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Abstract This paper reviews diﬀerent approaches for explaining body sway while quiet standing that directly address the instability of the human inverted pendulum. We argue that both stiﬀness control [Winter, D. A., Patla, A. E., Riedtyk, S., & Ishac, M. (2001). Ankle muscle stiﬀness in the control of balance during quiet standing. Journal of Neurophysiology, 85, 2630–2633] and continuous feedback control by means of a PID (Proportional, Integral, Derivative) mechanism [Peterka, R. J. (2000). Postural control model interpretation of stabilogram diﬀusion analysis. Biological Cybernetics, 83, 335–343.] can guarantee asymptotic stability of controlled posture at the expense of unrealistic assumptions: the level of intrinsic muscle stiﬀness in the former case, and the level of background noise in the latter, which also determines an unrealistic level of jerkiness in the sway. We show that the decomposition of the control action into a slow and a fast component (rambling and trembling, respectively, as proposed by [Zatsiorsky, V. M., & Duarte, M. (1999). Instant equilibrium point and its migration in standing tasks: Rambling and trembling components of the stabilogram. Motor Control, 4, 185–200; Zatsiorsky, V. M., & Duarte, M. (2000). Rambling and trembling in quiet standing. Motor Control, 4, 185–200.]) is useful but must be modiﬁed in order to take into account that rambling is not a stable equilibrium trajectory. We address the possibility of a form of stability *
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weaker than asymptotic stability in light of the intermittent stabilization mechanism outlined by [Loram, I. D., & Lakie, M. (2002a). Human balancing of an inverted pendulum: position control by small, ballistic-like, throw and catch movements. Journal of Physiology, 540, 1111– 1124.], and propose an indicator of intermittent stabilization that is related to the phase portrait of the human inverted pendulum. This indicator provides a further argument against the plausibility of PID-like control mechanisms. Finally, we draw attention to the sliding mode control theory that provides a useful theoretical framework for formulating realistic intermittent, stabilization models.  2005 Elsevier B.V. All rights reserved. PsycINFO classiﬁcation: 2300; 4100 Keywords: Sway movements; Postural control; Biomechanics; Sliding motion control



1. Introduction Why do people sway while standing upright? Do they choose to do so perhaps to more evenly distribute their weight on the foot surface, or are they forced to sway, either by extrinsic causes (e.g., some kind of background noise) or by the intrinsic nature of the motor control process? The former alternative should be ruled out because no experimental method has been identiﬁed to allow people to voluntarily reduce the size of sway to a negligible level. In fact, people can voluntarily shift the center of pressure (CoP) on a support surface (Latash, Ferreira, Wieczorek, & Duarte, 2003), but also with the help of powerful biofeedback protocols the reduction of the sway size is mild (Dault, de Haart, Geurts, Arts, & Nienhuis, 2003; Hamman, Mekjavic, Mallinson, & Longridge, 1992). Therefore, sway must be a consequence or side eﬀect of the motor control process and the purpose of this paper is to make a contribution to the understanding of this controversial process. Our focal interest is on the basic biomechanical problem, the stabilization of the human inverted pendulum; our proposal of an intermittent control mechanism will be formulated in relation to some recent models, which, in our opinion, are representative of diﬀerent solutions. We shall not consider, however, the large number of papers that address posture analysis from a purely phenomenological point of view, without considering the underlying biomechanics. The source of instability of the inverted pendulum is the toppling gravitational torque around the ankle Tg, which grows with the angular displacement from the upright position and operates as a repulsive or negative spring. This torque is counteracted by the ankle restoring torque Ta that can be divided into diﬀerent elements, according to the following scheme: 8 < stiffness component  tonic component Ta : : neural command phasic component
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The stiﬀness component refers to intrinsic ankle stiﬀness due to the mechanical properties of muscles and connective tissue, at the current level of muscle activation. The tonic component of the neural command sets the reference value of the sway angle. The phasic component includes short- and long-latency reﬂexes and is the main output of the motor controller that attempts to stabilize the posture around a reference value. One idea for explaining postural stability is to suppose that intrinsic stiﬀness alone is suﬃcient to stabilize the system (Winter, Patla, Riedtyk, & Ishac, 2001): this is only possible if the stiﬀness coeﬃcient is greater than the rate of growth of the toppling torque, which identiﬁes a fundamental, critical value in the biomechanical model. However, diﬀerent estimates of intrinsic ankle stiﬀness during standing (Casadio, Morasso, & Sanguineti, 2005; Loram & Lakie, 2002b; Morasso & Sanguineti, 2002) demonstrate that this parameter falls short of the critical value by 10–25%. Therefore, the stabilizing eﬀect of intrinsic stiﬀness must be complemented by neural commands, with both tonic and phasic components. Zatsiorsky and Duarte (1999, 2000) presented evidence that support this distinction (e.g., Gatev, Thomas, Kepple, & Hallet, 1999; Lestienne & Gurﬁnkel, 1988), and proposed to name the two components rambling and trembling, respectively.1 They also emphasized the importance of the gravity line (GL), which is the line in the torque-angle plane with a slope equal to the rate of growth of the toppling torque. A possible generation mechanism of the neural command is a PID (Proportional, Integral, Derivative) continuous feedback control scheme (Peterka, 2000, 2002), which is typically used in the engineering design of servomechanisms. As control engineers well know, this kind of design is simple but it is scarcely robust in our particular case considering that: (1) the biomechanical plant is unstable to start with, (2) the parameters of the plant may change in a signiﬁcant way if we consider diﬀerent standing postures, loads, and supporting surfaces, and (3) the transmission/actuation delays in the control loop may reduce the stability margin of the closed loop system to zero. Moreover, even if instability is avoided by carefully tuning the control parameters, there is an important feature of this control scheme that makes it barely plausible: a PID-like controller, if stable, is asymptotically stable. This is the strongest form of stability, but is by no means the only one. In an asymptotically stable system, the evolution of the system settles in a permanent, equilibrium state, called a point attractor. However, in such a case, the observed persistent ﬂuctuations (or postural sway) can only be explained by an extrinsic noise source, leaving the door open to the question of whether the required noise source is biologically plausible or not. Asymptotic stability is also implied in the stiﬀness control hypothesis (Winter et al., 2001), which indeed substitutes positional feedback with stiﬀness, and in the rambling–trembling decomposition (Zatsiorsky & Duarte, 1999, 2000), where the rambling trajectory operates as an attractor and is conceptually similar to a 1 Zatsiorsky and Duarte (1999) proposed to decompose the CoP trajectories while quiet standing into two components: the migration of reference point, called rambling, and the migration around a reference point called trembling. The former component has a larger amplitude (i.e., 3-fold) and smaller frequency (i.e., 4-fold) than the latter.
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migrating reference point or virtual trajectory that is formulated in the analysis of arm movements (Katayama & Kawato, 1993; Mussa-Ivaldi, Morasso, Hogan, & Bizzi, 1989). In all cases, the eﬀect of the control scheme is to replace the divergent force ﬁeld due to gravity with an overall convergent ﬁeld that continuously attracts the system; the consequence is that, in such a framework, sway can only be explained as a noise-driven process. An alternative approach is to renounce asymptotic stability in favour of a weaker form of stability, which complements an ankle stiﬀness smaller than the critical value with intermittent stabilization bursts, according to some anticipatory control mechanism (Gatev et al., 1999). Loram and Lakie (2002a) called such ballistic commands throw and catch movements. Jacono, Casadio, Morasso, and Sanguineti (2004) described sway as a sequence of incipient falls, stabilized by intermittent bursts. Although this sequence of bursts bears some analogy to the idea of the trembling trajectory, the main diﬀerence is that in the latter case, the commands are generated according to an attractive ﬁeld, whereas in the former case, the underlying force ﬁeld is repulsive. In this view, the observed and unavoidable postural oscillations are an integral part, a signature, of the discontinuous control process, and not the residual background noise of a continuous control system. This idea, which was previously formulated by Jacono et al. (2004), is further investigated here, in comparison with alternative control schemes, and subsequently, we propose a new characterization of the fall compensation mechanism that uses the phase portrait of the system, related to the so-called sliding mode control (Utkin, 1977, 1992). In this sense, observed sway may be considered as a residual chattering of the intermittent control scheme. In summary, the aim of this study was to answer the following question: is it more plausible to view postural sway while quiet standing as a noise-driven, residual oscillation of an asymptotically stable system or as the residual chattering of an intermittent stabilization scheme of an unstable plant? We shall answer this question by analysing natural sway patterns and comparing model predictions regarding noise, smoothness, and intermittent control patterns.



2. Method 2.1. Experimental data Twenty-two (9 males and 13 females) normal, young adult persons participated in the experiments.2 Average age was 30 ± 10 years; average height was 172.6 ± 13.7 cm; and average weight was 68.8 ± 14.7 kg. The participants were asked to stand quietly on the force platform, barefoot, with their arms relaxed on either side of their body, feet abducted at 20, heels separated by about 2 cm, and eyes closed. For each participant, we estimated the distance h between the ankle and the center of 2



The experiments were carried out at the Center of Bioengineering at the hospital La Colletta in Arenzano under the supervision of Dr. Marci Jacono, and at the experimental lab of RGM, under the supervision of Dr. Marta Baratto.
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body mass (without the feet: CoM) either by direct measurement (for seven participants) using standard anatomical landmarks (for the ankle we considered the line that joins the lateral malleoli, and for the CoM we assumed that it was located just anterior to the second sacral vertebra, midway between the joints) or as a percentage of the height (52%). The background sounds were kept as low as possible and we eliminated trials in which sharp directional sounds occurred unexpectedly. After an initial familiarization with the protocol, which lasted 1–2 min, sway patterns were acquired for 40 s by means of a strain-gauge, 3-component force platform (Argo model, manufactured by RGM spa), which provided the AP (Antero-Posterior) and ML (Medio-Lateral) components of the center of pressure (CoP). Only the former component was analysed in the present study. The resonant frequency of the structure was greater than 100 Hz. The resolution in the computation of the CoP was greater than 0.2 mm. The trajectory of the CoP, which is designated as u(t) in the following (see Fig. 1), was sampled at 100 Hz and ﬁltered with a fourth-order, Butterworth, low-pass ﬁlter (cut-oﬀ frequency: 12.5 Hz), before being analysed with a software package developed in the lab, written in MATLAB. The corresponding AP component of the CoM, designated as y(t), was computed by means of the following ﬁlter:



Fig. 1. Sway variables. #: sway angle; y: position of the CoM; u: position of the CoP; h: ankle-CoM distance; mg: weight force; GRF: ground reaction force; Ta = mgu: (total) ankle torque; Tg = mgy: gravity torque.
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Y ðjxÞ g=he ¼ U ðjxÞ x2 þ g=he
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ð1Þ



where g is the acceleration of gravity and he = h Æ n, where n is a dimensionless shape factor (on average, 1.15) that takes into account the distribution of the body mass along its axis. The ﬁlter is derived directly (Jacono et al., 2004) from the fundamental biomechanical equation of the inverted pendulum (for oscillations of small size), which states that the AP acceleration of the CoM is proportional to the CoMCoP diﬀerence: €y ¼



g ðy  uÞ he



ð2Þ



2.2. Estimating the size of postural sway The physiological size of postural sway in the AP direction, which was required in the analysis of the PID-like controller, was evaluated in two ways: • Computing the RMS (root mean square) value of the CoM curve; • Extracting the individual sway movements (deﬁned as segments of the CoM curve from a local minimum to a local maximum or vice versa) and averaging their amplitudes.



2.3. Computing the reference value of the CoM The reference value of the CoM was computed in two diﬀerent ways, which yielded very similar results: • Moving-time average of the CoM trace, with a time window of ±15–20 s; • Low-pass ﬁltering of the CoM trace, with a cut-oﬀ frequency of 0.01 Hz. This frequency was chosen in such a way that the average sway size of the diﬀerence between the original CoM trace and the low-pass ﬁltered trace diﬀered from the original sway size by no more than 5%.



2.4. PID-like control In a PID controller (Fig. 2), the control signal is generated by detecting the mismatch between the reference and measured angle (angular error E) and by adding up three signals, which are proportional, respectively, to the error, its time derivative, and the integral over time. The corresponding proportionality constants or gains are given as KP, KD, KI. In the case of the PD controller, the last gain is null. The PID controller can be characterized by the following transfer function:



594



A. Bottaro et al. / Human Movement Science 24 (2005) 588–615



Fig. 2. PID-control system. #ref: reference angle; E: error signal; KP: proportional channel; KI/s: integrative channel (division by s in the Laplace transform is equivalent to integration over time); KD Æ s: derivative channel (multiplication by s in the Laplace transform is equivalent to calculation of the time derivative); Tc: control torque; Tn: noise torque; Ta: total ankle torque.



T c ðsÞ s2 þ K P =K D s þ K I =K D ðs þ 1=T 1 Þðs þ 1=T 2 Þ ¼ KD ¼ KD EðsÞ s s



ð3Þ



The transfer function of the human inverted pendulum (the plant) can be written as follows, having linearized the system in the neighbourhood of the standing posture: #ðsÞ 1 T a ¼ J #€  mgh# ) ¼ T a ðsÞ Js2  mgh



ð4Þ



In the equation, m and J are, respectively, the mass and the moment of inertia of the body around the ankle (excluding the feet). In particular, we used, as default values, the same parameters of the Peterka (2000) model: • m = 76 kg; J = 66 kg m2; h = 0.87 m; • KP = 1173 N m/rad; KI = 14.3 N m/rads; KD = 257.8 N m/rad/s; delay = 100 ms (total delay around the control loop; it includes propagation delay, synaptic delay, and muscle contraction delay). The critical stiﬀness for this model (mgh) is 649 N m/rad. The plant has two poles: ±3.13 rad/s (one in the left half of the complex plane and the other, the unstable one, in the right half of the plane). The controller, in addition to the pole in the origin, has two zeros: 0.0122 rad/s and 4.5379 rad/s. The model includes a noise source, an additional torque that is added to the input of the plant, obtained by the low-pass ﬁltering of unitary Gaussian noise (the transfer function of the ﬁlter is 80 1sþ1). 2.5. Sway jerk The average jerk of the CoM oscillation in the AP direction {y = y(t); t = ti  tf} is deﬁned as follows: Z tf qﬃﬃﬃﬃﬃ 1 €y 2 dt jerk ¼ ð5Þ tf  ti ti
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This calculation shows a measure of smoothness of sway. The jerk parameter is typically used in the analysis of arm movements. One of the leading theories of arm trajectory formation holds that ballistic, reaching movements minimize this parameter (Flash & Hogan, 1985). In comparing normal reaching with the reaching patterns of ataxic patients (Sanguineti et al., 2003), it was found that in the latter case, the jerk parameter was much higher than in the former one. In other words, the jerk parameter is a good indicator of the ballisticity of a movement pattern: the smaller the jerk, the more ballistic the movement. The notion of ballistic movement, extending the original deﬁnition that comes from the physics of bodies moving in a gravitational ﬁeld, is applied to human motor control by considering movements, like saccadic eye movements or arm reaching movements. In such movements, control is limited to the initial burst and is shaped by the physics of the system, including gravity, inertia, elasticity, stiﬀness, or, in other terms, the dynamic equations of the plant. The ﬁrst three time derivatives of the CoM that were used for the estimation of the jerk integral, as well as for the analysis of the phase portrait, were computed numerically by using the Savitzky–Golay ﬁlter (Press, Flannery, Teukolsky, & Vetterling, 1986). 2.6. Sliding mode control Sliding mode control involves a particular type of variable structure system (VSS). A VSS is deﬁned as a suite of control laws and a decision rule or switching function, which selects the speciﬁc control action that should be used at any instant in time. Therefore, a VSS may be regarded as a combination of subsystems whereby each subsystem has a ﬁxed control structure and is valid for speciﬁed regions of the state space. In sliding mode control, the VSS is designed to drive and then constrain the system state to lie within a neighbourhood of the switching function. The main advantage of this approach is its robustness, that is, the fact that the overall response is largely insensitive to uncertainties and parametric drifts, including time delays. Consider the second order system  x_ 1 ¼ x2 ð6Þ x_ 2 ¼ f ðxÞ þ gðxÞz where x(t) is the state vector, z(t) is the control input, f(x) is the characteristic function of the systems dynamics, and g(x) is a positive gain. Suppose that we wish to control the system in such a way that the origin is a stable equilibrium state. The sliding surface, in this case, is a line: x2 = ax1. If the controller succeeds to constrain the state along this line, an asymptotic relaxation to the intended target state is guaranteed because x_ 1 ¼ ax1 ) x1 ¼ x1 ðt0 Þeat . By deﬁning variable s as the distance of the current state from the sliding line (s = x2 + ax1), it is possible to demonstrate that the following control law: z ¼ dðxÞ  KsignðsÞ with dðxÞ ðf ðxÞ þ ax2 Þ=gðxÞ



ð7Þ



(with K positive deﬁnite) guarantees that the state is attracted by the sliding surface (approach phase) and, after crossing it, slides to the target state in a chattering way
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(chattering phase). The application of this scheme to the stabilization of the inverted _ and using Eq. (4). pendulum is immediate by posing x1 ¼ #; x2 ¼ #,



3. Results We ﬁrst analysed in detail the performance of the PID-like controller, sampling the space of possible parametric values regarding stability and required noise levels and concluded that the noise level was not physiologically plausible. We then explained why we thought that rambling is not a stable equilibrium trajectory and proposed an alternative decomposition scheme of the total ankle torque into a tonic torque, a stiﬀness-related torque, and a ballistic control torque. The next step was to show that ballistic postural stabilization commands can be identiﬁed in the phase portrait of the system and ﬁnally we showed in which sense ballistic postural stabilization could be described as a non-ideal, sliding motion control. 3.1. In a PID-like controller, sway is noise driven and the noise level is not plausible It has been suggested that the stabilization of standing posture can be achieved by means of a PID (Peterka, 2000, 2002) or a simpler PD (Proportional, Derivative) controller (Masani, Popovic, Nakazawa, Kouzaki, & Nozaki, 2003). When setting up this kind of controller, the designer must choose the gains in such a way to satisfy the diﬀerent requirements of overall stability, speed and damping of the transient responses, and asymptotic precision. The instability of the plant is due to the fact that one of the two transfer function poles is located on the right-hand side of the complex plane. The zero-pole pattern of the PID controller (two zeros and one pole in the origin) allows the overall transfer function, in a closed loop, to become stable if suitable gains are chosen, as is clariﬁed by the root-locus analysis.3 We applied this analysis to the Peterka (2000) model and found that the control becomes stable if the loop gain is greater than 7 dB. In particular, if we use the PID parameters suggested by Peterka (2000), thus setting the loop gain to 11.7 dB, we get the following closed loop poles, all on the left-hand side of the complex plane: s = 0.03 rad/s (the dominant pole); s = 1.915 ± 1.8207j rad/s. The root-locus analysis (Fig. 3, top panel) also illustrates the critical importance of the derivative element because we see that, if we set KD to zero, the root-locus will necessarily have a branch on the right-hand side of the complex plane. For any value of the overall gain, therefore, the control is made intrinsically unstable. We should consider that such a crucial role of the derivative action is related to the need to introduce an anticipatory element in the control action. In fact, estimating the time derivative of the error at a given time instant is the simplest way to extrapolate the output variable at a future time instant.



3 The root-locus analysis plots the variation of the closed-loop poles of the feedback control system as the overall loop gain is increased from 0 to inﬁnity.
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Fig. 3. Top panel: Root-locus of the PID-control system, with a magniﬁcation of the area around the origin. Note that the inverted pendulum is characterized by two, real poles, one in the left-half plane and the other in the right-half plane. The PID controller adds a pole in the origin and two zeros: one very close to the origin and the other to the left of the stable plant pole. The three branches of the plot are attracted, respectively, by the asymptote at minus inﬁnity and by the two zeros. Therefore the closed loop poles of the system migrate all into the left-half plane if the gain is large enough, but without taking into account the delay in the control loop. Bottom panel: Bode diagrams of the open-loop transfer function. The phase margin is the distance from the critical phase lag (180) at the frequency at which the log-magnitude intersects the 0 dB value. The ﬁgure shows how the margin changes with variations of the delay.



The root-locus analysis is complemented by analysis of the Bode plots (Fig. 3, bottom panel), which show a dependence on the frequency of the magnitude and
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phase of the open-loop transfer function. From the phase plot, according to the Nyquist criterion of stability, we can compute the phase margin by considering the frequency at which the magnitude of the response crosses the 0 dB value. In the Peterka model, neglecting the delay in the control loop, the margin is 37.6 and this is already smaller than what is acceptable in typical engineering designs (45–60) because the phase margin determines the degree of damping of the response and a lightly damped servomechanism is a poor device. Performance deteriorates if we introduce a delay in the control loop.4 As shown in Fig. 3 (bottom panel), the phase margin is decreased from 37.6 to a meagre 17.3 if we assume that the time delay is 100 ms; for 150 ms, the remaining phase margin is lost, and for 200 ms, the system is openly unstable.5 In general, the intrinsic instability of the plant and the sizable time delays in the control loop converge to make this kind of stabilization approach critical and scarcely appropriate from a functional point of view. In any case, even if only marginally stable, the Peterka (2000) model is capable of producing sway-like oscillations if driven by a suitable noise source. We simulated the model by means of Simulink, assuming that the reference angle is null and scaling the amplitude of the noise in order to have a RMS oscillation value equal to the average value in the experimental dataset (±0.181). We found that the RMS value of the noise torque Tn was almost twice the size of the total control action Tc (7.33 N m vs. 4.78 N m); the latter, in particular, was dominated by the proportional channel (82% of the total). The key point is that the size of the noise was of the same order of magnitude as the main control action. As a consequence, the sway patterns generated by the PID-like controller were not the result of a speciﬁc control action but were basically noise-driven and this was also reﬂected in the high value of the correlation coeﬃcient between the total torque and the noise (over 0.9). In order to generalize the results presented above, it was necessary to check if this only applied to the speciﬁc PID-like controller, advocated by Peterka (2000) or to any PID-like controller, with control parameters chosen over a plausible range of values. For this purpose, the three coeﬃcients of the PID controller were varied around the reference values above by step increases/decreases of 10%, with a total of 15 values for each parameter. Also, the delay was varied, from 40 to 160 ms, with 20 ms steps. In total, we considered 23,625 parametric combinations: 15 · 15 · 15 · 7. For each, we computed the open loop transfer function from which we derived the following items: • The phase margin; • The corresponding frequency (very close to the frequency bandwidth of the control);



4



A delay element does not aﬀect the magnitude plot of the Bode diagram but modiﬁes the phase plot by adding a negative phase that grows linearly with the frequency, proportional to the amount of the delay. 5 Considering that the latencies of short- and long-loop reﬂexes for the leg muscles are typically 40– 80 ms, respectively, and that muscle mechanical delay adds another 40 ms, the delays used in the simulations (100, 150, and 200 ms) are in the proper range.
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• The noise power (necessary for determining the standard sway size mentioned above). Of the 23,625 systems, 10,768 were either unstable or marginally stable (phase margin smaller than 10) and were discarded. Of the remaining 12,857 systems, only 9,696 had a critical frequency greater than 3 rad/s, which we chose as the minimum admissible frequency bandwidth. The plots for these systems (Fig. 4) show both the required level of noise (RMS value) necessary for obtaining the observed sway size and the corresponding KP parameter (stair-like trace). For each step of such a trace (in which KP is kept constant), the other two PID parameters (KI and KD) were varied systematically and the widths of the steps were not constant because the number of eligible parameter combinations depended upon the delay and KP. The ﬁgure shows a number of features: a predictable correlation between the noise level and the KP parameter (a stiﬀer system requires more noise for exhibiting a given sway size); a decrease of the maximum admissible value of KP as the delay increases (this is readily understood by looking at the Bode diagram and considering that increasing either the gain or the delay tends to decrease the phase margin of the system); and a decrease of the number of eligible parameter combinations as the delay increases (it varies from 64% for a delay of 40 ms to 18% for a delay of 160 ms). But the major



Fig. 4. Performance of the 9696 eligible PID-like controllers that match the stability/frequency requirements as a function of the controller gains (KP, KI, KD) and the loop delay. The four parameters were scanned in a systematic fashion with the delay in the outermost loop and then KP, KI, KD. The horizontal axis is the counter of the eligible controllers. Jagged trace: Noise level required for matching the physiological sway size. Stair-like trace: Value of the KP parameter. Note that the number of eligible controllers falling in each interval decreases as the delay increases: 64% for 40 ms; 55% for 60 ms; 48% for 80 ms; 41% for 100 ms; 33% for 120 ms; 26% for 140 ms; 18% for 160 ms.
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ﬁnding of this simulation study was that the bottom line for the noise power is about 5 N m and cannot be reduced further within this scheme because the proportional gain must be large enough to provide stability (i.e., it must be greater than the critical stiﬀness value). Is this level of persistent noise plausible? In our opinion, this is not the case for several reasons. First of all, the best known posturographic noise source, the ballistic perturbation caused by hemodynamics, has been estimated to be at least one order of magnitude smaller than the hypothetic noise (Conforto, Schmid, Camomilla, DAlessio, & Cappozzo, 2001). Moreover, we may consider the jerkiness introduced by noise in the sway patterns. We estimated the sway jerk integral, as explained in Section 2.5, for our population of participants and for Peterkas model (with the standard model parameters): the average value was 0.07 ± 0.02 m/s3, in the former case, and 0.16 m/s3, in the latter. Moreover, changing the model parameters in the range considered above had little eﬀect on the result. Physiological sway patterns are smoother than the noise-driven patterns of Peterkas model: jerk is more than twice in the latter case. This diﬀerence is in apparent contrast to the fact that the model (Peterka, 2000) can reproduce realistic stabilogram diﬀusion plots (Collins & DeLuca, 1993), which provide a quantitative statistical measure of the apparently random trajectories of the CoP. The problem is that stabilogram diﬀusion parameters are very weakly sensitive to the smoothness of sway patterns and thus cannot discriminate between the noise-driven sway of a continuously stabilized system and the biomechanics-driven sway of an unstable system that is intermittently stabilized. Taken together, we may conclude that the stabilization scheme oﬀered by a PIDlike controller does not match physiological evidence. This conclusion is further conﬁrmed by the phase-portrait analysis in Section 3.3. Very similar considerations can also be made for the simpler PD controller (in which the KI parameter is set at 0): the integrative channel mainly aﬀects the asymptotic precision of the control, not general behavior regarding stability and sensitivity to the noise channel. 3.2. Rambling is not a stable equilibrium trajectory Zatsiorsky and Duarte (1999, 2000) deﬁne the rambling trajectory in their decomposition of posturographic data into slow and fast components. The starting point of their deﬁnition is the identiﬁcation of the time instants (IEP: instantaneous equilibrium points) in which the horizontal component of the ground reaction becomes zero and thus the gravity torque and the ankle torque are instantaneously in equilibrium. IEPs line up along the GL (gravity line)6 by deﬁnition, but the body never stops at these points and persistently sways back and forth across this line. The question is: are these equilibrium points stable or unstable? Zatsiorsky and Duarte (1999, 2000) are in favour of stability and assume that there are substantial restoring forces that attract the state of the system towards



6



Along the GL Ta = Tg = mgh0 = mgy.
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an underlying equilibrium trajectory, that is, the rambling trajectory. They estimate this trajectory by interpolating the IEPs and then compare them to the GL trajectory computed by integrating the horizontal component of the ground reaction force over time (the zero-point-to-zero-point integration method: King & Zatsiorski, 1997). The two trajectories are very similar and, in our opinion, they express the same underlying physical variable: the projection on the support surface of the center of body mass (the CoM trajectory). In the methods we explained another approach for computing the same thing, based on Eq. (1) (or Eq. (2)). Considering that, for the horizontal component of the ground reaction, we can write F H ¼ m€y and that spline interpolation is indeed a form of ﬁltering, it is evident that the three methods are bound to give equivalent results,7 provided that the inverted pendulum simpliﬁcation is acceptable and that the observed oscillations are small. Having agreed that rambling is a locus of equilibrium points, we have two possibilities: 1. Rambling is a stable equilibrium trajectory. In this case, the mechanism that generates the migrations of equilibrium points is outside the postural control system and implies some plan or purpose for avoiding the obvious option of maintaining stability at least for some time, in a similar way to the possibility of holding ones breath for a while. 2. Rambling is an unstable equilibrium trajectory. In this case, there is no need to introduce an external migration mechanism but it is possible to explain residual oscillations as side eﬀects of an intermittent stabilization process, as further discussed in the following section. There are diﬀerent reasons for choosing the latter option: 1. It is more economical, in epistemological terms, because as William of Ockham teaches us, entia non sunt multiplicanda sine necessitate; 2. It is also more economical from an energetic point of view because, in this case, stability is achieved without energy dissipation implied in quasi-linear damping; 3. It is consistent with empirical estimates of ankle stiﬀness, which show that the intrinsic properties of ankle muscles are insuﬃcient to stabilize the ankle. Even if one rejects, as we do, the hypothesis that the rambling equilibrium trajectory is unstable and thus associated with a divergent, not convergent, force ﬁeld, the decomposition of the total ankle torque into both slow and fast components is useful, and hence, we propose an alternative scheme, described below.



7 With the experimental posturographic data described in the methods, we computed both the CoM trajectory, according to Eq. (1), and the trembling trajectory, by means of spline interpolation of the points at which the CoM and CoP trajectories intersect. On average, the correlation coeﬃcient of the two curves is greater than 0.9.
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3.2.1. Rambling/trembling decomposition The rambling and trembling decomposition can be described by the following equation: u ¼ y þ ðu  yÞ ) CoP ¼ rambling þ trembling



ð8Þ



from which is derived the decomposition of the corresponding torques: mgu ¼ mgy þ mgðu  yÞ ) T a ¼ T rambling þ T trembling



with



T rambling ¼ T g ð9Þ



Fig. 5 (top panel) shows an example of this decomposition according to the equation above. 3.2.2. Alternative decomposition An alternative way to carry out the decomposition is to assume that the tonic component of the posturographic activity does not encode the actual migration of the CoM (the rambling trajectory) but its medium-time trend. In fact, if one considers the average position of the CoP (as well as the CoM) during the typical duration of posturographic examination (20–40 s), one ﬁnds that it is very stable over repeated trials. We think that this medium-time average corresponds to the reference value of the CoM position (yref) or the sway angle (#ref), encoded by the tonic activity of the ankle muscles. We should emphasize that, in our view, the reference CoM position is not an equilibrium position but a baseline of the restoring action of intrinsic muscle stiﬀness. This position is under voluntary control, whereas the actual CoM oscillations, which sway back and forth across the reference, are not directly controllable. Moreover, we should take into consideration that during prolonged unconstrained standing (about 30 min.), Duarte and Zatsiorsky (1999) found occasional quick shifts of the CoM, which resemble a voluntary shift, as well as quick biphasic shifts (named ﬁdgeting movements), superimposed onto very slow shifts of the baseline. Again, this is evidence that the CoM reference position is a voluntarily commanded variable, which is the input of the intermittent and involuntary stabilization control. This is the starting point for the decomposition of total ankle torque, which is an alternative to Eq. (9): 8 T a ¼ mgu > > > > > < T ref ¼ mgh#ref ð10Þ T a ¼ T ref þ T stiffness þ T ballistic with > T stiffness ¼ K a ð#  #ref Þ > > > > : T ballistic ¼ T a  ðT ref þ T stiffness Þ Fig. 5 (bottom panel) shows an example of decomposition. Since stiﬀness is below the critical level, the sum of the tonic torque (related to the reference angle) and the restoring elastic torque (a result of the discrepancy between the actual and reference angles) is insuﬃcient to match the gravity torque and thus must be
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Fig. 5. Decomposition of the total ankle torque Ta, which is proportional to the CoP displacements: Ta = mgu. Top panel: Rambling/trembling decomposition of Ta:Ta = Trambling + Trambling. The slow rambling component is equivalent to the gravity torque: Trambling = Tg = mgy; the fast trembling component is proportional to the CoP–CoM diﬀerence: Ttrembling = mg(u  y). Bottom panel: Alternative decomposition of Ta:Ta = Tref + Ts + Tb. The reference torque is proportional to the very slowly varying reference angle: Tref = mgh #ref; the stiﬀness torque is proportional to the diﬀerence between the actual and reference angles: Ts = Ka(#  #ref); the ballistic command torque Tb is the high frequency residual. Horizontal axis: time (s). Vertical axis: torque (N m).



complemented by an active command whose intermittent or ballistic nature is evident in the ﬁgure. An indicator of intermittent stabilization is deﬁned in the next section in order to translate this qualitative observation into a quantitative descriptor. Although the CoP and CoM traces have very similar shapes and the diﬀerence between them rarely exceeds 1–2 mm, they have markedly diﬀerent frequency
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bandwidths: well below 1 Hz for the CoM and at least one order of magnitude more for the CoP. Therefore, in the decomposition above, all the ballistic, high-frequency content of the CoP can be attributed to the active control torque. 3.3. Ballistic postural stabilization commands can be identiﬁed in the torque-angle plane and in the phase portrait In order to characterize the ballistic postural stabilization commands, we ﬁrst computed the distribution of sway movements (derived from the CoM trace) regarding amplitude and timing over the whole population of participants. The histogram of the sway amplitude can be ﬁtted by a decreasing exponential with a median value of 1.4 mm and a range (which includes 95% of the sways) of 1.3 cm. The inter-sway time was 0.9 ± 0.6 s. These data were compared with the performance of the PIDlike model, proposed by Peterka (2000), for the same sway size (as deﬁned in Section 2.2): the median value of the sway amplitude was 0.59 mm (instead of 1.4 mm) and the inter-sway time was 0.5 ± 0.3 s (instead of 0.9 ± 0.6 s). Then, we categorized the natural sway movements into two broad classes, small and large, according to the fact that their amplitudes were smaller or larger than the median value. We deﬁned the ballistic commands as the segments of the CoP trace that range from a local minimum to a local maximum or vice versa. As Fig. 5 clearly shows, in most cases, the ballistic commands cross the curve of the CoM; there are usually several ballistic commands for each sway movement that correspond to a number of intersections of the CoP and CoM traces. The number of ballistic commands for each sway movement, as previously deﬁned, ranged between 1 and 7 with an average of 2.2 ± 1.8. In all cases, when a sway movement was associated with a single ballistic command, the speed proﬁle of the movement had a single peak; in contrast, several velocity peaks always occurred for sway movements, characterized by multiple commands. In most cases, small sways were associated with a single ballistic command, whereas large sways were always associated with multiple commands. Therefore, it was interesting to detect strings of small sways, driven by a corresponding string of ballistic commands, because they corresponded to temporary limit cycles. In particular, we identiﬁed two repetitive patterns, which we think are important from the point of view of the organization of the control process (Fig. 6, top panel): • Type A: a succession of at least three small sways, which occur on the same side of the reference position; • Type B: two or more subsequent large sways, which intersect the reference position. A-type patterns are found in all the participants but never last more than a few cycles. In particular, in our population of participants we found that the average length of A-type patterns was 4.5 ± 2.1 cycles, with an average duration of 3.8 ± 2.2 s. This corresponds to 17% of total sway time. In the remaining 83%, sway was characterized by large sways in diﬀerent combinations of small sways.
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Fig. 6. Top panel: Fragment of the CoM sway movements in which two typical patterns are observed. Atype (continuous bold line): sequence of small sways on the same side of the reference position;B-type (dashed bold line): sequence of large sways intersecting the reference position. Horizontal axis: time (s). Vertical axis: CoM position (mm). Bottom panel: The two typical patterns (A and B, respectively) are plotted in the torque-sway plane, by displaying total ankle torque, in the two cases, together with the gravity line or gravity torque, as a function of the sway movement. The slope of the gravity line is mg. Horizontal axis: CoM position (mm). Vertical axis: torque (N m).



3.3.1. Torque-angle plane One way to characterize the dynamic stabilization process is to plot the total ankle torque against the sway angle or CoM position and compare this curve with the corresponding gravity curve that, by deﬁnition, is a straight line with an angular coefﬁcient that is equal to mgh (in the torque-angle plane) or mg (in the torque-CoM plane). When the total ankle torque was below the gravity line, the motion of the
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body was accelerated forward and thus it was a forward fall. The activation of the ballistic command decelerates the fall and, if suﬃciently strong, terminates it and initiates the opposite sway motion. Fig. 6 (bottom panel) plots, in the torque-CoM plane, an example of the two types of sway (A-type: continuous bold trace; B-type: dashed bold trace). The A-type pattern is characterized by a quasi-linear, repetitive trajectory, which resembles the behaviour of a limit-cycle oscillator; the B-type is segmented into a number of deceleration attempts. In the latter case, the ballistic command stops the fall temporarily, and thus, is followed by a further fall, eventually terminated by a suﬃciently strong ballistic command. 3.3.2. Phase portrait In summary, it appears that the posture control system, in addition to being unable to achieve asymptotic stability because ankle stiﬀness is smaller than the critical value, is also unable to achieve limited cycle stability. Still, the stabilization control system is quite robust. One way to explain how stability is achieved is to look at the phase portrait of the inverted pendulum, whose instability is characterized by a saddle point (Fig. 7). The phase portrait is built by considering the dynamics of the inverted pendulum (Eq. (2)). The two axes correspond to the state variables of the system (y and y_ , respectively) and the origin to the (unstable) equilibrium position. The ﬂow lines in the phase portrait are built by integrating Eq. (2) from any starting state, in the absence of input. In our case, such lines correspond to either forward or backward falls. It is easy to demonstrate that the phase plane is divided into two half planes by the following straight line through the origin that separates forward and pﬃﬃﬃﬃﬃﬃﬃﬃﬃ backward falls, respectively: y_ ¼ 1=sy, where s ¼ he =g. A symmetrical straight line ( y_ ¼ 1=sy) subdivides the two main categories of falls into subtypes: monotonic and non-monotonic (in the latter case, the state ﬁrst approaches the equilibrium position, then stops, and ﬁnally falls in the opposite direction). We should mention that phase portrait analysis has already been suggested by Zatsiorsky and Duarte (2000), but applied to the dynamics of the CoP, not the CoM.8 As shown in Fig. 7, the ﬂow lines in the phase plane either converge to a forward or a backward fall. A characteristic feature of this portrait is that, as a function of the initial state of the fall (sway angle and sway velocity), it is possible to have three types of behaviours: 1. A monotonic fall, in which both angle and angular speed grow (or decrease) (pattern a, Fig. 7 top panel); 2. A semi-monotonic fall, in which the speed monotonically increases (or decreases), whereas the angle initially decreases (increases) before falling forward (backward) (pattern b, Fig. 7 top panel); 3. A semi-monotonic fall, in which the angle monotonically increases (or decreases) but the fall is decelerated ﬁrst and then accelerated (pattern c, Fig. 7 top panel). 8



This is not a proper choice, in our opinion, because the phase plane should be used to represent the state vector of a dynamic system (the CoM and its time derivative, in our case), not the driving input (the CoP and its time derivative).
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Fig. 7. Phase portrait of the inverted pendulum. Horizontal axis: CoM position (mm). Vertical axis: CoM velocity (mm/s). Positive: forward; negative: backward. The thin lines represent the ﬂow lines of the inverted pendulum dynamics. The ﬂow lines are oriented coherently with the simulated trajectories (thick lines). Top panel: a, b, and c indicate starting points that give rise to diﬀerent fall patterns (a: monotonic; b: semi-monotonic, with monotonic speed; c: semi-monotonic with monotonic rotation). The thick lines represent simulations of sway movements starting from same initial point S and activated by a single ballistic command of diﬀerent amplitudes (A: 2.48, B: 2.68, C: 2.87, D: 3.06 Ns), 300 ms after the initiation of the fall. The initiation and termination times (Ton = 300 ms; Toﬀ = 500 ms) of the commands (ﬁltered rectangular pulse with a duration of 200 ms) are indicated. Bottom panel: A-type sequence of ballistic commands (dashed line) and B-type sequence (continuous line).
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Incipient falls can be counteracted by ballistic commands (Fig. 7, top panel). For example, if we give an ideal impulsive command (Dirac pulse) with an amplitude equal and opposite to the instantaneous angular momentum of the inverted pendu_ we can momentarily stop the fall, which is restarted lum (which is equal to J #), immediately afterwards. If the pulse amplitude is bigger, then the state is temporarily pushed in the opposite direction. In the same ﬁgure, we show the behaviour of the system, starting from an initial position S, with stabilizing ballistic commands of different amplitudes. The ballistic commands were generated 300 ms after the initiation of the fall, with a rectangular shape, ﬁltered by a second order ﬁlter (natural frequency 8 rad/s, damping factor 7/8). The ﬁgure clearly shows that the type of response to the stabilizing ballistic commands is quite sensitive to the command amplitude and may explain the apparent randomness of sway. The structure of the phase portrait also predicts that two types of sway patterns may emerge in the interaction between intrinsic unstable dynamics and a suitable sequence of ballistic stabilization commands: • A small-sized sway chattering pattern, similar to what has been described above as type A, occurs if the sequence of commands is tuned in such a way to maintain the state of the system in the same half-plane as the state space (the right or the left one, respectively): see the dashed trajectory in Fig. 7, bottom panel. However, the sensitivity of the dynamic behaviour to the gain of the ballistic commands cannot assure that this pattern is maintained in a persistent way. Small ﬂuctuations are bound to break the symmetry and either push the system to a progressive fall (eventually terminated by an emergency burst) or shift it to the opposite side of the phase space. • Another temporary regime, which we may label as a large-sized sway pattern (the B-type pattern deﬁned above), occurs if successive stabilization bursts are large enough to push the system from one basin of repulsion to the other: see the continuous bold trajectory in Fig. 7, bottom panel. Also in this case, the sensitivity of the dynamics to the gain of the intermittent controller and small background noise does not allow a periodic oscillating pattern to be achieved. However, when this kind of regime temporarily occurs, the individual large sways appear to be segmented as a consequence of the structure of the phase portrait, in remarkable agreement with the experimental patterns discussed above. Fig. 8 (top panel) shows a typical phase portrait of sway movements, above the ﬂow lines of the inverted pendulum. The ﬁgure exempliﬁes a number of relevant features: • The equilibrium state (the origin) is unstable. • Small oscillations occur either in the right or the left half-plane but typically are open and thus can only give rise to a few cycles; they circle in a clockwise direction but without any clear quasi-equilibrium pattern.
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Fig. 8. Top panel: Typical phase portrait of the CoM with experimental data. Horizontal axis: CoM position (mm). Vertical axis: CoM velocity (mm/s). Positive: forward; negative: backward. Bottom panel: Indicator of intermittent stabilization. It plots, for each time instant, the scalar product between the direction of sway in the phase plane and the corresponding ﬂow line of the phase portrait, that is, the cosine of the angle between the two directions. Horizontal axis: time. Vertical axis: cosine of the angle.



• Large oscillations circle around the origin, from one half plane to the other in a clockwise direction, and are typically broken down by one or more attempts to settle in one of the two half planes. • The system appears to alternate passive falling phases, where the sway trajectory is approximately directed as the local ﬂow line of the phase portrait, and ballistic stabilization phases, where the sway trajectory aims approximately in the opposite direction.
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3.3.3. Indicator of intermittent stabilization In order to translate the qualitative description above into an indicator of intermittent stabilization of the sway patterns, we considered a curve that plots, for each time instant, the scalar product9 between the direction of sway in the phase plane and the corresponding ﬂow line (Fig. 8, bottom panel). As the ﬁgure shows, the indicator oscillates between +1, which corresponds to sway along gravity (gravity-driven fall), and 1, which corresponds to sway against gravity, driven by stabilizing motor commands. Intermittent control is apparent in the sharp transitions between positive and negative values of the indicator and by the fact that the duration of the positive and negative phases is rather uniform. In our population of participants, the average duration of the falling phases is 0.40 ± 0.29 s and is quite close to the duration of the stabilization phases. In contrast, if we apply this analysis to the PID-control model, we get a very irregular trace with a duration of the positive and negative phases that is at least one order of magnitude smaller: 0.02 ± 0.03 s. This numerical value refers to the PID parameters of Perterkas model, but very similar results are found by scanning the parameter space in a similar way to that described in Section 3.1. This result complements the analysis of the smoothness of sway in terms of the jerk integral that is shown in Section 3.1, indicating that smoothness and intermittency of sway patterns are two aspects of the same mechanism. 3.4. Ballistic postural stabilization can be described as a non-ideal sliding motion control In this section, we show that the chattering behaviour of the postural stabilization process can be explained in terms of sliding motion control. We used the model explained in the methods and chose an ideal sliding line, which can be any negative sloped line through the origin in the phase plane of the system (Fig. 9). In ideal sliding motion control, the initial part of the control is an approach phase to the switching line: in the ﬁgure, this is a fall, which is consistent with the ﬂow lines of the phase portrait. After the sliding line has been reached and crossed, the stabilization action proceeds as a sequence of inﬁnitely fast ballistic commands, which progressively push the system state to the target. In Fig. 9, the chattering is exaggerated by introducing a low-pass ﬁlter after the sign function, which in fact drives it. In the ample literature on technical applications of sliding motion control, a number of approaches have been investigated for minimizing the eﬀects of chattering, which might be quite disturbing in speciﬁc applications. But this is not a relevant concern in posture control since, if indeed sway is a kind of chattering, it is not functionally disturbing. Rather, we are concerned with the plausibility of non-ideal sliding motion control to explain postural sway. As a matter of fact, we think that



9



The scalar product of the two directions is the cosine of the angle between the corresponding unitvectors. The direction of the actual sway trajectories, in the phase plane, is ½€y ; y_ =j½€y ; y_ j and the corresponding direction of falling along the ﬂow line is ½g=h y; y_ =j½g=h y; y_ j.
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Fig. 9. Simulation of the sliding motion control (simulation parameters: a = 0.3 s1; k1 = 0.0025 m; k2 = 0.2 s2/m). In order to exaggerate the chattering eﬀect, the switching function was followed by a second order low-pass ﬁlter (xn = 50 rad/s; n = 0.8). Note the initial approach phase to the sliding line, followed by the chattering phase across that line and sliding to the equilibrium state. Horizontal axis: CoM position (mm). Vertical axis: CoM velocity (mm/s). Positive: forward; negative: backward.



the A-type sway patterns mentioned above might be interpreted as sliding segments, which cannot be sustained for a long time due to the non-ideal behaviour of the switching mechanism. Therefore, the sliding segments are broken after a few chattering cycles, initiating falling episodes, which are eventually stabilized by a new approach/sliding phase. In actual sway it is possible to ﬁnd patterns of this kind in all possible combinations. The sensitivity of the postural response to individual ballistic commands justiﬁes the variability of the patterns, as well as cognitive factors that can modulate the posturographic parameters. At the same time, the structural robustness of the sliding motion control mechanism justiﬁes the overall stability of the posture in spite of the micro-instability. We also observed that PID-like control is much less robust from this point of view: no chattering occurs if all parameters are perfectly tuned, but open instability readily builds up even for minor parametric ﬂuctuations.



4. Discussion As stated above, the main purpose of this study was to choose between a class of models that explain sway while quiet standing as residual noise-driven oscillations of a system, asymptotically stabilized by continuous linear feedback, and as the residual
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chattering of an intermittent stabilization scheme. In the former case, the intrinsic instability of the plant is hidden by the controller and the main engine of the sway is a noise source whose power is comparable to the power of the control signal. In the latter case, the instability is counteracted by intermittent stabilization commands and thus it should be possible to identify sway segments that are consistent with the dynamics of fall. The analysis of the phase portrait, by means of the indicator of intermittent stabilization, supports this prediction: it shows that the sequence of both fall and stabilization phases is rather regular and provides an estimate of the timing: 0.40 ± 0.29 s for each phase. Another prediction of the intermittent stabilization scheme is that the sway movements generated by this model should be rather smooth, because they are mainly driven by the intrinsic dynamics of the plant and, in any case, smoother than the sway patterns generated by the PID-like control model that are directly driven by noise. This prediction is conﬁrmed by the comparison of the jerk integral in the two cases. Therefore we think that the noise level that has to be introduced in the PID-like model in order to produce realistic sway patterns is quite unrealistic and very likely is a substitute of unaccounted control actions. On the other hand, one may observe that PID-like models can reproduce realistic stabilogram diﬀusion plots (Collins & DeLuca, 1993), but we already observed that this kind of parametric description is very weakly sensitive to the smoothness of the sway patterns and thus cannot discriminate between the noise-driven sway of a continuously stabilized system and the biomechanics-driven sway of an intermittently stabilized system. The inﬂuence of noise is very diﬀerent in the two classes of models: it is the main engine of sway in the PID-like models, whereas it explains the fact that chattering is not perfectly periodic in the intermittent stabilization models. In general, we believe that a suitable analysis of sway pattern suggests that intermittent stabilization models are more consistent with experimental data than continuous PID-like models. Sliding-motion control is just one example of intermittent stabilization. The heart of the system is a switching function that detects when the state of the system crosses critical boundaries and then ﬁres stabilization bursts. The robustness of the control scheme can accommodate large parametric variations of the plant, such as standing with diﬀerent postures, diﬀerent loads, on diﬀerent types of support surfaces, etc. Such variations may aﬀect the speciﬁc type of chattering, but the same mechanism is likely to assure stability in a large set of conditions. For a PID-like controller, in contrast, a given set of control parameters is only valid for a very narrow range of variations of the plant; beyond that, a delicate parametric retuning is necessary, always bordering instability because the delays in the control loop reduce the phase margin to very small ﬁgures, as already mentioned in Section 2.4. In this framework, we may also appreciate the true role of intrinsic ankle stiﬀness, which includes the elastic properties of muscles, ligaments, and other elastic tissues. The role of this feature is apparently made irrelevant by the experimental recognition that intrinsic stiﬀness is smaller than the critical level dictated by gravity. In contrast, we should recognize that instead of playing a direct control role, stiﬀness has a subtler and perhaps more crucial task: scaling the time axis by reducing the eﬀective
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value of the acceleration of gravity,10 and thus, reducing the rate of fall as well as the rate of sway. Such reduction is crucial if we consider that the timing of the intermittent stabilization mechanism has limitations and thus the bandwidth of the ballistic control action is limited. As a consequence, by scaling the time axis, ankle stiﬀness allows the intermittent controller to generate more precise ballistic commands. The same reasoning may also explain why people slightly tilt forward when standing, if we take into account that intrinsic ankle stiﬀness grows with ankle torque, and thus, is dependent on the tonic component of the neural command. In fact, the postural forward bias requires a corresponding (and proportional) tonic command, as well as tonic ankle torque. Consequently, it is reasonable to assume that the autonomously chosen tilt emerges as a trade-oﬀ between energetic economy (eﬀort grows with tilt) and control robustness (falling rate decreases with tilt). In a study of the modalities of balancing an artiﬁcial inverted pendulum by means of the ankle muscles, Loram and Lakie (2002a) found that dynamic stability was achieved by a sequence of ballistic commands, which are above the large but insufﬁcient stabilizing torque due to intrinsic mechanical ankle stiﬀness. The same mechanism proved to be responsible for the voluntary shift in the reference position of the pendulum. However, sway movements around the reference position could not be reduced to arbitrarily small sizes but their amplitudes could be inﬂuenced by the quality of sensory information (presence/absence of visual feedback) or by the level of attention (stand still vs. stand easy). This eﬀect was interpreted as a consequence of the fact that better sensory information and higher levels of attention allowed the control system to improve the accuracy of the ballistic torque impulses. This interpretation is consistent with our analysis of the phase plane and, in particular, with the strong sensitivities of the sway patterns to the gain of the ballistic commands. The conclusion of that paper was that the examination of actual sway movements, instead of the sway of the artiﬁcial pendulum, should yield similar results. In our opinion, the prediction was correct and our analysis is in good agreement with those results. This also supports the inverted pendulum assumption of our modelling approach, because it appears that the control patterns of the artiﬁcial pendulum and the actual swaying body are nearly the same. We think that the theory of variable structure systems and sliding motion control is the appropriate framework for analysing the nature of the speciﬁc dynamic stability, achieved by the intermittent stabilization process, and ultimately, arriving at a realistic postural control model. A number of theoretical and experimental issues have to be addressed in this respect, in order to more clearly understand the nature and relevant features of the switching mechanism and its relation to diﬀerent brain structures. Our study at least oﬀers a plausible starting point.



10 It is easy to demonstrate, if we consider Eqs. (4) and (9), that in the context of sway movements, intrinsic ankle stiﬀness reduces the eﬀective value of gravity to g  ka/mh.
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