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8.1 Introduction

A user who has suffered a stroke usually has several limitations in the motor
control of his or her limbs. In general terms, the quality of life of users and
other dependency-related factors are affected. For example, daily living activities
comprise some tasks that the user’s efficiency has decreased. These activities are
defined as the fundamental processes that allow humans to have a high independence
level in daily life. Examples of them are feeding, dressing, and actions related to
personal hygiene [1, 2]. The activities of daily living are classified according to
their complexity into basic and instrumental. Basic activities are related to self-care
and personal mobility [3] and include cleaning, eating, and physical exercise. The
instrumental activities of daily living require a higher cognitive level development
[2-4]. Examples are buying, preparing food, cleaning, maintaining the house,
among others. However, both types depend on mobility, which is deeply affected
in patients who suffer a stroke. Some activities such as sitting/standing, ascending,
and descending stairs are related to mobility and the user change of position [5]. In a
particular case, the walking activity has been included in these tasks that provide the
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user’s mobility and improve quality of life (QoL). For this reason, different session
therapies have been designed for the recovery of this activity in users that suffered
a stroke [6]. Subsequently, the development of these therapy sessions represents a
high workload for the post-stroke user and the physiotherapist [7, 8]. Additionally,
it represents a heavy burden of the disease on the user [9, 10]. In this sense, in the
last decades, various alternatives have been proposed to improve the effectiveness
of therapy sessions focused on improving the gait pattern in post-stroke users. One
of the options has been the use of a wearable robots, in this case, the development
and implementation of lower-limb exoskeletons [11] used to recover the primary
movements of the user’s lower limbs retraining the user in the walking activity.

As mentioned in Chap. 1, the lower-limb exoskeletons have been implemented
in different workspaces. This wearable robot has been focused on three objectives:
Power augmentation, assistance, and rehabilitation, where each one is targeted to
a different population. Each one of these objectives is related to some aspects that
define a lower-limb exoskeleton. Therefore, it is defined some control strategies
according to the activities of daily living that the lower-limb exoskeletons comple-
ment the human body’s primary movements.

This chapter presents the development and implementation of two control
strategies based on the principle of impedance. The control is explained through
the Human-Robot interface of the AGoRA exoskeleton (Colombian school of
engineering Julio Garavito, Colombia) and a case study is presented for the
controllers.

8.2 Human-Robot Interaction

In the definition of (HRI), it is mandatory to determine some parameters of the
human used as an input to a wearable robot. In this concept, an initial stage called
cognitive process is developed, defined some phases that a human executes for the
development of an activity. The user’s movements are divided into three steps:
a reasoning phase, a planning phase, and the executing phase [12]. As a result,
the lower-limb’s movements are generated to execute activities of daily living.
Currently, the cognitive process development is estimated using a cognitive human—
robot interaction (cHRI). As a result, a connection is created between the user
and the wearable robot for the acquisition and of these cognitive processes. For
this purpose, brain-machine interfaces (BCI) or human—machine interfaces (HMI)
are used. The development of these interfaces uses various alternatives to acquire
signals from the human body. As an example, interfaces are used for the acquisition
of Electroencephalographic (EEG) signals [13-15] and electromyography (EMG)
signals [16-18] adapted to the sensory interface of a wearable robot. Thus, using
these signals an alternative for estimating the user’s cognitive processes was
implemented. the process of pHRI generation is shown in Fig. 8.1

EEG and EMG signals were implemented to estimate cHRI in the control
strategies development based on user-generated parameters. On the other hand,
these signals require the user’s instrumentation on various parts of the body. For
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Fig. 8.1 pHRI definition using lower-limb exoskeleton in users that suffer a neurological pathol-
ogy that affects the lower-limb’s motor control; (a) shows the lower-limb movement generation
through the Acquisition, planning, and lower-limb movement execution phases, respectively;
(b) presents the lower-limb exoskeleton modules that capture the force/torque generated by the
user implementing a sensory interface and a processing module, the actuation system and the
mechanical structure generate the calculated torque and transmit the torque to the user’s lower-
limbs

example, the interface for acquiring EMG is placed on the user’s muscle groups and
for EEG acquisition. For this reason, the literature shows other alternatives where
communication between the user and the wearable robot is generated. In this sense,
the estimation of (pHRI) has been proposed [19-21]. In contrast to the cHRI, the
pHRI evaluates some parameters that estimate the force/torques generated between
the user and the wearable robot [22]. These parameters do not estimate the cognitive
process in which the motion is generated as presented in the cHRI. The estimation
of pHRI is usually implemented in lower-limb exoskeletons to assist or complement
the user’s movements in therapy sessions. This information is used as input to
various control strategies to generate force/torque or angular velocity applied by
the wearable robot employing a mechanical structure or actuation system.

The pHRI recently mentioned is applied in various workspaces. The literature
has defined different categories of pHRI: the supportive category, where the robot
device does not execute the task, this primary function is providing the tools to
the user that develop the task [23]; collaborative category, the user and the robotic
device develop the activity; and the cooperative category includes the interaction
forces between the user and the robotic device, is to say, the robot and the user work
in direct physical contact [21,23]. In this sense, the lower-limb exoskeletons and
the user are classified into a cooperative category. Using these interaction forces
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and control strategies generates natural user primitive movements using lower-limb
exoskeletons [24,25].

Currently, multiple tools are implemented to estimate the user’s movements,
where some of these methods are equipped in the lower-limb mechanical structure.
For example, Strain gauges are located in the robotic device mechanical structure
to calculate the lower-limb movement perceived by the exoskeleton [12,26]. As a
result, each lower-limb exoskeleton joint is used as a force/torque sensor [27]. The
force sensor implementation depends on the mechanical structure morphology of
the device and the anatomical plane of the human body from which it is desired
to estimate these forces. The use of force sensors in the mechanical structure
simplifies the use of pHRI-based control strategies. Besides, no user instrumentation
is required and system calibration is performed in a short period.

In conclusion, this section explains the generation of the pHRI between the
user and the lower-limb exoskeleton that implements the user’s movements
(force/torque), which categorized the pHRI in the user and the wearable robot.
Additionally, Fig. 8.1 describes the method where pRHI and the outcome calculated
by the wearable robot. In this sense, the following section presents the methods
applied in the lower-limb movements estimation and the force/torque acquisition,
establishing the inputs in implementing some control strategies based on the pHRI.

8.3 Sensors in the HRI of the AGoRA Lower-Limb Exoskeleton

The pHRI has focused on bidirectional communication between the exoskeleton and
the patient. This development requires various sensors located in the exoskeleton
mechanical structure and the user’s lower limbs. As an example, the use of
force sensors, incremental and absolute encoders, and IMU sensors can allow the
estimation of patient force, angular position of the joints, and the estimation of
space-time parameters of some sections of the lower limbs for the recognition
of various tasks. This section comprises the sensory interface configuration used
in the AGoRA lower-limb exoskeleton in the estimation of these parameters. To
learn the modules that involve a lower-limb exoskeleton, this section presents the
information applied as an input for the acquisition of the lower-limbs movements
and the force/torque estimation to apply the pHRI in the design of some control
strategies.

8.3.1 Force Sensing

The interaction forces estimation between users and rehabilitation devices provides
the implementation of stationary therapy [28], and the execution of several activities
where an exoskeleton complements the user’s movements [29]. Generally, resistive
sensors have been used in robotic devices such as lower-limb prostheses [30] and
lower-limb exoskeletons [12,26,30,31] to acquire the forces generated by the user
using the rehabilitation or assistance wearable robot. The AGoRA exoskeleton use
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strain gauges (632-180, RS Pro, UK) located in the link of the robotic device.
As a result, the strain gauge measures the link deflection caused by the user’s
lower-limb movements. In this way, the user movements generate deflections in
different sections of the mechanical structure. Hence, the force/torque sensor is
comprised of each link of the AGoRA exoskeleton instrumented by the Strain
gauge. Consequently, the user’s lower-limb force/torque is estimated in terms of
(Nm) and implemented as an input of the pHRI control strategies. The force-torque
sensor development is divided into sensor location and value acquisition, and signal
processing and characterization.

The sensor location and value acquisition comprise the mechatronic integration
for the force sensor reading and signal processing. Generally, the force sensor
measurement is acquired using either a half Wheatstone bridge configuration or
a full Wheatstone bridge configuration. These configurations do not affect the
measured value of the force sensor by temperature fluctuations. Figure 8.2 shows
an example of the strain gauge location based on the motion intention acquisition
in the sagittal plane of the user’s thigh and shank. Subsequently, an analog-to-
digital conversion (ADC) and a signal amplification step are performed. Finally,
the acquired signal is filtered applying a mean filter where the torques data is
stored in a vector (mean_v(n)) and is calculated the average vector value. The next
vector sample delete the value stored in the vector zero position (mean_v(0)), move
each vector data to the left one position, store a new data in the vector n position
(mean_v(n)), and recalculate the average value of this vector. As a result, the signal
is smoothed.

The signal processing and characterization involve the characterization of the
filtered signal, where the acquired value will be expressed in terms of torque (Nm).
The filtering and characterization process requires embedded systems adapted
for implementing digital filters and ensuring the real-time acquisition of these
parameters. For example, the AGoRA exoskeleton uses devices such as a RasberryPi
to apply the digital filters and implement the force sensor characterization function.
The main objective of the sensor characterization process is to calculate the rate
of change of the force generated in the sensor vs the voltage variation generated
in the Wheatstone half-bridge. Generally, the behavior of these sensors shows a
linear behavior expressed by the function t = mx + b showed in Fig. 8.2. Where t
represents the force/torque value, m is the change ratio of the force/torque vs voltage
value, and x is the value obtained by the force sensor. The value of b equals the value
acquired by the force sensor at a force/torque of 0 [N]/ 0 [Nm].

8.3.2 Position and Motion Sensing

Lower-limb exoskeletons implement various control strategies that use parameters
such as angular position and angular velocity, which are acquired from the hip,
knee, and ankle joints in the three anatomical planes of the human body [32, 33].
The acquisition of these parameters is aimed to monitor the effectiveness of the
lower-limb exoskeleton. Additionally, the kinematic parameters acquisitions are
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Fig. 8.2 Strain gauge’s location and the data processing to obtain the user’s generated torque and
transmitted to the exoskeleton’s mechanical structure

implemented as an input of the control strategies generating calculated torques or
gait trajectories to rehabilitation and assistance.

The kinematic parameters acquisition is performed through encoders. These
sensors allow estimating the angular position and the angular velocity of the
exoskeleton joints. Two types of encoders are used for these applications. The first
is the incremental encoder, which counts the motor shaft turns using the encoder
position when powered. This feature may represent a disadvantage for exoskeletons
adapted to develop more than one activity of daily living. This sensor is used
in exoskeletons for stationary therapy [34-36] and the development of various
actuation systems focused on the pHRI [37,38]. The second is the absolute encoder
that provides a reference axis to the joints of lower-limb exoskeletons. Generally,
the absolute encoder is used in lower-limb exoskeletons focused on assistance and
rehabilitation. Figure 8.3 shows the magnetic encoder location for each joint of the
AGoRA exoskeleton.

The implementation of this sensor in lower-limb exoskeletons can be done in
several ways depending on the sensor composition offered by the provider. For
example, the AGoRA exoskeleton uses absolute magnetic encoders (AS5600, ams
AG, Austria). The sensor instrumentation requires performing sensor location on
the lower-limb exoskeleton structure, filtering, and sensor characterization. For this
case, the encoder location is performed directly on the center of rotation (CR) of
each joint of the exoskeleton as seen from the sagittal plane. The ADC is performed
by the magnetic encoder mentioned above. The behavior of the magnetic encoder
is expressed by the function 6 = mx + b. Where m is equivalent to 0.01371 and
indicates the change ratio of the angular position with the voltage value. The value
of x is equivalent to the value obtained by the magnetic encoder. Finally, b equal to
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the magnetic encoder value where the joint angular position equal to 0° for the hip
and knee joints.

IMU sensors provide data related to the angular position, angular velocity,
and angular acceleration in various coordinate axes. These tools are applied to
monitor patient movements, classify activities of daily living using machine learning
methodology [39-41], or apply the acquired parameters as an input to various
control systems. These applications allow increasing user’s participation in therapy
sessions [42]. In this way, it is possible to define an assistance level in various
robotic assistive and rehabilitation devices [43]. For instance, A gait phase detection
algorithm mentioned in Chap. 5 is implemented in the AGoRA exoskeleton Control
strategies to support the user’s gait pattern. This classifier uses an IMU sensor to
acquire the inputs in control systems. For example, Chap. 5 presents an online gait
phase detection module applied in the AGoRA exoskeleton.

8.4 Actuation in the HRI of the AGoRA Lower-Limb
Exoskeleton

As mentioned in Sect. 8.3, obtaining the kinematic and kinetic parameters allowed
defining the inputs for the various control strategies. Subsequently, this information
is processed to estimate the system response. This response expressed in terms
of torque, angular velocity, or angular position is generated as mechanical energy
transmitted to the user’s joints. For this purpose, the lower-limb exoskeletons are
composed of a mechanical structure that provides the coupling between the wearable
robot and the user. Additionally, an actuation system generates this mechanical
energy to complement the user’s movements in the execution of walking activity.
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The AGoRA lower-limb exoskeleton consists of a rigid structure composed of
2 active joints on the right limb to assist flexion/extension movements for the
hip and knee joints. Additionally, a passive joint enables abduction and adduction
movements in the patient’s hip [27]. The rigid structure is made up of duraluminium,
lightweight, resistant, and low-corrosion material [27]. Additionally, the links
coupled with the thigh and shank are telescopic bars, which are adjusted according
to the user’s anthropometric measurements. Thus, the device can be used by people
between 1.70 and 1.83 m tall with an approximate weight of 90 kg.

The AGoRA lower-limb exoskeleton is equipped with stiff actuators to generate
the required torques in the user’s lower limbs. This actuation system comprises
brushless DC electric motors (EC-60 flat 408057, Maxon Motor AG, Switzerland),
which can provide a nominal torque of 0.228 Nm, reaching a maximum of 6000 rpm
or 628.318 rad/s [44]. Taking as reference the torque values generated to assist using
50-80 Nm exoskeletons [45,46], the actuation system is complemented with a speed
reduction gearbox (CSD-20-160-2AGR, Harmonic Drive LLC, USA) with a gear
ratio of 160:1. As a result, torques of 35 Nm nominal and 180 Nm peak torque are
generated, with an angular velocity of 37.5 rpm or 3.92rad/s, torques and angular
velocity similar to [47].

8.5 Impedance Control of Human-Robot Interaction

Literature shows the modeling of a lower-limb exoskeleton through the concepts of
an n degree of freedom manipulator robot. Robot dynamics is generated, defined
as a compensation system to forces/torques that affect the robot’s movement.
Subsequently, the wearable robots present several behavioral models of active
actuation systems based on the mass-spring-damper system implementation and a
mass-damper system. As a result, several control strategies are implemented that
consider the forces/torques generated in the pHRI. In this sense, an impedance
control applied in wearable robot proposed two concepts considering the generation
of calculated force/torque or change the joint’s stiffness according to the lower-
limb exoskeleton workspaces. This section aims at defining these concepts from
the viewpoint of the AGoRA lower-limb exoskeleton. This section will be covered
as follows: (1) problem statement, where the AGoRA exoskeleton dynamics and
the definition of a mass-spring-damper system will be explained, and two types of
impedance control (2) impedance controllers; and (3) admittance controllers.

8.5.1 Problem Statement

Control strategies applied to lower-limb exoskeletons involve two key concepts. The
first defines the forces/torques that are present in the wearable robot. As an example,
moments of inertia, gravity, friction, among others are defined. The definition of
these parameters is named the Feedforward or the robot’s dynamic system. The
second is the implementation of a feedback system to the robotic device. Therefore,



8 Impedance Control Strategies for Lower-Limb Exoskeletons 221

a mass-spring-damper system or a mass-damper system is used in the exoskeleton
joints. In this sense, this section shows the key concepts for implementing the
control system for a lower-limb exoskeleton.

8.5.1.1 Robot’s Dynamics

The development of control strategies for a lower-limb exoskeleton involves the
estimation of two relevant factors. One of these focuses on the forces/torques
identification to generate the lower-limb exoskeleton joints motion. The second
implements the pHRI and the lower-limb movements to estimate the motion gener-
ated by the actuation systems. Each of these factors is involved as system feedback
and feedforward, respectively. In this sense, this section shows the feedforward
estimation of a lower-limb exoskeleton. Note that exoskeletons present various
kinematic models. In this section, the kinematic model for the AGoRA exoskeleton
will be presented as an example.

The exoskeleton feedforward estimation is performed using applied concepts to
manipulator robots. One of these involves the total energy calculation of the system
by obtaining the kinetic energy and the potential energy related to the exoskeleton
links. This is expressed in Eq. 8.1:

e =k(q.9)+U(Q). 8.1)

The estimation of these energies involves the conservative and non-conservative
forces of the system. Using the Lagrange equation of motion (Eq. 8.2), the compen-
sation system value is obtained, expressed in torque (Nm).

[L1=«k(q.9) —U(g,q). (8.2)

The differential kinematics value for each link must be estimated to obtain this
value for a device such as the AGoRA exoskeleton. This will provide information on
the angular velocity of the robot link at an instant of time. For this purpose, Eqs. 8.3
and 8.4 are used by applying the geometric Jacobian expressed in Eq. 8.5:

. .1 sin
Linky(x,y) = [_Zl cogiﬁ} -

Lintore = | sing;  lasen(q + q2) (8.4)
(x,y) —l1cosqy =l cos (g1 + q2) ‘
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In this sense, the differential kinematic for the lower-limb joints is presented in
Egs. 8.6 and 8.7:
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vy = | IR g (8.6)
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where /1 is the link 1 length, /., is the center of mass for the link 2 joint length, g; and
q> are the joint’s angular position. The next step to calculate the total system energy
is the estimation of the exoskeleton kinetic energy. This parameter is expressed in
Eq.8.8:

n
1 1 ,.
K = Z EmiUiTUi + Eliz%'z- (8.8)
i=1

Equation 8.8 presents the kinetic energy. In the lower-limb exoskeleton, where
m, is the link mass, v, is the differential kinematic, I,, the link inertia moment.
Finally, ¢, is the angular velocity for each joint. In this order, the kinematic energy
of the AGoRA lower-limb exoskeleton is expressed in Eq. 8.9:

1 .
K = 5 I:mzl% + 112 + 122 + mzll2 + molyp + 2mylils cos qZ] q1
(8.9)

1 . ..
+ > [12 + mzlfz] ¢2* + [mali 2 cos qa + malea + L1414

The second step in calculating the Lagrange equation of motion is estimating the
potential energy that involves the conservative forces. This parameter is expressed
in Eq. 8.10:

U(q) = mgh, (8.10)
where m is the link mass, g is the gravity acceleration value. This function is
applied for each AGoRA exoskeleton link. The AGoRA exoskeleton potential energy
is expressed in Eq. 8.11:

Ulg) = mgle1[1 — cos q1] — mag[(lD)]. (8.11)
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8.5.1.2 The Mass-Spring-Damper System

The mass-spring-damper system is the concept applied in the joints of robotic
devices, whose main function is focused on applying pHRI [48]. The imple-
mentation of this system in the knee and hip joints approximates the human
muscle biomechanical model. Currently, the literature presents the human muscle
as a component composed of a spring-like elastic element in parallel with a
viscous element [48—50]. Implementing this concept in the knee and hip actuators
assists the actuated limb through calculated torques [50]. Additionally, the patient
participates in developing the motion to complement the movements generated by
the lower-limb exoskeleton [50]. This section comprises the definition of the mass-
spring-damper system applied in various mid-level control strategies for lower-limb
exoskeletons. Some examples of the implementation of this concept for the AGoRA
exoskeleton will be shown.

The mass-spring-damper system is mainly composed of a spring element and a
damping element. The spring element is referred to as a force restoring component.
The response of this element is expressed in terms of force, where the elongation of
the element is multiplied with the spring elasticity constant [51, 52]. On the other
hand, a delaying element is required to decrease the system oscillations generated
by the spring element. For this purpose, a damping element is implemented to
provide stiffness to the system. The system’s response is expressed in terms of
force, which depends on the linear velocity of the system, multiplied with a viscosity
constant characteristic of a damper [51,52], resulting in a retarding force to the force
generated by the spring element.

The implementation of this system has been called an impedance controller
proposed in 1984 [48]. This controller presented an interaction method between
a manipulator robot and the workspace environment using calculated forces.
Subsequently, it was implemented to apply the pHRI concept to lower-limb
exoskeletons for various purposes [36, 53]. Lower-limb exoskeletons such as the
AGoRA exoskeleton implement this system at the hip and knee joints for sagittal
plane assistance as seen in Fig. 8.4. Although this exoskeleton does not have an
actuation mechanism based on a physical mass-spring-damper system at each joint,
it applies the system virtually using the Eq. 8.12:

spring damping
—~—— ——
F=—k(xqg—x)—Bxg — x), (8.12)

where k equals the elasticity constant, x; represents the desired position, and x is
the joint’s actual position, the operation of these constants represents the elastic
element’s effect on the joint. Additionally, S is the viscosity constant of the system,
X4 equals the desired velocity of the system, and x equals the system’s actual
velocity. These parameters and the operation of these constants represent the effect
of the damping element on the joint. For a mass-spring-damper system to be in
equilibrium, the sum of these forces would equal zero (0), so Eq. 8.12 is expressed
in Eq. 8.13:
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As aresult, Eq. 8.15 is equal to a second-order system where X is the acceleration,
X velocity, and x equal to the system’s position. This equation provides the k and 8
system values.

The application of this concept and its a variation in the various actuation systems
comprise the mid-level control strategies. These are based on the acquisition or
generation of torque profiles that complement the lower-limb movements of a stroke
patient. As has been shown, the lower-limb movements are a significant factor that
will allow the patient to be included in the control strategy of the device. The
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following sections will present two control methods based on this concept to develop
mid-level control strategies.

8.5.2 Impedance Controller

The impedance controller presented by Hogan et al. in [48] has been fundamental
in the development of control strategies applying the lower-limb movements for
rehabilitation devices. Its performance mainly focuses on varying the assistance
level provided by the device, by increasing or decreasing the maximum torque
profile transmitted by the actuation system [53-55]. The development of the
impedance controller is implemented employing a mass-spring-damper system as
shown in Fig. 8.5a.

This system considers inputs to the system kinematic parameters such as the
angular position and angular velocity of the lower-limb exoskeleton joints to obtain
a calculated torque profile applied to the actuation systems (Fig. 8.5b). In this sense,
the impedance controller is considered a restoring element of forces that varies
according to the value of the spring element elasticity constant(k) shown in Eq. 8.16:

spring damper
. .
T=k(qa —q)+B(Ga—q). (8.16)

The k and B are the elasticity constant and the damping constant, respectively, g4
equal to the desired joint angular position; ¢ is the current joint position, gz equal to
the desired angular velocity. In this case, when the joint angular position is equal to

Input Output

AX
V“ F
BAUI m -

7777777777 777777777777

(@

Fig. 8.5 Impedance controller presentation; (a) impedance controller schematic using a mass-
damper system where the 8 x Av equal to the damper element torque response, K x AX equal
to the spring element torque response, and t is the impedance controller output; (b) shows the
impedance controller applied in the lower-limb exoskeleton’s joint, where the input signal is the
joint angular position, the impedance controller response is a calculated torque applied in the joint
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Fig. 8.6 Assistance mode schematic; the IMU sensor is located in the foot tip to the non-assisted
limb to estimate the angular acceleration (c(y,y,7)); this parameter is applied input signal of the
gait phase detection module. As a result, the gait phase detection module provides a number in the
range from zero to three according to the phase gait detected. The unassisted limb gait phase equals
to the assisted limb gait phase ahead of two phases. This detected phase as an input for a desired
angular position selector for the hip (0 Hyes0, 0 Hyes1, € Hges2 and 6 Hy,s3) and the knee (6 K 4,50,
OK ges1, Okges2 and Oky.43) joints. This value is operated for the mass-spring(1.)-damper(2.) system
to calculate the actuation system’s torque

the joint desired angular position, the desired angular velocity equal to zero. Finally,
q represents the joint current angular velocity.

The assistance mode of the AGoRA exoskeleton, showed in Fig. 8.6, implements
an impedance controller for the hip and knee joints that requires the estimation
of the parameters of the spring element and the damping element. This control
strategy guides each joint to the desired position, providing corrections employing
torque profiles. In this way, the patient is involved in the task, making movements
in the same direction in which the device applies the assisting torque. Once the
gait phase is identified (by employing the sensors IMU [43]), the desired angular
position values are established for each gait phase used as input to the impedance
controller.

The assistance mode is developed for people with right-sided hemiparesis, where
the robotic device considers the movements of the unaffected limb. Therefore, the
left limb is instrumented with a 9 degree of freedom IMU sensor for the user’s gait
sub-phase detection used as input to the control strategy. The values of this input
parameter are given in a value from O to 3, where Heel Strike equals zero, Flat Foot
equals 1, Heel Off equals 2, and the Toe Off phase equals 3. Each sub-phases a
desired angular position is assigned to the joint assisted by the AGoRA exoskeleton.
Taking into account what was presented in Villa Parra et al. [26], El Zahraa Wehbi



8 Impedance Control Strategies for Lower-Limb Exoskeletons 227

et al. [34], and Webster et al. [56], the gait characteristic as a symmetric activity, it
is identified that the gait phase that the assisted limb should execute corresponds to
2 sub-phases in advance of the four detected gait sub-phases of the unaffected limb.

It is necessary to keep into account that this control is designed to provide an
assistance level. Therefore, the adjustment of these variables depends directly on the
assistance level required in the walking activity. An approximation of the estimated
values for these variables is made using an approximation of the Eq. 8.15in Eq. 8.17:

G+ 2004 + 0’ Ag =0 (8.17)
2% = % (8.18)

w,
fo = ﬁ (8.19)

[ k

To apply Eq.8.17, A is defined in Eq. 8.18, where § is the damping constant, m
is the lower-limb mass that involves the thigh mass and the shank mass, [ is the
thigh and shank length. In Eq.8.19 the bandwidth is defined as equals to f, =
0.5936 Hz. Finally, in Eq. 8.20 k is the elasticity constant. These equations are taken
into account to estimate the k and B varying the assistance level and the system
stiffness [57].

8.5.3 Admittance Controller

Admittance control is focused on acquiring human—robot interaction forces in the
implementation of haptic applications [58,59]. This characteristic allows to simulate
the stiffness of a system virtually, or the system inertia to be reduced employing
this strategy [22]. This same principle is applied to robotics for rehabilitation and
assistance of people with some neurological disease. Exoskeletons such as ALLOR
(Federal University of Espirito Santo, Brazil) developed for walking, feature an
admittance controller that changes the system stiffness at different gait phases
[26]. BioMot (Future and Emerging Technologies (FET), Spain) applies this control
to decrease the inertia of the exoskeleton to provide movement freedom for the
identification of the user’s gait pattern [60]. Likewise, the knee orthoses used in
stationary therapy use an admittance controller to record the therapy trajectory to
be performed, complemented by an impedance controller executed in the trajectory
reproduction. The implementation of an admittance control in rehabilitation and
assistance robotics becomes a significant contribution. It allows the patient to be
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involved in the control strategy applied to the device, without requiring the patient’s
instrumentation using invasive sensors.

The literature shows that the implementation of this kind of control using a
mass-spring-damper system in each joint of the exoskeleton or robotic orthosis
[16]. However, implementing a spring element may affect the system response
because the force generated by a person does not necessarily correspond to a desired
angular position. Therefore, in some cases an admittance control is not developed
for the generation of restoring forces. For this reason, some lower-limb exoskeletons
implemented a mass-damper system for the hip and knee joints [26]. This system
provides for a viscous coefficient that varies the inertia of the exoskeleton joints,
obtaining different levels of stiffness in the system. In rehabilitation and assistance
of lower limbs, applied methodologies are focused on providing assistance when
needed (AAN) [61]. This concept uses this type of control by taking advantage of
the force generated by the patient and used for therapy sessions in gait rehabilitation.
As a result, an admittance control allows a device to be called back drivable.

Currently, several ways of implementing this theory can be identified which
depend on the actuation system used in the lower-limb exoskeleton. Some actuation
systems use a physical mass-damper system by using a damping element in the joint.
Other devices use a rigid actuator which generates an angular velocity response at
the joint. These actuation systems complement a sensory interface that will enable
the device the force/torque user’s estimation.

The control strategy based on an AGoRA exoskeleton admittance control consid-
ers a rigid actuation system. This system is coupled to the mechanical structure of
the exoskeleton which is instrumented with force sensors mentioned in Sect. 8.3.1,
for the estimation of the force/torque estimation. In this sense, admittance control
in the AGoRA exoskeleton is implemented, where the system input is the pHRI
expressed in terms of torque, and the response to the system is implemented by the
actuation system in terms of angular velocity, as shown in Fig. 8.7b. As a result,
the device generates movements on the joints according to the patient’s voluntary
movements. The AGoRA exoskeleton follows the patient’s movements simulating a
back drivable device, or it can operate as a rigid device according to the value of the
damping constant configured for the system.

The admittance controller is defined in Eq. 8.21:

T = B(da — do). 8:21)

where t equals the torque to be generated by the damping element, g; is the desired
velocity, and ¢, is equal to the current angular velocity of the joint, the admittance
controller applied in the AGoRA exoskeleton is showed in Fig. 8.7.

The transparency mode presented in Fig. 8.8 is implemented using the admittance
controller on the hip and knee joints. This control strategy can change the inertia of
each lower-limb joint, produced by the implementation of gearboxes coupled with
the exoskeleton actuators.

As is showed in Fig. 8.8, the transparency mode comprises the torque acquisition.
Hence, the thigh torque is estimated using the calculated torque sensed by the Strain
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Fig. 8.7 Admittance controller presentation; (a) admittance controller schematic using a mass-
damper system where the 8 x Av equal to the damper element torque response, F' is the applied
force in the system, and v is the admittance controller outcome; (b) shows the admittance controller
applied in the lower-limb exoskeleton’s joint, where the input signal is the torque generated
transmitted to the lower-limb mechanical structure, the admittance controller response is an angular
velocity applied in the joint
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Fig. 8.8 Transparency mode schematic; the thigh and shank torque are estimated in terms of
torque. The thigh torque value, and the shank torque value are operated with M| M> to attenuate the
torque value. Subsequently, these parameters are applied into ad admittance controller to generate
angular velocity in each actuation system’s joint

gauge located in the thigh. Subsequently, this value is operated with the shank
torque multiplied by a G gain. As a result, the real thigh torque value generated
by the user’s hip is calculated. The thigh and shank torque generated by the hip and
the knee user’s joint, are used to estimate the hip and knee torque error to obtain
the difference between the joint torque and the torque obtained from the damper
element. The next step in the estimation of the admittance controller response uses
the torque error (z4;r) divided into inertia moment (/) for each joint (I = [ x m)
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where m equal to the joint’s mass and / equal to the length for each link. This
value is operated using an integral by obtaining the joint’s angular velocity (q).
Finally, the rotational orientation of the joint generated by the gearbox is corrected
by multiplying the angular velocity value by a factor of —1. As a result, the system
produces angular velocity profiles applied to the actuation system according to a
user’s lower-limb movements estimated by the force sensors.

The transparency mode is organized as follows:

* Torque acquisition: Corresponds to the torque acquisition for the thigh and
shank sections.

* Calculate the angular velocity: Estimating the y; ¢y through the torque for each
joint and the torque generated by the damper element. Subsequently, the division
of the inertia moment and the integral of the obtained value.

* Generate the torques through the actuation system: The angular velocities
are sent for each actuation system to generate movements in the hip and the knee
user’s joints.

8.6  Case Study: Impedance Control in the AGoRA Lower-Limb
Exoskeleton

The test using the assistance mode was performed with a subject who does not
suffer any gait pathology. The subject was a male, 1.72m in height and weighed
73 Kg . The test environment is a flat surface of 20 m walked by the user in a flat
surface in a straight line using the AGoRA exoskeleton. This device assisted the
right limb in the hip and knee joints in the sagittal plane. In this case, the mode uses
the joint angular position to correct the trajectory using calculated torque profiles.
Figure 8.9 shows the response of the assistance mode in terms of angular position,
and torque generated by the controller. Additionally, the system performance uses
the gait phase detection module mentioned in Chap. 5 to assign a desired angular
position for the hip and knee joints.

The gait assistance mode outcomes are showed at the hip and knee joint during
three gait cycles. Figure 8.9a shows the angular knee position vs. the joint desired
angular position. The knee joint showed different maximum knee flexion values in
three gait cycles, considering the gait phases exhibited different periods. However,
the desired angular position was adjusted according to the gait phase detection
during the gait phase. As a result, the assistance mode output (Fig. 8.9b) generated
several peak torques that were adjusted according to the desired angular position.
Additionally, the implementation of impedance control in assistance mode fulfills
the objective of generating calculated torques that complement the user’s movement.
Which is to say, there is not a 100% assistance level assistance. For this reason, an
error between the desired angular position and the angular knee position is observed
in the test. The system can be adjusted to provide a higher assistance level than the
test by increasing the value of the system’s elasticity constant (k). As a result, this
would decrease the error shown in Fig. 8.9.
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Fig. 8.9 Assistance mode outcome implemented for the walking activity in a healthy user; (a)
shows the angular knee position in comparison to the desired angular position; (b) shows the
assistance mode response for the knee joint in terms of torque (Nm); (c) presents the hip angular
position in comparison to the desired angular position; (d) shows the assistance mode response for
the hip joint in terms of torque (Nm); 1.-“Heel Strike,” 2.-“Flat Foot,” 3.-“Heel Off,” 4.-“Toe Off”

In the hip joint actuation, similar behavior is observed in Fig.8.9.c shows an
error between the angular position of the hip and the angular position as the system
complements the motion performed by the user. The desired angular positions at
the hip are adjusted according to the gait phase detection module. As a result, the
system response generated peak torques to guide the joint to the desired position.
Each calculated torque profile is adjusted according to the system’s desired position;
increasing the elasticity constant of the controller will decrease the angular position
error presented at the hip.

8.7 Case Study: Admittance Control in the AGoRA Lower-Limb
Exoskeleton

The test performed using the transparency mode was executed with a subject who
does not suffer any gait-associated pathology. The subject is a male that is 1.72m
high and weighs 73 Kg. The test was developed on a flat floor surface of 7m in
length without obstacles. The subject wears the AGoRA lower-limb exoskeleton
that actuates the right lower limb at the hip and knee joints in the sagittal plane
during the test. As mentioned in Sect. 8.4, the stiff actuator joints of the AGoRA
exoskeleton can simulate the back drivable response using an admittance controller
applied in this transparency mode. Therefore, this test presented the controller
response by showing the system input (thigh/shank estimation torque), the controller
output expressed in angular velocity, and the knee joint response in terms of angular
position. Figure 8.10 is presented the transparency mode outcome in the knee joint
during the walking activity.
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Fig. 8.10 Transparency mode response in the knee joint developing the walking activity. The
response is shown in three knee gait cycles. Section 8.1. represents the knee flexion, Sect. 8.2.
represents the knee extension; (a) presents the knee torque (Nm); (b) is the angular knee position
during the walking activity; (c) equals to the transparency mode output in terms of angular velocity
(rad/s)

The results of the pilot test in the walking activity are expressed in 3 gait cycles.
The maximum torque generated was 4 Nm in knee extension and 2Nm in joint
flexion. As seen in Fig.8.10a, the signal trajectory is not uniform to the angular
knee position signal. However, the signal response is expressed into angular velocity
profiles to obtain a smoothed response in the angular knee position. Likewise, the
controller output signal is given since the admittance controller does not consider
the joint’s angular position. However, the signal is translated into angular velocity
profiles and thus a smoothed trajectory of the angular knee position is obtained.
Likewise, the behavior of the output signal of the admittance controller does not take
into account the angular position of the joint. Finally, the ranges of motion observed
in the knee joint are reduced compared to the ranges presented by a healthy person
in a walking activity. The gain 8 is configured for the knee admittance controller
that generates a stiffness in the joint that does not allow the free movement of the
joint. On the other hand, the system stiffness is minor than generating joint motion
with the rigid actuation system. The knee joint movements can be improved by
increasing the value of the damper constant 8 of the admittance control.

8.8  Chapter Conclusions

This chapter presents the design of control strategies for a lower-limb exoskeleton.
In this process, several tools that contribute to the development of these control
systems were explained. The tools and concepts used in developing the AGoRA
lower-limb exoskeleton are mentioned as an example. First, the pHRI was defined
divided into different phases: (1) the generation of lower-limb movements by
performing a process of acquisition, planning, and the user’s lower-limb movement
generation; (2) the pHRI estimation by the wearable robot, which processes
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the information and provides a response as mechanical energy, generating the
user’s joint movements. Second, various inputs used in the pHRI estimation were
presented, which mentioned the acquisition of kinetic and kinematic parameters and
the signal characterization phase. In this process, the user’s lower-limb movement
acquisition options were non-invasive implementing a wearable robot in the walking
activity. Third, the function of the actuation system that generates the mechanical
energy for the movement of each joint is defined. As a complement, the mechanical
structure that composes the AGoRA exoskeleton is mentioned in the aspects of the
material that composes it and DoF, where it fulfills the primary function of being
the coupling between the wearable robot and the user’s joints.

In the analysis of the processing phase, the critical concepts for implementing the
control strategies of the AGoRA exoskeleton are mentioned. In this way, the design
of the robot dynamics and critical concepts of implementing a mass-spring-damper
system and a mass-damper system were presented. As a result, the applied control
concepts for the use of force/torque within the control strategies are introduced. As
a result, the implementation of two control strategies, involving the integration of
each module mentioned, is presented. As an example, the control strategies outcome
was shown in a pilot study during the walking activity.
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