 4 B H H H H = {1‘.)‘-
: : : ',EI _E
1 : = 40
= 201 slack length
- B : B
. 0.8 oL O | i L | |
2 1.0 1.5 2.0 2.5 3.0 35 4.0
LTAQ Sarcomere length (um)
06 L | 1 1 1 | I
0.6 0.8 1.0 1.2 1.4 1.6 1.8

Extension ratio, #
04 . ) . "
=1 = — —

02

0
02 03 04 05 06 07 08 09 1 .1 12 13 14 15

1CE /ICE,opt [ ]

@
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"8 Modifizierte Hill-Gleichung

Fsgp+ Fspe = Fperg + FoE

@
tNSpo

Startpunkt Kraftgleichgewicht
OZCQZ%E—FCl Alorg + Cy

Quadratische Gleichung der Kontraktionsgeschwindigkeit

eyl (o E e )

fiir konzentrische Kontraktion (icr < 0)

C2 = dsg,max(ICE, q) (RSE — Arel (1 — RsE))
Ci = —(Calm + Do + Fsge(m, Ice) — Free(IcE)
+ Fimax Arel (ICE> ¢))
Co = Dol + ICE.opt Brel(ICE> q)
X (FSEe(Um, Ice) — FPEE(ICE) — Fmax ¢ Fisom (ICE))
(24)

39
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" Kontraktionsdynamik ... aufgestellt!

nach Hill (1938) .
Fmtc — Fmtc(lmtc)

unter Berucksichtigung des
Kraftgleichgewichts

Fspr(lmte,lcr)+
Fser(lmte,log) =

Fpee(lcr)+
Fee(ler,lcr,q)

ergibt

{Z.CE = iCE(lmtca lcE,q

N

)

4
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" Experimentelle Bestimmung der Parameter

lce

lpe

GUnther, M, Schmitt, S, Wank, V. (2007)

initial muscle length
adjustment

mass = 100, ..... , 1800 g
g = Graviationsfeld der Erde
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Parameter des Muskelmodells

()
©
-
g Table 2 Parameters of a lumped model MTC (GL, GM, SOL, FDS; compare Figs. 1, 2, 3) for a 1 day old piglet (body weight: 1,510¢) used in
= all simulations
5
= Activation dynamics (Zajac) 74 (s) By q0
s as 1.0 0.0001
: .
=_ Isometric force Fmax(N) lCE, opt (m) AWdes VCE,des AWase VCE,asc
g 30.0 0.015 0.14 3.0 0.57 4.0
Contraction dynamics (concentric: Hill)* Arel 0 Brel,O(%)
S 0.1 1.0
Contraction dynamics (eccentric: van Soest) Secc Fece
2.0 1.8
Parallel elastic element? LPEE.0 VPEE FPEE
0.9 2.5 1.0
Serial elastic element® ISEE.0(m) AUSEE nll AUSEE, ] AFSgg o(N)
0.045 0.1825 0.073 60.0
Damping parameters dpr(Ns/m) dsg(Ns/m) Dsg RsEg
6.0 6.0 0.3 0.01
Dependent parameters:
" Umax,0 = 3L lg, opt = 0.15m/s

b KPEE,nl = 3.86 x 107 N/m2'5
¢ vsgg = 2.5, Ksggnl = 9.82 x 10°N/m?, Ksgg;(30N) = 1.20 x 10*N/m, AUsgg(30N) = 0.138

&
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- EXPERIMENT -----
- SIMULATION ———

isometric 40

hip fixing

nerve stimulation electrode

tuttgart.de

force transducer
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FORCE [N]

GUnther, M, Schmitt, S, Wank, V. (2007)

initial muscle length

adjustment
iLIoad 0 0.2 04 06 0.8 1 12 14
TIME [s]
-0.12 T T T T T T 30 - T T T T
EXPERIMENT --->¢--- Vmax,quick X
SIMULATION ' : : quick-release fit ~---------
s : Vma)g,cor_lc X
_01 ................................................................................................................................................................. concentric flt o]
EXPERIMENT ----¢----
SIMULATION
CE: mod. HILL

— —0.08
H _
> z
52006 3
2 :
3 2
>

-0.04

-0.02

0

0 002 004 006 008 0.1 012 014  0.16
TIME [s] VELOCITY [m/s] 43



