l‘)

Check for
updates

Sergio D. Sierra M. @, Luis Arciniegas-Mayag, Orion Ramos,
Juan Maldonado, Marcela Munera, and Carlos A. Cifuentes

2.1 Introduction

In the process of analyzing and designing robotic technologies for rehabilitation
and gait assistance, it is necessary to understand the different elements that describe
and compose such a device. In this sense, this chapter presents the necessary tools to
mathematically model rehabilitation devices such as lower-limb exoskeletons, social
robots, and robotic walkers. Likewise, the concepts necessary to understand the
actuation systems that allow the movement of these devices and the safe interaction
with the users are presented. Finally, the most common sensing architectures
reported in the literature are described, which allow these devices to acquire
information from their internal systems, their environment, and the user.

2.2 Robotic Geometric and Kinematic Modeling

In robotics, kinematics studies the motion of a robot part concerning a reference
system. In a manipulator robot, this system is usually chosen according to the task
to be performed by the robot with respect to the base and the end effector. Geometric
kinematic models essentially involve the relationship between the robot and its
workspace, usually a Cartesian space. In this chapter the position of robot links will
be considered in static situations only. To understand the complex geometry of a
robot, one must add frames to the various parts of the mechanism and then describe
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the relationships between these frames. The study of the kinematics of manipulator
robots relates, among other things, to how the locations of these frames change
as the mechanism articulates. In other words, either forward or inverse kinematics
relates the end position of the end effector to the angles of the robot’s joints.

This section will explain the difference between forward and inverse kinematics
applied in robotics, develop the Denavit—Hartenberg methodology for the solution
of forward kinematics, and present some examples with exoskeletons and humanoid
robots that have different kinematic chains with different degrees of freedom.

2.2.1 Forward vs. Inverse Kinematics

The study of kinematics in robotics is based on calculating the parameters that define
the positions of a specific part of the robot. These parameters can be joint angles or
equations that depend only on the robot’s dimensions. In manipulator robotics, there
are two types of kinematics, forward kinematics and inverse kinematics. Each has a
specific purpose and is calculated in different ways. Forward kinematics relates the
final position of the kinematic chain concerning the angles of each joint. In other
words, it finds the (X, Y, Z) position of the hand, head, or leg if the angles of each
joint are known. On the other hand, inverse kinematics relates the angles of each
joint to a desired (X r, Y ¢, Z r) position. For example, in robots with arms, this type
of kinematics is used when the robot is to point to something specific, so the inverse
kinematics solution will find the necessary angles that must be placed in each motor
or joint for the hand to point precisely to a defined position. Figure 2.1 shows the
differences between the two types of kinematics graphically.

To solve the forward kinematics, the lengths of the kinematic chain’s links
must be known to use them with mathematical tools that finally model the robot’s
position. The most commonly used and standardized method to solve this kinematic
problem is called Denavit—Hartenberg (DH) [1,2]. This method is based on finding
4 parameters (6; d; «; a;) per robot segment that relate the robot base to the final
part of the kinematic chain (Py). Usually this type of kinematics can be expressed
with the Denavit-Hartenberg Table [2].

The most commonly used methods to find the inverse kinematics solution are
the geometric method and the screw method. However, the second depends on

Forward kinematics

Angles values Robot end position

(01,05, .0,) (X;,Y;, Z4)

Inverse kinematics

Fig. 2.1 Scheme that relates the angles of the joints and the positions of the links with the forward
and inverse kinematics. If the angles of the joints are known, the final position can be calculated.
If the final position is known, the angles required at each joint can be calculated
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the previous calculation of the Denavit matrices [3]. The geometric method uses
trigonometric rules to find angles of the triangles formed by the kinematic chain’s
links in a specific plane. Usually, functions such as arctan and decompositions
of the laws of cosines or sines are used. The geometric method’s solution will
be different for each robot configuration, so it is more complex to calculate than
forward kinematics.

2.2.2 Denavit-Hartenberg Convention

The relationship between the joints and the robot workspace is realized via
geometric modeling. The most convenient way to perform this process is denoted as
the Denavit—Hartenberg (DH) method. This approach focuses on forward kinematic
computation only. The goal is to calculate the position and orientation of the end
effector relative to the base as a function of the joint variables. This method consists
of representing the robot’s kinematic chain using a set of bodies connected by joints.
These bodies are called links or segments. The joints or degrees of freedom (DoFs)
are those that connect two links. The DH convention expresses the rotation and
translation using a single homogeneous matrix of one DoF of the kinematic chain
in mathematical terms.

The structure of the DH matrix is generally composed of the rotation and
translation of the axes involved in the degree of freedom and the distance between
them. The matrix will always have dimensions of 4 x4 as follows:

H, — |:Rn(3><3) tn(3><1):| 7 2.1)
01x2 1

where R,,(3x3) is the rotation matrix (3 x 3) that considers the rotation in x-, y-,
and z-axis and 1,,(3x1) is the translation vector with size (3 x 1), where each position
of the vector is a translation on the x-, y- and z-axis.

The DH method lists the links starting from the arm’s fixed base, called link 0.
The first moving body is the link 1 and successively until reaching the free end of
the arm (end effector), which is link n. The purpose of this is to locate the frames in
each joint in the most appropriate way to obtain the DH parameters. The location of
the frames according to the method can be summarized in the following six steps:

1. Identify the joint axes and mark the lines on them. The following steps consider
two of these adjacent lines (on the i and i + 1 axes).

2. Identify the common perpendicular line between them, or the point of intersec-

tion. This point will be the origin of the frame of the i, link.

. Assign the Z;-axis in a manner that it points to the joint axis.

. Assign the X;-axis to be normal to the plane of Z; at its intersection point.

5. Assign the Y;-axis to complete the coordinate system of this frame according to
the right-hand rule.

6. Perform these steps for the next joint until the joint n is reached.

B~ W
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Parameter Name Description
Qi Joint Angle X %OZH;CC“LXPA
di Joint Offset Xi di(;;%n:e’XHl
Q; Twist Angle Zi %W’ Zi+1
a; Link Length Zi di(;i;(r}:e Z i+1

Fig. 2.2 Description and calculation of the four DH parameters according to the axes and frames
located in the system

After performing the location of all the frames in the kinematic chain, the four
DH parameters (6;, d;, «;, a;) are obtained for each joint. The way to obtain these
parameters can be seen in Fig.2.2. This way of obtaining the parameters is only
functional if the frames were correctly placed according to the previous steps.

The angle ; will be the rotation in the Z;-axis between the X axes of the links
of the degree of freedom. In the particular case in which this angle depends on an
actuator (motor), it is expressed as a variable angle on which the end effector’s final
position will depend. The parameter d; is the distance between the two links of the
degree of freedom around the Z;-axis. If the actuator (linear motor) modifies this
distance, it will be a variable parameter and not a constant value. The twist angle «;
is the angle formed between the Z axes of the degree of freedom around the X;-axis.
This value is usually constant, but as in the previous cases, if any actuator modifies
it, it should be taken as a variable angle. Finally, the distance a; is defined by the
space generated between the Z; and Z; | axes through the X; -axis.

By identifying these parameters for each degree of freedom, it is possible to relate
the base to the end effector depending on the variable angles and distances (which
are modified by actuators). In other words, it will be possible to know the position
and orientation of the end of the kinematic chain if the actual actuator’s position that
modifies angles or distances is known.

Based on this standard procedure to obtain the DH parameters, the following
sections of the chapter will calculate the forward and inverse kinematics of the
AGoRA lower-limb exoskeleton [4, 5] that has only two degrees of freedom in the
same plane, and then calculate the kinematics of social robots where the motions
are in the 3D Cartesian space. Finally, an approximation of the forward and inverse
kinematics in mobile robots will be made.
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2.2.3 Modeling Lower-Limb Exoskeletons

Each lower-limb exoskeletons presented in the literature show various kinematic
models to mimic the human movements, where this parameter is estimated by
applying the manipulator robot’s concepts. The first step to define the kinematic
parameter is presented through the DH convention explained in Sect. 2.2.2 where the
joint angle 6;, joint offset d;, twist angle «;, and the link length a; are established. As
an example, the AGoRA lower-limb exoskeleton is designed using these manipulator
concepts. In this case, the AGoRA exoskeleton can express showing the DH
convention of one limb. In this sense, the AGoRA exoskeleton is a 2 DoF robot
where the joint angle is expressed by g1 and ¢2,/1, and I, express the link lengths.
Figure 2.3 shows the AGoRA exoskeleton identifying some DH parameters. Taking
into account the parameters shown is defined the DH convention expressed in
Table 2.1.

The DH convention shown in the table presents the AGoRA exoskeleton as a
manipulator robot with 2 degrees of freedom (DoFs) focused on the movement
generation in the sagittal plane. This exoskeleton is focused on the hip and knee
joints of the patient’s right limb.

In this sense, the AGoRA exoskeleton is presented in two homogeneous matrices
shown in Eqgs. 2.2 and 2.3

sin(q1) cos(q1) 0 [y sin(q1)

Hy = | —eos (q1) sin(q1) 0 —Ij cos(q1) (2.2)
0 0o 1 0
0 0 0 1

Fig. 2.3 AGoRA

exoskeleton DH convention; Y Hi Y
(a) AGoRA exoskeleton’s b= o rllj A . vy
sagittal plane; (b) AGoRA °/4q X |
exoskeleton’s frontal plane | < ' Link 1 >
y
N Knee X
-y A\” joint z |
qp
£€ Link 2 >
(a) (b)

Table 2.1 AGoRA exoskeleton kinematic definition using the DH convention; 6; is the revolute
joint variable; d; is the distance from the origin exoskeleton frame to the x-axis; a; presents the
link’s joint; o; represents the x-axis rotation
Joint 0; d; a;
1 q 0 Iy
2 92 0 15 0

SR
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sin(g2) cos(g2) 0 Irsin(q2)

o — | —cos (g2) sin(q2) 0 =, cos (g2) ) (2.3)
0 o 1 0
0 0 0 1

The AGoRA exoskeleton rotation and translation of each axis are described in
three expressions. The hip and knee joint’s rotation is presented in the z-axis.
Consequently, each rotation has a translation value related to the link’s length
operated depending on the joint’s rotation angle (g1 and g2). Equation 2.2 shows
the rotation and translation of the shaft from joint 1 to joint 2. Equation 2.3 shows
the rotation and translation of the shaft from joint 2 to the end effector. Finally, the
multiplication of the matrix H; and H; (Eq.2.4) provides information about the
rotation and translation movements from the reference coordinate axis to the end-
effector reference axis (Eq.2.5). The values obtained in each of the equations are
called homogeneous matrix transformations.

H} = HiH, (2.4)

—cos(qr +q2) sin(gr +¢q2) 0 [ysin(qy) —lxcos(q1 + q2)
—sin (g1 4+ q2) —cos (g1 + q2) 0 =11 cos (q1) — 11 sin (g1 + g2)
0 0 1 0
0 0 0 1

2
Hy =

(2.5)

Finally, the movement generation of an exoskeleton may be defined for each link
geometrically. In that order, the forward kinematics of a manipulator robot provides
end-effector coordinates information depending on the rotational information of
each of the robot’s links. In lower-limb exoskeletons, the end effector equals the
distal location of the exoskeleton structure from the reference axis. For the AGoRA
lower-limb exoskeleton, the forward kinematics of each link is expressed as follows:

) lc1 sin
Linkix,y) = I:_;Cll cogin:| 20
Linky, o = | fsina1 lesin(a1 +g2) 2.7)
(x,y) _11 cos g1 —102 COSs (ql +q2) . .

Equation 2.6 shows the hip joint forward kinematic, where /.1 equals to the link
1 center of mass, and g is the hip joint rotation angle. Equation 2.7 shows the knee
joint forward kinematic, where /; is the link 1 length, and /., is the link 2 center of
mass. Finally, g; is the knee joint rotation angle.
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Fig. 2.4 Lower-limb AGoRA a1
exoskeleton right limb, where

[1 and I, equal to the link 1

length and link 2 lengths,

respectively; E(x, y) is the

end-effector position; g; and

g2 equal to the hip angle

rotation and knee angle

rotation, respectively

On the other hand, using the end-effector coordinates of the robot, it is possible
to estimate the angles of each joint, which is named the inverse kinematics
model. The estimation of g; and ¢ can be performed in two ways. The first one
consists of solving these variables from Eqs. 2.6 and 2.7. The second method is
performed geometrically. Figure 2.4 shows the development of this second method
by positioning the AGoRA exoskeleton in a Cartesian plane and a point (x, y) where
the end effector of the knee joint is located.

In the estimation of the ¢ and 1, values, ¢ is calculated as follows:

r?=x*+y? (2.8)
r? =02+ 5% -2l cosa (2.9)
g =1 —«. (2.10)

Using Eq. 2.8 in Eq. 2.9 obtains cos « value:

12 12_ 2,2
cosa = % @2.11)
142

Applying Eq.2.11 in Eq. 2.10 estimates the g, value:

2 2
- =1
q = arccos u. (212)
2011

The estimation of g value is performed as follows:
Yy =q1—B, (2.13)

where the tan 8 equals to
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tan g = — 2492 (2.14)
l1 +1rcosqn

tany = . (2.15)
y

Applying tan in Eq.2.13 replaces Eqgs.2.14 and 2.15 obtaining the following
expression:

> singqn
)

—). 2.16
Iy +1xcosq ( )

g1 = arctan (g) — arctan (

2.2.4 Modeling Social Robots

Once the kinematics of a single plane of motion device such as the AGoRA lower-
limb exoskeleton is known, the kinematics of each of the moving parts of two social
robots used for human—robot interaction will now be analyzed. The moving parts
or kinematic chains to be analyzed of these robots in this section are defined as
head, upper limb, and lower limb. The kinematic chain of the head only has one
degree of freedom in the CASTOR robot [6, 7], the upper limb of the CASTOR
robot has 3 degrees of freedom in different planes, and finally the lower limb of
the NAO robot has 6 degrees of freedom. The following section will describe each
of the degrees of freedom and elements needed to calculate the forward and inverse
kinematics of the mentioned kinematic chains. The general architecture of the open-
source CASTOR robot used for autism therapies and the NAO commercial robot
from SoftBank Robotics [8] will be defined. It should be noted that a DoF is not
necessarily located where the actuators or motors are placed, but is the point of
motion as are the joints in the human body.

2.2.4.1 Modeling the Head and Upper Limb of the CASTOR Robot

In the case of the CASTOR robot, it has 14 degrees of freedom distributed into 12
active and 2 passive degrees of freedom. This means that this robot can change
the position of the links of its system by using 12 actuators and has 2 joints to
receive impacts or reject external disturbances. This system uses 7 servomotors
(AX12, Dynamixel, Seoul Korea) to the kinematic chains of the head and upper
limbs. The other 5 active joints deal with the gestures of the face. The definition of
each degree of freedom of the robot is described as follows: 1 DOF for each elbow
(i.e., flexo-extension movement), 2 DOFs per shoulder (i.e., flexo-extension and
abduction movements), 1 DOF for head rotation movement, and 5 DOFs for facial
expressions. Besides allowing deformation in the huggable structure and rejection
of external stimulations, the robot incorporates 2 passive DOFs. The relevant joints
for the kinematic analysis can be seen in Fig. 2.5.
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eHead QHeadQ‘\
.
93 % 3

i

(a) (b)

Fig. 2.5 Description of the angular and longitudinal variables involved in the CASTOR robot used
to solve the forward and inverse kinematics. (a) Front view of the robot. (b) Side view of the robot

Table 2.2 DH parameters Matrix; | 6; d; a |a

for the kinematic chain of the

CASTOR robot head 1 0 0 d3 |0
2 0H ead LN eck 0 0
3 0 0 ds |0

By dividing this robot into two kinematic chains, head and upper limbs, it can be
identified that the head part has one degree of freedom (6y,.44) and the upper limbs
have 3 degrees of freedom for each arm (61, 67, 63). To complement the general
architecture of this robot, the system’s overall dimensions must be defined. The
CASTOR robot is 50 cm from base to head and 35.4 cm wide. Each arm of the robot
has a total length of 35.6 cm [7].

2.2.4.2 The Head Kinematic Chain

As shown in Fig. 2.5 the kinematic chain of the head of the CASTOR robot only
depends on one joint 6,.,4 and the distances that are necessary to transport the base
point (Xo, Yo, Zp) to the endpoint of the kinematic chain (X, Y, X r), which in
this case would be the eyes of the robot. Following the standard steps to complete
the DH table [2], coordinate axes are established for each section of the robot neck
kinematic chain, as seen in Fig.2.6a. As can be seen, only the dimensions of the
neck (L yeck), the distance from the center to the neck (d3), the joint rotation angle
(OHead), and the distance from the neck to the eyes (ds) are needed. From these
coordinate axes, the DH steps are applied to complete Table 2.2.
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LNeck
ZO' Yo

(a) (b)

Fig. 2.6 (a) Kinematic chain of the CASTOR robot head with the coordinate axes located
according to the Denavit-Hartenberg methodology. (b) View of the X-Y plane where the angle
OHeaq 1s observed and calculated based on the triangle formed by the dimensions of the final
position (X s, Yr) where the robot head should point. This calculation considers the separation
distance d3 between the base of the robot and the rotation point of the neck, since it can be different
from zero

Once the parameters of Denavit have been obtained, the matrices of each row of
the table must be calculated to relate the base of the robot with its endpoint. For each
of the rows of Table 2.2, the matrix DH; must be expressed according to Eq.2.17,
and multiply all these matrices. This last resulting matrix will be the one that relates
all the spatial transformations that are necessary to apply to the origin to reach the
final point.

C@,‘ _SQI' CO[,‘ S9i SO{,‘ a; C(Jl-
DH: — 86, C9;Ca; —CH;Sa; AiSH; (2 17)
= .
0 sy Cq; d;
0 0 0 1

The three necessary matrices to perform the forward kinematics calculation are
shown below in the CASTOR robot head, where Matrix 1 is defined as D H;, Matrix
2 as DH,, and Matrix 3 as D H3.

100ds
0100

DH, = 2.1

"“loo10 (2.18)

000 1
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cos (@Head) —sin (OHeaq) 0 0
DH sin (Pgeaqa) €08 (BHeaa) 0 0

— 2.19
2 0 0 1 Lyeck ( )
0 0 0 1
100dy
0100
DH3 = 0010 | (2.20)
0001

Therefore, the forward kinematics of the CASTOR robot head will be defined by
the result of the matrix multiplication of R; and Py (see Eq.2.21), where R; is the
multiplication of the 3 matrices (Egs. 2.18, 2.19, and 2.20) found in Table 2.2 and
Py is the (X, Y, Z) coordinate vector of the robot base. The R, matrix obtained for
the CASTOR robot is shown in Eq. 2.22

X
Pr=RPy=|" 221
r=RbPo=1"" (2.21)
1
where
0
0
R, =DH,-DH,-DH3, Py= 0
1
cos (OHead) — sin (OHead) 0 d3 + d4 cos (Oneaa)
R, = sin (QHeud) Ccos (eHead) 0 d4 sin (eHeud) (222)
0 0 1 Lyeck
0 0 0 1

Solving Eq.2.21 with the matrix already calculated allows obtaining the three
equations that relate the final coordinates x 7, y ¢, z y with the angles of the kinematic
chain, which means that the forward kinematics has been solved satisfactorily. In
Eq. 2.23 the mathematical expressions of the solution of the forward kinematics of
the CASTOR social robot neck can be seen.
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Xy d3 + da cos (O ead)
yr| _ | dasin@neaa) . (2.23)
Zf LNeck

1 1

The inverse kinematic calculation of the CASTOR robot head is performed by
the geometrical method from the known robot dimensions. For the solution to this
problem, it is necessary to define an endpoint for the kinematic chain. In this case,
it would be the robots’ view at the point (X ¢, Y, Z ). As this kinematic chain only
consists of 1 DOF, it will only be necessary to find the equation that establishes the
relation between the final point (X ¢, Y, Z¢) and the angle that must be positioned
in the neck Oy cqq4-

The top view is shown in Fig.2.6b. The angle 0y.,4 can be identified in the
triangle formed by dimensions Xy, Yy, and d3. The way to describe the angle
by the geometric method, in this case, is to employ the tangent function since the
dimensions of the opposite cathetus to the angle 6,4 are known. The mathematical
expression that solves the inverse kinematics of the neck based on the known robot
parameters is seen in Eq. 2.24.

X;—d
Obead = tan~! <¥> . (2.24)

2.2.4.3 The Upper-Limb Kinematic Chain
For the CASTOR robot arm, the kinematic calculation is more complex due to the
number of degrees of freedom and their forms of motion. In Fig. 2.5 it can be seen
how this kinematic chain depends on the three angles 61, 6, 03, the distances L1,
L>, L3, dy, ds, and the fixed angle of the passive degree of freedom of the robot
Orix. Using the procedure for the DH parameter finding, Table 2.3 is made, which
summarizes the forward kinematics of the left arm of the CASTOR robot.

Using these values the relationship between the angles (91, 63, 63) and the robot
hand, which is the endpoint of the arm, can be found. The final equation is given by
Eq.2.21, where R; is the multiplication of the 7 DH matrices found in Table 2.3.

Table 2.3 DH parameters of

Matrix; | 0; d; a; o
the kinematic chain of thg 1 0 0 d 0
CASTOR robot arm obtained
only by the known 2 90 0 |0 Orix
dimensions and angles of the 3 0 L |0 180 — (Brix +61)
robot 4 -9 (0 |—d2 O
5 0 0 |0 —6>
6 0 L, |0 —(90 4+ 63)
7 0 Ly |0 0
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Fig. 2.7 X — Z plane where
the angle 6; and the actual A
dimensions needed to
determine inverse kinematics
equation of this first angle is
seen

dy

Xy

For the inverse kinematic calculation of this part of the robot it used the
geometrical method starting from the known dimensions of the arm and the defined
final position (X , Y ¢, Z ) to which the robot hand is to be pointed (see Fig. 2.5).

To calculate the first angle of the arm 6; the robot must be viewed from the X —Z
plane as seen in Fig. 2.7, since in this perspective all dimensions are known or can be
calculated. As can be seen, the angle 61 is the sum of the two supplementary angles
¢1 and g3. So the mathematical part will be based on determining these angles based
on the known dimensions.

The equation that solves the supplementary angle ¢» is seen in Eq.2.25 and is
based on the solution of the small right triangle that is formed with one leg on the X-
axis and the other on the Z-axis. Simultaneously, the solution of the supplementary
angle ¢q; is calculated with the hypotenuse 4, of the small right triangle and the
known leg dimension d> (see Eq.2.26).

Zr— L 0r;
g> = tan~! f 'COS( fix) (2.25)
Xy —dy— Lysin (inx)

d
q1 = cos™! (—2> , (2.26)

where

hy = \/(Xf —dy — L;sin (té?]r,-x))2 +(Zf — L cos (Hf,-x))z.

As defined, the angle 0; is the sum of the two expressions of Egs. 2.25 and 2.26.
This expression, as can be seen, only depends on the known parameters based on the
dimensions of the robot and the distances of the endpoint coordinates (X ¢, Y, Z ).
Equation 2.27 shows the solution of angle 6; without mathematical reductions.
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Y

Fig. 2.8 The auxiliary Y —r plane where the angles 6, 63 and the links L and L3 can be observed
in their actual dimension necessary to determine the inverse kinematics equations of the angles of
the joints 2 and 3. Part (a) shows the auxiliary variables for calculating the angle 6;, and part (b)
shows the auxiliary variables necessary to perform the calculation of the angle 63

d Z¢— Licos(0y¢;
6, = cos™! (—2> +tan~! f— ol ( rir) Y. (2.27)
hy Xy —dy— Lisin (Qf,‘x)

The angles 8, and 653 are calculated in the same way. In this case, the perspective
of the Y — r’ plane as shown in Fig.2.8 is used. This plane is the only one that
allows seeing the dimensions of the links L, and L3 in their actual size and where it
is easier to find the geometric expressions to determine the angles of the remaining
joints. The angle 6,, as seen in Fig.2.8a, is defined as the difference between the
auxiliary angles g3 and g4, so it is necessary to find the geometric expressions
from the triangles formed in the figure that describe these angles with the known
dimensions.

The expression that defined the auxiliary angle g3 (see Eq.2.28) is calculated
from the largest right triangle in Fig.2.8a formed by the legs Y and r. Since the
outer triangle is not a right triangle, the sine or cosine rule must be used to find the
expression for the auxiliary angle g4.

Y
g3 = tan™" <—f) : (2.28)
r

where

r = hysin(qy) .
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Since L and L, are known from the dimensions of the robot and %, can be
calculated since it is the hypotenuse of the right triangle formed by Y, and r (see
Fig. 2.8a), the cosine rule is used to relate the angle g4 to the 3 dimensions of the
sides of the triangle. In Eq. 2.29, the angle g4 is shown cleared from the cosine rule.

L2 —12%2—h?
-1 3 2 2
= =2 2 2.29
g4 = cos ( T3L.hy ) (2.29)

where
_ 2 2
hz—,/Yf—i-l”

Knowing the expressions of the supplementary angles of Egs. 2.28 and 2.29, it is
possible to express the angle 6, with only terms of known dimensions or final point
coordinates. In Eq. 2.30, the inverse kinematics solution for the angle of joint 2 of
the CASTOR robot arm is seen.

Y L2 —L2—h
Oy =tan~' [ L) —cos™! (23272 (2.30)
r —2L>hy

The angle 65 is calculated in the same way, and the same plane as angle 6, (see
Fig. 2.8b), but in this case, as the initial position of the robot forearm is at 90 degrees
from the link L, (defined by the initial position), the general expression for this
angle is seen in Eq. 2.31.

03 =90 — gs. (2.31)

Computing the auxiliary angle g5 employing the cosine rule (See Eq.2.32) it is
easy to complete the solution of the inverse kinematics of angle 63 of the kinematic
chain of the CASTOR robot arm. In Eq. 2.33, the general solution of the last angle is
presented.

h2 _ L2 _ L2
qs = COS_1 (2_T22L33 (2.32)
h2—12-12
03 = 90 — cos ! (% ) (2.33)
- 2L3

Therefore, the equations modeling the inverse kinematics of the robot arm
CASTOR can be summarized in Eq. 2.34. These inverse kinematics expressions and
the forward kinematics calculations were used to develop a case study in which this
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robot helps children with autism through pre-configured gestures such as waving or
pointing to their body parts to improve interaction with the environment [7].

d Z¢— Lyjcos(6¢;
01 =cos™! (h_z) +tan~! ( S ! ( flx) )

t Xy —dy — Lysin (inx)

Y L —L2—n}
0y =tan~' [ L) —cos™! (23— =272 (2.34)
r —2L>h»
h2 _ L2 _ L2
63 =90 — cos M| 2——2_3).
—2L,L3

Knowing the methodology of the kinematic calculation of the CASTOR robot, it
is possible to perform analysis of more complex robots kinematically speaking. In
the following section the kinematics calculation of the lower limb of the social robot
NAO will be developed.

2.2.4.4 Modeling the Lower Limb of the NAO Robot

This social robot has 25 degrees of freedom to perform different tasks and
movements divided as follows: in the head it has 2 DOFs, in each upper limb, this
robot has 6 DOFs, and in the lower part it has 11 DOFs in total, distributed in each
leg and the pelvis [9]. In this case, the 25 degrees of freedom of this robot are active,
which means an independent motor modifies the system position for each joint. The
movements of each degree of freedom are defined as follows: each arm has 2 DOFs
at the shoulder, 2 DOFs at the elbow, 1 DOF at the wrist, and 1 additional DOF for
the handgrip. The 2 DOFs on the head allow it to rotate about the yaw and pitch
axes. For the lower kinematic chain, each leg has 2 DOFs at the ankle, 1 DOF at
the knee, and 2 DOFs at the hip. The pelvis has a unique mechanism composed of
two joints attached to each part of the hip. These joints are rotated at 45, facilitating
control and reducing the system 1 degree of freedom less than other commercial
robots [10]. Figure 2.9 shows the degrees of freedom (Fig. 2.9a) and the kinematic
leg chain of the NAO robot (Fig. 2.9b).

As shown in Fig. 2.9b, the kinematic chain of the lower limbs consists of 6 DOFs
that can be modified to adjust the position of each leg (6 - - - 6). Overall this robot
has a height of 57.3 cm, a width of 27.5 cm, and each leg has a total length of 24.8
cm [8]. To finalize the calculations of the selected kinematic chains, it is necessary
to develop the forward and inverse kinematics of the NAO robot leg. As already
mentioned, this robot has 6 degrees of freedom that must be solved by the methods
presented above. The solution of the kinematics is more complex and requires more
advanced mathematics than the previous cases.

Based on the kinematic chain of the leg of this robot (see Fig. 2.9b), the DH table
is generated, which collects the parameters that solve the forward kinematics of the
lower limb. Table 2.4 presents 9 DH matrices that depend only on the dimensions of
the leg and the angles of the motors.
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(a) (b)

Fig. 2.9 The location of each degree of freedom of the NAO robot is shown in part (a). Part (b)
shows the dimensions and angles involved in the kinematic chain of the robot leg

Table 2.4 DH parameters of Matrix; | 6;

the NAO robot leg kinematic i {9 |
chain obtained w%th only the L 90 0 [0 45
known robot dimensions and 2 90 Ly 0 180
known angles 3 61 0 0 —-90

4 6 +135 |0 |0 |—-90

5 63 0 L, |0

6 04 0 |L3 |0

7 s 0 |0 |90

8 66 0 Ly 190

9 0 Ls |0 |90

The solution of the inverse kinematics of the NAO robot leg is considered a
high-level mathematical problem given that this 6 DOF kinematic chain generates
a non-linear system that is quite complex to solve. To facilitate the calculations
of this problem initially matrix transformations based on the forward kinematics
are performed to reduce the complexity of the math. The complete calculation and
solution of this kinematic chain can be found in [9, 11].

These same concepts of forward and inverse kinematics can be applied in mobile
robotics, which aims to find the speeds of each wheel to reach a specific point
(inverse kinematics) or according to the configuration of the moving wheels and
their speeds to find out where the robot will reach in an estimated time (forward
kinematics). The following section will explain how the modeling is performed in
mobile robots.
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2.2.5 Modeling Mobile Robots

As presented in previous sections, one of the main characteristics of robotic arms or
manipulators, and thus crucial difference with mobile robots, is that they are fixed
to a specific point and usually comprise of a single chain of actuated links [12]. In
this sense, unlike the robotic arms in social robots or exoskeletons, which can move
only in a specific workspace, mobile robots are capable of moving around freely
and autonomously within a predefined environment [13]. This capability makes
the mobile robots suitable for several applications, including gait assistance and
rehabilitation.

Before delving into the modeling of these robots, it should be mentioned that the
term "mobile robots" covers a wide variety of robots, including: (i) ground robots,
where wheeled mobile robots and legged mobile robots are distinguished, (ii) aerial
robots or unmanned aerial vehicles, (iii) aquatic robots or autonomous underwater
vehicles, and (iv) hybrid robots, where mobile robots are equipped with one or more
manipulators [13].

For the purpose of this book, the focus will be on wheeled mobile robots, since
rehabilitation robots such as robotic wheelchairs, smart canes, and smart walkers
can be labeled with this category. In general, these types of rehabilitation devices
exhibit a locomotion configuration that is based on wheeled mechanical structures.
The wheeled mobile robots are prevalent in both the industrial and rehabilitation
concepts, given their low mechanical complexity and efficient energy consumption.
In this regard, the following sections briefly present the basic concepts of kinematics
and locomotion, focusing on smart walkers.

2.2.5.1 Wheeled Locomotion

The wheel is the most popular locomotion mechanism in mobile robotics, and
it is also in robotic walkers. It has been demonstrated that implementing wheels
provides outstanding efficiencies and simple mechanical structures [12]. Like most
wheeled robots, the smart walkers are designed so that all wheels are always in
ground contact. Thus, the smart walkers commonly include from three to four
wheels to guarantee sufficient stable balance. Considering that patients frequently
use smart walkers in clinical or indoor scenarios, no suspension systems are
demanded. However, when interacting in uneven terrains, a suspension system
might be required to maintain safe ground contact [12].

Considering that balance is rarely an issue in wheeled mobile robots, the focus
is often on traction and stability, maneuverability, and control [12]. In this way,
the design problem is commonly tackled by proposing an appropriate wheel design.
Mainly, Page et al. reported that six types of wheels are often found in smart walkers.
These wheel classes include: (i) fixed wheels, (ii) centered orientable wheels, (iii)
off-centered wheels, (iv) Swedish wheels, (v) spherical wheels, and (vi) active split
offset casters (ASOC) [14]. This report also stated that most of the smart walkers
implement fixed wheels and off-centered wheels (i.e., caster wheels). The fixed
wheels are commonly linked to the propulsion system, and the caster wheels provide
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Fig. 2.10 Illustration of the primary wheel classes implemented in smart walkers. (a) Fixed
wheel. (b) Centered orientable wheel or standard wheel. (¢) Off-centered wheel or caster wheel.
(d) Swedish wheel. (e) Spherical wheel. (f) Active split offset caster (ASOC) wheel

(d) (e )

stability. Figure 2.10 shows these types of wheels, and a more detailed description
of each wheel class can be found in [12, 14].

2.2.5.2 Wheel Configurations in Smart Walkers

Although the selection of the wheel’s design is an essential issue, the geometrical
arrangement and number of wheels attached to the robot’s structure are directly
related to the maneuverability, controllability, and stability of the platform. In
general, any wheel configuration can be defined by the following elements: (i) the
number and type of wheels, (ii) the wheels arrangement, and (iii) the locomotion
type or actuated wheels. For instance, a particular robot might have two motorized
fixed wheels in the rear and two caster wheels in front, whereas another robot might
have two free wheels in the rear and one steered traction wheel in front.

As presented in [12, 13], rolling vehicles in industrial robotic applications can
exhibit a wide range of wheel configurations, varying the elements mentioned above
(i.e., type, number, and arrangement of wheels). Similarly, in [14], the authors
reported the most common configurations in smart walkers. In general, the smart
walkers can exhibit the following configurations:

¢ Two motorized fixed wheels in the rear and one free caster wheel in front [15]

¢ Two fixed wheels in the rear and one motorized caster wheel in front [16]

¢ Three motorized omnidirectional wheels [17]

¢ Two fixed wheels in the rear and two motorized and steered wheels in front [18,
19]

¢ Two motorized wheels in the rear and two free caster wheels in front [20]
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Two fixed wheels in the rear and two free caster wheels in front (i.e., passive
device) [21]

Two free caster wheels in the rear, two motorized wheels in the middle, and two
free caster wheels in front [22]

2.2.5.3 Wheel Drive Types

The configurations mentioned above can also be classified in terms of the drive
system that powers the wheels’ locomotion. In general, wheeled mobile robots can
be configured in six different drive types: (i) differential drive, (ii) tricycle, (iii)
omnidirectional, (iv) synchro drive, (v) Ackerman steering, and (vi) skid steering
[13]. For simplicity purposes, the focus in this book will be on the drive types
that are used in the majority of smart walkers, which are: (i) differential drive, (ii)
tricycle, and (iii) Ackerman steering.

Differential Drive: This type of drive system consists of two fixed motorized

wheels mounted on the left and right sides of the robot platform. The two wheels

can be placed whether in front or in rear and are independently driven. To
guarantee balance and stability, one, two, or more free castor wheels are used.

Smart walkers such as AGoRA Walker, UFES Smart Walker, and the ABSGo++

employ this drive type [15,20,22]. The motion possibilities in this configuration

depend on the rotation speed and direction of the motorized wheels:

— Forward or backward motion: The wheels rotate at the same speed, and
depending on the direction, the structure moves straight forward or backward.

— Curved motion: One wheel rotates faster than the other, making the structure
follow a curved path. The slower wheel dictates the turning side.

— On-site turning motion: The wheels rotate at the same speed in opposite
directions, making the structure turn about the midpoint of the motorized
wheels.

Tricycle: This type of drive system has a single wheel that can be motorized,

steered, or both [13]. Smart walkers such as MARC employ this drive type [16].

To guarantee balance and stability, two free fixed wheels are placed in the back.

In this case, the motion possibilities work as follows:

— Forward motion: The motorized wheel is in the middle position and driven at
the desired speed.

— Curved motion: The motorized wheel is positioned at a specific angle and
driven at the desired speed.

— Circular motion: The motorized wheel is at 90°, making the structure rotate
in a circular path, whose center is the middle point between the rear wheels.

Ackerman steering: This configuration describes the standard steering used in

automobiles. Two linked motorized rear wheels and two linked steered front

wheels characterize it. Smart walkers such as GUIDO and c-Walker use this drive
type [18, 19]. There are only two motion possibilities:

— Forward or backward motion: The rear wheels rotate at the same speed
because they are linked, and the front wheels are not steered.
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— Curved motion: The rear wheels rotated at the same speed and the front wheels
are steered at the desired angle. The structure follows a curved motion with a
minimum turning radius.

2.2.5.4 Mobile Robot Kinematics

Mobile robot kinematics describes the behavior of mobile robots considering their
physical configuration in a defined workspace, the relations between their geometric
parameters, and their mechanical constraints [12,23]. In this sense, this section seeks
to describe such considerations when modeling robots like the smart walkers.

At this point, a key difference between mobile robots and manipulators or robotic
arms arises, the position estimation. As explained in previous sections, the robot
arms in social robots and the exoskeletons have one end that is treated as the fixed
point or ground [12]. In this sense, the end effector’s position can be instantaneously
estimated by following the kinematic equations and measuring the position of each
joint. However, with mobile robots the movement is not fixed, and the robot’s
motion must be integrated over time to estimate its position [12]. Thus, position
estimation is a challenging task that cannot be achieved instantaneously.

With this in mind, understanding mobile robot kinematics addresses the problem
of describing how each wheel contributes to the overall motion, as well as
imposes motion constraints. Moreover, it also addresses the formulation of forward
kinematic models that describe the robots’ movement in terms of their geometry and
wheels’ behavior.

Representing Robot Position

The first step in deriving a kinematic model for a smart walker (or a mobile wheeled
robot) is representing its position in a particular environment. To this end, the
following assumptions are considered:

1. The smart walker is modeled as a rigid body on wheels.

2. The smart walker is only allowed to move in the horizontal plane.

3. The degrees of freedom of the wheels and internal joints of the smart walker are
ignored.

4. The translational friction between the wheels and the ground at the point of
contact is large enough so that the wheels do not experience translational
slippage.

5. The rotational friction between the wheels and the ground at the point of contact
is small so that the wheels can rotate.

6. The center of mass is located at the point of interest.

To set proper coordinate systems, two reference frames are defined, the global
reference frame and the local reference frame. The global or inertial reference frame
is located at the origin O: {Xj, Y;} of the horizontal plane. The local reference
frame {Xg, Yr} is located at the robot chassis and defines the point of interest.
According to this, only three elements are required to define the position or local
frame of a smart walker, the X coordinate, the Yz coordinate, and the orientation
¢ along with the Zg or vertical axis. Thus, the pose (i.e., position and orientation)
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and velocities of a robot at the global reference frame are defined by Eqs. 2.35 and
2.36.

g =[xyo] (2.35)

g=[tyg] . (2.36)

Note that in Eqs.2.35 and 2.36, the robot’s position is defined by x and y,
which represent any position in the global frame. Similarly, the angular difference
between the global and local reference frames is represented by ¢. As an illustration,
Fig.2.11 shows a representation of a smart walker in a given environment and the
relationships between the global and local reference frames. In this case, the point
of interest (i.e., local reference frame) is located at the user’s estimated position.

This representation can be generalized employing the concept of homogeneous
transformations. A homogeneous transformation describes the position and ori-
entation of a solid body with respect to the global reference frame using a 4x4
transformation matrix A. This transformation matrix is described by Eq. 2.37.

_|RP
A_[O J, (2.37)

where p is the position vector and R represents the rotation of the local frame with
respect to the global frame. Rotations might occur along any axis. However, in
mobile robots such as the smart walkers, the motion only occurs on a horizontal

Y

Yy

Point of |
Interest |

X

Global Reference Frame

Fig. 2.11 Position representation of a smart walker in a given environment



2 Kinematics, Actuation, and Sensing Architectures for Assistive Robotics 65

plane. This also means that the rotations are only with respect to the vertical axis
z. In this sense, the pose of a robot in the global reference frame, which is rotated
about the vertical axis z, can be described as

&l :Rz ER

[cos(p) —sin(p) 0] [xg]
& = | sin(p) cos(p) O |yr
L 0 0 1 o (2.38)

[xr cos(p) —yr sin(p) 0]
§1 = | xg sin(p) yg cos(p) 0.
0 0 ¢

The orthogonal rotation matrix R; is also useful to map motion along the axes
of the global reference frame to motion along the axes of the local reference frame
[12]. In particular, this mapping is a function of the pose of the robot as described
in Eq.2.39

tr =R
‘ cos(p) sin(p) O | | x& (2.39)
§r = | —sin(g) cos(p) 0 | | yr

0 0 1 %)

Nonholonomic Constraints

As described in [23], and without delving into the strict definition of nonholonomic
constraints, mobile robots are systems that are subject to these constraints as they
are under-actuated robots. When referring to nonholomicity, it is stated that if there
is a difference between the number of degrees of freedom () of a robot and the
independent motions (k) that the robot can produce, the nonholomicity exists. For
instance, in smart walkers with differential drive configurations, only two wheels
are actuated, that is, k = 2, whereas three degrees of freedom exist, that is, n = 3.
Thus, there is one nonholonomic constraint (i.e., n — k = 1) [23].

In general, this nonholonomic constraint in mobile robotics often refers to: (1)
the motion constraint of a disk that rolls on a plane without slipping or (2) the speed
restriction in the robot’s traverse direction [23]. This also means that the velocities
X, y, and ¢ cannot take arbitrary values [23], and thus they are constrained as shown
in Eq. 2.40.

X sin(¢) — y cos(p) = 0. (2.40)
Unicycle Kinematic Model

One of the most standard and straightforward kinematic models for wheeled mobile
robots refers to the unicycle model. With this model, the robots are analyzed as
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Fig. 2.12 Tllustration of the Y,
unicycle kinematic model
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if they were a simple conventional wheel rolling on a horizontal plane [23]. This
configuration is illustrated in the global reference frame in Fig. 2.12.

The pose of the unicycle configuration can be described using the representation
of Eq.2.35, which is & = [xg, YR, <p]T. This representation uses the position
coordinates of the point of interest located at the ground contact of the wheel, and the
orientation with respect to the x-axis [23]. Figure 2.12 also shows the linear velocity
of the wheel p and the angular velocity about the vertical axis @. Moreover, from
Fig.2.12 the motions along x-axis and y-axis can be used to describe the unicycle
model as follows:

xR u cos(p) cos(p) 0
Er=|yp|=|msin(p) | =|sin(p) | 0+ |0 | o. (2.41)
@ w 0 1

Note that the nonholonomic constraint can be derived from xk and ygr by
eliminating p. Moreover, considering the unicycle model presented in Eq.2.41,
and assuming that the linear and angular velocities are the joints of the system,
the Jacobian matrix of the system is [23]:

cos(p) 0
J=sin(p) 0. (2.42)
0 1

Displaced Kinematic Model

Another interesting kinematic model arises when the point of interest is displaced
to a new point in the robot’s front. This model adds little complexity to the previous
unicycle model, while functional, for instance, in path following tasks. Figure 2.13
illustrates the new location of the point of interest. As described in [24], although
the displaced point of interest can have velocities in any direction, the robot is still
considered as a nonholonomic robot.

Moreover, from Fig.2.13 it can be observed that the x and y coordinates of the
previous unicycle model are displaced by Ax and Ay, whereas the orientation of
the robot is still about to vertical axis located in the middle of the wheels. In this
sense, the pose of the robot is now defined by Eq. 2.43.
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Fig. 2.13 Illustration of the
displaced kinematic model

Yr

X;
x + Ax
&= |yv+Aay|. (2.43)
@

Considering that the distance between the middle of the wheels and the new point
of interest is a, the displacements Ax and Ay can be described as follows:

x +a cos(ep)
&= | y+asin(p) |. (2.44)
@

To obtain the final displaced kinematic model, the motions along xr and yg are
required. Thus, taking derivatives at both sides of Eq.2.44, the following model is
obtained:

_ [ X —a ¢ sin(p) u cos(p) —a o sin(ep)
Er=|y+ag cos(p) | = | n sin(g) +a w cos(p)
L @ w
(2.45)
["cos(p) —a sin(g)
£ = | sin(p) |+ | a cos(p) |w.
L O 1

In this case, assuming the linear and angular velocities as the system’s action
variables, the Jacobian matrix of the system is

cos(p) —a sin(p)
J = sin(p) a cos(p) |. (2.46)
0 1

Differential Drive Kinematic Model

Considering that the most of smart walkers in the literature employ a differential
drive locomotion, it is of great relevance to obtain a kinematic based on the
independent speed of the actuated wheels. Figure 2.14 illustrates the geometry and
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Fig. 2.14 Illustration of
kinematic and geometrical
parameters for the differential
drive configuration

kinematic parameters of a differential smart walker with two actuated wheels in the
rear.

As shown in Fig. 2.14, the angular speeds of the left and right wheels are 6; and
O, respectively. Similarly, the linear velocities of the left and right wheels are vy
and vg, respectively. Moreover, the point of interest in this formulation is the same
as in the unicycle, i.e., in the midpoint between the wheels, so that the linear and
angular velocities of the smart walker are also 1 and w, respectively. In this sense,
the velocities of each wheel can be described by Eq. 2.47 [23].

ULZM—CZCZ),

(2.47)
VR = U+ aw.
From Eq. 2.47, vg and v, are added and subtracted to obtain
! (vg +vL)
M= Z(VR T VL),
2 (2.48)

2aw = v — VL.

Considering the non-slippage condition previously defined, the linear velocities
of the wheels can also be defined as vg = rfg and vy = rfr, respectively. In this
way, using the definition of x and yg described by Eq.2.41, the kinematic model
for the differential drive configuration can be derived from Eq. 2.48 as follows:

REY: 5 (6 cos(g) + 0L, cos(p))
§1=|yr | = | 5Orsin(p) + 0L sin(p))
L¢ 32 ((Or — (61)
(2.49)
~ [scoste)]  [5cose)]
& = | 5sin(p) |Or + | 5sin(e) |OL.
- 2a 2a

In this case, assuming the linear velocities of the wheels as the system’s joints,
the Jacobian matrix is
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5 cos(@) 5 cos(p)
J = | 5sin(p) 5sin(p) | . (2.50)

-r

I
2a 2a

2.3  Robotic Actuation Systems

An actuation system means a system that uses a type of energy at its input.
As a result, it is generated mechanical energy, and the systems that provide this
function are named transducers. These actuation systems are used for various
workspaces and different applications. In this particular case, the rehabilitation
and assistance applied robotics mentioned in Chap. 1 contemplates using actuation
systems in robots whose working environment is shared with humans. Therefore, the
implementation of different actuation systems is conditioned by the collaboration
level that each of these robotic devices provides to the human. For this purpose,
factors such as the interaction of forces presented between the human and the
robotic device, guaranteeing the user’s safety during the interaction with the robotic
device, protecting the robotic device during the development of various tasks, and
evaluating the similarity of the robotic device’s movements compared to the human
movements. In this sense, the purpose of this section is to show the different
actuation systems used in devices designed for clinical environments. This section
will focus on this topic in the following order: (i) actuation systems in lower-limb
exoskeletons; (ii) actuation systems in social robotics; and (iii) actuation systems in
robotic walkers.

2.3.1 Actuation Systems in Lower-Limb Exoskeletons

An essential factor in developing lower-limb exoskeletons is the implementation
of an actuation system to transmit a force to the user’s joints using an energy
source. Currently, several proposals can be found that fulfill this purpose. Some of
these include electric actuation systems, hydraulic actuation systems, and pneumatic
actuation systems. Besides, various power transmission mechanisms complement
these actuation systems. The main purpose of this section is to provide an actuation
system general description mentioned. Additionally, some of the transmission
mechanisms are usually mentioned in the literature and applied in the design and
development of lower-limb exoskeletons.

2.3.1.1 Electric Actuation System

The electric actuation system is one of the most widely used applications related to
the development of lower-limb exoskeletons [25]. This system uses electrical signals
as a power source. In this case, electrical signals are converted into mechanical
energy using DC electric motors. This actuation system can generate the torque
profiles required to generate movement in the user’s joints. However, the use of
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the electric actuation system has some disadvantages. For example, the actuation
system’s size and weight depend on the torque profiles that it can generate [26], the
cost of this system is higher compared to other actuation systems (hydraulic and
pneumatic) [27,28], and it does not present a low impedance in comparison to the
pneumatic actuators (back drivable device) [29, 30]. Some of these disadvantages
can be compensated by using a sensory interface and various types of mechanical
energy transmission. However, this increases the cost of the system. Finally, this
system is used to implement position and velocity control in the user’s joints [26].
Some examples of the use of this system will be shown in Sect. 2.3.1.4.

2.3.1.2 Hydraulic Actuation System

Other actuation systems have been used to develop active joints in lower-limb
exoskeletons, such as hydraulic actuation systems. These systems are composed of
a fluid or liquid (oil, fuel) with high system viscosity [31,32]. The primary purpose
of this system is focused on the generation of a force/torque that would generate the
joint’s movement [32]. One of the advantages in its implementation is that it has a
high power-to-weight ratio and the ability to move objects at low speeds and operate
at a constant pressure without requiring large amounts of additional energy [33].
Another property of its use is the zero impedance to the joint. This means that this
actuation system will allow the movement of the joint without increasing the user’s
metabolic cost [34]. Finally, this system does not require that the complete structure
of the actuation system be located in the joint of the device. Therefore, much of
the actuation system can be located in a section where it will not suffer damage
caused by the joint movement [34]. On the other hand, this actuation system is
not efficient for implementing a position controller [32]. As mentioned, this system
is implemented to perform force/torque based control strategies. As an example,
Fig. 2.15 shows a schematic of the location of part of the hydraulic actuation system
in a lower-limb exoskeleton joint.

The implementation of this actuation system in lower-limb exoskeletons has
been relevant in some commercially distributed devices and others that have
demonstrated their effectiveness in various competitions. Exoskeletons such as
BLEEX (University of California Berkeley, USA) [35] apply this principle to
complement hip, knee, and ankle movements in the sagittal plane, this design
contributed to the BLEEX exoskeleton to operate at a speed of 1.3 m/s [36].
CPWalker, a system comprised of a body weight support (BWS), robotic walker,

Fig. 2.1'5 Part Qf the - Link 1
hydraulic actuation system P
(hydraulic cylinder) is 111 Hydraulic
coupled between the two | l‘/ cylinder
links. Subsequently, a U joint
stiffness variation applied in

auli ; L
the hydraulic cylinder could < Link2

allow various movements in
the user’s limbs 02 e 0.



2 Kinematics, Actuation, and Sensing Architectures for Assistive Robotics 71

and lower-limb exoskeleton, uses a hydraulic pump in the system used for the BWS
to lift the user’s body [37]. Other exoskeletons such as those mentioned in [38]
apply this actuation system at the hip and knee; thus, thrust force values from 5 N
to 2 K N are obtained. An ElectroHydraulic AFO (EHO) (Université Laval, Canada)
is considered a back drivable system given its implementation of hydraulic actuation
systems.

2.3.1.3 Pneumatic System Actuator

The electrical actuation system has been applied for various applications. However,
the acquisition of these actuation systems requires a high cost. For this reason, other
alternatives are investigated to fulfill the electrical actuation system function. In
this sense, the pneumatic actuation system has been adapted to these applications
related to the exoskeleton design. Its performance is based on compressed air as
an energy source to generate calculated pressures in the system presented in [39].
As a result, calculated force or torque is applied to the exoskeleton’s joints. This
actuation system shares some characteristics of hydraulic actuation systems, such as
low effectiveness in developing a velocity or position control [39,40]. Additionally,
it performs a non-linear response due to the element that it uses to generate energy.
On the other hand, this system provides higher efficiency in implementing control
strategies with force/torque [41]. Some of the advantages of this actuation system
are the low cost, the facility for coupling in the mechanical structure, a lightweight
structure [26, 42], and low difficulty for the system maintenance [42]. Some
disadvantages of the system are the low effectiveness of implementing position or
velocity control [42] and the actuation system not efficient in power transmission
that is not used to generate fast responses [40]. Finally, the actuator behaves like a
damping system that varies the stiffness of the joint and avoids abrupt movements
of the system [40].

Previously, this actuation system was not considered for lower-limb exoskeleton
actuation systems due to limited precision and accuracy in some cases. Therefore,
they were implemented on stationary platforms. On the other hand, the performance
of these systems could depend on the type of control applied on the platforms.
In this sense, several lower-limb exoskeletons can be found that use this type
of actuation system. For example, ALEX (University of Delaware, USA) uses a
Pneumatic Muscle Actuator (PMA) to actuate the sagittal plane’s hip and knee
joints. As a result, an assist-as-needed (AAN) control system was developed, which
adjusts the assist level of the device by evaluating the angular position of the
joint [43]. Lower-limb exoskeletons for activities of daily living assistance such
as WalkOn use pneumatic cylinders for knee joint actuation in the sagittal plane,
obtaining 18 m/min of gait speed [44]. Likewise, these actuators are applied in the
development of soft robots, where pneumatic muscles are placed to complement
the muscle contraction for the generation of dorsi-plantarflexion and inversion—
eversion movements in [45]. On the other hand, using these devices can also reduce
the metabolic cost of a healthy user using an ankle exoskeleton during gait with a
pneumatic actuation system [46].
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2.3.1.4 Transmission Mechanisms

Lower-limb exoskeleton joints have been actuated by various transmission mech-
anisms; these mechanisms fulfill the objective of applying the assistive torques
for the hip, knee, and ankle joints of the lower limb. Several actuation systems
have been developed to support the user’s movements and provide assistance in
the primary movements of the lower limbs of human body. The following are the
main categories:

» Stiff Actuators:

The implementation of electric motors in the center of rotation (CR) of the joints
of a lower-limb exoskeleton has been applied in the development of exoskeletons
focused on activity of daily living assistance. This type of system has been
used to execute predefined trajectories [47] applying a position controller. For
instance, ReWalk (ReWalk Robotics, United Kingdom) [48], Ekso (University of
California Berkeley, USA) [49], and Indego (Vanderbilt University, USA) [50]
use this type of methodology for the execution of various activities of daily
living with predefined trajectories. Usually, this actuation system focuses on
the assistance of the hip, knee, and ankle joints in the sagittal plane, to provide
primary movements of the human body in activities of daily living and walking
activity. Figure 2.16 shows an example of a stiff actuator implemented in the
lower-limb exoskeleton joint.

Fig. 2.16 Stiff actuator DC
system schematic, the DC motor
motor is coupled to the r

gearbox ratio. Subsequently, |
this actuation system is
located directly in the — |
exoskeleton’s joint
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This transmission mechanism uses a DC electric motor, and the gearbox
magnifies the torque generated by the motor as follows:

Tj = Ty X Rgr, 2.51)

where 7; is the joint torque, 7, is equal to the motor nominal torque, and Ny,
is the gearbox ratio. In general, exoskeletons with stiff actuators are developed
for spinal cord injury users. Therefore, these are designed as portable and
wearable devices, for prolonged use. These devices are complemented with a
Graphical User Interface that provides the user with the capability to control
the activities developed using the lower-limb exoskeleton [44, 48, 51]. On the
other hand, this stiff actuator can be used in control strategies aimed in the
physical Human—Robot Interaction (pHRI) using sensors that estimate the user’s
kinetic parameters and simulate a back drivable device. This actuation system
will allow the generation of required torques to the user’s lower-limb movements
[4, 52, 53]. The disadvantage of using gearboxes is based on the reduction of
the angular velocity of the actuation system by dividing the value of the motor
nominal speed by the gearbox ratio. The implementation of DC motors with
gearboxes is adapted to the joints to generate the desired angular positions in the
walking activity, assisting the lower extremities [44, 54, 55]. On the other hand,
the reduction ratio of the gearboxes limits the movements of the joint performed
by the user, so this actuation system is used in lower-limb exoskeletons for
people with spinal cord injury.

¢ Compliant Actuators

The series elastic actuators (SEAs), for example, are presented to a shock
tolerance actuation system [56]; this main characteristic focuses on uncoupling
the joint to the DC motor and the gearbox ratio using an elastic element
[57]. As a consequence, the SEA properties include a low impedance and low
friction. Generally, it is implemented in the development of force controller;
impedance—admittance controller is applied in devices to take advantage of
the physical Human—Robot Interaction (pHRI) [41]. The SEAs respond to the
replacement of high precision position controllers in manipulator robots that
interact with users according to the workspace [58]. In the last years, various
compliant actuators have been presented in the literature. This section is defined
as a mechanically adjustable compliance and controllable equilibrium position
actuator (MACCEPA) [59]. This actuator was used to develop some lower-limb
exoskeletons [51,60,61] aimed at rehabilitating activities of daily living applying
the pHRI definition.

The MACCEPA is an actuation system focused on including the user’s motion
intention in the control strategies. Its development is based on a system mass—
spring system, which exercises a pretension on the spring varying the stiffness of
the joint for the development of various activities. Figure 2.17 shows the concept
of the MACCEPA system presented in [59]. With radius (r), the disc rotates to
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Fig. 2.17 MACCEPA definition, where L is the length of the starting point of the joint to the point
where the spring is attached; Sy, is equal to the length of the pretensioned spring; r is equal to the
disc radius that provides the pretension to the system

vary the spring pretension, which provides stiffness to the system according to
the activity to be performed.

The torque generated by this system is expressed by the equation shown
below:

. P—|L—r|
T =krL xsina x |1+ , (2.52)
N2+ L2 —2rL x cosa

where k equals to the system’s elasticity constant, r is the disc radius that
changes the pretension of the spring, L is the length from the disc location to the
point where the end of the spring is attached, and P corresponds to the extension
of the spring caused by the pretension [59]. So the MACCEPA actuator adjusts
the rotation of the disc to generate pretension in the joint; this allows generating
different torque profiles depending on the value of « and the elasticity constant
of the spring. The actuation system has been characterized as a back drivable
device. Likewise, the variation of the spring pretension can turn it into a non-
back drivable system, capable of generating 70 Nm for the hip and knee joints
[60].

Exoskeletons such as ALTACRO (Vrije University, Belgium) [60] implement
the MACCEPA for gait rehabilitation by testing different levels of joint stiffness
and the effects that this configuration has on gait [59]. Wearable lower-limb
exoskeletons such as Biomot (Future and Emerging Technologies (FET), Spain)
[61] apply this actuation system to the hip and knee joints. Proposing an
exoskeleton focused on the assistance of these joints in the sagittal plane.
Cable-Driven Actuators:

The actuation systems presented in the literature for lower-limb exoskeletons
were focused on the generation of the necessary torques for hip, knee, and in
some cases ankle joints. On the other hand, some factors such as the actuation
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system location, dependence on a rigid structure, weight, among others generate
limitations for the movement of these joints. For this reason, some systems were
developed, such as the driven cables, which present an actuation mechanism
focused on the implementation of a mass—spring—damper system.

These actuation systems offer the capability to generate movements in the
hip, knee, and ankle joints, without presenting constraints associated with the
exoskeleton mechanical structure [62]. The implementation of this actuation sys-
tem contributes to the pHRI, where the main objective is the user’s participation
in the development of activities of daily living. Their location is distributed in a
way that they are not located directly in the lower-limb joints. This characteristic
decreases the weight perceived by the user’s joints [26, 63]. Additionally, the
weight of these joints is considered lower than the implementation of electric
motors adapted with gearboxes. Finally, the implementation of these systems
does not require a rigid structure [64].

As an example, LOwer extremity Powered ExoSkeleton (LOPES) (University
of Twente, Netherlands) [62] makes use of this system, proposing a series
elastic actuator system using Bowden cables. The LOPES actuation system
includes the use of Bowden cables, complemented with the implementation of
springs for the lower-limb joints. This system was focused on the variation of
the pretension of the springs, for the generation of assistive torques for the
activity of the march. Factors such as wear and friction of the cables with
the system structure are relevant for developing a closed-loop control [62]. As
an example, Fig.2.18a shows a schematic of this system. An Exosuit Myosuit
(ETH Zurich, Switzerland) [65] is a wearable device that does not have a rigid
structure, and implements driven cable actuators to assist the sitting-to-standing
activity and walking activity. The Myosuit actuation system allows the user to
generate voluntary movements monitored through loads cells and IMU sensors to
support the motion intention generated by the user who suffers muscle weakness.
Figure 2.18b shows a schematic of this exosuit in the user’s lower limbs.

In conclusion, the actuation systems shown in this section are some of the
relevant actuation mechanisms developed for the lower-limb exoskeletons most
mentioned in the literature. Each of these actuation systems was aimed to use the
pHRI in the control strategies developed according to the robot workspaces. In this
case, the lower-limb exoskeletons mentioned are designed for the rehabilitation and
assistance of the relevant activities of daily living performed by a user who suffers
from a neurological disease. Each of the mentioned actuation systems presents some
advantages and disadvantages depending on the requirements in maximum torque,
maximum angular velocity, actuation system’s weight, usability, and the required
control strategies in developing various activities. Finally, these factors will affect
the support and assist the hip, the knee, and the ankle joint in various primary
movements of the human body.
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Fig. 2.18 Cable-driven actuators schematic of lower-limb exoskeletons developing activities of
daily living; (a) actuation system schematic of the LOPES exoskeleton developed by Bowden
cables located in lower-limb joints; (b) exosuit named Myosuit is considered a wearable exoskele-
ton that applies soft robotics to support various activities of daily living using driven cables
actuation system in the lower-limb joints

2.3.2 Actuation Systems in Social Robots

As mentioned in the previous section (Sect. 2.3.1) there are different types of
actuation for lower-limb exoskeletons, within which are pneumatic, hydraulic, or
electric actuation systems. In Social Assistive Robots (SAR), different actuation
systems based on electric actuation systems have been implemented, as shown in
Table 2.5.

The table shows the most common types of actuation systems on social robots.
In this case, most of the robots are actuated by stiff actuation systems and a few by
an actuation system based on series elastic actuators (SEAs). The stiff actuation
systems are composed of DC motors, and a gearbox that increases the torque
generated by the motor. On the other hand, actuation systems based on SEA consist
of an elastic element between the DC motor and the gearbox. This elastic element
provides benefits such as shock tolerance, lower reflected inertia, and minor damage
to the environment [82].

Most of the SAR contain many degrees of freedom because they attempt to
generate realistic biological movements. The NAO robot is one of the robots with
the most degrees of freedom allowing it to generate movements such as walking
and dancing. Other robots, such as CASTOR, KASPAR, Huggable Bear, and Paro,
have less complex actuation systems but perform limb movements or generate facial
expressions.
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Table 2.5 Actuation systems in Social Assistive Robots

Robot

CASTOR [7]
Keepon [66]
Probo [67,68]
KASPAR [69,70]
Pleo [71,72]
TIAGo [73]
Pepper [74]
HOBBIT [75]
Huggable Bear [76]
NAO [77-79]
Paro [80,81]

Purpose

Autism spectrum disorder
Autism spectrum disorder
Autism spectrum disorder
Autism spectrum disorder
Support for well-being
Elderly care

Elderly care

Elderly care

Autism spectrum disorder
Autism spectrum disorder

Autism spectrum disorder

Front View

Actuation system
SEA
Stiff
SEA
Stiff
Stiff
Stiff
Stiff
Stiff
Stiff
Stiff
Stiff

_IW\N\_ Flexible Element
o DC Motor

@ Joint

Degrees of freedom
14
4
20
17
14
12
19
5

Lateral View
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Fig. 2.19 Series elastic actuators (SEAs) in CASTOR robot improve the interaction and safeguard
the structure to provide the ability to interact physically and socially with CwASD during therapy

The robots focused on therapies with children with autism spectrum disorder

(CwASD) such as CASTOR and Probo are the only ones based on a SEA actuation
system. This is for the type of actuation, and SEA allows the execution of therapies
focused on physical interaction, necessary for the development of CwASD, without
representing a risk for both the child and the robot [83]. Figure 2.19 shows the
actuation system in CASTOR Robot, an example of SEA in SAR.
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2.3.3 Actuation Systems in Smart Walkers

In case of mobile wheeled robots such as the smart walkers, the actuation systems
are commonly more straightforward than the actuators employed by social robots
and exoskeletons. In general, the actuation systems in smart walkers can be
categorized according to their purpose: (1) actuation systems for motion and (2)
actuation systems to interact with the user. As shown in Fig. 2.20, there are several
actuation interfaces that can be equipped in smart walkers. Depending on the design
requirements or rehabilitation purpose, these, more than one of these, actuation
systems can be used.

2.3.3.1 Actuation Systems for Motion
Most of the robotic walkers reported in the literature implement differential drive
systems, in which only two motorized wheels are used [15,20,22,84]. Usually, each
of the actuated wheels is equipped with a brushed DC electric motor coupled to a
gearbox to increase the delivered torque by the motor. However, the most current
developments in robotic walkers migrate to brushless DC motors that are directly
integrated into the wheels (i.e., BLDC hub), such as the wheel motors equipped in
electric scooters.

Although the literature lacks in reporting the torque characteristics required for
a walker-assisted gait application, the generated torque should be sufficient to move
the robot chassis, while a person partially supports its weight on it. In this way, when
selecting or designing these types of actuation system, it is helpful to consider that:

Haptic Handles

Vibration Belts

SRS

BLDC Hub DC Motors
Motors & Gears

(3G

Fig. 2.20 Illustration of common actuation interfaces in smart walkers

Steering Servo
or Stepper
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1. The smart walker should support an average payload from 60 kg to 90 kg, based
on the average weight of an adult male.'

2. The smart walker should be able to provide an average linear speed of 1.5 m/s,
based on the average walking speed of a healthy adult.>

In the tricycle drive and Ackerman steering configurations, the actuation systems
are frequently located in front to provide the steering of the device [16, 18, 19]. In
such configurations, the actuation is often accomplished by electrical stepper motors
or servomotors. Once again, even though the electrical characteristics have not been
appropriately benchmarked in the literature, the actuation system should be able to
steer the device considering the friction of the wheel and the weight of the smart
walker while supporting a user.

Finally, electromechanical brakes or braking systems are often implemented in
smart walkers. Although these devices do not provide motion during gait assistance,
they are generally used to limit movement in hazardous situations or guidance and
cognitive support tasks.

2.3.3.2 Actuation Systems to Interact with the User

There are several ways to communicate information with the user in rehabilitation
and assistance tasks in smart walkers. One of these communication channels is
achieved using actuators, whether worn by the user or mounted on the device,
to provide haptic feedback to the user [21]. In these scenarios, small DC motors
or vibration motors are often equipped, through which information such as the
presence of obstacles, a dangerous situation, or the path to be followed can be
indicated to the user. For instance, vibration belts and haptic handlebars have been
reported in the literature [21, 85].

2.4 Robotic Sensory Architectures

One of the most important tasks in assistive and rehabilitation robots is the ability
to acquire information about the users and the surrounding environment. This is
commonly accomplished by sensing devices that are capable of measuring physical
magnitudes and converting them into electrical signals. In this section, the most
common sensors used in lower-limb exoskeletons, social robots, and smart walkers
are presented. The particular selection of sensors and input devices in these devices
is referred to as sensory architectures.

Uhttps://www.cdc.gov/nchs/fastats/body-measurements.htm.
Zhttps://www.sciencedirect.com/topics/medicine-and-dentistry/walking-speed.
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2.4.1 Sensory Architecture of Lower-Limb Exoskeletons

The implementation of various sensory interfaces is developed with many objec-
tives. First, the assessment of kinematic parameters for the gait pattern provides
information to evaluate the development of this task by the health-care professional.
On the other hand, the acquisition of this data is also processed to apply different
control strategies implemented for the rehabilitation or assistance methods for the
walking activity. These methods contribute to the therapy sessions an increase in
patient compliance in developing therapy sessions promoting neural plasticity. This
section mentions various sensors aimed at the acquisition of kinematic and kinetic
parameters; these are relevant for the control strategies implemented in the lower-
limb exoskeletons.

2.4.1.1 Kinematic Parameters

Different parameters are required in developing activities of daily living. As an
example, the displacement, velocities, and acceleration of the exoskeleton joint
are estimated. In this sense, this section shows some sensors that are used in the
estimation of these parameters:

* Magnetic/incremental encoders:
This sensor is used to estimate the number of motor shaft turns. In this case, the
encoders are coupled in the center of rotation of each joint of the exoskeleton. As
a result, the angular position of the joints in various planes of the human body
is obtained. Therefore, this sensor is implemented in rehabilitation and assistive
exoskeletons.

Some examples of their application are presented in lower-limb rehabilitation
exoskeletons such as BioMot (Future and Emerging Technologies (FET), Spain)
[61], ALEX (University of Delaware, USA) [86], and E_ROWA [87] that monitor
the joint angular position in the sagittal plane using it as an input to control
strategies based on activities of daily living rehabilitation. On the other hand,
robotic orthoses are instrumented to observe the behavior of a specific joint in
various planes of the human body. Such is the case of Ankleboot (Massachusetts
Institute of Technology, USA), which monitors ankle plantarflexion—dorsiflexion
and inversion—eversion movements [88]. Finally, lower-limb exoskeletons for
activities of daily living assistance such as ReWalk (ReWalk Robotics, United
Kingdom) [48], REX (REX Bionics, New Zealand) [89], VariLeg (ETH Zurich,
Switzerland) [51], Indego (Vanderbilt University, USA) [50], HAL (Tsukuba
University/Cyberdyne, Japan) exoskeleton [90] use these sensors to measure
the angular position of the hip, knee, and ankle joints in the sagittal plane in
generating control strategies that provide 100% assistance to the user’s joints.

¢ Inertial Measurement Unit (IMU):
The acquisition of different human body parameters requires the user’s instru-
mentation with non-invasive sensors, where the sensor placement time is a
relevant factor to use with a lower-limb exoskeleton. For these requirements,
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MEMS sensors are used. For instance, the Inertial Measurement Unit (IMU)
sensors are commonly mainly implemented for these applications because of
the size, the patient instrumentation time, and the parameters provided by the
IMU sensor [91]. Generally, the IMU sensor is composed of a gyroscope,
an accelerometer, and a magnetometer that provide angular velocity, linear
acceleration, and magnetic field strength in different axes [92, 93]. The IMU
sensor is located in various parts of the user’s human body for the activity of
daily living recognition using machine learning methods to process the IMU data
[92,94-96]. Into the IMU implementation advantages is taken into account the
sensor placement time, the sensor size, and the parameters that can be estimated.

2.4.1.2 Kinetic Parameters

The interaction forces between the user and the lower-limb exoskeleton are esti-
mated for the development control strategies focused on the pHRI. On the other
hand, some methodologies to use the human body electrical signal are implemented
to control the voluntary movements of the user’s lower limb using a lower-limb
exoskeleton. The main goal of the acquisition and processing of these parameters
is to increase the patient’s participation in the therapy sessions, where each signal
is rendered in terms of position, velocity, or acceleration values. Subsequently, the
lower-limb actuation system is commanded through these values.

* Force sensor: Currently, several sensors are implemented. Strain gauge sensors
are located in the lower-limb exoskeleton mechanical structure [52, 97]; this
allows to estimate if the interaction is in terms of force/torque. As an example,
AGoRA exoskeleton (Colombian School of Engineering Julio Garavito, Colom-
bia) [4, 53], ALLOR (Federal University of Espirito Santo, Brazil) [97], and
CPWalker [98] apply this method in the estimation of the exerted forces and
the development of different control strategies using this parameter as an input
system.

The acquisition of kinetic and kinematic parameters was aimed to monitor and
use an input signal in various control strategies. Generally, the sensor modules
showed in this section are integrated into lower-limb exoskeletons for rehabilitation
and assistance workspaces. Remarkably, the mentioned sensors are non-invasive
sensors and the acquired outcomes provide various parameters that allow the
healthcare professional to assess the development of activities of daily living.

2.4.2 Sensory Architecture of Social Robots

Sensory systems provide robots with the ability to sense and receive information
from the surrounding environment. Navigation sensors such as lasers or ultrasonic
sensors give the possibility to plan a trajectory or prevent the robot from colliding.
Other robots include pressure sensors, tactile sensors, and microphones that allow
better interaction with the patient/user. Also, robots include cameras that serve as
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Table 2.6 Sensory systems in Social Assistive Robots

Robot Sensors

CASTOR [7] Tactile sensors

Keepon [66] Tactile sensors, cameras, and microphone

Probo [67,68] Tactile sensors, camera, and microphone

KASPAR [69,70] Cameras and force sensors

Pleo [71,72] Tactile sensors, camera, microphones, infrared sensors, temperature sensor,
ground foot sensors, and orientation and motion sensors

TIAGo [73] Microphones, force/torque sensor, laser, RGB-D camera, sonar sensor, and
Inertial Measurement Unit (IMU)

Pepper [74] Tactile sensors, cameras, microphones, 3D sensor, gyroscope, sonar sensors,
lasers, and Bumper sensors

HOBBIT [75] Lasers, depth camera, and RGB-D camera

Huggable Bear [76] Cameras, force sensors, temperature sensors, electric field sensors, and
temperature sensors

NAO [77-79] Tactile sensors, microphones, OmniVision cameras, pressure sensors,
inertial sensor, sonar rangefinder, and infrared sensors

Paro [80,81] Tactile sensors, microphones, temperature sensors, and light sensors

the robot’s eyes. This provides the ability to detect facial expressions, gestures, and
distances. Table 2.6 shows different sensory systems implemented in social robots.

Most robots feature touch sensors, microphones, and cameras. On the other
hand, more complex robots such as Pleo, TIAGo, Pepper, and NAO implement a
variety of sensors that, as mentioned above, give the robot a better perception of the
environment.

2.4.3 Sensory Architectures of Smart Walkers

As in mobile robots, the sensing devices equipped in smart walkers cover a wide
range of sensors, ranging from devices to acquire information from the environment
to devices to obtain information from the user. In this sense, this section briefly
describes the most common sensors employed to extract information about the
user’s state and intentions. Moreover, considering that the smart walkers move
around indoor environments, they require sensing devices to estimate their motion
and global position, as well as sensors to overcome unforeseen environmental
characteristics [5,22].

2.4.3.1 Sensing Loops in Smart Walkers
The sensors mounted in the smart walkers and the sensors worn by the users can be
classified in terms of the source of information delivered by the sensing devices.

¢ Proprioceptive Sensors: These devices include those sensors that estimate
information related to the internal systems of the smart walker. Commonly,
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proprioceptive sensors in smart walkers are used to estimate the velocity,
position, and orientation in a given environment, as well as, to estimate the
battery level, internal temperature, brake’s state, among others.

* Exteroceptive Sensors: These sensors are used to obtain information related
to the environment and the user, and thus they are further classified into two
categories or sensing interfaces:

1. Human—Robot Interface (HRi): This interface refers to the communication
channel between the user and the robot, and therefore to the sensors that
acquire information from the user. With the proper implementation of this
interface, the smart walker is capable of: (1) the recognition of the interaction
forces between the user and the platform, (2) the estimation of the user’s
navigation commands or intentions of movement, (3) the detection of the
user’s presence and proper support on the walker, (4) the estimation of the
user’s gait parameters and biomechanical indicators, and (5) the monitoring
of the user’s overall health state [22].

2. Robot—Environment Interface (REi): This interface refers to the sensing
devices that provide information from the environment and surrounding
objects. The sensors for environment sensing allow: (1) the building and
autonomous update of the environment map, (2) the autonomous localization
of the device in the environment, (3) the detection of surrounding obstacles
and people, and (4) the detection of hazardous situations.

2.4.3.2 Common Sensors in Smart Walkers

The smart walkers can be equipped with a wide range of sensors for multiple pur-
poses. For instance, Table 2.7 describes some of the sensors found in smart walkers,
classifying them by typical use and classification. Regarding the classification of
these sensors, they can be whether proprioceptive or exteroceptive. Those sensors
classified only as exteroceptive are devices that can be used in both HRi or REi. An
extensive description of some of the sensors presented in Table 2.7 can be found in
[12].

In addition to the above, to analyze the sensory interfaces of smart walkers
reported in the literature, Table 2.8 summarizes some of the most notable smart
walkers, describing their main functionalities and sensory interfaces. For instance,
the CO-Operative Locomotion Aide (COOL Aide) is a three-wheeled passive
SW intended to assist the elderly with routine walking tasks [103]. It includes
mapping and obstacle detection systems, as well as navigation and guidance
algorithms. Additionally, it is equipped with force sensors on its handlebars and
a laser rangefinder (LRF) to estimate the user’s desired direction to turn [5]. Other
passive walkers, such as those presented in [16,21], include navigation and guidance
algorithms based on haptic feedback systems and laser-based mapping.

Regarding active smart walkers, multiple sensory interfaces have been imple-
mented [15,17,18,20,99-101,104]. These interfaces are equipped with sensors such
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Table 2.7 Classification of
common sensors used in
mobile robotics applications,
focusing on walker-assisted
gait

Typical use
Tactile or physical

interaction
sensors

User estimation

Wheels and
motors sensors

Orientation or
localization
sensors

Motion sensors

Ranging and
obstacle sensing

Vision sensors

Sensor
Bumpers
Contact switches

Joysticks
Potentiometers
Microphones

Temperature
Sensors

Hearth rate sensors
Laser rangefinders
Ultrasonic sensors

Force sensors or
load cells

Plastic optical fiber
(POF) sensors

Inertial
Measurement Units
(IMUs)

Foot and hand
pressure sensors

Encoders (all
classes)

Potentiometers
IMUs

Gyroscopes
RFID readers
Accelerometers

Encoders (all
classes)

Laser rangefinders

2D Light Detection
and Ranging
(LiDAR)

3D LiDAR
Ultrasonic sensors
Reflective sensors

CCD/CMOS
cameras

Depth cameras
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Classification
Exteroceptive—REi
Exteroceptive—REi

Exteroceptive—HRIi
Exteroceptive—HRIi
Exteroceptive—HRIi
Exteroceptive—HRIi

Exteroceptive—HRIi
Exteroceptive—HRIi
Exteroceptive—HRIi
Exteroceptive—HRIi

Exteroceptive—HRIi

Exteroceptive—HRIi

Exteroceptive—HRIi
Proprioceptive
Proprioceptive

Proprioceptive

Proprioceptive
Exteroceptive—REi
Proprioceptive
Proprioceptive

Exteroceptive—REi
Exteroceptive—REi
Exteroceptive—REi
Exteroceptive—REi

Exteroceptive—REi
Exteroceptive

Exteroceptive
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Table 2.8 Related works involving smart walkers that integrate interfaces for Human—Robot—
Environment Interaction

Walker Sensory interface Main functionalities
GUIDO [18] — Force sensors
- LRF — Autonomous navigation
— Sonars — Detection of user’s intentions
— Encoders — Sound feedback
XR4000 [99] — Force sensors
- LRF — Autonomous navigation
— Sonars — Detection of user’s intentions

— Infrared sensors

— Encoders
ASBGo++ [20] — Force sensors
—LRF — Autonomous navigation
— Sonar — Detection of user’s intentions
— Infrared sensors — Gait monitoring
— Camera — User position feedback
— Encoders
JAROW [17] — Infrared sensors
— Encoders — User’s position estimation and prediction
—LRFs — Obstacle avoidance
UFES [15] — Force sensors — Path following
—LRF — Obstacle avoidance
—IMUs — Detection of user’s intentions
— Encoders — Gait monitoring
PAMM [100] — Force sensors
— Sonars — Autonomous navigation
— Camera — Health monitoring
— Encoders
MOBOT — Force sensors — Autonomous navigation
—LRFs — Detection of user’s intentions
— Cameras — Speech and gesture recognition
— Kinect sensors — Body pose estimation
— Microphones — Gait Analyzer
CAIROW [101] — Environment analyzer
— Force sensors — Force analyzer
—LRFs — Gait analyzer
ISR-AIWALKER [102] — Force sensors — Detection of user’s intention
— Kinect sensor — Gripping recognition
— Encoders — Gait analyzer
— RGB-D Camera — Autonomous navigation

(continued)
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Table 2.8 (continued)

Walker Sensory interface Main functionalities
COOL Aide [103] — Force sensors
- LRF — Autonomous navigation
— Encoders — Detection of user’s intentions
Wachaja et al. [21] — 3D Mapping and localization
- LRF — Obstacle avoidance
— Tilting LRF — Vibrotactile feedback
MARC [16] — Sonars — Path following
— Infrared sensors — Obstacle avoidance
— Encoders
c-Walker [19] — Kinect like sensor
— RFID reader — Autonomous navigation
-IMU — People detection and tracking
— Camera — Guidance
— Encoders

as encoders, IMUs, and LRFs to provide navigation, guidance, and user interaction.
Moreover, these smart walkers are also equipped with sensing technologies to
estimate the user’s intentions to move, based on gait analysis systems and rule-
based algorithms.

2.5 Conclusions

Several aspects define a gait rehabilitation and assistance device. In this sense, this
chapter introduced concepts about the kinematic modeling, actuation systems, and
sensing architectures of lower-limb exoskeletons, social robots, and smart walkers.
Different methodologies, such as forward and inverse kinematics, DH convention,
and homogeneous transformations were explained, regarding the kinematic model-
ing.

In terms of the actuation mechanisms of these rehabilitation robots, a concise
description of the actuators employed was presented. In particular, several insights
were given to make an optimal selection of an appropriate actuation system
depending on the task to be performed with the devices. Additionally, factors such
as the actuation system cost, sensory interface for the implementation of control
strategies, weight, and mechatronic integration must be considered.

Finally, the third aspect corresponds to the sensory interface that estimates
the kinematic and kinetic parameters of the devices, and allows them to acquire
internal and external information. Those presented in this chapter provide the input
parameters for various control strategies and the required information to guarantee
a safe and natural interaction in clinical and everyday scenarios.
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