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Figure 1. Definitions of variables. The vectors q; and qz define
the positions of the masses m1 and m» of the double pendulum,and
my sits at the center of mass of the trunk. The length ¢ is constant
and r is variable. The Cartesian basis vectors are X and y. The
angles of the segments with respect to the vertical are given by 6;

and &5.
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Figure 2. Examples of constraint functions: In all of these examples: f-(61) = 7/124+1/12tanh(46; +2). (A) Momentum method: f5(6;) =
1/4—1/4tanh(46; +2). (B) Noes overtoes: fo(61) = 1/2—1.2tanh(46; +2). (C) Hip wobble: f2(6;) = 1/4—1/4tanh(461 +2) +.1sin(86).
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Figure 3. Potential functions and the corresponding phase portraits. (A) The solid line is the potential function and the dotted line
shows the force induced by this potential. (B) In the phase plot corresponding to (A), (61,p1) follow the arrows and at the origin the
potential levels off so that we have a fixed point. Since the forces on either side of this fixed point push away from it, the trajectories split
and we have a saddle point. (C) And extra term is added giving the potential a dimple at §; = 0. (D) In this phase plot corresponding
to (C), there are now three fixed points, and the one at the origin has restoring forces on either side so that there are oscillations.
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Figure 4. Elementary Fixed points: (A) Sink, (B) Source, (C) Figure 5. Limit cycles generated by equation (17). (A) € > 0,
Saddle point, (D) Attractor node, (E) Repellor node. §<0;(B)e<0,8>0.
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Figure 6. Compactification the the cylinder for the application of the Poincaré-Bendixon theorem. The cylinder is truncated and
coordinate patches are fused to the ends in a smooth manner so that the vector field may be extended over the entire surface.
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Figure 7. Perturbations of the system given in eq.(17) by a term, ep1, in the second equation, and with § = 0. (A) ¢ = 0, (B) e < 0, (C)
€ > 0. Note that (B) and (C) are structurally stable, but only (B) has a stable attractor set.

Figure 8. Perturbations of the system given in eq.(18). (A) § = 0 and g(61) = 1, (B) § < 0, or g(61) is larger for negative 6; than
positive, (C) § > 0, or g(61) is larger for positive §; than negative. Note that none of these phase portraits are structurally stable.
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Figure 9. The 6 structurally stable phase diagrams following from perturbations of equation (13), excluding limit cycles. Lift-off momenta
lie along the left boundary, and solid trajectories terminate at saddle points.
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Figure 10. Relavant functions for the three examples of sit-to-stand strategies shown in figure 2. Solid line; G(6;), and dashed line;
1/F(61). Note that here (A) and (C) are easily distinguished.

uffi y

u y X y We wish to thank Jan Holly for discussions and

7z W u many helpful suggestions on the manuscript. This research was
supported by National Institutes of Health grants RO1-NS23209
and RO1-DC02482.

R r ncs

1. Abraham RH, Marsden JE (1985) Foundations of Mechanics,
2nd ed., Reading, MA: Benjamin/Cummings.
) fi u y 2. Arborelius UP, Wretenberg P, Lindberg F (1992) The effects
u u wu of armrests and high seat heaghts on lower-limb joint load and
u y X u muscular activity during sitting and rising. Ergonomics 35,
u u u 1377-1391.
»” 3. Arnold VI (1989) Mathematical Methods of Classical Mechan-
ics, 2nd ed., Berlin Heidelberg New York: Springer.
4. Arrowsmith DK, Place CM (1990) An Introduction to Dynam-
ical Systems, Cambridge: Cambridge University Press.
wv v u 5. Asatryan DB, Feldman AG (1965) Functional tuning of the
u y nervous system with control of movement or maintenance of a
W u w fi steady posture. Biofizika 2, 925-935.



Dynamics of the sit-to-stand movement

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

. Burdett RG, Habasevich R, Pisciotta J, Simon SR (1985)

Biomechanical comparison of rising from two types of chair.
Phys. Ther. 65, 1177-1183.

Dirac PAM (1950) On generalized Hamiltonian dynamics.
Can. J. Math. 2, 129-148.

Doorenbosch CAM, Harlaar J, Roebreck ME, Lankhorst J
(1994) Two strategies of transferring from sit-to-stand; The
activation of monoarticular and biarticular muscles. J. Biome-
chanics 27(11) 1299-1307.

Flanders M, Helms Tillery SI, Soechting JF (1992) Early stages
in a sensorimotor transformation. Beh. Brain Sci. 15, 309-362.
Fleckenstein SJ, Kirby RL, MacLeod DA (1988) Effect of lim-
ited knee-flexion range on peak hip movements of force while
transferring from sitting to standing. J. Biomech. 21, 915-918.
Francis ED, VanSant AF, Newton RA (1988) Variability in the
sit-to-stand motion in children and aldults: a developemental
hypothesis. Phys. Ther. 68, 866 Abstract.

Greene PH (1972) Problems of organizing motor systems.
Prog. Theor. Biology 2, 303-338.

Guckenheimer J, Holmes P (1983) Nonlinear Oscillations, Dy-
namical Systems, and Bifurcations of Vector Fields, Berlin Hei-
delberg New York: Springer.

Hemami H, Jaswa VC (1978) On the three-link model of the
dynamics of standing up and sitting down. IEEE Trans. SMC-
8, 115-120.

Hollerbach JM, Atkeson CG (1987) Deducing planning vari-
ables from experimental arm trajectories: Pitfalls and possi-
bilities. Bio. Cyb. 56, 279-292.

Jeng S-F, Schenkman M, Riley PO, Lin S-J (1990) Reliability
of a clinical kinematic assessment of the sit-to-stand move-
ment. Phys. Ther. 70, 511-520.

Jones FP, Hanson JA (1961) Time-Space pattern in a gross
body movement. Perception and Motor Skills 12, 35-41.
Jones FP, Hanson JA, Miller JF, Bosson J (1963) Quantitative
analysis of abnormal movement: the sit-to-stand pattern. Am.
J. Phys. Med. 42 208-218.

Kelly DL, Dainis A, Wood GK (1976) Mechanics and muscu-
lar dynamics of rising from a seated position. In: Komi PV:
Biomechanics V-B. pp. 127-134 Baltimore, MD: University
Park Press.

Marsden JE, Scheurle J (1993) Lagrangian reduction and the
double pendulum. Z. angew. Math. Phys. 44 17-43.
McCollum G, Leen TK (1989) Form and exploration of me-
chanical stability limits in erect stance. J. Motor Behavior 21,
225-244.

Miller M, Schultz A, Alexander N, Warwick D, Ashton-Miller
J (1989) Dynamics of rising from a chair: expermental data
collection. Symp. on Biomech., ASME Annual Meeting, 329-
332.

Nashner LM, McCollum G (1985) The organization of human
postural movements: A formal basis and experimental synthe-
sis, Beh. Brain Sci. 8, 135-172.

Nuzik S, Lamb R, VanSant A, Hirt S (1986) Sit-to-stand move-
ment pattern: a kinematic study. Phys. Ther. 66, 1708-1713.
Pai Y-C, Rogers MW (1990) Control of body mass transfer as
a function of speed of ascent in sit-to-stand. Med. Sci. Sport
& Ex. 22, 378-384.

Peixoto M (1961) Structural stability on two-dimensional
manifolds, Topology 2, 101-121.

Rodosky MW, Andriacchi TP, Andersson GBJ (1989) The
influence of chair height on lower limb mechanics during rising.
J. Ortho. Res. 7, 266-271.

Roebreck ME, Doorenbosch CAM, Harlaar J, Jacobs R,
Lankhorst J (1994) Biomechanics and muscular activity during
sit-to-stand transfer. Clin. Biomech. 9(4) 236-244.
Schenkman M, Berger RA, Riley PO, Mann RW, Hodge WA
(1990) Whole-body movements during rising to standing from
sitting. Phys. Ther. 70, 638-651.

Wheeler J, Woodward C, Ucovich RL, Perry J, Walker JM
(1985) Rising from a chair: influence of age and chair design.
Phys. Ther. 65, 22-26.

13

This article was processed by the author using the IATpX style file
from Springer-Verlag.



