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1. Introduction The Central Nervous System is unique in its capacity to control a wide variety of tasks, ranging from standing, walking, jumping to fine motor tasks as grasping and manipulating. Typically, the actions of a controller require knowledge about the system to be controlled. It is likely that the CNS takes advantage of, or at least takes into account, non-linear dynamic features of the musculoskeletal system resulting from multiple degree-of-freedom joints, ligaments, muscles, but also the kinematic and actuator redundancy. Much research in biomechanics has been focussing on the individual components of the musculoskeletal system. Though this has resulted in a cumulated knowledge about more and more microscopic properties, the scope of this approach has its limitations. In this perspective it will be argued that an integrative approach is necessary, not to know more about the component, but in order to assess the importance of each component in relation to the complete system. As an example, much research effort has been spent in the development of muscle models (Hatze, 1976; Zahalak, 1981; Winters & Stark, 1985; Otten, 1988; Zajac, 1989). In these models the activation dynamics and contraction dynamics are represented in detail. However, all these muscle models are open-loop models, transferring neural input into force. There have been some attempts to combine the feedback of muscle spindles with the muscle properties (Hasan, 1983; Gielen & Houk, 1987; Schaafsma et al., 1992; Otten et al., 1995; Winters, 1995). However, these models are applied on single muscles and do not study the interaction with dynamic inertial properties of the limb. State-of-the-art in musculoskeletal modelling employs open-loop muscle models, i.e. without proprioceptive feedback, in combination with an inertial system. The stability of the optimized solutions has never been a subject of discussion. Whenever open-loop muscle models are applied in a musculoskeletal model, the stability of the whole model completely depends on the intrinsic viscoelastic properties of the muscles, resulting from the cross-bridge stiffness (if represented), the forcelength and force-velocity relationships, in relation to the passive dynamic properties as segment inertia and joint visco-elasticity. Inverse-dynamic simulations can result in unstable solutions, and forwarddynamic simulations will tend to be borderline stable solutions systems, meaning that small perturbations can not be adjusted for because no additional ‘effort’ will be spent on stability. Ergo, open-loop muscle models will typically underestimate the effort needed for stabilization of the limbs, since presumably human beings will always keep a certain safety region from unstable positions. In open-loop musculoskeletal systems, co-contraction is the only means for increasing the impedance (in fact the stiffness and viscosity) of the system. However, experiments on reflexive muscle actuators and intact limbs revealed that the emerging visco-elastic behaviour of muscles is the result of the proprioceptive feedback of muscle spindles and Golgi Tendon organs. Hoffer & Andreassen (1981) showed a large increase in (quasi-static) stiffness at small activation levels, due to feedback. The results of Feldman (1966) and Mussa-Ivaldi et al. (1985) can only be explained by the stiffness resulting from length feedback, since intrinsic muscle visco-elasticity is much smaller.



Van der Helm & Rozendaal: Musculoskeletal systems with intrinsic and proprioceptive feedback



Goal of this chapter is to outline a musculoskeletal model containing muscle dynamics and inertial properties in combination with muscle spindle and Golgi Tendon Organ feedback loops. The specific role of force, velocity and position feedback will be discussed, and the optimal gain of these feedback loops. The effect of co-contraction in combination with proprioceptive feedback is analyzed. Finally, a frame-work for implementing proprioceptive feedback including estimation of optimal feedback gains in a large-scale muscloskeletal model is described. 2. General description of the musculoskeletal model including feedback In Figure 1 a general model of a musculoskeletal model including feedback is presented. The principles of such a model will be demonstrated for a single degree-of-freedom (DOF) system, whereas extension of the approach to large-scale system will be discussed in the last paragraph. Input of the model is supra-spinal neural input to the closed-loop actuator (a muscle inside its proprioceptive feedback loops), output of the model is the joint angle of a limb. The neural input to the model contains a set-point signal for the feedback loops, in combination with a feedforward signal from an internal model containing the inverse dynamics of the system. This concept is further described in Van der Helm & Van Soest (2000). In the straight path one can discern a muscle block, moment arm and segmental inertia. The muscle block contains the muscle dynamics, transferring the neural input signal (α-activation) to muscle force. The moment arm r transfers muscle force into muscle moments. In the inertia block muscle force is transferred into accelerations, subsequently twice integrated to obtain the actual position. Proprioceptive feedback can be divided into force feedback in the Golgi tendon organ, and length and velocity feedback (represented by a gain Kl and Kv , respectively, and a time-delay τd ) in the muscle



Figure 1: A general scheme of a musculoskeletal system and its proprioceptive feedback loops. Input uss is a supra-spinal neural signal, the output is joint angle θ. The moment arm r transfers muscle force into moment, and joint angle into muscle length. τ represents the time-delay due to neural



signal transport and processing. Joint angle and angular velocity are fed back through the intrinsic muscle properties (force-length and force-velocity relation) and through the muscle spindle, resulting in Ia and II muscle spindle afferents. The Golgi tendon organ is sensitive to muscle force. spindle. The moment arm r transfers joint angle to muscle length (and joint angular velocity to muscle
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velocity). The negative moment arm is used here: If force-to-moment is positive, the resulting angular motion results in muscle shortening, which is by convention negative. For an analysis of the role of proprioceptive feedback some simplifications of the model are introduced, without affecting the most important dynamic features. For the feedback loops only lowlevel spinal reflexes (~ short-latency reflexes) are considered, generally assumed to be mono- or bisynaptic. The dynamic effects of the GTO are presumably negligible, so the force feedback can be represented by a gain kf and a time-delay τd. Muscle spindles contain nuclear bag and nuclear chain fibers, each with a sensory organ and intrafusal muscle fibers. Input to the muscle spindle are the γs and γd motorneuron activation of the (static) nuclear chain and (dynamic) nuclear bag, respectively, and length and velocity of the extrafusal muscle fiber. Output of the muscle spindle are the Ia-afferent signals, containing length and contraction velocity information, and II-afferent signals containing only length information. Some remarks on the functioning of the muscle spindle are important: • •



• •



•



The output of the muscle spindle (Ia or II) is the result of the combined input signals, i.e. neural input and mechanical input. As such, the muscle spindle is not an absolute length or velocity sensor: Length or velocity are likely to be deduced from the γs and γd input and afferent output. Hence, the γ-input can not specify any reference length. Whenever a γ-input is present, the intrafusal muscle fiber will exert force, and the sensory part will be strained. Any servo-type motor control scheme in which γ denotes the reference length and the α-motor-neuron will follow the γ-input is therefore not very likely. Ia-afferents contain the combined length and velocity signal. The relative contribution of length and velocity depends on the relation between γs and γd. It will be shown in this chapter why the combination of a length and velocity signal is in fact very useful. Despite the complex structure of the muscle spindle, it essentially provides length and velocity information to the CNS. It has been shown that intrafusal muscle fibers are slow twitch fibers. Fast dynamic behaviour would in fact distort the quality of this information, and would in any case not be useful in regard of the time-delays for the neural transport and processing times, which dominate the dynamic behaviour. Therefore, simplification of the muscle spindle to a gain (i.e. no dynamic behaviour), and a time-delay seems to be justified. The gain of the muscle spindle feedback loop can be affected by supra-spinal signals inhibiting or exciting interneurons, or by γ-activation. These effects can be combined in one gain, which can be adapted to the circumstances.



The problem in the control scheme presented is to find reasonable values for the feedback gains. Though the control scheme may contain highly non-linear elements, for sake of analysis it can be linearized in any state. Using available analyzing tools for linear systems, the feedback gains can be optimized. For the muscle model the third-order model proposed by Winters and Stark (1985) is used. It contains excitation dynamics (from hypothetical motor control signal to neural signals), activation dynamics (from neural signal to ‘active state’, representing the calcium uptake/release dynamics), and contraction dynamics (i.e. a force-velocity relation, in combination with fiber force-length relation and series-elastic force-length relation). Without loss of essential dynamic features the model can be linearized and simplified. The excitation dynamics and activiation dynamics can be represented by a first-order linear model. The dynamic contribution of the series-elastic element only becomes somewhat important for frequencies above 4 Hz, and can reasonably be neglected. Hence, contractile element (CE) length and velocity are directly related to joint angle and angular velocity. By linearizing the force-length and force-velocity relation in any current working point, the intrinsic muscle stiffness (df/dl) and muscle viscosity (df/dv) is obtained. This is related to joint stiffness (dM/dθ) and joint viscosity (dM/d θ ) by:



M = r. f



(1)



dM dr df dr df dl dr df = . f + r. = . f + r. . = . f + r 2 . = Kθf + Kθs ; dθ dθ dθ dθ dl dθ dθ dl



(2)
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dM df df dv df = r. = r. . = r 2 . = Bθv dv dθ dv dθ dθ



(3)



dr df dl . f ; Kθs = r 2 . and r = ; M is the joint moment, r is the moment arm, f is dθ dl dθ muscle force, l is muscle length, v is muscle velocity, θ is joint angle and θ is joint angular velocity. where Kθf =



Kθf and Kθs are the muscle force contribution (depending on f) and muscle stiffness contribution (depending on df/dl) to joint stiffness, respectively. Similarly, Bθv is the muscle viscosity contribution (depending on df/dv) to joint viscosity. The impedance of the skeletal system can be described by:



M = J.s 2 . θ + (Bθv + Bθp ).s. θ + (Kθs + Kθf + Kθp ). θ



(4)



where K p and B p are the passive joint stiffness and viscosity, respectively. The importance of the distinction between the geometrical and force contribution of the joint stiffness and viscosity will be shown below. In the Eq. (4) it is shown that the linearized force-length and force-velocity relation can be regarded as part of the skeletal system, affecting the joint stiffness and viscosity. Hence, the activation dynamics can be described by the transfer function Had



Had (s) = Hexc (s) . Hact (s) . Fmax



(5)



Table 1: Parameters used in the musculoskeletal model. parameter sensory time delay muscle excitation time constant muscle activation time constant maximum muscle force muscle moment arm arm inertia inherent arm viscosity inherent arm stiffness



symbol τd τe τa Fmax r M B K



value 0.035 0.040 0.030 1000 0.04 0.25 0.2 0.0



unit s s s N m kgm2 Nms/rad Nm/rad



Figure 2: The linearized version of Figure 1. The active and passive joint stiffness and viscosity are attributed to the skeletal part. Proprioceptive feedback pathways are represented by a gain and a time-delay. where



Hexc(s) =



1 1+ τe.s 4
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Hact (s) =



1 1+ τa.s



in which τe is the excitation time-constant, and τa is the activation time-constant, in the linearized case the average between the activation and de-activation time-constant. Fmax is the maximal isometric muscle force, depending on the physiological cross-sectional area of the muscle. In Figure 2 the linearized version of Figure 1 is shown, with the active and passive joint stiffness and viscosity contributions attributed to the skeletal part, and the activation dynamics according to Eq. (5). Simulations will show the role of force, velocity and length feedback for the behavior of the musculoskeletal system. A more extensive description of the results can be found in Rozendaal (1997). Values for the variables in Figure 2 are given in Table 1. 3. Role of force feedback In Figure 3a the block scheme with the activation dynamics and the force feedback is separated. Input is the neural input, output is the muscle force. The muscle force is fed back by a gain and a time-delay to the neural input. From Figure 3a it can be seen immediately that the summing point must have a negative sign, indicating negative feedback. Otherwise, positive feedback would result immediately in a unstable system: An increase in muscle force would result in an increase in muscle activation, which would result in an increase in muscle force, etc. If the force feedback is added, the transfer function Had_ff of the closed-loop system is



Had _ ff (s) =



Hexc(s). Hact (s). Fmax 1+ Hexc(s). Hact (s). Fmax. kf . e - τd.s



(6)



where e-τd*s is the time-delay of the force-feedback loop resulting from neural transport and processing, and kf is the gain of the force-feedback. In Figs 3b and 3c the transfer function Had_ff is shown for several values of kf in the time-domain and frequency domain, respectively. Force feedback is very effective in increasing the frequency bandwidth of the muscle activation dynamics, or in other words, the muscle can react faster. However, if the gain is too high, the system will start oscillating, thereby decreasing the effectiveness of the feedback path (see e.g. kf = 0.00159 in Figure 3c). Another important feature of the force feedback gain kf is that it is not affected by the dynamics of the skeletal system. It depends only on the activation dynamics and Fmax, which are all fixed constants. Rozendaal (1997) showed that the maximal loop gain kf*Fmax is approximately 2.7 (for a 35 msec time-delay). However, for a suitable performance the loop gain should be much smaller. If



kf =



1.27 Fmax



the gain at the resonance frequency is twice the static gain, being a compromise between a fast response and oscillating behaviour. Rozendaal (1997) showed that the bandwidth of the actuator is increased by a factor 2.7, from 18 rad/s to 50 rad/s (from 2.9 to 8 Hz). It is concluded that force feedback is very important whenever muscle dynamics are described, and may not be neglected.
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4. Intrinsic muscle visco-elasticity versus length and velocity feedback. In Figure 2 two feedback pathways are described for the muscle length and velocity: One describing the intrinsic muscle stiffness and viscosity, and one describing the proprioceptive feedback including muscle spindles. The intrinsic muscle visco-elasticity feedback path does not have a time-delay



Figure 3: The effect of force feedback on the muscle activation dynamics. A: Block scheme of the force feedback. The muscle activation dynamics are represented by an excitation and activation block, and the maximal isometric force. Force feedback is represented as a gain and a time-delay. B: Simulations with different gain values in the time-domain. .....: NO force feedback; ____ ‘optimal’ force feedback (kf*Fmax = 1.27); ---intermediate values. C: Similar to B, represented in the frequency domain. 6
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present. However, the contribution is a direct function of the muscle force exerted by the force-length and force-velocity relation. By increasing the force through co-contraction, the system will become stiffer and more viscous. For a lumped shoulder-elbow model but using realistic values derived from a detailed shoulder-elbow model (Van der Helm et al., 1992), Rozendaal (1997) estimated that the maximal stiffness of the shoulder is way below experimental values as presented by Mussa-Ivaldi et al. (1985), or derived from Feldman (1966). This means that the (quasi-static) stiffness is dominated by the proprioceptive feedback. A similar conclusion can be drawn from experiments of Hoffer & Andreassen (1981) on decerebrated cats, which values are of the same order. In one of the previous paragraphs a distinction has been made between the force, geometric and passive contribution to joint stiffness. If we focus on the summing point of the various stiffness contributions (Fig. 4), it is shown why this distinction is important. If the muscle force increases due to the muscle stiffness or viscosity, this force increase is reduced by the force feedback through the Golgi Tendon organ!! Therefore, the force contribution to stiffness becomes



Kθf _ ff (s) =



Kθf 1+ Hexc(s). Hact (s). Fmax. kf . e - τd.s



(7)



and a similar relation is found for the viscosity contribution Bθv. Obviously, the geometrical and passive contributions do not change, since no increase of muscle force is involved. The geometrical contribution, depending on dr/dθ*F, is almost always negative, i.e. destabilizing. Increasing muscle force increases the destabiliting geometrical contribution. In fact, Rozendaal (1997) showed that for the shoulder the force contribution to stiffness (reduced by force feedback!!) is almost cancelled out by the geometrical contribution. This means that co-contraction does not add directly to the joint stiffness!! Muscle fiber length and contraction velocity are sensed by the muscle spindle. Though the spindle is a highly non-linear processor of the length and velocity information, one can assume that the CNS is capable of deriving the original length and velocity. The muscle spindle dynamics MUST be an order of magnitude slower than the extrafusal muscle fiber dynamics, otherwise the sensor information would be truly distorted. In addition, for the feedback loop dynamics the muscle spindle dynamics can be neglected in regard to the timedelay. Therefore, for our model it is acceptable to model the muscle spindle and neural pathways by a simple gain and a time-delay. The most important features of the length and velocity feedback can be shown, and the optimal feedback gains can be estimated.



Figure 4: The muscle stiffness (K s) and muscle viscosity(Bθv) contribution to joint stiffness and viscosity are filtered by the dynamics of the force feedback loop. The muscle force contributions (Kθf + B f) and the passive contributions (Kθp + Bθp) are NOT filtered. The gains of the proprioceptive feedback loops are limited by stability requirements wellknown in control engineering: For frequencies where the phase lag is 180 degrees, the total loop gain must be
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considerably below 1. Figure 2 shows that the total loop gain includes the muscle dynamics, but also the skeletal dynamics and moment arms. Therefore, the length and velocity gain of the muscle spindle depends to a large extent on the specified musculoskeletal system and its current position. This is a very important consideration whenever experiments on single muscles or other species (cats!!: Hoffer & Andreassen, 1981) are evaluated. If the muscle dynamics and time-delays were neglected, the length and velocity feedback gains, kl and kv respectively, would directly result in a certain linear impedance (massdamping-stiffness) behavior of the musculoskeletal system. Here, the desired impedance is defined as the transfer function Hdcom(s) between external perburbations Me and joint angle:



θ 1 = 2 Me Mθ.s + Bθ .s + Kθ



H d com (s) =



(8)



However, in the presence of muscle dynamics and time-delays, the resulting impedance can only approximate a true second-order (passive mass-spring-damper) system:



Hcom (s) =



θ( s ) 1 = 2 2 Me (s) Mθ.s + ( Bθ + kv. r . Had _ ff (s)).s + (Kθ + kl. r 2 . Had _ ff (s))



(9)



However, the optimal length and velocity feedback gains, kl and kv respectively, can be estimated with respect to the desired impedance, using the difference between the actual impedance and desired linear impedance as an optimization criterion: 100



J=



∫ (log( H



d



(jω ) ) −log( Hcom(jω ) ) 4 d log(ω )



com



ω = 0.1



(10)



100



+ω



∫ max(0, (∠H



d



(jω ) - ∠Hcom(jω )) 4 d log(ω )



com



ω = 0.1



i.e. weighing of the differences between Hdcom(s) and Hcom(s) in the Bode-plot format. 5. Simulation results The model as shown in Figure 2 has two inputs (supra-spinal neural input signal uss and perturbing moment Me) and one output (joint angle θ). The transfer function from uss to θ denotes the tracking behaviour, i.e. how fast can the system track an input signal. The tracking behavior and the origin of the signal u0 will be extensively discussed in Van der Helm & van Soest (2000). Here, the transfer function of Me to joint angle θ is treated, being the admittance (= inverse of the impedance) of the system. As a typical example, the optimized behaviour will be shown for the case mθd = mθ = 0.25 kgm2 ; Bθd = 3 Nms/rad ; Kθd = 25 Nm/rad . which is a reasonable demanding task for the system. It is assumed that no active or passive joint stiffness is present and only a small passive joint viscosity (Bθp = 0.2), i.e. a relaxed arm as is the case in most experimental studies. Figure 5 shows results for length feedback only, both length and velocity feedback, and length, velocity and force feedback. Since the open loop containing the muscle activation dynamics, the inertia of the limb and the time-delay has itself a phase-lag of 180 degrees at 0.5 Hz, length feedback only can carry a very small gain factor, no more that kl = 0.001. Obviously, this is not enough for a kind of servo-control. Just length feedback in the presence of time-delays is not a feasible option in musculoskeletal systems. The addition of velocity feedback and the accompanying phase lead results in a stable system. Though there are still limitations on the bandwidth of the velocity feedback path, and hence also on the bandwidth of the length feedback. The result is shown in Figs 5b and 5c (time-domain and frequency-domain respectively): The desired stiffness can not be obtained by the length feedback.. Only the combination of length, velocity and
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force feedback results in a system that can approximate the desired impedance. However, in figure 5c it can be seen that due to the dynamics of the feedback path (time-delays, muscle activation dynamics), the stiffness and viscosity are no instantaneous properties of the system. However, it is concluded that force feedback increases the muscle activation dynamics, whereas the length and velocity feedback



Figure 5: Comparison of length, length and velocity (-.), and length, velocity and force (---) feedback. Performance is compared with a reference impedance (___). Length feedback results in a nearly unstable system with a very small bandwidth (less than 0.5 Hz). Using length and velocity feedback stability limitations result in a maximal length feedback which is not sufficient to obtain the reference stiffness. Only with length, velocity and force feedback an acceptable approximation of the reference impedance is obtained. A. Simulations in the time-domain, response on a unit step on Me;. B. Simulations in the frequency domain.
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can approximate the desired stiffness and viscosity. The intrinsic muscle stiffness and viscosity due to the force-length and force-velocity relation hardly contribute to the joint impedance, due to the filtering of the force feedback path. Increase of especially the intrinsic muscle viscosity is functional in that respect that the length and velocity feedback gains can increase further, and a larger range of impedance levels can be obtained. 6. Physiological comparisons At the present moment, there are hardly any experiments described in literature to back up the model and modelling assumptions presented here. Nonetheless, some observations are in surprisingly good agreement with the model results. Let us summarize first the strategy in the present optimization study. A model structure has been chosen which is closely related to the known anatomy and physiology (Fig. 1). The muscle model and skeletal model are not very detailed, though reasonably good for the present purpose. Parameter values for a shoulder system are lumped from a very detailed large-scale shoulder model. Subsequently, the model is linearized, assuming that in the close neighbourhood of the working point the effect of non-linear properties are small. This is reasonably the case for posture tasks, though less true during motions. Subsequently, the gains in the proprioceptive feedback loops are optimized in order to achieve a desired impedance, without any a priori restrictions on the



Figure 6: Transfer function of a muscle spindle in the frequency domain measured by Chen & Poppele (1977), (x-x) compared with the result of optimization of kl and kv,, resulting in an average relation kv/kl = 0.1 (o-o). feedback gains (except for the obvious requirement that the system should be stable). How can the resulting feedback gains be valued?
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The force feedback gain kf is always negative. This is in agreement with the observation that there is an inhibitory interneuron present in the projection of the Golgi tendon organ to the α-motor-neuron (bi-synaptic reflex). From Figure 3a it is easily shown that otherwise a (meekoppelend) effect would result in oscillations. The force feedback gain kf only depends on prefixed constants, being the muscle dynamics, Fmax and the time-delay. No modulation of kf is necessary, and no modulation has been shown in literature. The length and velocity feedback gains kl and kv can vary in quite a large range, in order to adapt to the environment. However, their mutual relation remains between quite fixed boundaries: 0.06 < kv/kl < 0.14 for most impedance levels (Rozendaal, 1997). Using an average value of kv/kl = 0.1, the transfer function of the muscle spindle itself can be deduced. The results are shown in Figure 6, together with experimental results of Chen & Poppele (1977). Given the simplifications of the present model, the results agree very well!! Another source of experimental evidence can be found in perturbation exeriments of the arm. Since it is necessary to perturb the intact system, an experimental problem arises in measuring BOTH inputs (u0 and Me) to the system. Especially, u0, being a supra-spinal signal, can not be accessed. Therefore, the well-known experimental circumstance ‘do not intervene’ (Feldman, 1966; Mussa-Ivaldi et al., 1985) has been developed. To what extent subjects are capable of refraining from ‘intervention’ can not be assessed. Without proprioceptive feedback and only intrinsic muscle impedance present, the results are way below experimental results. Using proprioceptive feedback the results come reasonably close to experimental results, though they are still at the low side. We conclude that the present approach of implementing proprioceptive feedback loops and estimating the gains is viable. 7. Application in a large-scale musculoskeletal model Using the analysis above, it is feasible to implement proprioceptive feedback loops and the accompanying gains in a large-scale musculoskeletal model (Rozendaal, 1997). The procedure starts with a linearization of the model to make a linear state-space description of the muscles, skeletal system and the interaction between both. Time-delays can be incorporated using a second-order Padé approximation, adding two states per time-delay. This results in:



 e xc  exc  ac t   act       vce   A11 A12 A13  lce        p1  =  A21 A22 A23. p1  + B.uss  p2   A31 0 A33  p2       q   q   q   q  where (exc,act,lce) are the muscle states, (p1,p2) are the states of the Padé approximation and (q, q ) are the states associated with the skeletal system. The state space matrix A is a function of kl, kv and kf. For a stable system it is required that the eigenvalues of A are smaller/equal to zero. A priori assumptions are that the loop gain kf.Fmax is fixed, and the relation kv/kl = 0.1. The optimization criterion weighs the speed of the response with the oscillating behaviour (Rozendaal, 1997). Whenever the optimal gains are assessed for a sequence of positions (the linearization allows for transient states q and q ), a stable forward dynamic simulation is warranted. 8. Conclusions In principle, there are two strategies for increasing the joint stiffness: By co-contraction and by the proprioceptive reflexes. Co-contraction increases the intrinsic muscle visco-elasticity. The intrinsic muscle visco-elasticity is an almost instantaneous process and is therefore effective for the whole frequency range. On the other hand, for frequencies where proprioceptive feedback is not effective, the impedance is dominated by the mass effects, not by stiffness effect and only slightly by viscous effects. The major disadvantage of cocontraction is that is costs energy. In addition, in the present
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simulations it is shown that the effect of co-contraction is decreased by the force feedback through Golgi tendon organs, and the net effect of co-contraction on joint stiffness is negligible (at least for the shoulder region). Co-contraction is only useful as it increases the joint viscosity as well, thereby allowing for higher feedback gains for the length and velocity feedback. The use of proprioceptive reflexes does not directly cost energy. Through the timedelay it has a limited frequency bandwidth, and is therefore only effective for low frequencies (~posture tasks). However, a reasonable extent of impedance levels can be achieved by the adaptation of length and velocity feedback gains. In this chapter some guidelines are given for the estimation of force, velocity and length feedback gains. The force feedback gain only depends on the muscle activation dynamics and maximal isometric force. The ratio between velocity and length feedback gains is approximately 1 to 10. These guidelines can be used for estimation of the feedback gains in large-scale musculoskeletal systems. 9. Future directions The simulations in this chapter do show that the intrinsic muscle properties through co-contraction and proprioceptive feedback can complement each other. Also a methodology is outlined for estimating the feedback gains. This definitely shows that only very little is known about the feedback properties in combination with the dynamics of a musculoskeletal system. Much research should be devoted into this area which will show the importance of stability for muscle co-ordination, but will also give new insights in the research of muscle spindles and Golgi tendon organs. Experimental evidence is very difficult to obtain. For analyzing feedback systems, a good approach is to perturb the system and measure its response. A good example of this approach can be found in Kirsch et al. (1993). Robot manipulators with high performance are needed for imposing perturbations while providing different task conditions as well. Then, the impedance of the arm can be measured, as well as the contribution of the length, velocity and force feedback (Brouwn, 2000). References Brouwn GG (2000). Postural control of the human arm. PhD thesis Delft University of Technology, The NEtherlands. Chen WJ, Poppele RE (1978). Small-signal analysis of response of mammalian muscle spindles with fusimotor stimulation and a comparison with large-signal responses. J. Neurophysiol. 41, 1526. Feldman AG (1966). Functional tuning of the nervous system with control of movement or maintenance of a steady posture: 2. Controllable parameters of the muscle. Biophysics 11, 565-578. Gielen CCAM, Houk JC (1987). A model of the motor servo: Incorporating nonlinear spindle receptor and muscle mechanical properties. Biol. Cybern. 57, 217-231. Hasan Z (1983). A model of spindle afferent response to muscle stretch. J. Neurophysiology 49, 9891006. Hatze H (1976). The complete optimization of a human motion. Math. Biosc. 28, 99-135. Hoffer JA, Andreasson S (1981). Regulation of soleus muscle stiffness in premammillary cats: areflexive and reflex components. J. Neurophysiology 45, 267-285. Kirsch FK, Kearney RE, MacNeil JB (1993). Identification of time-varying dynamics of the human triceps surae stretch reflex: 1. Rapid isometric contraction. Exp. Brain Res. 97, 115-127. Mussa-Ivaldi FA, Hogan N, Bizzi E (1985). Neural and geometric factors subserving arm posture. J. Neurosci. 5, 2732-2743. Otten B (1988). Concepts and models of functional architecture in skeletal muscle. Exerc. Sport Sci. Rev. 89-137. Otten E., Hulliger M, Scheepstra KA (1995). A model study on the influence of a slowly activating potassium conductance on repetitive firing patterns of muscle spindle primary endings. J Theor Biol 173(1):67-78 Rozendaal LA (1997). Stability of the shoulder: Intrinsic muscle properties and reflexive control. PhD thesis, Delft University of Technology, Delft, The Netherlands.
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