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Abstract


In this work we present a lower limb haptic exoskeleton suitable for patient rehabilitation, specifically in the presence of illness on postural equilibrium. Exoskeletons have been mostly conceived to increase strength, while in this work patient compliance with postural equilibrium enhancement is embedded. This is achieved with two hierarchical feedback loops. The internal one, closing the loop on the joint space of the exoskeleton offers compliance to the patient in the neighborhood of a reference posture. It exploits mechanical admittance control in a position loop, measuring the patient’s Electro Miographical (  E M G  ) signals. The problem is solved using multi variable robust control theory with a two degrees of freedom setting. A second control loop is superimposed on the first one, operating on the Cartesian space so as to guarantee postural equilibrium. It controls the patient’s Center of Gravity (  C O G  ) and Zero Moment Point (  Z M P  ) by moving the internal loop reference. Special attention has been devoted to the mechanical multi-chain model of the exoskeleton which exploits Kane’s method using the Autolev symbolic computational environment. The aspects covered are: the switching system between single and double stance, the system’s non-holonomic nature, dependent and independent joint angles, redundancy in the torque controls and balancing weight in double stance. Physical experiments to validate the compliance method based on admittance control have been performed on an elbow joint at first. Then, to further validate the haptic interaction with the patient in a realistic situation, experiments have been conducted on a first exoskeleton prototype, while the overall system has been simulated in a realistic case study.
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1. Introduction


Research in biped robotics started in the late 1960s. A huge part of the research has been devoted to exoskeletons [1], haptic mechanical anthropomorphic devices worn by an operator and working in concert with his movements. Complete exoskeletons have been proposed as a promising solution for assisting patients during rehabilitation [2,3]. Even in patients who have lost the ability to autonomously perform certain movements, carrying out assisted exercises of the limbs to be rehabilitated enables the patient initially to regain neural control, and subsequenlty muscular control on that limb. Physiologists call this phenomenon neural plasticity [4]. For example, rehabilitation of the lower limbs to cure patients with post-stroke injuries or Parkinsonian syndromes is used in order to regain or improve posture control and postural equilibrium. Rehabilitation generally requires the patient to carry out a number of repetitive physical exercises, and he needs help, particularly in the early stages of rehabilitation (when the patient has little control of the affected part of the body). Originally assistance was provided manually by one or more therapists. During the last 10 years, rehabilitation systems and apparatuses have been designed, for example harnesses hanging from the ceiling [5,6], that can bear the weight of the patient and constrain him or her to perform the exercises. However, these apparatuses do not involve the patient neurologically or physically. More recently advances in this direction have been achieved by extending these devices so that they can offer force fields and patient cooperative control [7,8].



Pioneering work in lower limb exoskeletons was started by Vukobratovic [9]. He approached the problem of assisting the patient and studied the postural equilibrium of bipeds by introducing the definition of Zero Moment Point (  Z M P  ), pointing out the effectiveness of the simple approximation of a linearized inverted pendulum. His results have been widely used in the autonomous biped robotic field, but apparently recent research on exoskeletons has been focused more on increasing the patient’s strength and compliance than on postural equilibrium control [10]. The first example in recent times is BLEEX [11,12] of Berkeley University, which was developed for military application. This device, using inverse dynamics to compute the motor torques, controls hip, knee, and ankle joints in the sagittal plane with no interaction with the operator. RoboKnee [13] controls only the knee, using inverse dynamics without interaction with the user. More recently, in HAL of the Japanese University of Tsukuba and the Cyberdyne Systems Company (Tsukuba, Japan) [14,15,16], the joints at the hip and knee of both legs on the sagittal plane are controlled, while ankles are passive joints. The patient’s Electro Miographical (  E M G  ) signals are measured and used to synchronize precomputed walk phases and to modify the mechanical impedance which the exoskeleton presents to the patient [17].   E M G   signals have, also, been used by Günter Hommel at the technique university of Berlin for a lower limb orthosis with an actuated knee [18]. The   E M G   signals enable the effort required of the patient to be estimated and a torque control is performed in order to assist in supporting the patient. In the power Assisting Suit of the Kanagawa Institute of Technology, Japan [19] the control structure calculates the joint torques required to maintain a statically stable pose by computing the inverse of a rigid body model. The current joint angles and the masses of the components of the exoskeleton as well as the weight of the patient are taken into account. Interaction with the exoskeleton is based on the fact that the torques imposed on the joints by the operator overlay with the torques produced by the actuators.



None of the above tackles the two aspects of increasing postural equilibrium (instead of strength) and patient compliance jointly. In fact, the patient’s compliance is based on impedance control (or force control). This means that the patient is potentially free to move and motors at the joints control the torques either by cooperating with his efforts or creating a force tunnel in order to direct his/her movement. Such approaches are not suitable to guarantee postural equilibrium:




	
Light weight exoskeletons for walking such as HAL or BLEEX do not even offer enough torques at the joints to support the patient;



	
Exoskeletons for rehabilitation on a fixed position such as Lokomat are able to impose a position or a trajectory to the joints, and to offer force fields and patient cooperative control but they are heavy and require a static body weight support.








In both cases the number of controlled degrees of freedom is insufficient to guarantee a posture.



The more recent surveys on the matter are [20,21,22,23,24]. Among the mentioned exoskeletons, REX by Rex Bionics [25] claims postural control. However, no scientific papers have been published and only a patent exists [26], successive to ours [27], without sound scientific descriptions. Moreover REX is not a haptic system. EKSO [28] is an updated version of BLEEX, offering power to people already able to walk. The INDEGO exoskeleton of Parker Hannifin Corporation ([29,30]) is a lightweight exoskeleton offering a rehabilitation modality, called Therapy+, which allows a support, both in static posture and walking, to patients with residual muscular activity. The patient initiates the movement controlling speed, stride length, and step height with as much or as little Indego assistance as needed. Similar is REWALK [31], while MINDWALKER [32] tries to capture the user intention by elaborating eye motion. However, all previously mentioned exoskeletons do not approach the two basic elements of the novel technique presented in this paper: compliance and postural equilibrium control, integrated together.



Compliance has to be achieved by admittance control in a position loop [33,34], and not by impedance i.e., force control, as most of the other approaches do, so that the strength of the position loop enforces postural equilibrium. The multi variable dynamic system has to be considered as a whole, not just some independent joints, controlling at least the minimum number of degrees of freedom to guarantee posture univocally. In this case the exoskeleton maintains the patient in a standing position with a dynamic control, instead of exploiting a static body weight support. Of course, this solution is heavier than the exoskeletons for walking, because the torques needed in this case are from 100 to 200 Nm, instead of 50 Nm. It is, however, lighter than those operating in a fixed position because balancing is achieved dynamically, and not statically.



The proposed exoskeleton is a stationary device not intended for walking but for performing different kinds of postural exercises on a fixed position. The feet are connected to the ground through a kinematical linkage such as a step machine, to offer partial freedom to perform steps. However, further extensions of the approach for walking freely are the object of [35]. Admittance is controlled through EMG signals in order to involve the patient neurologically, programmed and modified by the therapist, while he/she improves his abilities. Lower admittance (i.e., stiffer joints) initially enables passive exercises with the patient bound to the programmed reference postural position or trajectory, and progressively higher admittance eventually consents active exercises: depending on the programmed admittance the patient is able to freely move away from the reference postural position, the control reducing his gravity load. At the same time, postural equilibrium is tutored zeroing admittance and recovering position when limits are reached. To achieve these sometimes conflicting requirements, a first control loop for position and the patient’s compliance has been developed. The loop is based on the measurement of the joint angle position and velocity, and computed with a   H ∞   linear multivariable robust control design in the neighbourhood of a reference postural position, with a two degrees of freedom approach.   E M G   signals are used to measure the patient’s efforts during motion for compliance and enter the closed loop control as a feedforward signal.



The internal multivariable control guarantees robust dynamical stability and the non-interaction of the patient’s efforts on the different joints for a wide region of the state space. However, dynamical stability does not imply postural equilibrium. A second control loop is superimposed on the first so as to achieve postural equilibrium, based on the concept of “Zero Moment Point” (  Z M P  ) [36], i.e., the Center of Pressure (  C o P  ) of the reaction forces of the floor on a horizontal surface [37]. Physiologists are sceptical about using   Z M P   to control human posture and gait, however a validation using   C O P  -  Z M P   for walking has recently been published [38]. In reality the objection of physiologists is not on the   Z M P   itself, but in the conservative manner used to control biped robots, originally proposed by Vukobratovic (The   Z M P   always inside the convex hull of the feet support, exploited for equilibrium by the biped robots, is a sufficient condition only. It can be relaxed in certain conditions, leading to an initial free fall).



While the internal loop offers a dynamically stable position control, partially or mostly acted by the patient, postural equilibrium is guaranteed by controlling the   Z M P   during motion (always inside the convex hull of contact points or leaving some freedom according to the dynamics of avoiding to fall). This is achieved by the outer loop controlling the reference postural position of the internal joint loop. The approach adopted for controlling this second loop with analysis for its stability, is the one proposed for autonomous humanoid robot postural control by Choi [39]. It has never been exploited in the context of an exoskeleton with patient interaction, even though recently in [38] the significance of the CoP in the human walk was experimentally validated. Finally, to implement a “step machine”-like exercise, the mechanical model switches between two different phases: double stance and single stance. Hence, specific attention must be devoted to switching the control.



The paper is organized as follows: Section 2 describes the designed exoskeleton and its mechanical model; in Section 3 the general schemes of admittance and postural control are presented; experiments and simulation results for different case studies are presented in Section 4; Section 5 concludes the paper.




2. The Exoskeleton


The exoskeleton being considered is represented in Figure 1. Ankle and hip joints have two degrees of freedom, to allow rotation in the sagittal and frontal plane, while the knee has a single degree of freedom, for rotation in the sagittal plane. It is configurated to perform steps in a fixed position, such as a step machine, without the possibility of rotating the trunk along the vertical z axis. Actuators, e.g., electric motors, are coupled to each of the ankle, knee and hip joints. The control unit receives as input: surface   E M G   signals, from bioelectric sensors coupled to the patient’s lower limbs and placed on the muscles involved in lower limb movement (for simplicity only a thigh sensor is shown in the figure); position and velocity signals from position/velocity sensors, for ankle, knee and hip angle detection; reaction force sensors positioned on the exoskeleton foot rests configured to measure the   C o P  . While, during single stance, the coordinates of the free foot are derived from the kinematics that links the foot to the ground. Moreover, the control internally generates, with a programmable speed, a preview reference signal for   C O G   and   Z M P   in the frontal and sagittal planes depending on the rehabilitation exercise. The control unit processes the input signals and, based on the implemented control algorithm, issues suitable driving commands for the electric motors.



The so-called Kane’s method [40] has been adopted for the mechanical modelling. This method deals unitarily with either holonomic or non-holonomic systems, without having to introduce, for non-holonomic systems, Lagrange multipliers. This is particularly useful in this case, because the switching from single to double stance introduces on the same mechanics different non-holonomic constraints.



Briefly, the main contribution of Kane’s method, with the introduction of partial translational velocities and partial angular velocities, generalized active forces and generalized inertia forces, is to determine the dynamical equations, so enabling forces and torques which have no influence on the dynamics to be eliminated early in the analysis. Early elimination of these noncontributing forces and torques greatly simplifies the mathematics and enables problems having greater complexity to be handled.



The present exoskeleton is composed of 7 bodies (2 feet, 2 legs, 2 thights and 1 trunk) connected by 10 joints (see Figure 2). Assuming the system to be free to move in the sagittal plane and frontal plane, but not to rotate along the z axis, as is customary in biped robotics, it is characterized by 15 generalized variables and by an identical number of generalized speeds, chosen here as the derivatives of the generalized variables.



Then, according to whether it is in single or double stance, the presence of different non-holonomic costraints, represented by the contact of the foot/feet to the ground, reduces the number of degrees of freedom and offers two distinct models of the dynamics. The model of a biped during a step is, hence, a hybrid dynamical system switching between two different phases, with different inputs and states, described below. Due to lack of space here, the complete modeling approach using Kane’s method and the supporting Autolev environment are described in [41] and can be requested from the authors.



All coordinates refer to Figure 2. Let pedices 1 and 2 be the right and left leg indexes, and use foot 1 as the supporting foot.    x  f o o  t 1    ,  y  f o o  t 1    ,  z  f o o  t 1     ,    x  f o o  t 2    ,  y  f o o  t 2    ,  z  f o o  t 2      are the coordinates of a reference point at the center of the sole of foot 1 and 2 where the reaction forces are conventionally applied. The joint angles indicate as pedices the rotation axis, the joint name and the foot index.



We choose as generalized variables to describe the configuration of the exoskeleton free on the space as the following:




	
The three positions in the space of the reference point of foot 1:    x  f o o  t 1    ,  y  f o o  t 1    ,  z  f o o  t 1     .



	
The two angles of the frame of foot 1:    θ  x  f o o  t 1     ,  θ y     f o o  t 1      (no rotation along z is allowed).



	
The joint angles (as shown in Figure 2):   θ  x  a n k l  e 1     ,   θ  y  a n k l  e 1     ,   θ  k n e  e 1    ,   θ  x  h i  p 1     ,   θ  y  h i  p 1     ,   θ  x  h i  p 2     ,   θ  y  h i  p 2     ,   θ  k n e  e 2    ,   θ  x  a n k l  e 2     ,   θ  y  a n k l  e 2     .








The two configurations (single and double stance with independent knees and flat feet) are defined as follows. Conventionally boldface symbols indicate vectors or matrices.



Single Stance: assume that the exoskeleton is sustained by foot 1. Then, the three speeds and two rotational speeds of that foot are zero (motion constraints). In this condition the system has 10 degrees of freedom (5 out of 15 degrees of freedom have been constrained). Moreover, we also impose for simplicity that the second foot is kept flat with respect to the ground. Hence, in the model the degrees of freedom are reduced to 8. One of the possible choices of independent generalized speeds are:


       θ ˙  y    =     [   θ ˙   y  a n k l  e 1     ,   θ ˙   k n e  e 1    ,   θ ˙   y  h i  p 1     ,   θ ˙   y  h i  p 2     ,   θ ˙   k n e  e 2    ]  T        θ ˙  x    =     [   θ ˙   x  a n k l  e 1     ,   θ ˙   x  h i  p 1     ,   θ ˙   x  h i  p 2     ]  T      



(1)




controlled by 8 torques at the corresponding joints:


     T y    =     [  T  y  a n k l  e 1     ,  T  k n e  e 1    ,  T  y  h i  p 1     ,  T  y  h i  p 2     ,  T  k n e  e 2    ]  T       T x    =      [  T  x  a n k l  e 1     ,  T  x  h i  p 1     ,  T  x  h i  p 2     ]  T  .     



(2)




On the other hand, the 7 motion constraints generate 7 reaction forces/torques: 3 forces applied at the reference point of the supporting foot and 2 torques:


   F  f o o  t 1    =   [  F  x  f o o  t 1     ,  F  y  f o o  t 1     ,  F  z  f o o  t 1     ,  T  x  f o o  t 1     ,  T  y  f o o  t 1     ]  T   



(3)




and two torques on the ankle joints of the free foot (  F  f o o  t 2     is zero)   T  x  a n k l  e 2      and   T  y  a n k l  e 2     . Specifically, these latter torques, which control the free foot, are inessential for the next postural control and they will be ignored here (the problem of controlling the orientation of the free foot can be solved independently of the multivariable control).



Double stance: when the exoskeleton is in double stance, both feet are on the ground. Hence, the system loses 3 more degrees of freedom resulting in 5. A reasonable choice of the independent generalized speeds is:


       θ ˙  y    =   [   θ ˙   y  a n k l  e 1     ,   θ ˙   k n e  e 1    ,   θ ˙   y  h i  p 1     ,   θ ˙   k n e  e 2    ]  T        θ ˙  x    =   θ ˙   x  a n k l  e 1         



(4)







In this configuration the system needs 5 torques, e.g., at the corresponding joints, as input in order to control its posture, while the remaining 5 torques are redundant.



The reaction forces/torques, present now at both feet, are




      F  f o o  t 1      =      [  F  x  f o o  t 1     ,  F  y  f o o  t 1     ,  F  z  f o o  t 1     ,  T  x  f o o  t 1     ,  T  y  f o o  t 1     ]  T  ,       F  f o o  t 2      =     [  F  x  f o o  t 2     ,  F  y  f o o  t 2     ,  F  z  f o o  t 2     ,  T  x  f o o  t 2     ,  T  y  f o o  t 2     ]  T      



(5)





Software called Autolev [42] has been adopted in order to perform the symbolic computation requested by Kane’s method. Its outputs are the dynamical equations of the non-linear model of joint motion in the two configurations of single stance and double stance to be used for simulation, as well as the programming code of the expressions for the reaction forces/torques at the constraints returned from the model, the kinematics of   C O G   and of the free foot, the   C O G   Jacobian, the Jacobian matrix linking dependent and independent motion variables, to be embedded in the control.



Specifically, in simulation the theoretical expressions for the   Z M P   coordinates for both single and double stance given by the force/torques at the feet returned from the model are:


     Z M  P x     =      −  T  y  f o o  t 1     −  T  y  f o o  t 2     +  x  f o o  t 1    ∗  F  z  f o o  t 1     +  x  f o o  t 2    ∗  F  z  f o o  t 2        F  z  f o o  t 1     +  F  z  f o o  t 2       ,       Z M  P y     =      T  x  f o o  t 1     +  T  x  f o o  t 2     +  y  f o o  t 1    ∗  F  z  f o o  t 1     +  y  f o o  t 2    ∗  F  z  f o o  t 2        F  z  f o o  t 1     +  F  z  f o o  t 2          



(6)







In the control of the real exosleleton, these coordinates will be given by estimating the   C o P   from the sensors under the feet, as described in Section 3.2.1.



The dynamics in sagittal and frontal planes are weakly intertwined. So, here, for designing the control these are separated ignoring interactions, and 4 linearized multi input-multi output models in single and double stance on frontal and sagittal planes have been derived. Linearization has been performed with the model in an erect posture, with knees slightly bent. Their states and output are the position and speed of the following joint angles, and the control inputs are the corresponding torques:




	
Frontal plane—Single Stance:   θ  x  a n k l  e 1     ,   θ  x  h i  p 1     ,   θ  x  h i  p 2     .



	
Sagittal plane—Single Stance:   θ  y  a n k l  e 1     ,   θ  k n e  e 1    ,   θ  y  h i  p 1     ,   θ  y  h i  p 2     ,   θ  k n e  e 2    .



	
Frontal plane—Double Stance:   θ  x  a n k l  e 1     .



	
Sagittal plane—Double Stance:   θ  y  a n k l  e 1     ,   θ  k n e  e 1    ,   θ  y  h i  p 1     ,   θ  k n e  e 2    .









3. Compliance and Equilibrium Control


3.1. Position and Admittance Control


Mechanical Impedance [43] is defined as the transfer function (TF) of the linear dynamical operator giving as output the reaction forces/torques in a mechanical system when imposing velocities/angular velocities as input. The inverse of the Mechanical Impedance is called Mechanical Admittance, i.e., the output velocities/angular velocities resulting from the application to a mechanical system of input forces/torques. Integrating on time velocities, by extension the same concept can encompass the relationship between positions and forces or vice versa.



Open loop and closed loop haptic feedback and virtual reality systems have been proposed in the literature to control compliance, based on the previous definitions, but implementations are mostly of the impedance type. However, admittance control in a position loop of the joints [44], applied to an exoskeleton, offers the advantage to keep the system dynamically stable and insensitive to external disturbances (e.g., gravity) on a reference postural position, fixed or moving along a planned trajectory. At the same time, the patient feels the chosen admittance when he tries to deviate from that reference. Examples of planned trajectories in double stance are the exercises of sit-to-stand, this is performed on the sagittal plane with the knees jointly, or reaching the limits of equilibrium by moving the CoP to the toes. A further example is to move in a step like fashion on the frontal plane by translating the weight from one foot to the other, then switching from double to single stance on the supporting foot and lifting the free foot from the ground, and vice versa.



By independently exerting an effort with his/her muscles the patient will be able to move the joints of the exoskeleton away from the reference position by exploiting   E M G   signals from the leg muscles. In doing so the patient experiences a reaction consistent with the chosen admittance, where the three basic elements-elastic stiffness, frictional and inertial effects-can be independently and dynamically modified for each joint. These results are achieved by a closed loop from joint angle position and velocity measurements, computed with a   H ∞   multivariable robust control design, using   E M G   signals as feedforward input. The general scheme of control presented here is applied to each one of the 4 models derived in the previous section, according to the phase of the step. At difference to what is proposed in the literature [43,44], the admittance control is performed here in the joint space, esploting non-interactive multivariable control to decuple each joint dynamics. This non-interaction is achieved with a two degree of freedom control, as defined by Horowitz [45]. The two degrees of freedom control (shown in Figure 3) makes it possible to independently specify loop characteristics (i.e., disturbance insensitivity, precision of reference tracking) and admittance in the patient’s compliance, in response to EMG signals, indicative of the efforts.   θ  r e f    are the reference joint angles, in which neighborhood the efforts   C o   measured from the patient allow the exoskeleton joint angles to move. The    C o  →  θ  d e s     TF is the desired admittance   Y  d e s   , for non-interaction a diagonal matrix:


   Y  d e s    ( s )  = d i a g   1   β i  s +  k i      



(7)







  k i   and   β i   are the desired stiffness and viscosity of the i-th joint which are felt by the patient (A slight viscous factor is needed to avoid instability in the patient’s response due to unwanted physiological feedback, and to filter EMG signal noises. Inertia for simplicity is set at zero in the desired admittance. However, as the next example will show, an unwanted inertial effect will be introduced by the limited control loop bandwidth). Basically, patient efforts act as measured disturbances to be accommodated (tracked) through feedforward by the control loop. As already stated, in a rehabilitation scheme, the reaction will initially be set stiffer and more compliant later, depending on the patient’s progress, respectively lower and higher steady state gain of the TF.



The   H ∞   technique has been chosen so as to approach the control of all joints as an unitary multivariable system, and in this way to guarantee robustness in the face of the linearization on a large state space region and to offer non-interaction of the efforts on the different joints. The general theory of   H ∞   and of the mu-synthesis design technique, adopted here, can be found in [46,47,48].



Requirements in a robust control design are set defining an extended system. Input-output performances and robust stability in the presence of uncertainty  Δ  of this extended system closed by the feedback evaluate the synthesized control    G c   ( s )   , as shown in Figure 4. The extended system encompasses: nominal model, uncertainty description, input noise and control, output measures and performance objectives. In a two degrees of freedom control, to guarantee compliance, it also embeds the measured disturbances, which are the patient’s efforts, the desired admittances and, as objectives, the tracking errors of the outputs of these desired admittances.



The detailed extended system in our case is presented in Figure 5. The main elements are:




	
  u m  , the inputs to the motor actuators.



	
  W 1  , the multiplicative uncertainty at numerator representing the ignored motor dynamics,   w 1   and   z 1   is the corresponding pair disturbance-objective.



	
  C o  , the patient torques, measured by the   E M G   signals.



	
  y  c o    the measured   E M G   signals in output.



	
Patient torques and motor torques drive the exoskeleton dynamics, which is modeled by the linearized model equations:


  J ·  θ ¨  + β ·  θ ˙  − mgh · θ = B · T +  B o  ·  T o  +  w T   



(8)




where  T  and   T o   are the motor and patient torques,  J  is the inertial matrix,  β  the damping matrix,  mgh  represents the matrix of the linearization of the effects of the gravity forces and   w T   the input torque disturbances.



	
  W 2   is the multiplicative uncertainty at the denominator of inertia, to guarantee robustness to non-linearities.   w 2   and   z 2   are the corresponding pair disturbance-objective.



	
   Y  d e s    ( s )   , the diagonal TF matrix of the desired admittances;



	
Objectives   z  C o    impose requirements on tracking errors against   C o   and   z T   on the closed loop sensitivity to input disturbances   w T  ;   W ( s )   is the diagonal matrix of weighting functions which define the desired loop gain and bandwidth of the control;



	
   z  u i   , i = 1 , 2 , 3  , the objectives penalizing the control activity against the measurement noises    n i  , i = 1 , 2 , 3  ;



	
  y θ   and   y  θ ˙   , the measured joint position and velocities.








Similar schemes, applied to the four models described in the previous section, resulted in four controls: to be switched in pairs (sagittal and frontal plane) moving from single to double stance and vice versa.



As a result of the synthesis, in the limits of the achieved loop gain and bandwidth, the closed loop system will not only be able to reject loop disturbances and track joint angle references, but also to guarantee the desired admittance to the patient.



Figure 6 shows the resulting two basic TFs of the extended system in closed loop for one of the linearized models of the exoskeleton discussed in Section 4: achieved represented by continuous lines, specified by dashed lines. This is the phase of double stance in the sagittal plane, with angles   θ  y  a n k l  e 1     ,   θ  k n e  e 1    ,   θ  y  h i  p 1     ,   θ  k n e  e 2    . The figure on the left shows the output sensitivities of the four angles (   θ i  /  d i    in Figure 3), indicating an achieved closed loop band of   ≈ 10   rad/s, and disturbance rejection over −40 dB. The figure on the right outlines the achieved admittances, normalized to a steady state gain equal 1, for the four joints (   θ i  /  C  o i    ), non-interaction which is not shown here is almost perfect, i.e., cross-admittances are almost zero. Note that, with respect to other authors dealing with force/torque control with impedance imposed in open loop, here the desired admittance is satisfactorily tracked up to the limit of bandwidth of the feedback loop. The consequence of the limited loop bandwidth is an unwanted inertia perceived by the patient, evident from the deviation of the actual from desired functions.



Performances similar to those of Figure 6 have been obtained for the other phases and planes.




3.2. Postural Equilibrium


In order to guarantee postural equilibrium, the vertical reaction forces of the floor on the feet must remain inside the section of the supporting sole during any postural exercise, or in response to external disturbances. Hence, a second loop is super-imposed on the first one to ensure postural equilibrium. It controls the Zero Moment Point (ZMP) based on Lyapunov stability theory, the Jacobian function of the Center of Gravity (COG) and a linearized inverted pendulum model. It measures reaction forces from sensors on the sole of the exoskeleton and acts on   θ  r e f   , the reference angles of the previous inner control loop.



3.2.1. Improved COG and ZMP Estimates


To improve the estimation of   C O G   and   Z M P   we merge a priori knowledge of the multichain with a posteriori measures of the   C o P  . The model adopted to represent the relationship between   C O G   and   Z M P   is the linearized inverted pendulum [49]: a pure triple integrator driven fictitiously by the   C O G   jerk as an input noise. It should be noted that there are two independent identical models of the   C O G / Z M P   relationship: one along the x axis (sagittal plane) and one along the y one (frontal plane). In the following, the pedix i in   C O G   and   Z M P   represents   i = x , y  .


   d  d t        C O  G i         C O  G i   ˙        C O  G i   ¨      =     0   1   0     0   0   1     0   0   0     ·      C O  G i         C O  G i   ˙        C O  G i   ¨      +     0     0     1     ·  u i   



(9)






       Z M  P i        C O  G i          C O G  ˙  i      =     1   0    −   C O  G z   g       1   0   0     0   1   0     ·      C O  G i         C O  G i   ˙        C O  G i   ¨       



(10)




where   C O  G z    is the average z coordinate of the   C O G  , g is the acceleration of gravity,   u i   is the   C O  G i    jerk.



From Equations (9) and (10) estimators, based on two identical Kalman filters, of the   C O G  /  Z M P   x and y coordinates have been developed. These estimators fuse the theoretical values of   C O G   and    C O G  ˙   available from joint angle and derivative measures, known the kinematics and Jacobian of the   C O G  , with   Z M P   coordinates, from the   C o P   measured by load cells on the soles of the feet.



Outputs of the estimator are    Z  M ^  P  i  ,    C  O ^  G  i  , and its derivative.




3.2.2. Preview Control


In a quiet standing, references for   C O G   and   Z M P   remain constant, but if we want to impose, during a postural exercise, a desired trajectory   Z M  P  p r e v     to the   Z M P  , the   C O G   trajectory   [ C O  G  p r e v        C O G  ˙   p r e v        C O G  ¨   p r e v    ]    must anticipate the transition and be computed in advance, based on an inverted pendulum model. This is called a preview control (for details see [39,49]). Assigning a preview control to the   C O G   is particularly convenient in the case of rehabilitation exercises, as the trajectories in the exercises are pre-planned and/or periodic. Note that in preview control, the reference position and reference velocity are determined together. In Figure 7 two preview signals are shown: the first represents an exercise on the sagittal plane to reach the limits of equilibrium (  C o P   moves to the tips of the feet) and the second is the exercise of the step machine performed on the frontal plane.




3.2.3. Jacobian


Velocities of Cartesian coordinates of the significant points or the attitude of bodies composing a multichain are linked to the joint angle velocities through the Jacobian matrix. It is classical to exploit the inverse of the Jacobian matrix to transfer posture (Cartesian) motion into joint space motion when the vector of the independent Cartesian coordinates has a dimension equal to the number of degrees of freedom of the multichain, and to control a system by Cartesian, instead of joint, references.



However, the number of Cartesian constraints can be more or less than the degrees of freedom, so a pseudo-inverse is used. In the latter case (the Jacobian matrix block row, system over-actuated), e.g., when only the x and y   C O G   coordinates are constrained, the minimum least squares velocities of the joint angles are determined. In the former (the Jacobian matrix block column, system under-actuated), introducing a relative weight to each row, weighted least squares will offer a solution for the joint motion that is a compromise in satisfying several desired postural variables, or body attitudes.



In this work   C O  G x   ,   C O  G y   , and trunk angles along x and y are constrained, while the patient controls the joint angles directly. Note that this is enough to guarantee postural equilibrium. However, the same method can be extended to cases where additional constraints on the general body posture have to be kept, e.g., swing foot trajectory in single stance. We found it convenient, for simplicity, to ignore the interactions and maintain in the control the two planes (sagittal and frontal) separate. Hence, if    θ x  ,  θ y    (Equations (1) and (4)) are the two vectors of joint angles on the respective planes:


        C O  G i   ˙        θ ˙    t r u n k  j       =      J  C O  G i         J  t h e t  a   t r u n k  j           θ ˙  j  , i = x , y , j = y , x .  



(11)







When one or both knees are fully extended, it may be convenient to add to the Equation (11) for the sagittal plane an artificial tutor to the involved knee(s) so as to avoid over stretching of those angles:


         C O G  ˙  x        θ ˙    t r u n k  y         θ ˙   k n e e s       =      J  C O  G x         J  t h e t  a   t r u n k  y          e  k n e e s         θ ˙  y  ,  



(12)




where   J  C O  G i     ,   J  t h e t  a   t r u n k  i      are the Jacobian of   C O G   and trunk attitude, and   e  k n e e s    is a 1 or 2 row matrix with only 1 in the columns corresponding to the interested knee joints.




3.2.4. Postural Control Loop


The complete control scheme (one for each plane) is shown in Figure 8. The preview block provides preview    C O  G i    p r e v   ,    C  O ˙   G i    p r e v    and    Z M  P i    p r e v    trajectories. The error between the previews and the estimated signals    C  O ^  G  i   and    Z  M ^  P  i   is used to generate the    C  O ˙   G i    r e f    velocity in order to close the loop with the following feedback law (block  K  in Figure 8) :


       C  O ˙   G i    r e f   =       C  O ˙   G i    p r e v   +    k c   i   (    C O  G i    p r e v          −   C  O ^  G  i   ) −     k z   i   (   Z M  P i    p r e v   −   Z  M ^  P  i  )      



(13)







    k c   i   and     k z   i   are gain coefficients. For trunk attitude control, and in the case of a knee tutor, a vector can be formed adding to Equation (13) the following components:


    θ ˙   t r u n  k  r e  f x      =  k  t r u n k    ( 0 −   θ ^   t r u n  k x    )  ,  



(14)




avoiding rotation along x,


    θ ˙   t r u n  k  r e  f y      =  k  t r u n k    (  θ  t r u n  k  r e  f y      −   θ ^   t r u n  k y    )  ,  



(15)




imposing a slight forward lean in the sagittal plane, and


    θ ˙   k n e e  s  r e f     =  k  k n e e s    (  θ  k n e e  s  p r e v i e w     −   θ ^   k n e e s   )  .  



(16)




constraining knee overstretching.



Then, through the pseudo-inverse of the Jacobian matrices of Equations (11) and (12), by integrating all the components,   θ  r e  f i     can be computed.



Choi [39], who proposed the scheme of Equation (13), proved the existence of values for   k c   and   k z   that guarantee loop stability through the Lyapunov theory. Nevertheless, it is advantageous to add a velocity gain   k v   in the loop in parallel to the integrators in order to improve the closed loop poles damping so coping with unmodelled dynamics of the actuators. The reference joint angles   θ  r e f    become the input of the inner joint position control. Hence, when during the exercise the patient moves the   Z M P   away from the preview value the vector   θ  r e f    is modified by the feedback and the patient will feel an elastic attraction toward the desired (equilibrium) position. In extreme cases, when a threshold on the   C  O ^  G   and   Z  M ^  P   position is being reached an inhibitor dynamically reduces the desired admittance of the internal loop (up to setting it at zero) increasing stiffness   k i   in Equation (7), forcing the patient to recover the equilibrium.




3.2.5. Balancing Weight and Admittance Control in Double Stance


In double stance, because of the non-holonomic constraints and reduced degrees of freedom the system is overactuated and some joint torques are redundant. Hence only some of the joints need to be controlled for position and the remaining ones can be advantageously exploited for ground reaction force control. The   E M G   signals of those joints not controlled in position must be averaged with the others in order to offer the patient a feeling of admittance balanced on each joint.



Reaction Force Control


The proposed exoskeleton has 10 joints; in single stance only 8 need to be controlled:   θ  x  a n k l  e 2      and   θ  y  a n k l  e 2      are inessential for postural control and will be treated separately.



In double stance only 5 joints need to be controlled, the remaining 5 controls, consequently, are redundant. Then, the 10 input torques can be divided in two 5 dimensional vectors, indicated as primary (for position control) and auxiliary respectively, are defined as follows




      T  p o s     =     [  T  y  a n k l  e 1     ,  T  k n e  e 1    ,  T  y  h i  p 1     ,  T  k n e  e 2    ,  T  x  a n k l  e 1     ]  T       T  a u x     =     [  T  x  h i  p 1     ,  T  x  h i  p 2     ,  T  y  h i  p 2     ,  T  x  a n k l  e 2     ,  T  y  a n k l  e 2     ]  T      



(17)





  F  f o o  t 1     and   F  f o o  t 2     indicate the 5 reaction forces/torques returned by the constraints on the right and left foot in Equation (5).



Autolev provides the equations for these reaction forces, which among other nonlinear terms, are linearly dependent of all input torques (primary and auxiliary control variables) and of the motion variable derivatives (accelerations).




        F  f o o  t 1         F  f o o  t 2        =       Nl 1   ( θ ,  θ ˙  )         Nl 2   ( θ ,  θ ˙  )       +       J 1   ( θ )         J 2   ( θ )       ·  θ ¨  +      M  1  p o s       M  1  a u x         M  2  p o s       M  2  a u x        ·      T  p o s        T  a u x         



(18)





Most of those terms are imposed by the motion, but in particular    F  f o o  t 1    ∝  M  1  a u x    ·  T  a u x     and    F  f o o  t 2    ∝  M  2  a u x    ·  T  a u x     depend on the auxiliary torques. The 10 ground reaction forces/torques on the two feet cannot assume arbitrary values, as their sum depends on the imposed motion, but their ratio can be controlled by the five components of   T  a u x   . Let the desired reference values of these reactions forces/torquers on each foot, during a double stance phase, be




         F  f o o  t 1      r e f   =      (  F  f o o  t 1    +  F  f o o  t 2    )  ·  ( 1 − α )  ,          F  f o o  t 2      r e f   =     (  F  f o o  t 1    +  F  f o o  t 2    ) · α , 0 ≤ α ≤ 1 .      



(19)





Moving  α  from 0 to 1 represents the transfer of weight from   f o o  t 1    to   f o o  t 2   , and, in particular,   α = 0.5   is the center balance. The difference of the errors between references and actual values is given by




       e 1  −  e 2      =  (   F  foot 1    r e f   −  F  f o o  t 1    )  −  (   F  foot 2    r e f   −  F  f o o  t 2    )         =  (  F  f o o  t 1    +  F  f o o  t 2    )  ·  ( 1 − 2 α )  −  (  F  f o o  t 1    −  F  f o o  t 2    )  .      



(20)





It can be controlled by   T  a u x   , considering that    F  f o o  t 1    +  F  f o o  t 2      is given by the motion, but


   F  f o o  t 1    −  F  f o o  t 2    ∝  (  M  1  a u x    −  M  2  a u x    )  ·  T  a u x   ,  



(21)




and information of    e 1  −  e 2    is obtained from   F  f o o  t 1     and   F  f o o  t 2     measured through load cells on the soles of the feet (   (  e 1  −  e 2  )  m  ). Then transferring the load from one foot to the other can be achieved by minimizing in real time    (  e 1  −  e 2  )  m   with a gradient technique, controlling the auxiliary torques with the following iterative scheme




    T  a u x    ( t + Δ )  =  T  a u x    ( t )  +   (  M   1 a  u x   −  M   2 a  u x   )  T  · k ·   (  e 1   ( t )  −  e 2   ( t )  )  m  .   



(22)





Under mild conditions, there are values of the feedback k that guarantee stability. The recursion converges and reaction forces/torques under the feet behave properly, tracking the desired reference.



This technique is exploited also, switching the control from single to double stance just before the contact of the swing foot with the ground, to offer compliance for managing the collision and accommodating the foot to an uneven floor surface.




Averaging


To cope with redundancy, and the reduced number of independent motion variables the torques measured by EMG signals on independent and dependent joints have to be averaged in order to guarantee a balanced admittance felt on all joints by the patient. This can be achieved as follows.



Identical admittance is imposed on all joints by design. The Laplace transform of the relationship between torques experienced by the patient, as measured by EMG signals, and joint motion is




   s Y ·      C  o  i n d         C  o  d e p        ≈       θ ˙   i n d         θ ˙   d e p       =     I      J  θ  d e p        ·   θ ˙   i n d     



(23)





  s Y   here is the time derivative of the scalar admittance assumed to be identical to all joints.   J  θ  d e p     is the Jacobian between dependent and independent joint velocities. Solving by least squares    θ ˙   i n d    in Equation (23) shows how the patient torques have to be averaged.




   s Y ·   [ I +  J  θ  d e p   T  ·  J  θ  d e p    ]   − 1   ·  [  C  o  i n d    +  J  θ  d e p   T  ·  C  o  d e p    ]  =   θ ˙   i n d     



(24)





In fact, vector     [ I +  J  θ  d e p   T  ·  J  θ  d e p    ]   − 1   ·  [  C  o  i n d    +  J  θ  d e p   T  ·  C    d e p    ]    is the input applied as feedforward to control the independent joints.






3.3. Switching between Phases


The controllers of the inner loop, the Jacobian matrix and the integrators of the outer loop must switch, moving from single to double stance and vice versa. This requires setting the correct initial conditions in order to avoid spikes in the controlled torques during the switch. Let us define   T  f i n   ,   θ  f i n    and    θ ˙   f i n    as the joint torques, joint positions and velocities before switching, respectively. Let      θ ˙   r e f   ¯   ( 0 )    be the reference joint velocity after switching at the output of the pseudo-inverse of the   J  C O G   , and    x  i n t    ( 0 )    the initial conditions of the integrators. The    θ  r e f    ( 0 )    at the initial condition will be


   θ  r e f    ( 0 )  =  x  i n t    ( 0 )  +  k v  ·    θ ˙   r e f   ¯   ( 0 )   



(25)




Consider the digital controller


      x c   ( k + 1 )  = A ·  x c   ( k )  +  B 1  ·  (  θ  r e f    ( k )  − θ  ( k )  )  +  B 2  ·  θ ˙   ( k )        T  ( k )  = C ·  x c   ( k )      



(26)




Selecting a stable controller (which has always been the case in all examples performed), torques before and after the switch are equated, maintaining the controller in steady state:


      x c   ( 0 )  =  A ˜  ·  (  B 1  ·  (  θ  r e f    ( 0 )  −  θ  f i n   )  +  B 2  ·   θ ˙   f i n   )        T  ( 0 )  =  T  f i n   = C ·  A ˜  ·  (  B 1  ·  (  θ  r e f    ( 0 )  −  θ  f i n   )  +  B 2  ·   θ ˙   f i n   )  .     



(27)




where    A ˜  =   ( I − A )   − 1    . Hence, deriving    θ  r e f    ( 0 )    from Equation (27), considering (25)




       θ  r e f    ( 0 )  =   ( C ·  A ˜  ·  B 1  )   − 1   ·  (  T  f i n   − C ·  A ˜  ·  B 2  ·   θ ˙   f i n   )  +  θ  f i n          x  i n t    ( 0 )  =  θ  r e f    ( 0 )  −  k v  ·    θ ˙   r e f   ¯   ( 0 )       



(28)





the initial conditions of the integrators are given by Equation (28), and substituting Equation (28) in Equation (27) the initial condition of the controller is obtained.





4. Experimental Results and Case Studies


In the following subsections, the experimental evolution of the project is presented:




	
When a complete lower limb exoskeleton was not yet available, in order to validate the effectiveness of using EMG signals for admittance control, experiments on the forearm of an operator have been performed.



	
Then, the first (incomplete) lower limb exoskeleton prototype has been built, and the preliminary experiments results are here documented.



	
Finally, the simulation results of the complete behavior of the lower limb postural and compliance multi-variable control are presented.








4.1. Validating EMG Signals for Admittance Control


A prototype of an upper limb exoskeleton with only one joint to control the elbow of a healthy operator has been built, and the technique described in Section 3.1 was implemented. The objective was to test the quality of the EMG signals, the effects of noise, and to verify the differences between the efforts needed to perform identical motions with different imposed admittances.



The operator’s forearm was bound to the exoskeleton with a   θ  r e f    maintained at   π / 4   with respect to the vertical, and excursion of the forearm from horizontal to vertical was allowed. The EMG signals of the two antagonist muscles, biceps and triceps, were measured with a sampling frequency of 1 KHz, filtered by a band pass filter (100–150 Hz), rectified and further filtered with a low pass filter of 100 rad/s, then, after the amplitudes of the two signals were balanced, the difference was used as input for the controller as in Figure 3.



An offset was added to guarantee that the arm was at rest without effort, and the relative gains of the signals from the two muscles were balanced to offer a similar perceived compliance during motion in both directions.



On the computer display in front of the operator a reference sinusoidal trajectory was plotted in real time, and the measured output of the elbow angle was superimposed. The exercise required the operator to follow with his elbow angle the reference trajectory as closely as possible.



The chosen admittance was




    Y  d e s    ( s )  =  1  j  s 2  + β s + k     



(29)





A series of experiments were performed with   k = 0   (no spring stiffness), and values of  β  (friction) ranging from   0.23   to   2.3  , 10 times greater. These values represented the maximum and minimum allowable steady state gain of the admittance, respectively due to EMG signal noise, and capability of the operator to still track with an acceptable effort the reference. Correspondingly, the values of j (inertia) were chosen within the range 0.15–0.25 so as to filter noise for maximum operator comfort. These values maintain a frequency band of admittance of approximatively 2 rad/s. The results of angle position tracking and velocity are reported in the Figure 9, Figure 10 and Figure 11. In all cases, the reference sinusoidal trajectory is tracked reasonably well. Samples of the efforts by the operator to perform each exercise, in terms of amplitude of the   E M G   signals, are extracted from each experiment and merged in Figure 12. The first 20 s refer to the high admittance experiment, while seconds 20–40 and 40–60 refer to the medium and the low one. It can be seen that muscle activation with high admittance is barely detectable from the noise. Nevertheless, the tracking of the angle is still satisfactory. Even though not directly comparable, in order to relate these   E M G   signal levels to the perceived operator effort, another experiment was conducted on the forearm free from the exoskeleton, held horizontally in an isometric condition. The   E M G   signals in several successive experiments are recorded in Figure 13: first the forearm was at rest on the table (just signal noise), then it sustained its own weight alone, later weights on the hand of 1,2,3,5 kg were added. The contribution of the exoskeleton can be seen in the case of high admittance, as the level of the EMG signal on performing the exercise of tracking is half that needed to sustain its own weight.



Finally, we carried out a posteriori identification of the admittance perceived by the operator from the pair input EMG signals and output elbow joint velocity and we found that:




	
the identified admittance was consistent with the desired one imposed by the control.



	
the reconstructed velocity derived applying the noisy EMG signals to the identified admittance was very similar to the measured one.









4.2. Experiments with the First Prototype of the Exoskeleton


To further validate the haptic interaction with the patient in a realistic situation, experiments on a first lower limb exoskeleton prototype have been performed.



4.2.1. Prototype Description


This first prototype (see Figure 14), has been conceived for performing sit-to-stand exercises [50], for testing the lower limb interaction with the patient. The exoskeleton feet are fixed to dynamometric platforms on the ground. The ankles, knees and hips have only one degree of freedom in the sagittal plane. Hence, the sensors and the controls of the right and left legs are paired, allowing three degrees of freedom in the sagittal plane. With this configuration, it is not possible to raise one foot from the ground or to balance the weight alternatively on the two feet (sit-to-stand exercises are possible, while step-like exercises are not). Furthermore, in order to prepare the prototype for future extensions, pressure sensors under the soles of the two feet are separated, measuring the COP in both the sagittal and frontal plane and motors on the joints are independent. The mechanical structure weighs 80 kg, half of that on the supporting platform. Joints are controlled by flat brushless motors of 200 W, with a maximum torque of 1 N·m. As reductors, harmonic drives with a rate of 100 coupled to a further reduction of 5 are used, reaching a maximum torque on the joints of 500 N·m, able to completely support exoskeleton and patient weight in any postural position.




4.2.2. Experiment Preparation


EMG sensors have been fixed on the patient legs, measuring the signals on the following muscles:




	
for the ankle the two antagonistic muscles of anterior tibial and soleus;



	
for the knee Rectus femoris and Biceps femoris;



	
for the hip abdominal external oblique muscle or alternatively Biceps femoris again and longhissimus dorsi or alternatively gluteus muscle.








The resulting EMG signals at the pair of antagonist muscles for each joint are processed as in Section 4.1. Moreover, attitude sensors are available on the trunk, approximatively at the center of mass of the patient.



The patient, sitting on a bicycle-like saddle at the hips level, and with legs and feet bound to the exoskeleton, is allowed three degrees of freedom, following three postural exercises:




	
maintaining the equilibrium in the sagittal plane, i.e., moving longitudinally along the feet soles the COP;



	
raising or lowering the trunk;



	
changing the attitude of the trunk.








Each joint (pairs of ankles, knees and hips) is automatically controlled through the measures of the COP, the inertial sensors, and the speed/position of the joints, or by the patient, driven by EMG signals, and these controls can be inter-mixed [51].




4.2.3. Experiment Results


In the experiments documented here, the patient is allowed to control one degree of freedom at a time, leaving the remaining two to the automatic control. Hence, three experiments were performed:




	
The patient controls the ankle (equilibrium), moving the COP forward and backward under the sole of the feet, while the height (or the knee angle) and attitude of the trunk is automatically maintained.



	
The patient controls the knees raising and lowering the trunk, and the automatic control guarantees equilibrium and trunk attitude.



	
The patient controls the hip angle changing the trunk attitude, while equilibrium and trunk height (knee angles) are guaranteed by the automatic control.








Experiments have been performed on healthy patients, regulating the admittance of the controlled joint to guarantee a comfortable compliance. Figure 15, Figure 16 and Figure 17 show the joint angles, the COP and trunk attitude behavior. In the first 30 s the patient controls the ankle (knees and trunk attitude are automatically maintained), from 30 to 90 s controls the knees (COP and trunk attitude are automatically maintained), and from 90 s to the end controls the hips (COP and knee angles are automatically maintained), performing a sequence of alternating motions.



The driving EMG signals, operating in the respective phases of the experiment are recorded in Figure 18, Figure 19 and Figure 20.





4.3. Simulated Case Studies


In this section, results based on the simulation of a realistic case study of a 75 kg patient, 1.75 m tall, wearing a 45 kg exoskeleton are shown. The model has been dimensioned using standard anthropometric data [52]. The height of the barycenter is   0.9   m, relatively low due to the weight of the exoskeleton, the distance between the center points of the two feet is   0.34   m along y axis.



In single stance the equilibrium region is in the range of the foot length   ≈ [ − 0.05 ÷ + 0.15   m] along the x axis (sagittal plane), and width   ≈ [ − 0.03 ÷ + 0.03   m] along the y axis (frontal plane), with respect to the center foot coordinates   x  f o o t   ,   y  f o o t   . Instead, in double stance this region is in the range of the two feet,   ≈ [ − 0.17 ÷ + 0.17   m] along the y axis with respect to the ground projection of the center pelvis in the upright position.



Simulation of the non-linear switching dynamics of the 3D system assuming the patient bound to the exoskeleton, as described in [41], in closed loop control was performed. Characteristics of the compliance loop, designed from the linearized model of the system, are those shown in Figure 6. The steady state gain of   Y ( s )   for each joint is assumed to be 1 [rad/Nm], which means high compliance. Gains of the postural control loop were set at    k c  ≈ 10  ,    k z  ≈ 5   and    k v  ≈ 0.02  .



The following exercises were simulated:




	
Sit-to-stand in double stance (motion in the sagittal plane);



	
Reaching the limits and standing in equilibrium on one foot (motion in sagittal andl frontal planes);



	
Step machine exercise (motion in sagittal and frontal planes).








The reference exoskeleton position for linearization was the standing up posture with slightly bent knees. In all the exercises the feedforward input of the control, i.e., the results of the EMG signals from the patient, were all simulated, and the same exercise was repeated twice: the first time the patient was approximatively able to move all joints in a coordinated way so as to spontaneously maintain equilibrium, while the second time, because of illness or weakness, disturbances which may compromise postural equilibrium were introduced. When not specified differently, the angles induced by the disturbances of the patient were of the order of approximately   0.3   [rad]. Note that those disturbances were applied to the simulated patient   E M G   signal, and hence may represent either a signal disturbance, or a patient’s incorrect movement.



4.3.1. Sit to Stand Exercise


This exercise was performed in double stance balancing the weight equally on the two feet. The patient executed a coordinated transition -stand-to-sit-to-stand- (in reality without reaching the chair) controlling ankles, knees and hips: the action caused the joints to perform an approximate bell function:    θ  y  a n k l  e 1     ≈  θ  y  h i  p 1     ≈  θ  b e l l   ,  θ  k n e  e 1    ≈  θ  k n e  e 2    ≈ − 2 ·  θ  b e l l     where   θ  b e l l    is a bell function lasting 5 s with maximum value of   π / 4  . Simultaneously, while the control maintains central posture on the frontal plane, a preview control on the sagittal plane forced the patient to transfer the   C o P   to his toes. Figure 21 shows   C O G   and   Z M P   trajectories in sagittal and frontal planes with their preview reference values (dashed lines) when the patient behaved in a coordinated way.



The upper figures in Figure 22 refers to the same exercise when the patient lost control of knee 1, simulated by generating an angle that is half that of the other knee (   θ  k n e  e 1    ≈ 0.5 ·  θ  k n e  e 2    ≈ −  θ  b e l l    ). Disabling postural control on the sagittal plane, the patient lost postural equilibrium completely after a few seconds (  Z M  P x    exits from the postural limit of   0.2   m). Enabling postural control, the effects of the incorrect action is almost negligible. In this case, the frontal posture (not shown) was maintained in the central position by the control. The lower figures in Figure 22 represent the simulation of the same exercise when a sinusoidal disturbance, influencing posture on the frontal plane, is introduced on the simulated EMG signal controlling   θ  x  a n k l  e 1     , disabling or enabling postural control on the frontal plane.




4.3.2. Reaching the Limits of Equilibrium


The exercise consists of one single step starting from a central balanced position: the   C o P   in the frontal plane is transferred to the right foot, while in the sagittal plane it moves from the center to the toe. The system switches to single stance (a vertical dashed line is shown in all the figures when a change in stance happens) and the patient raises the free foot. In the first case, the patient behaves as expected. Simulation results for   C O  G x   -  Z M  P x    and   C O  G y   -  Z M  P y    coordinates are presented in Figure 23. In the second case, the patient has a disturbance on both signals that control   θ  a n k l  e x     and   θ  a n k l  e y     of the supporting ankle causing an error of about   0.2   rad. Figure 24 shows how the exoskeleton behaves when sagittal control is deactivated/activated (first row) and when frontal control is deactivated/activated (second row). Again, the exoskeleton is able to reduce the effect of the incorrect movements by the patient, and keeps the   Z M P   on a stable trajectory. In Figure 25, the vertical forces below the feet are plotted, showing the results of the reaction force control described in Section 3.2.5. Observe that the exoskeleton starts from a balanced position and then all the weight is moved to the supporting foot.




4.3.3. Step Machine Exercise


The step machine exercise emulates gait on a fixed position. The exercise requires the weight to be transferred alternatively between the left and the right foot with the help of the control. When the patient is balanced on a single foot, the control switches to single stance and with coordination the patient is able to raise the free foot, controlling his ankle, knee and hip joints. A preview control is generated for the frontal plane, achieved by completing, at the beginning and at the end, the periodic behavior proposed by Choi [39] with two aperiodic steps, starting and terminating on the center balance. The sagittal posture is maintained in an erect position simply by exploiting the extended Jacobian of Equation (12). The weight transfer in double stance was enabled. Figure 26 and Figure 27 refer to the results when postural control is active and no disturbances are induced by the patient and represents the   C O G  /  Z M P  x and y coordinates and the joint angles. Disturbances originated in the patient signals (in this case ramp functions) causes a perturbation on   θ  x  a n k l  e 1      and   θ  y  a n k l  e 1     . The behavior of the system is simulated with enabled or disabled postural control (Figure 28). Vertical reaction forces, showing how the weight is transferred from one foot to another, are shown in Figure 29. Finally, frontal and sagittal foot reaction forces are presented in Figure 30.






5. Conclusions


In this paper, an haptic exoskeleton for rehabilitation, integrating patient compliance and postural equilibrium control is proposed, to our knowledge for the first time. The patient is able to move the exoskeleton joints through   E M G   signals from the leg muscles, experiencing an admittance reaction from the position imposed by the automatic control of postural equilibrium. This has been achieved with two hierarchical closed loops: the internal one on the joint space for admittance control in a position loop, and the outer one on the Cartesian space for postural equilibrium. The advantages with respect to previous approaches, based on impedance or force control, is that it fully exploits the power of position feedback. Once a control loop robustly stabilises a non-linear system with proper loop frequency bandwidth, nonlinearity effects and the sensitivity on both parameter uncertainty and unknown disturbances, including unwanted patient movements, are greatly reduced. The unreliable inverse dynamics to evaluate patient torques or even gravity contributions is no longer needed to move the joints. Vice versa it can be naturally obtained by the feedback. Even if stability of the non-liner system in all possible configurations cannot be mathematically proved, adoption of a   H ∞   approach in the inner loop, and the inverted pendulum approximation, as proposed by Choi for the outer one, show a great robustness in all simulation experiments.



Theory shows that if the desired admittance in the two degrees of freedom control design is changed, the patient’s compliance can easily be modified according to the choice of the physiologist and the progresses of the rehabilitation. The practical achievable limits of compliance/bandwidth are dictated only by the level of noise actually present in the   E M G   signals. This is currently the object of further investigation. Moreover, postural control is able to accommodate incorrect actions by the patient. In this respect, a further object of experiments is the interaction of the unwanted feedback loop generated by the patient’s physiology and the exoskeleton postural control. The use of the pseudo-inverse of the Jacobian has been limited here to the control of the   Z M  P x    and   Z M  P y    non interactively. However, extensions, exploiting the same idea, can easily be considered for the motion of other parts of the multi-chain, e.g., trunk attitude,   C O  G z   , free foot position or trajectory, etc., with full interaction on both planes.




6. Patents


Two European patents and one US patent [27,53] have been registered as a result of this research. A prototype of the exoskeleton is being built by the company SYCO. The   H ∞   robust controls have been implemented using the design environment “G++ control” of the author [54].
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Figure 1. The exoskeleton. 






Figure 1. The exoskeleton.
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Figure 2. The exoskeleton: frontal and sagittal planes. 






Figure 2. The exoskeleton: frontal and sagittal planes.



[image: Robotics 07 00028 g002]







[image: Robotics 07 00028 g003] 





Figure 3. Two Degrees of freedom control. 






Figure 3. Two Degrees of freedom control.
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Figure 4. The extended system-closed loop and specific for a two degrees of freedom design. 






Figure 4. The extended system-closed loop and specific for a two degrees of freedom design.
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Figure 5. Detailed Extended System. 






Figure 5. Detailed Extended System.
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Figure 6. (left) Closed loop output sensitivity functions and (right) admittances, desired and achieved. 






Figure 6. (left) Closed loop output sensitivity functions and (right) admittances, desired and achieved.
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Figure 7. (left) sagittal plane   C O  G  p r e v     (dashed) and   Z M  P  p r e v     in the extreme of equilibrium exercise and (right) Frontal plane   C O  G  p r e v     (dashed) and   Z M  P  p r e v     in the step machine exercise. 






Figure 7. (left) sagittal plane   C O  G  p r e v     (dashed) and   Z M  P  p r e v     in the extreme of equilibrium exercise and (right) Frontal plane   C O  G  p r e v     (dashed) and   Z M  P  p r e v     in the step machine exercise.
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Figure 8. The postural control loop—one for each plane. 
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Figure 9. Tracking of angle position and angular speed for high admittance. 
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Figure 10. Tracking of angle position and angular speed for medium admittance. 
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Figure 11. Tracking of angle position and angular speed for low admittance. 






Figure 11. Tracking of angle position and angular speed for low admittance.
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Figure 12. EMG signals during one period of tracking for high, medium and low admittances. 
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Figure 13. EMG signals comparison in isometric condition for different loads. 
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Figure 14. The exoskeleton prototype. 
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Figure 15. The joint angles. 






Figure 15. The joint angles.
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Figure 16. The COP behaviour. 






Figure 16. The COP behaviour.



[image: Robotics 07 00028 g016]







[image: Robotics 07 00028 g017] 





Figure 17. The trunk attitude. 






Figure 17. The trunk attitude.



[image: Robotics 07 00028 g017]







[image: Robotics 07 00028 g018] 





Figure 18. The EMG signals operating in the first phase. 
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Figure 19. The EMG signals operating in the second phase. 
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Figure 20. The EMG signals operating in the third phase. 






Figure 20. The EMG signals operating in the third phase.



[image: Robotics 07 00028 g020]







[image: Robotics 07 00028 g021] 





Figure 21. Sit to stand—Coordinate behavior. 






Figure 21. Sit to stand—Coordinate behavior.



[image: Robotics 07 00028 g021]







[image: Robotics 07 00028 g022] 





Figure 22. Sit to stand—in the presence of disturbances, without (left)/with (right) postural control enabled. 
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Figure 23. Reaching the limits of equilibrium—Coordinate behavior ZMP and COG (dashed). 
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Figure 24. Reaching the limits of equilibrium—ZMP and COG (dashed)—in the presence of disturbances and without control (left)/with control (right). 
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Figure 25. Reaching the limits of equilibrium—Vertical Forces on feet (dashed line = left leg). 






Figure 25. Reaching the limits of equilibrium—Vertical Forces on feet (dashed line = left leg).



[image: Robotics 07 00028 g025]







[image: Robotics 07 00028 g026] 





Figure 26. Step machine—Coordinate behavior ZMP and COG (dashed). 






Figure 26. Step machine—Coordinate behavior ZMP and COG (dashed).
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Figure 27. Step Machine—Joint angles (dashed line = left leg). 
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Figure 28. Step machine ZMP and COG (dashed)—in the presence of disturbances and without control (left)/with control (right). 






Figure 28. Step machine ZMP and COG (dashed)—in the presence of disturbances and without control (left)/with control (right).
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Figure 29. Step Machine: Vertical Forces on feet (dashed line = left leg). 






Figure 29. Step Machine: Vertical Forces on feet (dashed line = left leg).
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Figure 30. Step Machine: reaction forces/torques on feet (dashed line = left leg). 






Figure 30. Step Machine: reaction forces/torques on feet (dashed line = left leg).
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