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Even in unperturbed upright standing of healthy young adults, body sway involves concurrent oscillations of ankle and hip joints, thus suggesting to using biomechanical models with at least two degrees of freedom, namely, a double inverted pendulum (DIP) framework. However, in a previous study, it was demonstrated that the observed coordinated ankle–hip patterns do not necessarily require the independent active control of the two joints but can be explained by a simpler hybrid control system, with a single active component (intermittent, delayed sensory feedback of the ongoing sway) applied to the ankle joint and a passive component (stiffness control) applied to the hip joint. In particular, the proposed active component was based on the internal representation of a virtual inverted pendulum (VIP) that links the ankle to the current position of the global center of mass (CoM). This hybrid control system, which can also be described as an ankle strategy, is consistent with the known kinematics of the DIP and, in particular, with the anti-phase correlation of the acceleration profiles of the two joints. The purpose of this study is to extend the hybrid control model in order to apply to both the ankle and hip strategy, clarifying as well the rationale of mixed strategies. The extension consists of applying the hybrid control scheme to both joints: a passive stiffness component and an active intermittent component, based on the same feedback signals derived from the common VIP but with independent parameter gains for the two joints. Thus, the hip gains are null in the pure ankle strategy, the ankle gains are null in the pure hip strategy, and both ankle and hip gains are specifically tuned in mixed strategies. The simulation of such an extended model shows that it can reproduce both strategies; moreover, the pure ankle strategy is more robust than the hip strategy, because the range of variation (RoV) of the intermittent control gains is larger in the former case than in the latter, and the pure ankle strategy is also more energy efficient. Generally, the simulations suggest that there is no advantage to employ mixed strategies, except in borderline situations in which the control gains are just outside the RoV that provides stable control for either pure strategy: in this case, a stable mixed strategy can emerge from the combination of two marginally unstable pure strategies.
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Introduction

Postural control strategies are known to be characterized by distinct muscle synergies, usually referred to as ankle strategy and hip strategy (Nashner and McCollum, 1985; Horak and Nashner, 1986; Kuo and Zajac, 1993). The ankle strategy involves delayed activation of the ankle muscles, followed by a distal to proximal activation of thigh and trunk muscles. The hip strategy consists mainly of the delayed activation of the trunk and thigh muscles, radiating in a proximal-to-distal fashion to other muscle groups. However, such muscle synergies are more evident in perturbed postural control, whereas in unperturbed upright standing the analysis of muscle activity carried out by Saffer et al. (2008) did not find any correlation between movements of the trunk and the activity of the muscles that exert direct control over it, whereas this correlation exists between ankle muscles and ankle oscillations.

Mechanically, the ankle strategy in unperturbed upright standing is usually described as a pure rotation of the body about the ankle joint with minimal movement about superior joints (Nashner and McCollum, 1985), allowing the body to act as a single-segment inverted pendulum (SIP model), controlled by ankle joint torque. A hip strategy involves the upper body rotating forward and downward, determining a backward rotation on the lower body (Runge et al., 1999). For healthy subjects standing on a stable, rigid surface, the ankle strategy is the default option and is based on the foot’s ability to exert, on the support surface, a torque that is (quasi) totally reflected on the standing body. The efficacy of the strategy may decrease if the support surface is not rigid or if it is narrow in comparison with the size of the foot: in the former case, part of the ankle torque is absorbed by the deformation of the surface; in the latter case, the small size of the support surface reduces the feasible range of motion of the center of pressure (CoP) of the ground reaction force, which is instrumental for allowing the ankle torque to dynamically counteract the toppling torque due to gravity, determined by the position of the center of mass (CoM) of the standing body.

In this context, the hip strategy is a second choice that is worth activating only when the ankle strategy is limited by the environmental conditions mentioned above, also because the two strategies operate according to different biomechanical mechanisms: the ankle strategy is mainly focused on the direct control of the CoP in relation with the CoM, whereas the hip strategy aims at the indirect control of the global CoM of the body by controlling the local CoM of the upper body. For this reason, the ankle strategy can also be named as a CoP Strategy, and the hip strategy can be seen as a CoM Strategy (Morasso, 2020).

During perturbed and unperturbed balance in standing, the most prevalent control strategy is the ankle strategy, which was found to be employed more than 90% of the time in balance (Blenkinsop et al., 2017). Moreover, the study clearly showed that little time is spent in a mixed strategy, representing less than 1% of time in unperturbed standing balance, although previous studies (Runge et al., 1999; Colobert et al., 2006) suggested the opposite.

Despite the general acceptance of the SIP model for describing the ankle strategy, recent studies clearly show that body sway in upright standing is not limited to rotations of the ankle joint: concurrent rotations around the hip joint are not negligible (Aramaki et al., 2001; Creath et al., 2005; Zhang et al., 2007), with comparable ranges of variation of the angular displacement, angular velocity, and angular acceleration of the ankle and hip joints. As a consequence, it has been suggested that the SIP model should be substituted by a multi-link paradigm, at least a double inverted pendulum (DIP) model, involving the coordinated control of ankle and hip joints. Ankle–hip joint coordination has been analyzed both in the time and frequency domains. In the former case, it was found that the acceleration profiles are strongly characterized by anti-phase patterns; the same holds, to a smaller degree, also for the velocity profiles, whereas the rotational profiles exhibit an overall mild in-phase correlation (Aramaki et al., 2001). Moreover, in the frequency domain, the rotational profiles of the two joints appear to be characterized by co-existing coordination patterns (in-phase and anti-phase, respectively) after a suitable frequency analysis (Creath et al., 2005; Zhang et al., 2007): the leg and trunk segments of the body move in-phase at low frequency (below 0.5 Hz) but they switch to anti-phase coordination at high frequency (above approximately 0.9 Hz).

Having accepted the fact that the SIP model misses out on part of the observable behavior, it remains an open question about the origin of the coordination between the two body segments of the DIP model in terms of fundamental mechanisms and control principles involved. One possibility (Sasagawa et al., 2009, 2014) is that the ankle–hip coordination during postural sway motion may be explained as an explicit attempt of the CNS to minimize the amplitude of the resultant angular acceleration of the CoM, by applying a multi-joint optimal control paradigm. In particular, it is hypothesized that the ankle torque and hip torque are explicitly modulated by the CNS in a temporally anti-phase manner to one another in each of the two joints in order to induce appropriate acceleration profiles. An alternative explanation (Morasso et al., 2019a) is that minimization of the CoM acceleration and the associated inter-joint coordination are not explicitly coded and controlled by the CNS but are the implicit biomechanical consequences of the dynamical interaction between the actively stabilized lower body and the passively stiffness-stabilized upper body. More specifically, the study quoted above was focused on the organization of the ankle strategy in the framework of a DIP paradigm, considering that sway movements involve oscillations of both joints determined by the interplay between opposing forces, namely, the destabilizing force of gravity, counteracted by the stabilizing effect of muscles that include two components: a passive component and an active component. The former one is related to the intrinsic mechanical properties of the muscular-tendinous tissues (Winters et al., 1988) with particular emphasis on stiffness; the latter active component consists in the activation of muscles due to sensory feedback of the ongoing sway, via proprioceptive, vestibular, and visual sensory signals. The main point, from the control point of view, is that the former component is virtually instantaneous, whereas the latter one is significantly delayed and delayed feedback in closed-loop control is a source of instability by itself, on top and on the side of the instability of the inverted pendulum posture.

For the ankle joint, whether in a SIP or DIP modeling framework, the crucial point is the value of the stiffness of the ankle muscles in relation to the rate of growth of the toppling torque due to gravity which thus identifies a critical value of stiffness. If the ankle stiffness were higher than such critical value, the stabilization of the SIP model would be assured in a purely passive manner without any need for an active feedback control mechanism: this is a stiffness stabilization hypothesis that was suggested by Winter et al. (1998). However, direct measurements of ankle stiffness (Loram and Lakie, 2002; Casadio et al., 2004) demonstrated that ankle stiffness is clearly under-critical, in a range of 60–80% of the critical value. A similar conclusion was reached by van Soest et al. (2003), based on a detailed neuromuscular model, and by (Fletcher et al., 2013), based on specific measurements of the stiffness of the Achilles tendon that emphasized the high compliance of the tendon. As a consequence, the CNS must supplement the passive compensation mechanism of gravity-driven instability with suitable active control strategies. A simple implementation of this mechanism is a conventional, linear, continuous-time feedback controller, based on proportional and derivative feedback (continuous PD control model) of the swaying body (Peterka, 2000; van der Kooij et al., 2001; Kiemel et al., 2002; Mergner et al., 2002; Masani, 2003). The cybernetic problem in this study is that such feedback information is delivered to the spinal and supra-spinal control centers through multiple sensory channels (proprioceptive, cerebellar, and visual) with a significant delay, well exceeding 0.2 s. In such conditions, the PD control parameters must be tuned carefully by considering two contrasting constraints: (1) the constraint of static stability, which dictates a minimum value of the P parameter as a function of the gravity toppling influence and (2) the constraint of dynamic stability, which imposes an upper bound for the PD parameters. Such contrasting constraints limit drastically the robustness of the continuous feedback PD control paradigm, motivating the formulation of a discontinuous version, namely, an intermittent feedback PD control mechanism (Bottaro et al., 2008; Asai et al., 2009, 2013), characterized by a simple switching mechanism defined in the phase plane of the body inverted pendulum ([image: image], where q is the ankle rotation angle). The biomechanical rationale of this control model is that it can exploit the dynamic affordance provided by the saddle-like instability of the inverted pendulum: in saddle-like instability, it is possible to identify a stable and an unstable manifold in the phase plane defined above, which can be divided into four regions: two are fully unstable or unsafe regions and two metastable or safe regions. If the state vector of the SIP enters one of the unsafe regions it will monotonically diverge from equilibrium until fall; in the other case, the SIP would spontaneously approach equilibrium under the action of the stable manifold without any active control: this is the affordance provided by the saddle-type instability for a state-space intermittent feedback controller. Moreover, such dynamic affordance suggests a natural switching rule for exploiting it: as long as the current estimate of the state vector remains inside a safe region, the controller may turn off any control action (off-phase), letting the pendulum evolve at its natural pace, whereas it should switch on the feedback control action as soon as the state vector enters one of the unsafe regions (on-phase). The crucial point is that, during the on-phase, the purpose of the control action is not to attract the state vector toward the nominal equilibrium state but to the stable manifold. The bounded stability that can be achieved with this intermittent feedback approach is quite robust because it can work also with delayed information of the state vector, producing a limit cycle as an alternation of segments of hyperbolic orbits (off-phases) and spiral orbits (on-phases). In addition to the biomechanical motivation of the intermittent control paradigm, there is ample evidence suggesting the discontinuous nature of the feedback control action in upright standing: the analysis of posturographic patterns (Collins and De Luca, 1993; Morasso and Schieppati, 1999; Morasso and Sanguineti, 2002), EMG signals (Gatev et al., 1999; Runge et al., 1999; Cabrera and Milton, 2002; Asai et al., 2013), and the non-uniform character of sway path (Jacono et al., 2004). Remarkably, the intermittent control strategy can succeed to achieve bounded stability, driving the sway patterns toward a limit cycle, even if the dynamics of the on-phase is unstable when applied continuously, thus increasing in a substantial way the robustness of the intermittent control paradigm in comparison with the conventional continuous control paradigm (Asai et al., 2009, 2013).

In the previously quoted study (Morasso et al., 2019a), the hybrid stabilization control of the unperturbed standing posture of the SIP model, described above, was extended to a DIP paradigm with two working hypotheses: (1) the intermittent feedback control was applied to the ankle muscles with the specific indication that the phase plane used by the switching rule was not the one of the ankle joints ([image: image]) but the plane of a virtual inverted pendulum (VIP) that links the ankle to the current position of the global CoM ([image: image])1; (2) the hip joint was supposed to have a stiffness greater than the critical value and thus stability of the upper body could be provided by the passive properties of the hip muscles, without any need for specific active control.2 As shown in that paper, the simulation of the DIP model controlled according to the two hypotheses above clearly shows that the experimental data about the inter-joint synergies of the DIP are fully accounted for by a simple hybrid control model: stiffness control plus intermittent feedback control of the ankle and pure stiffness control of the hip, without any explicit optimal coordination of the two joints. Moreover, the biological plausibility of this strategy is also consistent with the coherence analysis of muscle activity during quiet stance (Saffer et al., 2008) that shows a lack of correlation between the oscillations of the trunk and the activity of the muscles, which exert direct control over it.

In this study, the DIP coordination model is extended in order to include both ankle and hip strategies by allowing the intermittent control paradigm to be employed to the ankle, the hip, or both. Also in the proposed model, the controllers of the two joints are built on two components: a passive component, based on ankle stiffness (Ka with the corresponding damping factor Ba) and hip stiffness (Kh with the corresponding damping factor Bh), respectively; an intermittent active component, based on the delayed feedback of the positional error △qδ and the corresponding speed error [image: image] of the VIP, identified by the link that connects the global CoM to the ankle joint. In agreement with the previous study focused on the ankle strategy (Morasso et al., 2019a), the ankle stiffness is smaller and the hip stiffness is greater than the corresponding critical values. Both intermittent controllers operate on the delayed positional and speed errors of the VIP model defined above, with specific gain parameters: PaandDa for the ankle intermittent controller; PhandDh for the hip intermittent controller. In the framework of the proposed DIP coordination model, the pure ankle strategy is defined by the fact that the gain parameters of the hip controller (PhandDh) are both null, whereas in the pure hip strategy, the gain parameters of the ankle controller (PaandDa) are both null. Mixed strategies correspond to the fact that no one of the four gain parameters is null.

The main goal of this study was evaluating to which extent the simulation of the extended DIP model can reproduce the known behavior of both strategies, including in particular the anti-phase correlation of the acceleration profiles of the two joints. Moreover, it was interesting to assess the relative robustness of the two control strategies, in terms of the admissible range of variation of the control parameters capable to assure dynamics stability. An additional goal was to clarify the possible role of mixed strategies, considering the already quoted result (Blenkinsop et al., 2017) in unperturbed sway the mixed control choice is rather rare: this suggests that the mixed choice may emerge from environmental constraints such as the compliance of the standing surface or its limited size, in comparison with the foot size.



Materials and methods


The body model

As illustrated in Figure 1, the body is modeled as a double inverted pendulum with two joints (ankle and hip) and the corresponding links, related to the legs and the upper body or HAT (Head-Arm-Trunk). The model is characterized by the following anthropometric parameters, typical of a young adult male (Anthropology Research Project, 2000) with a weight of 84.14 kg and a height of 1.78 m:


[image: image]

FIGURE 1
Biomechanical double inverted pendulum (DIP) model. The gray stick figure identifies the reference posture. The green line identifies the virtual inverted pendulum (VIP), i.e. the pendulum that links the ankle joint to the global CoM: Lcom is the VIP length and qcom is the corresponding rotation angle.


Leg

[image: image]

[image: image] (moment of inertia of the legs relative to a frame attached at the center of mass of the link, aligned with the x-axis).

HAT

[image: image]

[image: image] (moment of inertia of the HAT relative to a frame attached at the center of mass of the link, aligned with the x-axis).

The two degrees of freedom of the model are the ankle rotation angle (q1) and the hip angle (q2). Moreover, for each time instant, the model is also characterized by a virtual link or VIP (Virtual Inverted Pendulum, green in Figure 1) that connects the ankle to the global CoM: qcom is the corresponding rotation angle. In the reference posture, q1 = qcom = 90deg and q2 = 0.

The dynamic equations of this double-inverted pendulum can be obtained by using the Lagrangian approach3 that yields the following non-linear ODE:

[image: image]

The motion of the model is specified by the joint rotation vector q = [q1q2] and the corresponding velocity and acceleration vectors ([image: image] and [image: image]). The motion is driven by the torque vector τ=[τ1τ2] that must match three dynamics elements:


•Inertial torque [image: image]

•Coriolis and centrifugal generalized torque [image: image]

•Gravity-dependent torque G(q)



The inertial matrix M(q)and the Coriolis matrix [image: image] can be derived from the general expression of the kinetic energy function of the double pendulum:

[image: image]

[image: image]

where [image: image] are coordinates of the CoM of the leg, [image: image] the coordinates of the CoM of the HAT; s1 = sin⁡q1; s2 = sin⁡q2; s12 = sin⁡(q1 + q2); c12 = cos⁡(q1 + q2); [image: image]; B = m2l1r2; [image: image]. In particular, the following expressions of the two matrices can be derived:

[image: image]

[image: image]

Finally, the following expression of the gravity-dependent torque, which is the source of instability of the DIP model, can be derived from the potential energy component of the Lagrangian function:

[image: image]

This destabilizing torque is null in the reference posture and grows linearly with small displacements from the reference upright posture (δq1δq2).



The control models

τ is the total control torque vector that has the main purpose to compensate the intrinsic instability of the upright posture due to the gravity-dependent torque (Equation 5) and stabilize the body around the reference posture. It includes three contributions, determined by different control mechanisms: a bias torque τB, a stiffness torque τS, and an intermittent feedback control torque τI:

[image: image]

A noise signal was added to the total control torque, with a comparable power and a limited frequency band: it was generated by sampling a normally distributed white noise source and filtering it with a 4th-order low-pass Butterworth filter (cutoff frequency 10 Hz). The two components of this torque vector are independent.


The feed-forward bias torque τB

This torque compensates for the toppling torque due to gravity in the reference posture qref, and it is applied to both joints according to a feed-forward control strategy, which is simply derived from Equation 5 by setting the two rotation angles to their reference values:

[image: image]

For the simulations described in this study, the reference posture is fully vertical and thus the corresponding bias torque is null.



The stiffness torque τS and the stiffness control hypothesis

This torque vector expresses the viscous-elastic properties of muscles and tendons of the ankle and hip joints, respectively. In particular, the elastic component is assumed to be proportional to the distance of each joint angle from the corresponding reference value ([image: image] and [image: image]):

[image: image]

Ka represents the ankle stiffness (with the corresponding damping factor Ba) and is a function of the level of coactivation of the antagonistic ankle muscles, whose balance codes the reference value of the ankle joint. The value of the ankle stiffness must be compared with the rate of growth of the toppling torque due to gravity acting on the ankle joint. Such parameter can be derived by linearizing Equation 5 around the reference posture ([image: image], [image: image]) yielding the following expression:

[image: image]

Here, Lcom is defined as the distance from the ankle of the global CoM in the reference posture. Thus, we need to compare Ka with gmtotLcom and it is immediate to conclude that a necessary condition for the asymptotic stability of the ankle joint, under a stiffness control strategy, is that Ka≥gmtotLcom. In other words, we can define gmtotLcom as the critical value of ankle stiffness: [image: image].

Direct methods of measuring the ankle stiffness (Loram and Lakie, 2002; Casadio et al., 2004) demonstrated that it is significantly smaller than the critical value, with a range of 60–80%. Thus, the stiffness control hypothesis of the ankle joint, suggested by Winter et al. (1998), is contradicted by empirical evidence.

Kh is the hip stiffness (with the corresponding damping factor Bh). In contrast with the ankle stiffness, there is no direct measurement of this parameter. However, there are reasons to hypothesize that the hip stiffness is greater than the critical value corresponding to the upper body (Morasso et al., 2019a): (1) the larger size of the hip muscles, in comparison with the ankle muscles and (2) the significantly smaller value of the critical hip stiffness in comparison with the ankle stiffness (175 Nm/rad vs. 654 Nm/rad). Thus, a value of [image: image], which is twice the critical value (μh = 2), is a conservative choice, considering the size of the hip muscles; moreover, in the results section, there is a sensitivity analysis of the μh parameter. In the simulations considered in this study, the following values are used, together with the corresponding damping coefficients:

[image: image]



The intermittent feedback control torque τI

The feedback control law, as a complement of the passive stiffness stabilization mechanism of the gravity-dependent instability of the DIP model, is necessary because the intrinsic stiffness of one of the joints (the ankle) has an under-critical value. Three versions of the intermittent controlled were implemented:


1.Pure ankle strategy,

2.Pure hip strategy,

3.Mixed strategy (ankle and hip together).



In all the cases, the feedback control torques are computed as a function of the current delayed estimate of the state of the virtual inverted pendulum: qcom(t−δ), [image: image], where δ is the feedback delay. In the simulations, the following value of the feedback delay is used: δ=0.2s.

The rotation angle of the virtual inverted pendulum is reconstructed on-line from the two angles of the DIP system and the corresponding angular velocity is evaluated numerically:

[image: image]

Thereafter, it is possible to compute the delayed angular error of the global CoM of the DIP model and the corresponding angular speed error:

[image: image]

In the simulations, [image: image] and [image: image]. As explained in previous studies (Bottaro et al., 2008; Asai et al., 2009, 2013), the rationale of delayed intermittent feedback control is to attenuate the risk of instability of traditional PD feedback controllers, due to the delay of the feedback signals, on top of the intrinsic instability due to gravity. The basic idea is to exploit the implicit “affordance” of saddle-like instability (typical of an inverted pendulum), namely the presence of a stable and unstable manifold in the phase plane, according to the following heuristics: to switch-off the feedback control action when the state vector is closer to the stable manifold than to the unstable one and to reactivate it in the opposite case. The robustness of this control paradigm is due to the fact that, even if the active control is unstable when permanently applied, the combination of actively controlled orbit segments with orbit segments driven by intrinsic dynamics may end up in bounded oscillatory patterns in a limited region of the phase plane. It is worth emphasizing that the target of active control, in the conventional continuous PD paradigm, is the upright unstable equilibrium configuration, whereas in the intermittent paradigm, it is the whole stable manifold, thus extending significantly the range of values (RoV) of the PD parameters that can support bounded stability (Asai et al., 2009).



Intermittent feedback control for the pure ankle strategy

The application of the feedback control law for the pure control strategy means that the active control is only applied to the ankle joint muscles, supporting the passive stabilizing effect of the ankle stiffness, whereas no active control is delivered to the hip, which can only count on muscle stiffness:

[image: image]

Here, [Pa,Da] are the proportional and derivative parameters, respectively, of the PD intermittent controller for the ankle strategy, which is activated in the first and third quadrants of the phase plane of the virtual inverted pendulum, with an additional small slice determined by the parameter Φ. For this parameter, we used the value 0.4, in agreement with the analysis in Asai et al. (2009).



Intermittent feedback control for the pure hip strategy

The application of the feedback control law according to the pure hip strategy means that the active control is only applied to the hip joint muscles, further supporting the passive stabilizing effect of the hip stiffness, whereas no active control is delivered to the ankle, which can only count on muscle stiffness:

[image: image]

Here, [Ph,Dh] are the proportional and derivative parameters, respectively, of the PD intermittent controller for the hip strategy, which is activated in the first and third quadrants of the phase plane of the virtual inverted pendulum, in a similar way to the ankle strategy. Although the implementation of the two strategies suggests a symmetric control mechanism, the underlying biomechanics and the corresponding rationale are quite different. In the pure ankle strategy, the role of the active intermittent control is to shift the position of the CoP on the support base in such a way to anticipate the oscillations of the projection on the base of the global CoM. In contrast, the pure hip strategy does not allow active control of the CoP because the ankle joint does not transmit active torque to the ground. In this case, the active control of the upper body is to oscillate the local CoM of the upper body to keep the global CoM as close as possible to the vertical line.



Intermittent feedback control for a mixed ankle–hip strategy

The mixed ankle–hip strategy, in terms of intermittent feedback control, implies that both control actions are linked to the same activation rule, namely, the detection of a “dangerous” state of the VIP in the phase plane:

[image: image]

As will be clarified in the next section, this strategy, namely the need to add a part of hip strategy to an underlying weak ankle strategy, is motivated by the fact that the gains of the ankle controller are too small to stabilize the DIP.

The same effect can also be simulated by adding, in Equation 14, a soft-clipping function applied to AS. This function is characterized by a soft threshold value σ: when AS approaches or overcomes the threshold, the function yields a clipped version [image: image] of the computed ankle torque to be transmitted to the ground:

[image: image]

where △=3σ2.

The computational models described above were implemented in Matlab© (MathWorks), and the simulations were carried out using the forward Euler method for integrating the following equation, with a time step of 0.001 s:

[image: image]





Results


Pure ankle and hip strategies

The first question we wished to answer was to evaluate the degree of robustness of the proposed hybrid postural controller to generate sway movements of the DIP model according to a pure ankle strategy (characterized by the fact that Ph = Dh = 0) as well as a pure hip strategy (characterized by the fact that Pa = Da = 0). The ability of the hybrid control model to produce stable sway patterns according to the ankle strategy was already demonstrated in the previous study (Morasso et al., 2019a). Here, we evaluated the RoV of the ankle intermittent parameters that can produce bounded oscillatory patterns of the DIP model. The RoV of the two parameters is the following:

RoV for the pure Ankle Strategy: [image: image]. Thus, the RoV is rather large, indicating the solid robustness of the controller. In particular, Figure 2 is an example of typical sway patterns generated by the model in the middle of the parameter range ([image: image]): Panel A shows the typical sway orbits in the phase plane of the VIP underlying model ([image: image]); panel B shows the angular oscillations of the CoM angle, ankle angle, and hip angle; panel C plots the angular acceleration of the ankle vs. the angular acceleration of the hip, showing that the two variables are clearly in antiphase.


[image: image]

FIGURE 2
Typical pure ankle strategy. The simulation used the following intermittent control parameters: Pa = 875Nm/rad, Da = 125Nms/rad, Ph = 0, and Dh = 0. (A) Typical sway orbits in the phase plane of the VIP underlying model ([image: image]). (B) Angular oscillations of the CoM angle (black), ankle angle (red), and hip angle (cian). (C) Angular acceleration of the ankle vs. angular acceleration of the hip, showing that the two variables are clearly in the antiphase. The simulation covered a time interval of 240 s, although only 180 s are plotted in panel (B) for convenience.


The simulation of the model for the pure hip strategy allowed us to identify the RoV of control parameters that generate bounded oscillations:

RoV for the pure Hip Strategy: [image: image]. Thus, the pure hip strategy is feasible in the intermittent control framework but the RoV is smaller than for the ankle strategy. Figure 3 shows typical sway patterns generated with hip control parameters in mid-range: [image: image]. The three panels of the figure display similar information as those of Figure 2. Remarkably, also for the hip strategy, the profiles of the angular acceleration of the ankle vs. the hip exhibit a counter-phase correlation.


[image: image]

FIGURE 3
Typical pure hip strategy. The simulation used the following intermittent control parameters: Pa = 0, Da = 0, Ph = 1120Nm/rad, and Dh = 305Nms/rad. (A) Typical sway orbits in the phase plane of the VIP underlying model ([image: image]). (B) Angular oscillations of the CoM angle (black), ankle angle (red), and hip angle (cian). (C) Angular acceleration of the ankle vs. angular acceleration of the hip, showing that the two variables are clearly in the antiphase. The simulation covered a time interval of 240 s, although only 180 s are plotted in panel (B) for convenience.


The following table summarizes significant indicators extracted from the typical sway displayed in Figures 2, 3 for the two strategies.

In particular, the Table 1 shows that in the hip strategy the oscillation amplitude is largely greater for both joints and VIP angle. The amplitude of the control actions (related to stiffness and interactive control) is also higher, while compensating for a higher destabilizing torque due to gravity, while the amplitude of the noise was the same for both joints. The mean power delivered by the two active intermittent controllers was grossly higher in the hip strategy than in the ankle strategy: the power was estimated by multiplying the intermittent torque profile with the corresponding angular speed profile and then taking the average. Such rather low level of power depends also on the fact that intermittent control is energy-parsimonious by definition because the delivered torque is turned off for a significant fraction of time: in the two examples considered above, this percentage is 43.7% for the ankle strategy and 38.8% for the hip strategy.


TABLE 1    This table summarizes significant indicators extracted from the typical sway displayed in Figures 2, 3 for the ankle and hip strategies.

[image: Table 1]

We also carried out a sensitivity analysis of the influence of the coefficient μh that characterizes the value of the hip stiffness in relation to the corresponding critical value. In most simulations reported in this paper, this value is 2 but given that no direct measurement is currently available we wished to verify how critical the choice of this value is.

In the case of the pure ankle stiffness strategy, it was found that increasing μh 100 times (from 2 to 200) has virtually no effect on the amplitude of the oscillations of the CoM: the standard deviation of qcom computed over 2 min interval remained virtually constant around a value of 0.176 deg and the slope of the [image: image] regression lines remained fixed around an average value of -3.68, emphasizing the robust anticorrelation of the acceleration profiles of the two joints. For decreasing values of μh, it was found that, as expected, an instability was quickly reached (at μh = 1.2), with progressively increasing values of the of qcom standard deviation (0.24 deg, 0.28 deg, 0.40 deg, 0.43 deg, 0.55 deg) for decreasing values of μh (1.8, 1.6, 1.4, 1.3, 1.25).

In the case of the pure hip stiffness strategy, the range of values of μh around 2 that supported stable oscillations was much reduced: from 1.7 to 3. In this range, the standard deviation of qcom was about twice the standard deviation of the pure ankle stiffness case, whereas the slope of the [image: image] regression lines was about the same.



Mixed strategies

The first question we wished to answer was whether, in normal conditions, there was an advantage to use a mixed strategy over the pure ankle or hip strategies. If we combine the control parameters used for Figures 2, 3 in the same mixed strategy (Pa = 875, Da = 125, Ph = 1120, Dh = 305), there is no advantage, also because the simulation shows that such mixed strategy is unstable. However, we found a critical advantage of using a suitable mixed strategy in borderline situations, i.e., situations in which the control parameters for the corresponding pure strategy are insufficient to achieve stability but the addition of a small contribution by the alternative strategy is enough to stabilize the oscillatory patterns.

In particular, Figure 4 illustrates two examples. Panel A shows the time course of the rotation angle qcomof the VIP model for a pure ankle strategy whose parameters (Pa = 375, Da = 55, Ph = 0, Dh = 0) are outside the stability RoV (red trace): the sway is clearly unstable. In contrast, the blue trace of the same panel shows that a mixed strategy, with the same ankle strategy parameters including a rather small hip contribution (Pa = 375, Da = 55, Ph = 84, Dh = 7) can achieve stability, although such hip strategy, alone, would be unstable. The robustness of this effect is supported by the fact that it persists if the parameters of the hip strategy are increased up to 100%. Panel B exemplifies a dual situation: the red trace is related to an unstable pure hip strategy (Pa = 0, Da = 0, Ph = 950, Dh = 105) and the blue trace to a mixed strategy stabilized with a small contribution of ankle strategy (Pa = 100, Da = 80, Ph = 950, Dh = 105). Again, both elements of the mixed strategy are unstable if applied separately although the combined mixed strategy is stable, and this effect persists if the parameters of the ankle strategy are increased by 100%. In summary, it appears that the motivation of adopting mixed strategies arises only in borderline situations, where the two combined strategies are individually outside the RoV of stability for pure control strategies.


[image: image]

FIGURE 4
Examples of mixed strategies for borderline situations. Both panels display the time course of the VIP rotation angle (qcom). (A) The red trace is related to an unstable pure ankle strategy (Pa = 375, Da = 56, Ph = 0, Dh = 0) and the blue trace to a mixed strategy stabilized with a small contribution of hip strategy (Pa = 375, Da = 55, Ph = 84, Dh = 7). (B) The red trace is related to an unstable pure hip strategy (Pa = 0, Da = 0, Ph = 950, Dh = 105) and the blue trace to a mixed strategy stabilized with a small contribution of ankle strategy (Pa = 100, Da = 80, Ph = 950, Dh = 105).


Finally, let us consider the effect of saturating the torque output of the intermittent controller of the ankle, under the pure ankle strategy, using a soft clipping function. Figure 5 shows the oscillation of the VIP angle qcom for different saturation thresholds. The underlying pure ankle strategy is characterized by the following parameters: Pa = 875Nm/rad, Da = 125Nms/rad, and Ph = 0, Dh = 0. With these parameters, the standard deviation of intermittent torque is 2.43 Nm. The figure shows the oscillatory patterns for different values of saturation, in comparison with the unsaturated case. For values of the threshold equal to 9 Nm and above, the saturation has virtually no effect. However, a threshold of 8 Nm, which is larger than three times the standard deviation of intermittent torque, is sufficient to induce instability, although not instantaneously: it suggests that the threshold has only effect on the sparse spikes of the intermittent torque that exceeds three times the standard deviation. When this occurs, the fall is triggered. For more severe trimming thresholds, the fall is almost instantaneous. Both simulation paradigms clarify the limitation of the pure ankle strategy that is confirmed as the default choice for unperturbed upright standing but requires some degree of hip intervention when the reliability of foot grounding is decreased.


[image: image]

FIGURE 5
(A) Pure ankle strategy with various degrees of saturation of the intermittent control torque. The plotted curves refer to the VIP rotation angle qcom. Blue: no saturation; Red: saturation = 9.5; Green: saturation = 9; Black: saturation = 8.5. The intermittent control parameters are: Pa = 875,Da = 125,Ph = 0, and Dh = 0. (B) Intermittent control torque without saturation (blue trace) and with saturation (red trace, with a threshold of 8).





Discussion

The hybrid control paradigm of upright unperturbed standing, based on a DIP model, recently proposed by Morasso et al. (2019a), was further confirmed by this study that was focused on the integration of ankle and hip strategies. First of all, it was demonstrated that the simulations of the extended DIP model can reproduce the known behavior of both strategies, including in particular the anti-phase correlation of the acceleration profiles of the two joints. In summary, it appears that the two strategies are indeed two instantiations of a common computational mechanism that, on one hand, exploits the intrinsic biomechanical properties of ankle and hip muscles and, on the other hand, activates an intermittent feedback compensation controller, applied to the ankle muscles, the hip muscles, or both. However, in all cases, the active control is driven by an internal estimate of the current state of the Virtual Inverted Pendulum. From this point of view, although the Single Inverted Pendulum model is an over-simplification that does not capture the observed ankle–hip patterns of sway movements, we agree with Gage et al. (2004) about the “kinematic and kinetic validity of the inverted pendulum in quiet standing” because it captures an essential part of the DIP dynamics, emphasizing the clinical importance of posturography (Visser et al., 2008) that is typically focused on the Single Inverted Pendulum model.

Moreover, the results show that the ankle strategy is much more robust than the hip strategy because the admissible range of variation of the control parameters for stability is much greater in the former case than in the latter. The ankle strategy also appears to be much more energy efficient than the hip strategy. As regard the interaction of the two strategies, the simulations show that for a stable ankle strategy little is gained by adding a concurrent activation of the hip strategy except when the gain parameters of the ankle strategy are near the lower bound of the admissible range or even a little bit beyond it: in this case, even a little amount of hip strategy can allow a faltering ankle strategy to recover stability. In our opinion, this may be interpreted as an environmental constraint to the achieved stability by the ankle strategy due to the compliance of the standing surface or its limited size, in comparison with the foot size. The same result, i.e., a reduced stability of the ankle strategy to be compensated by the recruitment of a suitable degree of hip active control, was also obtained by adding, in the simulation model, a soft saturation of the active ankle torque generated by the ankle intermittent controller. This clarifies the possible role of mixed strategies, considering the already quoted result (Blenkinsop et al., 2017) that in unperturbed sway the mixed control choice is rather rare.

At a more general level of analysis, it is important to note that the two fundamental elements of the proposed hybrid stabilization paradigm, namely intrinsic muscle stiffness and intermittent feedback control, are two basic building blocks that can be arranged and re-arranged by the brain differently according to different tasks and environmental conditions. The equilibrium point hypothesis (Feldman, 1966, 1986; Bizzi et al., 1992) clarified that any given posture is encoded and stabilized by antagonistic groups of muscles, via the selection of an appropriate coactivation level. The ankle joint is somehow an exception because of the high compliance of the Achilles tendon that is serially connected to the ankle muscles and thus strongly limits the chance of modulating the overall ankle stiffness by means of the coactivation of antagonistic muscles. However, although insufficient to fully compensate the gravity-dependent destabilizing torque, the ankle stiffness carries out a good part of the job, thus drastically reducing the necessary degree of attention by the CNS. There are balancing tasks where the stiffness component available to the brain is null by definition, for example, inverted stick balancing on the hand, and thus the direct responsibility as well as the required level of attention by the CNS is greatly increased. Nonetheless, the active stabilization of the two paradigms (upright standing vs. inverted stick balancing) can be explained with a similar intermittent feedback controller, despite the fact that the inverted pendulum models used by the controller are completely different (a Virtual Inverted Pendulum in one case and a physical stick in the other), as are different from the sensory feedback signals used by the brain for monitoring the state vector of the pendulum [mainly proprioceptive in one case (Peterka, 2002) and mainly visual in the other (Insperger and Milton, 2014)] and largely different is the required level of conscious and attentive control. In any case, the considerations above strongly support the view that the active part of the stabilization process is far from being a low-level reflex action: in contrast, it requires the integrative action of the CNS, including cognitive aspects as the internal representation of the body in relation with the environment (Morasso et al., 2015).

Another general issue about the ankle vs. hip strategies, on one side, and the relative role of CoP vs. CoM, on the other, is related to the “grounding” of the physical or virtual inverted pendulum. In the case of upright standing such “grounding” is provided by the feet: in spite of the common view that the feet are just a rigid base of support for the whole body, a recent study (Wright et al., 2012) clarified that the (naked) foot has a fundamental, double sensory-motor function: mechanically, it is compliant, sensitive to minute deformations, and with a friction coefficient that, all together, perfectly fit the need of a reliable transmission between the body and the ground of torques and forces; sensorially, the foot sole operates as a sensitive device of the distribution of contact forces, namely a kind of incorporated force platform that provides the brain an on-line estimation of the CoP. The ankle strategy for upright standing consists indeed in the modulation of the CoP position through the ankle torque, provided that the torque is firmly transmitted from the ankle muscles to the ground, to anticipate the sliding on the ground of the projection of the CoM. A totally equivalent strategy is adopted by skilled users when they succeed to balance an inverted stick on the hand or finger by shifting back and forth or side to side the hand, considering that the point of contact between the stick and the hand is the CoP in that paradigm (Morasso et al., 2019b). In other environmental conditions, like walking on a narrow beam or a tight rope the feasible range of movement of the CoP for medio-lateral sway is quite small and thus the equivalent of the ankle strategy (or CoP strategy) is not available to the brain. In that case, the equivalent of the hip strategy (or CoM strategy) is the only chance that indeed can be implemented in different ways, for example, using lateral shifts of a balance rod grasped with both hands (Morasso, 2020). The simulations performed in this study, with a hybrid, intermittent control paradigm, clarify the fact that there is little rationale for choosing a mixed strategy while the choice is dictated mainly by environmental constraints.
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Footnotes

1     Although the virtual inverted pendulum does not exist physically, its oscillations are directly perceivable by standing subjects through the CoP, namely by means of a combination of tactile and proprioceptive sensors of the feet.

2     The pure stiffness strategy for the hip joint is feasible because there is not the limitation of the Achilles tendon in the ankle joint; moreover, the critical stiffness value is strongly smaller for the hip than for the ankle case for purely biomechanical reasons, thus requiring a very small amount of co-contraction of the hip muscles for achieving a working level of hip stiffness.

3     Having defined the Lagrangian function [image: image] as the kinetic energy (energy of motion) [image: image] minus the potential energy (energy of position) U(q), the Lagrange equation of motion is [image: image] where q is the vector of free coordinates and Q the corresponding vector of generalized forces.



References

Anthropology Research Project (2000). Anthropometry and Mass Distribution for Human Analogues, Volume I (1988). AAMRL-TR-88-010; NAMRL-1334; NADC-88036-60; NBDL 8 7ROO3; USAFSAM-TR-88-6; USAARL-88-5. New Orleans, LA: Naval Biodynamics Laboratory.

Aramaki, Y., Nozaki, D., Masani, K., Sato, T., Nakazawa, K., and Yano, H. (2001). Reciprocal angular acceleration of the ankle and hip joints during quiet standing in humans. Exp. Brain Res. 136, 463–473. doi: 10.1007/s002210000603

Asai, Y., Tasaka, Y., Nomura, K., Nomura, T., Casadio, M., and Morasso, P. (2009). A model of postural control in quiet standing: Robust compensation of delay-induced instability using intermittent activation of feedback control. PLoS One 4:e6169. doi: 10.1371/journal.pone.0006169

Asai, Y., Tateyama, S., and Nomura, T. (2013). Learning an intermittent control strategy for postural balancing using an EMG-based human-computer interface. PLoS One 8:e62956. doi: 10.1371/journal.pone.0062956

Bizzi, E., Hogan, N., Mussa-Ivaldi, F. A., and Giszter, S. (1992). Does the Nervous system use equilibrium-point control to guide single and multiple joint movements. Behav. Brain Sci. 15, 603–613. doi: 10.1017/S0140525X00072538

Blenkinsop, G. M., Pain, M. T. G., and Hiley, M. J. (2017). Balance control strategies during perturbed and unperturbed balance in standing and handstand. R. Soc. Open Sci. 4:161018. doi: 10.1098/rsos.161018

Bottaro, A., Yasutake, Y., Nomura, T., Casadio, M., and Morasso, P. (2008). Bounded stability of the quiet standing posture: An intermittent control model. Hum. Mov. Sci. 27, 473–495. doi: 10.1016/j.humov.2007.11.005

Cabrera, J. L., and Milton, J. G. (2002). On-off intermittency in a human balancing task. Phys. Rev. Lett. 89:158702. doi: 10.1103/PhysRevLett.89.158702

Casadio, M., Morasso, P., and Sanguineti, V. (2004). Direct measurement of ankle stiffness during quiet standing: Implications for control modelling and clinical application. Gait Posture 21, 410–424. doi: 10.1016/j.gaitpost.2004.05.005

Collins, J. J., and De Luca, C. J. (1993). Open-loop and closed-loop control of posture: A random-walk analysis of center-of-pressure trajectories. Exp. Brain Res. 95, 308–318. doi: 10.1007/BF00229788

Colobert, B., Crétual, A., Allard, P., and Delamarche, P. (2006). Force-plate based computation of the ankle and hip strategies from a double-inverted pendulum model. Clin. Biomech. 21, 427–434. doi: 10.1016/j.clinbiomech.2005.12.003)

Creath, R., Kiemel, T., Horak, F. B., Peterka, R., and Jeka, J. (2005). A unified view of quiet and perturbed stance: Simultaneous co-existing excitable modes. Neurosci. Lett. 377, 75–80. doi: 10.1016/J.NEULET.2004.11.071

Feldman, A. G. (1966). Functional tuning of the nervous system with control of movement or maintenance of a steady posture: II controllable parameters of the muscle. Biophysics 11, 565–578.

Feldman, A. G. (1986). OnceMore on the equilibrium-point hypothesis (λ Model) for motor control. J. Mot. Behav. 18, 17–54. doi: 10.1080/00222895.1986.10735369

Fletcher, J. R., Pfister, T. R., and MacIntosh, B. R. (2013). Energy cost of running and Achilles tendon stiffness in man and woman trained runners. Physiol. Rep. 1:e00178. doi: 10.1002/phy2.178

Gage, W. H., Winter, D. A., Frank, J. S., and Adkin, A. L. (2004). Kinematic and kinetic validity of the inverted pendulum model in quiet standing. Gait Posture 19, 124–132. doi: 10.1016/S0966-6362(03)00037-7

Gatev, P., Thomas, S., Kepple, T., and Hallett, M. (1999). Feedforward ankle strategy of balance during quiet stance in adults. J. Physiol. 514, 915–928. doi: 10.1111/j.1469-7793.1999.915ad.x

Horak, F. B., and Nashner, L. M. (1986). Central programming of postural movements: Adaptation to altered support-surface configurations. J. Neurophysiol. 6, 1369–1381. doi: 10.1152/jn.1986.55.6.1369

Insperger, T., and Milton, J. (2014). Sensory uncertainty and stick balancing at the fingertip. Biol. Cybern. 108, 85–101. doi: 10.1007/s00422-013-0582-2

Jacono, M., Casadio, M., Morasso, P., and Sanguineti, V. (2004). The sway-density curve and the underlying postural stabilization process. Motor Control 8, 292–311. doi: 10.1123/mcj.8.3.292

Kiemel, T., Oie, K. S., and Jeka, J. J. (2002). Multisensory fusion and the stochastic structure of postural sway. Biol. Cybern. 87, 262–277. doi: 10.1007/s00422-002-0333-2

Kuo, A. D., and Zajac, F. E. (1993). Human standing posture: Multi-joint movement strategies based on biomechanical constraints. Prog. Brain Res. 97, 349–358. doi: 10.1016/s0079-6123(08)62294-3

Loram, I. D., and Lakie, M. (2002). Direct measurement of human ankle stiffness during quiet standing: The intrinsic mechanical stiffness is insufficient for stability. J. Physiol. 545, 1041–1053. doi: 10.1113/jphysiol.2002.025049

Masani, K. (2003). Importance of body sway velocity information in controlling ankle extensor activities during quiet stance. J. Neurophysiol. 90, 3774–3782. doi: 10.1152/jn.00730.2002

Mergner, T., Maurer, C., and Peterka, R. J. (2002). Sensory contributions to the control of stance: A posture control model. Adv. Exp. Med. Biol. 508, 147–152. doi: 10.1007/978-1-4615-0713-0_18

Morasso, P. (2020). Centre of pressure versus centre of mass stabilization strategies: The tightrope balancing case. R. Soc. Open Sci. 7:200111. doi: 10.1098/rsos.200111

Morasso, P., and Sanguineti, V. (2002). Ankle muscle stiffness alone cannot stabilize balance during quiet standing. J. Neurophysiol. 88, 2157–2162. doi: 10.1152/jn.2002.88.4.2157

Morasso, P., and Schieppati, M. (1999). Can muscle stiffness alone stabilize upright standing? J. Neurophysiol. 82, 1622–1626. doi: 10.1016/S0268-0033(01)00090-0

Morasso, P., Casadio, M., Mohan, V., Rea, F., and Zenzeri, J. (2015). Revisiting the body-schema concept in the context of whole-body postural-focal dynamics. Front. Hum. Neurosci. 9:83. doi: 10.3389/fnhum.2015.00083

Morasso, P., Cherif, A., and Zenzeri, J. (2019a). Quiet standing: The single inverted pendulum model is not so bad after all. PLoS One 14:e0213870. doi: 10.1371/journal.pone.0213870

Morasso, P., Nomura, T., Suzuki, Y., and Zenzeri, J. (2019b). Stabilization of a cart inverted pendulum: Improvingthe intermittent feedback strategy to match the limits of human performance. Front. Comput. Neurosci. 13:16. doi: 10.3389/fncom.2019.00016

Nashner, L. M., and McCollum, G. (1985). The organization of human postural movements: A formal basis and experimental synthesis. Behav. Brain Sci. 8, 135–172. doi: 10.1017/S0140525X00020008

Peterka, R. J. (2000). Postural control model interpretation of stabilogram diffusion analysis. Biol. Cybern. 82, 335–343. doi: 10.1007/s004220050587

Peterka, R. J. (2002). Sensorimotor integration in human postural control. J. Neurophysiol. 88, 1097–1118. doi: 10.1152/jn.00605.2001

Runge, C. F., Shupert, C. L., Horak, F. B., and Zajac, F. E. (1999). Ankle and hip postural strategies defined by joint torques. Gait Posture 10, 161–170. doi: 10.1016/S0966-6362(99)00032-6

Saffer, M., Kiemel, T., and Jeka, J. (2008). Coherence analysis of muscle activity during quiet stance. Exp. Brain Res. 185, 215–226. doi: 10.1007/s00221-007-1145-3

Sasagawa, S., Shinya, M., and Nakazawa, K. (2014). Interjoint dynamic interaction during constrained human quiet standing examined by induced acceleration analysis. J. Neurophysiol. 111, 313–322. doi: 10.1152/jn.01082.2012

Sasagawa, S., Ushiyama, J., Kouzaki, M., and Kanehisa, H. (2009). Effect of the hip motion on the body kinematics in the sagittal plane during human quiet standing. Neurosci. Lett. 450, 27–31. doi: 10.1016/j.neulet.2008.11.027

van der Kooij, H., Jacobs, R., Koopman, B., and van der Helm, F. (2001). An adaptive model of sensory integration in a dynamic environment applied to human stance control. Biol. Cybern. 84, 103–115. doi: 10.1007/s004220000196

van Soest, A. J., Haenen, W. P., and Rozendaal, L. A. (2003). Stability of bipedal stance: The contribution of cocontraction and spindle feedback. Biol. Cybern. 88, 293–301. doi: 10.1007/s00422-002-0382-6

Visser, J. E., Carpenter, M. G., van der Kooij, H., and Bloem, B. R. (2008). The clinical utility of posturography. Clin. Neurophysiol. 119, 2424–2436. doi: 10.1016/J.CLINPH.2008.07.220

Winter, D. A., Patla, A. E., Prince, F., Ishac, M., and Gielo-Perczak, K. (1998). Stiffness control of balance in quiet standing. J. Neurophysiol. 80, 1211–1221. doi: 10.1152/jn.1998.80.3.1211

Winters, J., Stark, L., and Seif-Naraghi, A. H. (1988). An analysis of the sources of musculoskeletal system impedance. J. Biomech. 21, 1011–1025. doi: 10.1016/0021-9290(88)90248-5

Wright, W. G., Ivanenko, Y. P., and Gurfinkel, V. S. (2012). Foot anatomy specialization for postural sensation and control. J. Neurophysiol. 107, 1513–1521. doi: 10.1152/jn.00256.2011

Zhang, Y., Kiemel, T., and Jeka, J. (2007). The influence of sensory information on two-component coordination during quiet stance. Gait Posture 2007, 263–271. doi: 10.1016/j.gaitpost.2006.09.007



OPS/images/fncom-16-956932-g005.jpg
A

91
90.5

= }\!‘q/ Vi
89.5 |

89 |
88.5 |

88 |

875

87

deg |

l
HA

A WY, A by A\ 1 i 1
: M‘sz \y)‘.?'z\\,/!h‘»’ ».'M,’ﬁ’\\,m\.\&vm&

20

40

60

80

100

120

-10 F

-15

15

OF

5F

o i

S5 F

Nm






OPS/images/fncom-16-956932-g004.jpg
0 20 40 60 80 100 120 140 160 180 0 20 40 60 8 100 120 140 160 180





OPS/images/fncom-16-956932-i028.jpg
Geom VS. {eom





OPS/images/fncom-16-956932-i029.jpg
Py, = 980 — 1260 2 p; = 0610 A





OPS/images/fncom-16-956932-g001.jpg





OPS/images/fncom-16-956932-i026.jpg
Nms.
P, = 87534 D, = 1258





OPS/images/fncom-16-956932-i027.jpg
Geom VS- Geom





OPS/images/fncom-16-956932-g003.jpg
.deg a0t deg/s?
R N

& ra s
ot ) L7707 AR .
s8-%0 ’ .
' .
’ | .
A ||| |
| '
d i '
) e r
. a ! |
e 4 )
A

4
|

Y »
-
A
o1

|
U

R
|. \

”,l ' ‘.:}‘ ‘

- . "“ .

:
/
A
v ‘~.
l
\ 3
!
R & N
s /7
l"’
Y »

\
Wi
\

: J A\ rv"‘""r‘p "JJJ" | ~" n“‘!‘ ‘ 1“'}:* '

S

400} deg/s? -

0 20 40 60 80 100 120 140 160 180 -600 -400 -200 0 200 400





OPS/images/fncom-16-956932-i024.jpg





OPS/images/fncom-16-956932-g002.jpg
| deg/s?

deg/s?

-100

C
150

100

S0

-100

120 140 160

100

915 92

90 905 9

88 885 89 895

50

-200 -150

180

40 60 80

20





OPS/images/fncom-16-956932-i025.jpg
P, = 408-2562 3% D, = 01110 ¥





OPS/images/fncom-16-956932-i022.jpg
o

Geom

90 deg





OPS/images/fncom-16-956932-i023.jpg
of

. ref
Geom






OPS/images/fncom-16-956932-i020.jpg
Ky = wy K™





OPS/images/fncom-16-956932-i021.jpg
Geom(t —8)





OPS/images/cover.jpg
& frontiers | Frontiers in Computational Neuroscience

Integrating ankle and hip
strategies for the stabilization
of upright standing: An

intermi

ttent control model





OPS/images/fncom-16-956932-i030.jpg
Py = 11208 D), = 3058z












OPS/images/logo.jpg
, frontiers ‘ Frontiers in Computational Neuroscience







OPS/images/fncom-16-956932-i035.jpg
T(9,4)





OPS/images/fncom-16-956932-i036.jpg





OPS/images/fncom-16-956932-i033.jpg
g1 vs. 2





OPS/images/fncom-16-956932-i034.jpg
L(9,4)





OPS/images/fncom-16-956932-i031.jpg
Geom VS- Geom





OPS/images/fncom-16-956932-i032.jpg
1 vs. 42





OPS/images/fncom-16-956932-e006.jpg
C.9) = [

~Bs1q2 —Bs2 (1 +42)
By 0

()





OPS/images/fncom-16-956932-e007.jpg
o[

myr+ mybh) a+mncn

maryc2

5)





OPS/images/fncom-16-956932-e008.jpg
W+ s+ u

(©6)





OPS/images/fncom-16-956932-e009.jpg
[ (1 + maly) €O Gureg + 1272 COS(iref + Garef))
=,
mar2 €O8(quref + Garef))

)





OPS/images/fncom-16-956932-e002.jpg
M(q) §+C(q.49) 4+G(g) = T

[¢)]





OPS/images/fncom-16-956932-i008.jpg





OPS/images/fncom-16-956932-e003.jpg
dz

at

& +11 2
Shdi

1 . WY
= )+ Sh(@+a)





OPS/images/fncom-16-956932-i009.jpg
C(q.4) 4





OPS/images/fncom-16-956932-e004.jpg
1. [Aa+2aD+B][d
e 2 ©
2[’7"“][D+Bcz D }[q’z}





OPS/images/fncom-16-956932-i006.jpg





OPS/images/fncom-16-956932-e005.jpg
M(q) = [

A+2Bc; D+ By
D+By D

]

3)





OPS/images/fncom-16-956932-i007.jpg





OPS/images/fncom-16-956932-i004.jpg
L = mr? = 9.305kg m?





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Integrating ankle and hip strategies for the stabilization of upright standing: An intermittent control model



		Introduction



		Materials and methods



		The body model



		The control models



		The feed-forward bias torque τB



		The stiffness torque τS and the stiffness control hypothesis



		The intermittent feedback control torque τI



		Intermittent feedback control for the pure ankle strategy



		Intermittent feedback control for the pure hip strategy



		Intermittent feedback control for a mixed ankle–hip strategy











		Results



		Pure ankle and hip strategies



		Mixed strategies







		Discussion



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Footnotes



		References

















OPS/images/fncom-16-956932-i005.jpg
L = myr? = 5681 kg





OPS/images/fncom-16-956932-e000.jpg
1
= - myy = 28.047 kg

3
0.9m

0.64-L, = 0.576 m





OPS/images/fncom-16-956932-i002.jpg
qCoM VS. CoM





OPS/images/fncom-16-956932-t001.jpg
Pure ankle strategy—Typical DIP performance (P, = 875 Nm'p, =1258% p — 0, D, =0)

rad® rad ° -
Standard Standard dev Standard dev Standard Standard Standard Standard Mean
dev qcom q1 92 dev Tgrqy dev Ty dev T, dev T,0ise ankle power
0.176 deg 0.152 deg 0.313 deg 2.464 Nm 1.360 Nm 2.347 Nm 2.844 Nm 0.0127 W

Pure hip strategy—Typical DIP performance (P, = 0, D, = 0, P, = 1120 IZI—':;, D, = 305 %)

Standard Standard dev Standard dev Standard Standard Standard Standard Mean
dev qcom q1 92 dev Tgrqy dev Ty dev iy dev Typise ankle power

0.466 deg 0.861 deg 1.933 deg 3.544 Nm 12.976 Nm 9.48 Nm 2.844 Nm 0328 W





OPS/images/fncom-16-956932-e001.jpg
2
= Z gy = 56.093 kg

2
0.88 m

0.36 - Ly 0318 m





OPS/images/fncom-16-956932-i003.jpg





OPS/images/fncom-16-956932-i000.jpg





OPS/images/fncom-16-956932-i001.jpg
Qankle VS qankle





OPS/images/fncom-16-956932-e017.jpg
|'As" AS = PyAqy +DalAigy
et swith { HS = PyAgs+ DyAds
HS if Ags (Ady— ®Ags) > 0

HS = 0 otherwise (15)





OPS/images/fncom-16-956932-e018.jpg
EEAES)

= AS- B for 6 < AS < 4o
_ +67§f0m5> o

—o+% fordS < —o

(16)





OPS/images/fncom-16-956932-e019.jpg
§ = M7 (~C4—G+tp+Ts+u+noise) 17)





OPS/images/fncom-16-956932-e013.jpg
— muntm L

Xcom im0 e €12
_ mndmL s
Yeom = Taips st aib s12

= deom = tan™" (Xeom, Yeom) ()





OPS/images/fncom-16-956932-i019.jpg
crit
Ka





OPS/images/fncom-16-956932-e014.jpg
Agy =
Ap =

E

T~ Goom (¢ = 3)
i~ eom (£ =)

%

(12)





OPS/images/fncom-16-956932-e015.jpg
|'As'| AS = Py Ags + Dy Agy
. L with ifAgy - (Ags — DAgs) > 0
0 AS =0  otherwise
(13)





OPS/images/fncom-16-956932-i017.jpg
47 = 90deg





OPS/images/fncom-16-956932-e016.jpg
|'o'| HS = Py Ags + Dy, - Ags
i L with ifAgs - (Ags— DAgs) > 0
HS HS =0  otherwise
(14)





OPS/images/fncom-16-956932-i018.jpg





OPS/images/fncom-16-956932-i015.jpg
b = - g





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fncom-16-956932-e010.jpg
-

Kadq, + Ba g
Kydgz + By g2

]

@®)





OPS/images/fncom-16-956932-i016.jpg
84, = gy — g





OPS/images/fncom-16-956932-e011.jpg
Leom

ramy/ (my + my)

G(8g) = gm +m2) [ } 8q1 + g m2 12 8g2

©)





OPS/images/fncom-16-956932-i013.jpg
A=DL+DL+mn®+m (I;2+






OPS/images/fncom-16-956932-e012.jpg
= 0.8KJ™ = 0.8 ¢ My Loom = 523 Nm/rad
= 2K = 2gmy 1, = 350 Nm/rad

30 Nims/rad
(10)
44 Nms/rad





OPS/images/fncom-16-956932-i014.jpg
L+ myr?





OPS/images/fncom-16-956932-i011.jpg
(1, 21)





OPS/images/fncom-16-956932-i012.jpg
(2. %)





OPS/images/fncom-16-956932-i010.jpg
C(q.9)





