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Abstract Models of skeletal muscle based on its response to sinusoidal stimulation have been in use since the late 1960s. In these methods, cyclic excitation at varying frequencies is used to determine force or muscle length amplitude and phase as functions of excitation frequency. These functions can then be approximated by models consisting of combinations of poles and zeros and pure time delays without the need to combine force–length or force–velocity relationships. The major findings of a series of frequency response studies undertaken in our laboratory revealed that: 앫 The frequency response models for isometric force including orderly recruitment of motor units were relatively invariant of the particular strategy or oscillation level employed. A critically damped second order model with corner frequency near 2 Hz and a pure time delay best described the relationship between input stimulation and output isometric force. 앫 The frequency response models for load-moving muscles consisted of an overall gain which is a function of mass, dependent mostly on the width of the length–force relation at a given load (force), and a frequency-dependent gain component independent of load mass. The phase lag between input and output was also independent of load. 앫 Muscle function and architecture are the primary determinants of its isometric force frequency response. 앫 Tendon viscoelasticity (excluding the aponeurosis) has no significant effect on isometric force dynamic response, but does have a minor effect on load-moving dynamic response. The effect of tendon in reducing or augmenting the load-moving muscle response bandwidth is muscle-dependent. 앫 The joint produces decreased high frequency gain and uniformly increased phase lags between input excitation and output force in isometric conditions. The joint acts as a lag network in load-moving conditions, increasing the phase lag without significant effect on the gain. Despite its inherent non-linear properties, the joint does not significantly deteriorate output signal quality in either isometric or load-moving conditions. 앫 Co-contraction strategy has a significant effect on the dynamic response of the joint. These frequency-based models have shown to be robust as long as the excitation type and mechanical conditions under which they are obtained are not varied. They are particularly useful for the design of neuroprostheses, where a dynamic description of muscle output as a function of stimulus input under given conditions is desirable.  1998 Elsevier Science Ltd. All rights reserved. Keywords: Frequency response; Muscle; Modeling



1. Introduction Attempts to model the different properties of a skeletal muscle and then to integrate them into a single model that can describe movement such as jumping, pedaling and walking date back to the last century. The first description of the length–tension relationship by Blix
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[10] was perhaps the pioneering step. Later, Hill [14] and others elaborated on the description of the force– velocity relationships of single muscles, muscle fibers and sarcomeres. These two cornerstone relationships were repeatedly used, separately and integrated together, to construct more elaborate models that were claimed to describe overall muscle performance. More aggressive attempts were also made to integrate the length–tension and the force–velocity relationships with other physiological phenomena such as motor unit recruitment, firing rate, length and force feedback (from spindles and Golgi
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tendon organs), and neuromusculoskeletal dynamics, to obtain overall prediction of human movement [13]. It is unquestionable that such models increased our knowledge of human movement and its complexity, even in simple daily functions. These first attempts at modeling human or muscle movement were instrumental in educating the scientific community engaged in this field as to why we were unable to successfully solve this problem. For example, combining the length–tension relationships with the force–velocity relationship [1,2] seemed to have the potential to describe the length– force–velocity behavior of the muscle in isometric and isotonic conditions. The length–tension model was obtained from a series of isometric contractions at different lengths, whereas the force–velocity model of Hill was obtained in isotonic tests. Combining models from isometric and isotonic contractions produced a model unable to predict muscle behavior. This is clearly shown in recent work by Vance et al. [28] and Baratta et al. [9]. The peak (maximal) force of the isometric length– tension relationship is 54% larger than the maximal force of the isotonic length–tension relation for the medial gastrocnemius muscle. For the tibialis anterior muscle, the difference between maximal force in the isometric and isotonic contractions was 27%. Consequently, an error of 27–50% could be made if one combined fragmented data or models of muscle behavior obtained under different conditions. The above example is representative of many other such discrepancies made in the past that doom muscle modeling to failure if an integrated approach is not considered. A detailed account of all the pitfalls associated with developing integrated models of muscle performance from fragmented data obtained under specific conditions is given by Huijing [16] as part of this special issue. A different approach to describing muscle characteristics is frequency response modeling. This model does not require the prior knowledge of length–tension, force– velocity, etc., but is based solely on the quantitative description of the muscle’s response to oscillating inputs of different frequencies. While the model is obtained in the frequency domain, it can be easily converted to the time domain and thereby can predict or describe aspects of muscle behavior in both time and frequency domains. Given a frequency domain model, one can use it reliably to predict the result of applying a variety of non-oscillatory inputs such as ramps, steps or random signals. This approach is useful in describing muscle/movement in many applications, but is particularly valuable in applications where a neuroprosthesis has to be designed for individuals who are no longer capable of controlling their limbs due to spinal cord injury. In such instances, the muscles, tendons, joints, ligaments and bones are usually intact below the level of injury, yet the central



voluntary commands cannot control them to elicit purposeful movement. With this application in mind, a series of experiments was performed over the last 15 years with the purpose of delineating the dynamic model of skeletal muscles and specific components that may affect the dynamic response. In particular, the roles of diverse muscle architectures, conditions such as isometric and load moving, the tendon, the joint and co-contraction of agonist– antagonist muscles were examined. Most recently, the impact of external proprioceptive feedback was also studied. The two most fundamental caveats that need to be kept in mind to correctly interpret and use this type of model are that: 쐌 each model is condition-specific; for example a frequency characterization obtained in isometric conditions applies only to isometric conditions. 쐌 The muscle is operating well inside of its extremes of performance; not near extreme elongation or shortening nor near maximal contractile force or quiescent tone. In the research we review here, we attempted to keep muscle length within physiologic range and muscle force within 10 to 90% of the maximal available. Within these limits of load and length, the muscle’s behavior is reasonably linear and provides insights into the most important constituents of its dynamic characteristics. From the practical application standpoint, frequency characterizations of systems can help the designer of electrical stimulation systems intended to restore function to paralysed limbs. The magnitude and relative delay of output (e.g. muscle force or length, joint torque or angle) with respect to input are described by the model, which leads to the possibility of designing a system that will track a desired input as accurately as possible while avoiding instability. These studies provide clues on how to optimize muscle control strategies to achieve a given goal for movement control such as minimum jerk, minimum time or minimum total effort, how to prevent undesirable effects such as oscillatory instability, or what type of feedback strategy would help to reduce a limb control system’s sensitivity to external disturbances.



2. Methods The foundation behind frequency response methods is to stimulate a system with sinusoidal inputs of various frequencies, and to obtain a characterization of the output amplitude and of the phase difference between input and output as a function of frequency. Adult cats anesthetized with ␣-chloralose were used in this series of experiments. This drug is an agent which
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acts on the central nervous system, and [26] which unlike commonly used barbiturates [25,27] does not interfere with neuromuscular response [11]. The sciatic nerve is exposed through posterior thigh incisions, and all branches denervated except those of the muscles under study. A tri-polar nerve cuff electrode is placed on the sciatic nerve and connected to two simulators. One of the two simulators is a voltage controlled oscillator (VCO) which controls the firing rate of active motor units according to the command generated by a control computer and is thus termed the firing rate stimulator. The other stimulator is a high frequency (600 pps) pulse amplitude modulator (PM) which controls the orderly recruitment of motor units according to their size through the high frequency stimulation block phenomenon [7] and is referred to as the recruitment stimulator. With this system the firing rate and recruitment of motor units can be controlled independently, which provides the ability to simulate a variety of motor unit control strategies, and to examine their influence upon whole muscle response. A schematic of the system is shown in Fig. 1. Three experimental setups were used to measure either isometric muscle force, muscle shortening/ displacement under load-moving conditions, joint torque or joint angle. In isometric conditions, the muscle is freed from its distal insertion and attached to a Grass FT-10 force transducer. In load-moving experiments, the mus-
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cle is freed from its distal insertion and attached to a cable–pulley system to which a series of weights are suspended, and load displacement is measured by means of a potentiometer. In studies where ankle joint movement is studied, the foot is secured to a rotating armature which can be fixed for isometric conditions or loaded with a variety of loads for non-isometric trials. Diagrams of the experimental setups are shown in Fig. 2. Input signals consist of sinusoids ranging in frequency from 0.4 to 6 Hz which are used to control the pulse rate of the firing rate stimulator or the pulse amplitude of the recruitment stimulator. Outputs consist of muscle force or joint torque in isometric cases, or of muscle length and joint angle in load-moving experiments. Figure 3 shows typical results of isometric force output at several oscillating frequencies. The most notable features of the relationship between input and output at varying frequencies are that the amplitude tends to decrease in size with increasing frequency, and that the phase lag between input and output increases with increasing frequency. Fast Fourier Transforms (FFTs) are performed on the windowed input and output signals. The gain and phase are obtained by complex division of the resulting FFT values at the trial fundamental frequency according to the following equation: ˜ ˜ F 兩F兩 ˜ = ˜ ⭿⌰ (1) V 兩V兩 Recruitment Stimulator
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Fig. 1. Schematic of the system used to modulate motor unit recruitment and firing rate. A computer generates an input signal which is scaled by the factors ⫺ K1 and K2 to create two signals used as input to a voltage controlled oscillator (VCO) and a pulse amplitude modulator (PM). The pulse modulator delivers pulses of 100 s duration at 600 pps to block the activation of motor units. Those motor units not under the influence of the high frequency block are controlled by pulses of supramaximal amplitude from the VCO, which delivers pulses at a rate prescribed by the control computer.
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Fig. 2. Schematic of the experimental setups. In all conditions, the cat lays prone on a V-shaped platform and its leg is secured via a pelvic clamp and femoral pin as shown on the left most pane. The top diagram shows the force transducer system used to measure isometric muscle force. The middle diagram shows a pulley with a potentiometer as axis which guides a cable suspending a weight. In the bottom panel, the setup used to measure joint parameters is shown. A rotating armature instrumented with strain gauges measures net flexion/extension torque, and joint angle. A locking plate and screw can make the joint isometric for pure torque measurements.
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Fig. 3. Sample outputs obtained with sinusoidal modulation of motor unit recruitment. Note the decrease in output amplitude and the relative shift in phase between input and output with increasing oscillation frequency.



where F is the complex FFT value of the output signal, and V is the complex FFT value of the input voltage, both at the trial frequency. This equation yields a gain in units of output (force, torque, angle or displacement) divided by input (volts) and a phase in radians. To allow direct comparison of data from different animals, the gain data are converted to decibels (db) and normalized with respect to the gain at 0.4 Hz frequency to account



for differences in stimulation thresholds or muscle strength according to the following equation: ˜ ˜ 兩F/V兩 dB = 20 log ˜ ˜ (2) 兩F/V兩0.4 Hz Gain and phase vs frequency (Bode) plots are then constructed. A model formulation is obtained based on the
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terminal slope at high frequencies in dB/decade and the inflections in the pooled means. The method of recursive least squares is then used to find a combination of poles, zeros and a pure time delay to best represent the output data, by minimizing the sum of squared error of the model from the gain and phase through iteration. Fig. 4 shows companion gain and phase vs frequency plots with the best-fit model obtained as an example of the type of output obtainable by this modeling approach. Harmonic distortion (defined as the sum of power in harmonic frequencies divided by the power of the base oscillation frequency) is used as a criterion to evaluate the quality of output sinusoids and thereby examine whether the linear systems approach is justified under



the experimental conditions. If the total harmonic distortion was less than 5% a linear model was used for the given experimental paradigm.



3. Results 3.1. Isometric force: dependence on control strategy and oscillation amplitude Muscles use different control strategies to modulate contractile force. For example, in linear increases of force, the biceps brachii and rectus femoris tend to recruit motor units up to nearly 80% of the maximal



Fig. 4. Sample pooled frequency response data with best-fit model. Standard deviations are indicated by the vertical bars. Gain is normalized with respect to the 0.4 Hz point, hence it is 0 at this frequency. Negative gain indicates that the output is smaller than the base frequency. The phase is negative to indicate lag of the output with respect to the input.
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voluntary contraction, after which it relies on increasing the firing rate of all motor units to increase the level of force to 100% [8]. In contrast, in step increases of force, the same muscles recruit motor units up to only 50% of their maximal force, and rely on firing rate to modulate the force at higher levels of effort [8]. The fact that motor units recruited at higher force levels are of progressively faster twitch characteristics prompted investigation of the effect of control strategy and oscillation level on the resulting frequency response model. To do this, four muscle control strategies were devised. The first consisted of only changes of firing rate in the fully recruited muscle (FR), the second consisted of changes only of recruitment at a constant firing rate (REC), the third consisted of simultaneous motor unit recruitment and firing rate increase throughout the contraction (100% RRG), and lastly, firing rate and recruitment up to 50% of the maximal force, with firing rate solely responsible for the top half of the contractile force range (50% RRG). Each of these strategies were applied at oscillation amplitudes of approximately 25 and 75% of the soleus (SOL) muscle’s maximal force, yielding data obtained with small and large force oscillations. For all strategies except pure firing rate control at small oscillations, the model format consisted of a simple gain with double poles and a time delay. The mathematical formulation of this type of model is as follows: M(j) =



冉



K e ⫺ j j 1+ 2p



冊



2



(3)



M(j) represents the output response; it is a complex function of frequency whose amplitude is yielded by the square root of the sum of its squared components, and whose phase is determined by the arctangent of the ratio of its components. The model parameters are K (gain constant),  (time delay in seconds) and p (pole location in Hertz). The variable j represents the square root of ⫺ 1, and  the angular frequency in radians per second. Pure firing rate control at small oscillations had a fundamentally different model format, with a single pole rather than a double pole set. This formulation is of the following format: M(j) =



冉



K e ⫺ j j 1+ 2p



冊



(4)



Table 1 summarizes the model parameters for each of the control strategies and oscillation magnitudes. In all strategies, the mean harmonic distortion was less than 5%. In subsequent experiments, a control strategy of 100% RRG was used.
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Table 1 Strategy



Large oscillations



FR REC 100% RRG 50% RRG



Small oscillations



P (Hz)



Td (ms)



P (Hz)



 (ms)



3,3 1.9,1.9 1.8,1.8 1.9,1.9



4 18 15 19



0.9 1.7,1.7 1.8,1.8 2,2



15 10 15 20



3.2. Frequency response of load-moving muscle While the isometric force is a significant component of movement and an important step in the understanding of muscle dynamic characteristics, most functions of extremity muscles involve moving limbs and loads. Therefore, the response of the muscle (change in length) while moving an inertial load will provide clues as to how it will behave when required to move joints, limbs and loads. To achieve this, a series of weights ranging from 500 g to 3 kg was suspended on a pulley system that loaded the medial gastrocnemius (MG) muscle which was stimulated in sinusoidal oscillation patterns. The model formulation that best fit the data obtained under these conditions was two sets of double poles, with two different zeros, a time delay and a mass-dependent gain. It was noted that one set of double poles was precisely the isometric poles found previously. The model formulation for this type of movement is as follows:



冉 冉



Km 1 + M(j) =



冊冉 冊冉



冊



j j 1+ e ⫺ j 2z1 2z2



j 1+ 2p1



2



j 1+ 2p2



冊



2



(5)



In this equation, z1 and z2 are the zeros of the model in Hz (in this case 0.55 and 7 Hz), p1 and p2 are the poles (1.1 and 2.8 Hz) and the subscript m accompanying the K denotes that the gain is a function of mass [5]. 3.3. Isometric force dependence on architecture and functional properties The frequency response of nine muscles within the cat’s hind limb was determined to assess the effect of different muscle architectural properties on frequency response [3]. Specifically, frequency response during concurrent recruitment and firing rate were obtained for the extensor digitorum longus (EDL), flexor digitorum longus (FDL), lateral gastrocnemius (LG), medial gastrocnemius (MG), peroneus brevis (PB), peroneus longus (PL), soleus (SOL), tibialis anterior (TA) and tibialis posterior (TP). In all cases, a model format of one
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set of double pole with time delay was best suited to fit the data as in the first isometric study [8]. The location of the poles and the length of the time delay, however, varied. Table 2 presents the pole locations and time delays for the muscles tested. A step-wise regression was performed which took into account average muscle mass and length, tendon length, architectural type, medio-lateral location (as indicator of a muscle’s role in inversion/eversion), antero-posterior location (as indicator of the muscle’s role in dorsal or plantar flexion) and fiber composition. Of all these parameters, muscle location within the limb and architecture made significant contributions to determining the values of poles; anterolateral muscles of fusiform architecture tended to have the frequency response with the highest pole value. Interestingly, the muscle mass or length, tendon length and fiber composition played no significant role in determining the location of poles within the frequency response model. 3.4. Effect of tendon The tendon is a non-linear, viscoelastic component with the potential to influence the frequency response through the cyclic storing and releasing of energy [20]. In the previous study where tendon length was examined as one of a variety of possible factors, it did not contribute to the determination of pole locations. More detailed studies were performed on the effect of tendon in the TA, MG and EDL muscles [4,21,22]. The basis of the study was to compare the frequency response of the same muscles before and after severing the tendon and attaching the aponeurosis directly to the force transducer. The induced sinusoidal force variations oscillated between 20 and 80% of the maximal isometric force. In all three muscles, it was found that isometric muscle force measured with and without the tendon was essentially identical; the tendon had no effect on the frequency response, acting as a stiff force transmission mechanism. Measuring displacement in the same muscles under loadmoving conditions, however, minor but statistically significant effects were found. In the MG and EDL, the presence of the tendon tended to increase the high-freTable 2 Muscle



Double pole location (Hz) Time delay (ms)



EDL FDL LG MG PB PL SOL TA TP



2.5 2.15 1.55 2.0 2.1 2.1 1.8 2.8 2.15



9 10 12 10 9 8 12 17 12



quency gain and to reduce the phase shift between input and load displacement. In contrast, the TA tendon tended to decrease the gain and to increase the phase shift between input and output [21,22]. 3.5. Effect of the joint on the frequency response In any functional application, muscle activity is meant to move joints. Joints have components with non-linear viscoelastic characteristics such as the articular cartilage, ligaments, a fluid filled capsule, distal limb inertia and variable muscle moment arms. All of these components have the potential to affect the dynamic conversion of muscle force and length into joint torque and angle. Given the knowledge that the tendon’s influence on the muscle overall dynamic response varies with loading condition, it was of interest to examine the effect of the joint on the overall response in isometric and load-moving situations. To do this, direct comparative studies were performed under both conditions. The experimental paradigms were to perform frequency response studies in which ankle plantar flexion torque or angle was measured, followed by separating the MG from its calcaneus insertion, and then the frequency response study was repeated on the muscle force or length. The result was paired comparative data sets in which the effect of the joint on the transduction of force to torque or of muscle length to angle could be examined. In isometric conditions, differences in normalized dynamic response between the muscle force and joint torque were found both in terms of phase and gain. The joint produced a significant decrease of high-frequency gain, coupled with significant increase in the phase lag between input and output at all frequencies. The effect of the joint was modeled as follows: J(j) =



Kj(1 + 0.012j) (1 + 0.032j)



(6)



where J(j) represents the dynamics of the joint and Kj is a moment arm related gain factor. It is combined with a pole at 1.8 Hz and a zero at 3.8 Hz [30]. In contrast, the joint in load-moving conditions behaved as a lag network, with a pole at 5 Hz and a zero at 13 Hz. The functional effect of these parameters is to introduce a significant phase lag between input and output, but not affecting the gain significantly. The total harmonic distortion was less than 5% in all tested frequencies in both isometric and load-moving conditions [28]. 3.6. Co-contraction and its effect on dynamic response Muscles that control a joint act in coordination to maintain anatomic stability. The process of interaction
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between prime movers (agonists) and their antagonists muscles is termed co-contraction. If one is concerned about the long-term health of the joint in a functional application, it is necessary to use co-contraction during movement [6,15,24]. One can identify two schemes for co-contracting muscles: one based on the physiologic need for increasing dynamic stabilization of the joint and ligaments with increasing net torque, and another scheme based on decreasing antagonist activity with increasing agonist force within a given co-contraction force range, to prevent joint laxity at low contraction levels and to simplify the control of the joint. Also, combinations of these strategies can be devised which at high net torque follow the physiology-based strategies, and which at low forces follow the control-based strategies. Moreover, given the different patterns of compression of the cartilaginous tissue with different co-contraction strategies, it is conceivable that different strategies may impart different dynamic characteristics to the joint net dynamic response. A series of experiments was devised where different co-contraction strategies were used to effect ankle joint isometric flexion/extension torque by the SOL and TA muscles. Two parameters were used to describe co-contraction: overlap was described as the range of co-contraction where one muscle’s activity increases while the other decreases; antagonist gain refers to the relative gain between the muscles in the region outside of the overlap range. Representative input–output functions are shown in Fig. 5. The data show that the co-contraction strategy has a significant effect on the dynamic response; fastest response and minimum harmonic distortion was achieved when the antagonist gain was set at 10%, with a 50% overlap. Overlap ensures that the joint is not lax during transitions between flexion and extension, while antagonist gain prevents large agonist forces from subluxing the joint. These frequency response models obtained with cocontraction about the ankle joint were modeled with two zeros, four poles and a pure time delay. They were compared to an analytical model consisting of a sum of SOL and TA isometric force acting on the isometric ankle joint. This analytical model was of the following format:



A(j) =



冋



KSOL e ⫺ SOL j (1 + PSOLj)2
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KTA e ⫺ TA j (1 + PTAj)2



册



·



KJ(1 + ZJ j) (1 + PJ j) (7)



Once parameters for the isometric SOL, TA and ankle joint were input to the model, it was found that the analytical model consistently overestimated the gain at middle and high frequencies [12].
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3.7. Feedback and the control of muscle force Frequency-based muscle models allow the designer of Functional Electrical Stimulation systems to predict the time response of muscle to electrical stimulation signals, and to establish design criteria where the stimulator/muscle system will be stable while providing optimal motion of the limb from the functional and efficiency standpoints [23]. The fact that the muscle model phase delay exceeds 180° suggests the possibility of feedback-induced instability. Improvements in signal tracking brought about by a simple gain force feedback are demonstrated in Fig. 6a. A comparison between the open loop and closed loop (feedback gain = 0.9) responses when following a ramp and 1 s hold show marked improvement in tracking. The danger of instability is shown in Fig. 6b. In this case, the feedback gain has been increased to the point that oscillations occur at the beginning of the tracking task (feedback gain = 3), simulating the high proprioceptive gain in pathological conditions which result in clonic spasticity.



4. Discussion The studies described show that frequency-based modeling can contribute significantly to the understanding and control of the neuromusculoskeletal system. The effect of muscle properties, loading conditions, joint and tendon properties, co-contraction and proprioceptive feedback can be delineated using frequency-based techniques without making the risky and often unsubstantiated assumptions of muscle properties required to predict limb movement. Also, phenomena such as spasticity can be explained and understood in terms of closed-loop systems whose behavior is well described by frequency methods. In particular, these models are useful for designing electrical stimulation-based motor neuroprostheses. For example, the stability margin of a closedloop system with artificial feedback can be predicted, and steps taken to avoid such instability. The best-fit models for isometric force under pure firing rate control under small and large oscillations are remarkably different; small oscillations were best represented by a simple first-order system, while large oscillations required a second-order model to best fit the data. The models including motor unit recruitment were relatively invariant of the particular strategy or oscillation level employed. The model type deemed to best describe isometric force is in essence a critically damped secondorder system, which has maximum response speed without overshoot. Within the constraints of second-order dynamics, this can be considered an optimal response system. From the signal quality standpoint, the linear models were justified by the low total harmonic distortion. The fact, however, that the frequency response
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Fig. 5. Maps denoting the relationship between joint input command and the agonist–antagonist muscle commands. A full flexion joint command is denoted as ⫺ 1, and elicits full contraction from the flexor with extensor activity regulated by the co-contraction map; a full extension command (1) requires maximal activity of the extensor, with the flexor’s activity prescribed by the co-contraction map. In the midst of the command range, the amount of flexor and extensor activity are regulated by the muscle command function.



under firing rate control only was completely different in small vs large force oscillations implies that the linear condition of homogeneity is violated, thereby precluding the use of a generalized linear model for this control strategy. Another finding of practical relevance was that the



addition of a time delay to the second-order system makes the phase between input and output exceed 180° at high frequencies. This means that although the muscle is inherently stable as a system, its inclusion in a feedback loop carries with it the possibility of instability. This effect is analogous to spasticity in spinal cord
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Fig. 6. Comparison between open and closed loop force tracking of a 6 s ramp followed by a 1 s hold. Panel a shows the feedback gain adjusted to be as high as possible without inducing oscillations (in this case 0.9). Tracking is obviously better with feedback, as the curvature effects caused by the contraction dynamics are compensated by the feedback. Panel b shows the effect of excessive feedback gain. In this case oscillations near to 6 Hz are encountered as the system attempts to track a ramp signal. The frequency of the oscillations is predicted by the frequency response model (which crosses 180° near 6 Hz). Because of energy limitations, the oscillations diminish and the system begins to track adequately. This is, however, an unacceptable response for a practical application.



injured individuals, where the absence of inhibitory input from the central nervous system results in unchecked proprioceptive feedback and therefore unstable oscillatory contractions in the form of clonus. Once the muscle is allowed to move a load, the model becomes more complex; a load-dependent gain enters into the equation along with added poles and zeros. Upon pooling the data of muscle displacement under different mass loads, it was evident that the absolute gain depended strongly upon the size of the mass. When the displacement at each frequency was normalized with respect to the amplitude at the base frequency with the same mass, it also became evident that the frequencydependent component did not vary as a function of mass (i.e. mass has an effect on the static gain, but not on the location of model poles and zeros). Although it is expected that increasing mass would have a bandwidth limiting effect on the overall response, Partridge [17] had previously found similar results to ours; changing inertial loads did not decrease bandwidth as anticipated from a linear actuator. Moreover, the mass-dependent gain was not monotonic; it increased from 500 g to 1 kg, and decreased thereafter. It was speculated that the massdependent gain factor was related to the width of the length–force curve at the given load; that the oscillation amplitude was proportional to the difference between passive and active lengths for each given load, as this is the limiting factor of maximum amplitude at each load. The essential result of isometric force frequency response of a variety of muscles was that muscle func-



tion and architecture are the primary determinants of its isometric frequency response. In studying the effect of the tendon on the muscle response bandwidth, it was interesting to find that its effect was condition-dependent; the tendon did not change the muscle’s isometric dynamic response, but had statistically significant effects in load-moving conditions. However, these changes are minor and vary from muscle to muscle. A possible culprit for the differences between the muscles studied may be their architecture; the TA is mainly fusiform, whereas the MG and EDL have larger pennation angles. One point to consider is that the aponeurosis (or musculotendinous junction) may exert a larger influence upon muscle dynamics because it is more compliant than the portion of tendon whose effect was studied. The results regarding the effect of the joint suggest that within the contraction limits spanning 20 to 80% of the muscle’s force and most of the range of motion, the non-linear properties of the joint components do not alter significantly the linearity of the overall system. The joint produces decreased high-frequency gain and uniformly increased phase lags between input excitation and output force in isometric conditions, but acts as a lag network in load-moving conditions, increasing the phase lag without significant effect on the gain. In addition, despite its inherent non-linear properties, the joint does not significantly deteriorate output signal quality in either isometric or load-moving conditions. An example of an application of these methods and their limitations is the use of feedback to optimize signal
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tracking. In preliminary studies, it was found that a simple gain feedback between 0.5 and 1 would improve the transient response of isometric muscle force. More recent experiments show that with such feedback gains, the tracking capability is vastly improved as is shown in Fig. 6a. Also, the limits of stability predicted by the linear systems model can be examined experimentally; Fig. 6b shows unstable control caused by high feedback gain. When this occurs, the system instability departs from the type of sustained instability predicted by linear systems analysis. This is for two reasons: first, when these oscillations begin, inputs to the stimulator fall outside of the calibration range, and linearity does not hold. Second, the system is energy limited and therefore unable to oscillate indefinitely. Both of these phenomena contribute to the stabilization of the system followed by a return to correct tracking. The usefulness of such an approach can be appreciated in an existing clinical application. To ameliorate pathological tremor Prochazka et al. [18,19] used a model of forearm frequency response to stimulate patients “out of phase” with their tremor. The need to time the stimulation in this application is crucial, as the stimulation needs to be precisely delivered in order to counteract the underlying pathology. Information regarding the relationship between stimulation and mechanical response timing and amplitude is best provided by frequency response methods. In summary, it can be concluded that frequency response methods are powerful tools in providing information about the response of muscles, the joints and their control. This information is useful to help understand the practical effects of tissue properties on the overall physiologic system’s response, and is particularly useful in the design of neuroprostheses. Clues regarding response to control and stability can be derived from these methods as well. The most important limiting factor to this type of models is their condition-specificity; that is a model obtained under given conditions is valid only under those exact conditions. Given this caveat, these types of models remain an important tool to those attempting to understand and control skeletal muscle.



Acknowledgements The authors gratefully acknowledge the contributions of colleagues including Drs Robert D’Ambrosia, Hiromu Shoji and Yun Lu, visiting scholars Drs Masayoshi Ichie, Sung Kwan Hwang and Chih Lin, and students Michael Morse, Richard Scopp, Max Rangel, Robert Best, Heather Gareis, Karin Roeleveld, Amy Goodwin and David Owens. This work was supported by the National Science Foundation with grants EET-8613807, EET8820772, BCS-9006639 and BCS-9207007, and by the Irvin Cahen M.D. Chair for Orthopaedic Research.



References [1] Abbott BC, Wilkie DR. The relation between velocity of shortening and the tension–length curve of skeletal muscle. Journal of Physiology (London) 1953;120–:214–23. [2] Bahler AS, Fales JT. The dynamic properties of mammalian skeletal muscle. Journal of General Physiology 1968;51–:369–84. [3] Baratta RV, Solomonow M. Dynamic response model of nine different skeletal muscles. IEEE Transactions on Biomedical Engineering 1990;37–:243–51. [4] Baratta RV, Solomonow M. The effect of tendons viscoelastic stiffness on the dynamic performance of skeletal muscle. Journal of Biomechanics 1991;24–:109–16. [5] Baratta RV, Solomonow M. The dynamic performance of a loadmoving skeletal muscle. Journal of Applied Physiology 1991;71– :749–57. [6] Baratta RV, Solomonow M, Zhou B, Letson D, Chuinard R, D’Ambrosia R. Muscular coactivation: the role of the antagonist musculature in maintaining joint stability. American Journal of Sports Medicine 1988;16–:113–22. [7] Baratta RV, Ichie M, Hwang S, Solomonow M. A method for studying muscle properties under orderly stimulation of motor units with tripolar nerve cuff electrode. Journal of Biomedical Engineering 1989;11–:141–7. [8] Baratta RV, Zhou B, Solomonow M. The frequency response model of skeletal muscle: effect of perturbation level and control strategies. Medical and Biological Engineering and Computing 1989;27–:337–45. [9] Baratta RV, Solomonow M, Nguyen G. Length-load and velocity in the load-moving tibialis anterior muscle of cat. Journal of Applied Physiology 1996;80–:2247–9. [10] Blix M. Die Lange und die Spannung des Muskels. Skandinavisches Archiv fuer Physiologie 1891;3–:295–318. [11] Clamann H, Henneman E. Electrical measurement of axon diameter and its use in relating motoneuron size to its critical firing level. Journal of Neurophysiology 1976;39–:844–9. [12] Goodwin, A., Zhou, B.-H., Baratta, R. V., Solomonow, M., Keegan, A. The influence of antagonist muscle control strategy on the isotonic frequency response of the cat’s ankle joint. In press. [13] Hatze H. A complete set of control equations of the human musculoskeletal system. Journal of Biomechanics 1977;10–:799–816. [14] Hill AV. The heat of shortening and the dynamic constants of muscle. Proceedings of the Royal Society of London, Series B: Biological Sciences 1938;126–:136–95. [15] Hirokawa S, Solomonow M, Luo Z, Lu Y, D’Ambrosia R. Muscular co-contraction and the control of knee stability. Journal of Electromyography and Kinesiology 1991;1–:199–208. [16] Huijing PA. Muscle, the motor of movement: properties in function, experiment and modeling. Journal of Electromyography and Kinesiology 1998;8–:61–77. [17] Partridge LD. Signal handling characteristics of load-moving muscle. American Journal of Physiology 1966;210–:1178–91. [18] Prochazka A, Elek J, Javidan M. Attenuation of pathological tremors by functional electrical stimulation. I. Method. Annals of Biomedical Engineering 1992;20–:205–24. [19] Prochazka A, Elek J, Javidan M. Attenuation of pathological tremors by functional electrical stimulation. II. Clinical evaluation. Annals of Biomedical Engineering 1992;20–:225–36. [20] Proske U, Morgan D. Tendon stiffness: methods of measurement and significance for the control of movement. Journal of Biomechanics 1987;20–:75–83. [21] Roeleveld K, Baratta RV, Solomonow M, Van Soest AG, Huijing PA. Role of tendon properties on the dynamic performance of different isometric muscles. Journal of Applied Physiology 1993;74–:1348–55. [22] Roeleveld K, Baratta R, Solomonow M. Dynamic performance



R.V. Baratta et al. / Journal of Electromyography and Kinesiology 8 (1998) 79–91



[23]



[24]



[25]



[26] [27]



[28]



[29]



[30]



of three different load moving muscles. Medical and Biological Engineering and Computing 1994;32–:446–52. Solomonow M, Baratta RV, Shoji H, King A. Analysis of muscles open and closed loop recruitment forces; a preview to synthetic proprioception. IEEE: Frontiers of Engineering in Health Care 1984;7–:00. Solomonow M, Baratta RV, Zhou B, Shoji H, Bose W, Beck C, D’Ambrosia R. The synergistic action of the ACL and knee muscles in maintaining joint stability. American Journal of Sports Medicine 1987;15–:207–18. Somjen G, Carpenter D, Henneman E. Selective depression of alpha motoneurons of small size by ether. Journal of Pharmacology and Experimental Therapeutics 1965;148–:380–7. Spehlmann, R., EEG Primer. Elsevier Biomedical Press, Amsterdam, 1985. Taylor R, Abresch R, Lieberman J, Fowler W, Portwood M. Effect of pentobarbital on contractility of mouse skeletal muscle. Experimental Neurology 1984;83–:254–8. Vance T, Solomonow M, Baratta RV, Best R. Comparison of isometric and isotonic length–tension models in two skeletal muscles. IEEE Transactions on Biomedical Engineering 1994;41–:771–81. Zhou B-H, Baratta R, Solomonow M, D’Ambrosia R. The dynamic response of the cat ankle joint during load moving contractions. IEEE Transactions on Biomedical Engineering 1995;42–:386–93. Zhou B-H, Solomonow M, Baratta R, D’Ambrosia R. The dynamic performance model of an isometric muscle–joint unit. Medical Engineering and Physics 1995;17–:145–50.



Richard V. Baratta received the B.S.E. degree (magna cum laude) in mathematics and biomedical engineering in 1984, the M.Sc. degree in biomedical engineering in 1986, and the Ph.D. degree in 1989 from Tulane University, New Orleans, LA, U.S.A. Since 1983, he has been affiliated with the Bioengineering Laboratory at Louisiana State University Medical Center, where he presently serves as Associate Professor and Director of Rehabilitation Engineering. He is also affiliated with the Rehabilitation Institute of New Orleans, where he applies orthotics and electrical stimulation to restore walking in paraplegics. He has co-authored more than 55 refereed journal papers in the fields of electromyography, electrical stimulation and movement biomechanics. He has presented tutorials on electromyography and the application of electrical stimulation to paraplegic walking, and is on the editorial board of the Journal of Electromyography and Kinesiology. His major research interests focus on the applications of engineering and movement biomechanics. He is a member of Tau Beta Pi and Alpha Eta Mu Beta.



91



Moshe Solomonow received the B.Sc. and M.Sc. degrees in engineering from California State University, Los Angeles, and the Ph.D. degree in engineering and neurosciences from the University of California, Los Angeles. He is Professor and Director of Bioengineering of Orthopedic Surgery, Louisiana State University, New Orleans, where he has been since 1983, following a faculty appointment at the University of California, Los Angeles, and Tulane University. He is a consultant to the National Science Foundation, National Institutes of Health, Veterans Administration, and various industrial firms, as well as several European, Asiatic and Canadian scientific agencies, serves on the Editorial Board of several scientific journals and is the Founding Editor of the Journal of Electromyography and Kinesiology. His research interests focus on basic and applied kinesiology in health and disease and in development of technology for rehabilitation of musculoskeletal deficits. He was awarded the I. Cahen, M.D. Professorship in Orthopedic Bioengineering (1997), the Doctor Honoris Causa (Brussels, 1997), the Distinguished Contribution in Orthopedics Award (Paris, 1990), and the R. Crump Award for Excellence in Medical Engineering Research (UCLA, 1977). Bing He Zhou (M’89) graduated in 1970 from the Department of Electronic Engineering, University of Science and Technology of China (USTC) in Beijing, China. From 1970 to 1978, he worked as an Electronics Engineer at the Beipiao Broadcasting Station in Liaoning Province. In 1978, he joined the faculty of the Department of Electronic Engineering at USTC, where he was an Associate Professor of Electronic and Biomedical Engineering and the Vice Director of the Institute of Biomedical Engineering. From 1985 to 1987, he was a Visiting Research Professor in the Bioengineering Laboratory at Louisiana State University Medical Center (LSUMC) in New Orleans, where he worked with the laboratory staff on various studies related to the analysis and control of the neuromuscular system, electromyography, and instrumentation design. Currently, he is a Visiting Research Professor in the Bioengineering Laboratory at LSUMC. His teaching and research interests focus on analog and digital electronics, biomedical electronics, digital signal processing, and microcomputerized medical instrumentation. He is a Committee Member of the International Union of Radio Science (USRI), the Commission of Electromagnetics in Biology and Medicine (Commission K), and the Chinese Biomedical Electronic Society. He is also a Senior Member of the Chinese Electronic Society, as well as a member of the Chinese Biomedical Engineering Society, the Chinese Computer Society, and the IEEE/Engineering in Biology and Medicine Society. He received the Zhang Zhongzhi Award for excellent teaching and research activities at USTC in 1989, and first-place awards for the most outstanding academic paper from the Chinese Biomedical Electronic Society (1991) and the Anhui Biomedical Engineering Society (1992).



























des documents recommandant













Frequency domain-based models of skeletal muscle 

with developing integrated models of muscle perform- ance from fragmented ... reduce a limb control system's sensitivity to external dis- turbances. 2. Methods ..... designing electrical stimulation-based motor neurop- rostheses. For example ...










 








Skeletal muscle adaptation - American Journal of Physiology 

Sep 10, 2004 - occurrence of type IIA fibers at the expense of type IIX fibers .... At least 48 h after the last performance test, a blood sample as well as a muscle ...










 








Modeling of Mammalian Skeletal Muscle - Research 

malian skeletal muscle, useful to engineers interested in ..... dom fashion. The force ... 1960. [141 A. S. Bahler and J. T. Fales, "A flexible lever system for quanti-.










 








The Active State of Mammalian Skeletal Muscle 

There are in the literature at least four methods of assessing the active state. ..... But it was also found, in agreement with previous reports by Hartree and.










 








Ca exchanger in skeletal muscle 

abolished in Ca2-free solutions (8). .... phenol-chloroform solvent extraction method (RNA Plus, Bio- ... in the solution containing 50% formamide, 5 SSC, 0.2%.










 








Taurine and Skeletal Muscle Disorders 

nel myotonias comprise both dominant and recessive forms of myotonia congenita in ... recessive and dominant forms) ..... guinea pig ventricula myocytes. Gen.










 








Frequency Response of Human Soleus Muscle - Research 

Sep 8, 1975 - volunteer subjects, male and female, with ages ranging from 20 to 35 yr. The subject lay prone with his left foot on the pedal carrying the strain.










 








maintenance of human skeletal muscle Metabolic costs of 

J Appl Physiol. D. W. Russ, K. Vandenborne and S. A. Binder-Macleod ... Scarborough, C. P. Gibbs, H. L. Sweeney and K. Vandenborne ...... 373â€“395, 1924. 14.










 








stimulation of human skeletal muscle Factors in fatigue during 

Apr 19, 2002 - This article cites http://jap.physiology.org/cgi/content/full/93/2/469#BIBL. 2 other HighWire hosted articles: This article has been cited by. [PDF] ...... Med Sci Sports Exerc 27: 556â€“565, 1995. 8. Binder-Macleod SA and Russ DW ...










 








New Look at Force-Frequency Relationship of Human Skeletal 

(CITs) that exploited the catchlike property of skeletal muscle and observed stimulation pattern. constant-frequency trains (CFTs). Quadriceps femoris muscles.










 








Measured and modeled properties of mammalian skeletal muscle. I 

Measured and modeled properties of mammalian skeletal muscle. I. The eÐ�ects of post-activation potentiation on the time course and velocity dependencies.










 








A myocybernetic control model of skeletal muscle - Springer Link 

objective that the two physiological controls motor unit recruitment and ..... output of an electrical second order system, the input ... VNc~(t) arriving at the motor endplate of the fibre. (see, for ...... system (5t) was integrated numerically and










 








Predictability of skeletal muscle tension from architectural ... - Research 

(normalized to a sarcomere length of 2.2 pm), muscle mass, and approximate angle of ..... Therefore, an accurate assessment of the effect of the 8 on the force ...










 








Measured and modeled properties of mammalian skeletal muscle. I 

Activation of mammalian fast-twitch skeletal muscle induces a persistent effect known as post-activation potentiation (PAP), classically defined as an increase in ...










 








Control Variables in Mechanical Muscle Models: A 

Aug 18, 1999 - experiment the size of the stretch reflex in the decerebrated cat was reduced by ..... For examplei if positive @ corresponds to flexion, then B*.










 








Frequency-dependent incidence in STD models: portrayal of pair 

[4] Garnett, G.P., 2002, The geographical and temporal evolution of sex- ually transmitted disease epidemics, Sex Trans Inf 78: 114-119. 15-Llo-a. 15-Llo-b.










 








Skeletal muscle enzymes and fiber composition in male and female 

1976. -Muscle samples were ob- tained from the gastrocnemius of 17 female and 23 male track athletes, 10 untrained women, and 11 untrained men. Portions.










 








Mechanical overload and skeletal muscle fiber hyperplasia: a 

Page 1 ... sufficient data to accurately calculate percent changes in muscle fiber number. .... fiber area were examined by using a Mann-Whitney rank-. Table 1.










 








Skeletal muscle mass and distribution in 468 men and women 

of osteoporosis in women may be explained, in part, by their lower SM mass. These findings highlight the importance of weight-bearing and/or resistance exer-.










 








Skeletal muscle hypertrophy in response to isometric, lengthening 

Submitted 29 October 2003; accepted in final form 11 December 2003. Adams, Gregory R., Daniel C. ..... Colliander EB and Tesch PA. Effects of eccentric and ...










 








Mechanical overload and skeletal muscle fiber hyperplasia: a meta 

Department of Physical Education, Northern Illinois University, DeKalb, Illinois 60115-2854. Kelley, George. ... Across all designs and categories, statistically ...










 








Skeletal muscle metabolic and ionic adaptations during intense 

The operating principles of the air-braked cycle ergometer have been described .... were determined using stan- dard enzymatic, spectrophotometric techniques.










 








second day vs. training once daily Skeletal muscle adaptation .fr 

Sep 10, 2004 - tion of a number of genes involved in training adaptation. These results made us .... The subjects consumed a mixed Western diet throughout the study (16 MJ per ..... Histochem Cell Biol 107: 169â€“174, 1997. 46. Saltin B and ...










 








Modeling Skeletal Muscle-Tendon Units as Actuators in Motor Behaviour 

1990), in motor control studies, the phenomenological modelling approach (e.g. Hill, ... component of the integrated (sensorâ€“)controllerâ€“actuator system in a functional way. ... actin and myosin filaments, a sarcomere contracts under electrical .










 














×
Report Frequency domain-based models of skeletal muscle





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



