Chapter 2
Model of Exoskeleton Suit

2.1 Introduction

To facilitate the analysis of the characteristics of the exoskeleton suit system,
assume that every link of the exoskeleton suit is rigid connecting rod, and the
connecting rods are connected through joints to form a multi-rigid-body chain
structure. The abstract model based on the assumption can be used as the object of
our theoretical research and analysis.

The mathematical model of multi-connecting rods’ object generally consists of
two parts: the kinematics and dynamics [1]. In the control of the exoskeleton suit,
the position relationship and the speed relationship among the joint connecting rods
of exoskeleton suit can be directly measured, namely the angle and the angular
velocity of each joint. How to calculate the pose of the end effector in the operating
space according to the position and velocity of each connecting rod (the terminal of
support phase is gravity center of the body, and the terminal of the swing phase is
ankle) is known as exoskeleton suit’s kinematic analysis or forward kinematics
problem. On the contrary, according to the position of the end effector in the
operating space and speed expectation, calculate the corresponding position and
speed of each joint’s connecting rod reversely, which is called kinematic synthesis
or inverse kinematics problem of the robot. And the relationship between
exoskeleton suit” movement and the force and torque that produce this movement
becomes the dynamics problem, which also can be divided into two problems:
according to the torque or force acting on the joints, calculating the joints’ position,
velocity and acceleration is the forward dynamics problem; according to the desired
joints’ position, velocity and acceleration, calculating the required torque or force is
called inverse dynamics problem [1-5].

This chapter first describes the book’s research object, the exoskeleton suit in
detail. Then, it analyzes the forward kinematics and inverse dynamics problems
based on the mechanical model of an exoskeleton suit and establishes the kine-
matics and dynamics models of the exoskeleton suit. At the same time, it describes
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the human body model, human-machine interaction model, and the virtual proto-
type research method of the exoskeleton suit and provides the human-machine
interaction models that can satisfy the requirement of simulation assumptions.

2.2 Basic Description of Exoskeleton Suit

2.2.1 Mechanical Model of Exoskeleton Suit

From the aspects of energy consumption and realized functions, there are two
development trends for the exoskeleton suit.

1. The whole body exoskeleton suit

The whole body-type exoskeleton suit refers to the exoskeleton that contains upper
and lower limbs and the exoskeleton whose all main movement joints have actuators.
This exoskeleton suit’s representative is the “WEAR” developed by SARCOS
Company in the USA, which mainly drives such joints as the hip, knee and ankle
joints of two legs, and shoulder, elbow, and wrist joints of two arms. The WEAR tries
to reduce the operator’s energy consumption as much as possible and increase more
functions, such as protective armor, the body air-conditioning equipment, color
clothes, and flexible fabric (instruments), and even realize the function to fly.

The whole body-type exoskeleton suit looks at the future, in order to meet
human’s dream of becoming superman. But it requires more drive joints: Not only
the structure is complicated, but also energy consumption is large. Now, we only
can stay in the laboratory dragging long cable under the condition without minia-
turization, high density, and portable energy devices.

2. The lower limb-type exoskeleton suit

Lower limb-type exoskeleton suit refers to the exoskeleton that only contains
lower limbs. The representative of the exoskeleton suit is Berkeley’s HULC of the
USA. The exoskeleton suit’s desired function is very simple, that is, to help soldiers
carry load and reduce the energy consumption. It drives a few joints selectively, for
example, HULC and MIT exoskeleton suit only drives the knee joint, trying to
transfer the load to the ground as much as possible.

Because the lower limb-type exoskeleton suit’s function is single and the
number of its driving joints is reduced, its structure design is relatively simple. And
because of its lighter weight, smaller volume, reduced power consumption, and
increased portability, the function is easy to be realized under current technical
level.

This book mainly introduces the lower limb-type exoskeleton suit, providing an
instance of exoskeleton suit as shown in Fig. 2.1 [6]. The exoskeleton suit is
composed of seven rigid connecting rods, namely the trunk (back frame), two legs,
two shanks, and two feet. The trunk of exoskeleton suit carries the load, and the
load can be seen as part of the trunk.
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Fig. 2.1 Mechanical model of the exoskeleton suit

Simplify the mechanical model drawings as shown in Fig. 2.1 to plane sketch as
shown in Fig. 2.2. The Y-axis of the vertical direction and the X-axis of the hori-
zontal direction are in a longitudinal plane, as shown in Fig. 2.2a. When analyzing
the exoskeleton suit’s movement and control theoretically, considering exoskeleton
suit’s most basic movement form is forward walking in flat ground, and the range of
each joint movement in longitudinal plane is bigger than the range in other planes.
Therefore, this book will make theoretical analysis and research based on the
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Fig. 2.2 Simplified model of the exoskeleton suit: a side view and b front view

exoskeleton suit models as shown in Figs. 2.1 and 2.2 and will limit the theoretical
analysis and discussion of the exoskeleton suit within the range of the longitudinal
plane, only researching each link’s flexion and extension movement around coro-
nary axis, imposing drive, and ignoring movement other planes, which decreases
the complexity of the model and simplifies the design of the structure. Although
there is no drive in transverse plane (refers to the external drive), there is also need
to design the corresponding degrees of freedom, and it is driven by the human
body’s energy, in order to follow the human body’s movement; the energy con-
sumption is lesser, so it can be ignored.

2.2.2 Segment Properties of Exoskeleton Suit

In the later parts of this book, we will build the exoskeleton suit’s kinematic and
dynamic models according to the above exoskeleton suit models. Before modeling,
first define the physical properties of the studied exoskeleton suit, as follows: call
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Fig. 2.3 Link properties of
the exoskeleton suit

each connecting rod of the exoskeleton suit, namely the thighs, the shanks, feet, and
torso, a link. The links’ attributes include quality, rotational inertia, and length as
shown in Fig. 2.3. These attribute parameters, as the most basic modeling param-
eter, must be determined in advance.

Define that m represents quality, / represents rotational inertia around the center
of mass, G represents the center of mass, L represents the rod length, and Lg
represents the components from joint points to the center of gravity in the reference
coordinate system. Then the parameters of exoskeleton suit’s each part are as
follows:

(1) Feet: Wlf,[f,Lf,LGf

(2) Shanks: mg, I, Lg, Lgs

(3) Thighs: my, I, Ly, Lg

(4) Trunk: myp, Lup, Lup, LGup-

For the convenience of study, this book ignores the offset of the center of gravity
of the exoskeleton suit trunk (including load) in the longitudinal plane. In the
theoretical analysis stage of verification, this assumption is reasonable.

2.2.3 Definition of Coordinate System

For both kinematics model and dynamics model, the pose of exoskeleton suit’s each
connecting rod needs to be defined. To define the pose of each connecting rod, we
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Fig. 2.4 Coordinate system
and symbol definition

ankle joint2 06

need first define the local coordinate system of each rod, and using coordinate
system describes geometric relationship of all the exoskeleton suit’s entities. The
local coordinate system defining the exoskeleton suit is shown in Fig. 2.4 [7].

Reference coordinate system (coordinate system 0) is defined in the landing
place of the heel, e, is in parallel to the instep, and pointing from ankle to tiptoe,
ey, is perpendicular to the instep. Other coordinate systems except reference
coordinate system are associated with the system status. The other coordinate
systems are defined as follows:

(1) Coordinate system 1 is fixed in knee joint 1 of the standing leg 1, and —ey;
points to the ankle 1 of standing foot.

(2) Coordinate system 2 is fixed in the hip joint of standing leg 1, and —e, points
to the knee joint 1 of the standing leg.

(3) Coordinate system 3 is fixed in the hip joint of the trunk, and e3, points to the
head.

(4) Coordinate system 4 is fixed in the hip joint of swing leg 2, and —ey4; points to
knee joint 2 of the swing leg.

(5) Coordinate system 5 is fixed in knee joint 2 of swing leg 2, and —es; points to
ankle 2 of the swing leg.

(6) Coordinate system 6 is fixed in ankle 2 of swing foot 2, and —eg; points to the
tiptoe of swing foot 2.
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In the figure, O;(i =0,...,6) represents the original point of each coordinate
system; e;; represents the unit vector expressed by the i in the coordinate system. g;
(i=1,...,6) represents each joint angle, and the counterclockwise is positive; g; is
defined as follows, respectively:

(1): gi represents the flexion angle of ankle joint 1.
(2): g, represents the flexion angle of knee joint 1.
(3): g3 represents hip joint’s stretching angle of thigh 1.
(4): g4 represents the hip joint’s flexion angle of thigh 2.
(5): gs represents the flexion angle of knee joint 2.
(6): ge represents the flexion angle of ankle joint 2.

2.2.4 Partition of the Model

According to the constraint relationship between the exoskeleton suit and the
ground and at the same time considering the movement status of the legs, Racine
has divided the exoskeleton suit’s walking process into several main models [7], as
follows:

(1) Jumping model is the state in which the feet are off the ground and do not
touch the ground.

(2) Single support model is the state in which one foot touches the ground and the
other foot is completely off the ground.

(3) Double support model is the state in which the two soles fully touch the
ground.

(4) Double support and single redundance state is the state in which a sole fully
touches the ground, and for the other one, only the toe or heel touches the
ground.

(5) Double support and double redundance state is the state in which for either
foot, only the toe or heel touches the ground.

When using this classification method, there are too many models, and the
dynamic equation is complex. For example, the single support model as shown in
Fig. 2.4, due to considering the movement of two legs at the same time, there are
seven degrees of freedom (in the figure, the rotational degree of freedom of the
tiptoe rotating on the ground caused by tiptoe touching the land and heel being off
the land is not given).

In this book, models of each leg are classified alone, which are divided into
support model and swing model. This method is more simple, for example, for the
left leg, in every moment, no matter what state the right leg is in, there are only two
kinds of states for the left leg, one being the support model and the other being the
swing model, and there are only three degrees of freedom for each model (only
considering the longitudinal plane). For the support model as shown in Fig. 2.5a,



52 2 Model of Exoskeleton Suit

Fig. 2.5 Exoskeleton suit’s
model classification and the
end effector’s schematic
diagram: a the support leg and
b the swing leg
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the left leg is composed of three connecting rods of shanks, thighs, and torso. For
the swing model as shown in Fig. 2.5b, the left leg is composed of three connecting
rods of thighs, shanks, and feet. The model classification method simplifies the
exoskeleton suit’s model, and for each leg’s models, just switch between these two
kinds.

Strictly speaking, there are mutual influence relations between two legs. For
example, when the left leg is in the support model and the right leg in the swing
model, all the weight of the torso is borne by the left leg in the support model; when
the right leg is in the support model, the weight of the torso is borne by the two legs
together. For left leg support state model, because of the change of right leg model,
the relative weight of the torso changes, causing the change of model parameters,
but this change can be predicted by judging the right leg model, so the influence on
system model parameter can be remedied. Due to the limitation of the book’s
length, this book does not research the mutual influence between the two legs for
the moment.

In this book, we will establish the models of exoskeleton suit’s each leg sepa-
rately, and we divided each leg’s models into support model and swing model for
analysis. The method of establishing the kinematics model and dynamics model
will be introduced in the next parts.
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2.3 Kinematics Model of Exoskeleton Suit

2.3.1 Position and Orientation Description of Rigid Body

Any joint connecting rod of the exoskeleton suit can be regarded as a rigid body,
and the pose of the rigid body in space is made up of the rigid body’s position
% =[p. py p.]" and orientation in reference coordinate system {0}. The
position can be represented with three-dimensional vector p, namely

p=1Ipx pv p.I" (2.1)

And orientation can be represented with rotation matrix R from the local
coordinate system {i} fixed on the rigid body to the reference coordinate system
{0}, namely

rmn  ri2 rs
0
R=|rn ra r3 (2.2)

31 r3 133

The pose of any point p in the space is different for different coordinate systems,
and the expression of p among different coordinate systems can be obtained by
translating coordinate transformation and rotating coordinate transformation. If the
orientation of coordinate system {i} and that of coordinate system {j} are same, but
their origins are different, then the origin’s vector of coordinate system {;j} in the
coordinate system {i} is ‘p,;. Assuming position vector of the point p in coordinate
system {j} is /p, then, its position vector ‘p in coordinate system {i} can be
obtained by the formula

P="p+p, (2.3)

If the origin O; of coordinate system {i} coincides with the origin O; of coor-
dinate system {j}, their orientations are different, as shown in Fig. 2.6. Coordinate
system {j} can be obtained in this way: First, coordinate system {i} revolves
angle around y;-axis to obtain coordinate system {O;x'y;7'}, then {O;x'y;7'} revolves
0 angle around z’-axis to obtain coordinate system {O;x;y'z'}, and then {Ox;y'Z'}
revolves 7 angle around xj-axis to obtain coordinate system {O;xjy;z;}, namely
coordinate system {j}. Use the ;R representing rotation matrix of the coordinate
system {j} relative to the coordinate system {i}; use the , . /R representing
rotation matrix of the coordinate system {O;x'y;z'} relative to the coordinate system

i}; use the /% R representing rotation matrix of the coordinate system {O;x;y'z
the g2 R representing rotat trix of th dinate system {0;xjy'7

. . Oy . .
relative to the coordinate system {Ox'y;7’}; use the “™" Z]-R representing rotation
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Fig. 2.6 Rotation
transformation of the
coordinate

matrix of the coordinate system {;} relative to the coordinate system {O;x;y'z'};
then,

costy 0O siny

Oy R = 0 1 0 (2.4)

—sinyy 0 cosy

/ cos) —sing 0]
8§§;§i§,R = |sinf cos® O (2.5)

0 0 1]

3 10 0

OixijjR =10 cosy —siny (2.6)

0 siny cosy |

i ip OxviZp Oxy?

R =00 R onyveR TR (2.7)

Assuming position vector of the point p in coordinate system {j} is /p, then, its
position vector ‘p in coordinate system {i} can be obtained by the formula

P=R-p (2.8)

Using rotation matrix ]’R three-dimensional space can be transformed from a
given posture to any posture; therefore, the three variables (¥, 6,y) can represent
any posture, often called yawing—pitching—rolling notation, also known as X—Y—Z
Euler angle.

For the most general case, namely, the origin of coordinate system {;j} does not
coincide with that coordinate system {j}, and their orientations are different. Then,
the position vector can be obtained through the composite transformation of
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translation transformation and rotation transformation; namely, position vector of
the point p in coordinate system {j} is /p

P=R-p+p, (2.9)

But the equation (2.9) is not homogeneous for /p and so generally transforms the
equation (2.9) into equivalent homogeneous transformation form

H} _ Fé‘ i1’10j} . H’] (2.10)

Under the condition of without causing confusion, use 4 x 1 column vector
representing point coordinates of three-dimensional coordinate system, called
homogeneous coordinates, and still mark them as ip and ‘p. Then, the equation
(2.10) can be written in the following form:

P=T-p (2.11)
In the equation,
i ‘R p,
T = |/ Oj
T {0 | } (2.12)

The equation (2.12) is called the homogeneous transformation matrix. If we have
known the position vector of point p in the coordinate system {i} or {j}, then we
can easily obtain the position vector in another coordinate system by homogeneous
transformation equation (2.11).

2.3.2 Kinematics Model

Kinematics model describes the relationship between the space pose and joint
angle. The space pose refers to the space pose of the end effector, and the space in
which the space pose is located is generally referred to as the operating space, work
space, or task space, and in this book, we will call the space as operating space. The
space in which the joint angle is located is called the joint space. So we can say the
kinematics model describes the relationship between the joint space and operating
space. Generally, the robot’s end effector is unique, while the exoskeleton suit’s end
effector is related to the system’s state. If a certain leg of the exoskeleton suit is in
the support model, then the foot-supporting point of exoskeleton suit is regarded as
the base coordinate, and the trunk’s center of gravity of the exoskeleton suit is
regarded as the end effector of the supporting leg connecting rod, as shown in
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Fig. 2.5a. If a certain leg of the exoskeleton suit is in the swing model, then the hip
joint of the leg is regarded as the base coordinate, and the ankle of exoskeleton suit
is regarded as the end effector of the swing leg, as shown in Fig. 2.5a. In the next
part, we will analyze the kinematics of exoskeleton suit based on the position and
speed relationship of operating space and the joint space, respectively.

The position relationship

We take the left supporting leg as the example to make the kinematics analysis.
Refer to coordinate system definition in Fig. 2.4: The origin of reference coordinate
system {0} is defined as the point Oy, and then, the position vector of the left knee
joint point Oy in the reference coordinate system {0} is

®poi =[~Lssingi Licosqr 0] (2.13)

The rotation transformation matrix from left knee joint coordinate system {1} to
the reference coordinate system {0} is

cosq; —sing; O
'R = |singg cosq; O (2.14)
0 0 1

Then, the homogeneous transformation matrix from coordinate system {1} to
the reference coordinate system {0} is as follows:

cosqy —sing; 0 —Lgsing
O 0 sin cos 0 Lscos
O _ |1 P, | — q1 q1 s COS g1
i [0 1} 0 o 1 0 (2.15)
0 0 0 1

In the same way, the homogeneous transformation matrix from left hip joint
coordinate system {2} to the left knee joint coordinate system {1} is as follows:

cosqy —singy 0 —L;sing;
1 1 ;
ir_ [2R p,| _ |sing2  cosq 0 L;cosqy
1 { S } 0 o 1 0 (2.16)
0 0 0 1

The origin O3 of the trunk coordinate system {3} coincides with the origin O, of
the left hip joint coordinate system {2}, so

cosqy —sings 0 O
2p 2 ;
2 |3R “p, | _ | sings cosg3 0 0
T {0 10} 0 0 10 (2.17)
0 0 0 1
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The vector of trunk’s center of gravity in trunk coordinate system {3} can be
expressed as

Peuw = [—Law sings  Lawcosqs 0] (2.18)

The homogeneous transformation matrix from trunk’s center of gravity to the
left hip joint coordinate system is as follows:

cosqy —singy 0 —LguwsSings
2p 2 :
2 _|5R “p,,| _ |sings cosgs 0 Lgucosqs
o = [ 0 1”] | o 0 1 0 (2.19)
0 0 0 1

So, according to the chain rule of the homogeneous transformation matrix, the
homogeneous transformation matrix from trunk’s center of gravity to reference
coordinate system is as follows:

TGuw =T - 3T - 3T (2.20)

Making use of symbolic operation toolbox of MATLAB, we can calculate to
obtain the gTGub quickly:

OR 0
STouw = {30 Pas (2.21)
In the equation,
cos(q1 +q2+¢q3) —sin(qi+g2+q3) O
SR= | sin(gi+q2+q3) cos(gi+qa+q3) O (2.22)
0 0 1
—LS SiIl q1 — Lt Sil’l(qZ —+ ql) — LGub sin(q3 —+ q> + 6]1)
OpGub = | Lycosqi + L, cos(g2 +q1) + Lgup c08(q3 + ¢2 + q1) (2.23)
0

Making use of the same method, we can obtain the homogeneous transformation
matrix from the swing leg’s ankle joint to hip joint coordinate system.

2.3.2.1 Speed Relationship

If we define the ¢ to represent the exoskeleton suit’s joint velocity, define the p to
represent 3 X 1 translational velocity vector of trunk’s center of gravity of
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exoskeleton suit relative to reference coordinate system, and define w to represent
the 3 x 1 rotation angular velocity vector of trunk’s center of gravity of
exoskeleton suit relative to reference coordinate system, then the velocity of trunk’s
center of gravity in reference coordinate system can be expressed as

y = {i’} (2.24)

(0]

And there is such relationship between v and ¢:
v=J(q)-q (2.25)

In the equation, J is a 6 x 3 matrix, representing the geometric Jacobian matrix
of the trunk’s center of gravity of exoskeleton suit, and J can be divided into two
parts, namely

J= Uz] (2.26)

The two parts correspond to the translational velocity and angular velocity
In equation (2.24) respectively.
We take the derivative of the equation (2.24), and then, we can obtain

Jp = [Jpl Jo2 Jp3 }T (2.27)
In the equation,

—Lgcosqy — Licos(qz2 +q1) — Loub €08(g3 + g2 +q1)
Jp1 = —Licos(g2+q1) — Low cos(q3 + q2 + q1) (2.28)
—Lgub c0s(q3 + g2+ q1)

—Lgsingy — Lysin(ga +q1) — Low sin(gs + g2 + 1)
I = —Lysin(g2 +q1) — Lo sin(gs +q2 +q1) (2.29)
—Lagu sin(qs +q2 +q1)

Js=[0 0 0] (2.30)

There are such relationships among the angular velocity e, the rotation matrix,
and its differential:

‘R =S(w)-9R (2.31)
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If the w can be expressed as follows:
T
o=[ox o, o] (2.32)

Then, S(w) can be defined as follows:

0 —w, Wy
S=| w, 0 —oy (2.33)
—y 0

And S(w) is skew symmetric matrix, namely
ST(w) = —S(o) (2.34)
By the equation (2.31), we can obtain
S(w) =R -SR" (2.35)
Equation (2.22) differentiates the time, and then, the following can be obtained:
—sin(q1 +q2+4g3) —cos(qi+q2+43) 0
SR= (g1 +a+a)- | cos(aqn +OQ2 +4q3)  —sin(q gCI2+6]3) 8 (2.36)

So, by the equations (2.22), (2.35) and (2.36), we can obtain

0 —(q@1+q+q3) 0
S(w) = | q1+q2+4s 0 0 (2.37)
0 0 0

Contrasting Eq. (2.33) with Eq. (2.37), we can obtain

wy =0
wy =0 (2.38)
w; = i]l +CJ2+£13

Namely,

0o=[0 0 g+qp+a] (2.39)
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So,

Jo 0 00
J o3 1 1 1

After observing Egs. (2.23), (2.39), we find that because of only considering the
longitudinal plane, the position of trunk’s center of gravity in the z-axis direction in
the reference coordinate system is always zero. And the rotation angular velocity of
the trunk revolving around x-axis and y-axis is also zero; therefore, we can use the
way of dimension reduction to show the generalized position of exoskeleton suit’s
trunk in the operating space, namely defining the generalized coordinates of the
exoskeleton suit’s trunk:

x = {Ié} (2.41)

In the equation, p = [px Py }Te R? is the plane position vector of the trunk’s
center of gravity of exoskeleton suit in the operating space, and by Eq. (2.23), we
can obtain

px = —Lgsing; — Lysin(g2 +q1) — Lou sin(g3 + g2 +q1) (2.42)
Py = Lgcos g1 + L cos(g2 + q1) + Lgub c0s(q3 + q2 +q1) (2.43)

And the 0 = g, + g2 + g3 represents the orientation of the exoskeleton suit’s

trunk, and then, 0 = w,. According to Eq. (2.41), the generalized velocity of
exoskeleton suit’s trunk is as follows:

W= m (2.44)

According to Egs. (2.25), (2.28), and (2.29), we obtain the equation:
x=J(g)q (2.45)
In the equation, J(g) is the Jacobian matrix of 3 x 3, and
Jo1

J(g) = Jp2 (2.46)
Jm3
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Similarly, for the swing leg, as shown in Fig. 2.5b, also we can obtain

Px Lising; + L sin(q1 + ¢2)
x:[g]: Py | = | Licosq +Lscos(qr +4) (247)
0 q1+q+qs

Taking the (2.47) in the form of partial differential equation, we can obtain the
Jacobian matrix

L cos g + L COS(C]I +6]z) L COS(QI +(Iz) 0
J(q) = | —Lising) — Lgsin(q1 +¢q2) —Lssin(q1 +¢q2) 0 (2.48)
1 1 1

In the actual movement, in some certain condition, the exoskeleton suit’s pose
can lead to Jacobian matrix’s module |J| = 0, and namely, singular value exists. In
the singular value, the Jacobian matrix fails, therefore, in the control of exoskeleton
suit, and the occurrence of singular pose should be tried to avoid.

Equations (2.41) and (2.45) are the expression of exoskeleton suit’s kinematics
model. The kinematics model describes the relationship between the joint space and
the operation space. In this book, Chap. 3 discusses the questions in joint space, and
from Chaps. 47, questions are discussed in joint space and operation space at the
same time.

2.4 Dynamics of Exoskeleton Suit

Dynamics modeling is conducted on the basis of kinematics modeling, which
mainly researches the force/torque’s acting relationship among all the system’s
parts in the process of walking, to determine the driving torque of each joint on the
basis of the drive and control. The exoskeleton suit corresponds to different models
under the different movement models, so in the dynamic modeling, we need to
make modeling analysis, respectively, according to different models.

2.4.1 The Method of Dynamics Modeling

For the multi-rigid-body system, there are a lot of dynamic modeling methods.
Euler-Lagrange method is more mature classical method of multi-rigid-body
dynamic modeling [8]. Euler—Lagrange method is the method that differentiates the
system variables and time based on the energy term. For simple cases, using this
method is more complicated than using Newton’s mechanics method; however,
with the increase of system’s complexity, using the Euler—Lagrange method
becomes relatively easier. The Euler-Lagrange method is based on the following
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two basic equations: one for rectilinear motion and the other for rotary motion. First
of all, define the Lagrange functions as

L=KE-V (2.49)
In the equation, KE is system dynamics; V is potential energy of the system. So

_ 9oL 9L (2.50)

otoq Oq

In the equation, T is all the resultant external moment vector in the movement; ¢
is the system’s joint angle motion vector. The other method widely used in robot
dynamics is KANE method [9, 10], and it can also be applied to establish dynamic
equation of a multi-body system. As same as the Lagrange method, KANE method
is also a standard method to write dynamic equation. The concrete form is as
follows:

K. +K =0 (2.51)

In the equation, K, and K are generalized active force and generalized inertia
force, respectively.

Comparing the above two methods, their main differences are as follows: For the
mechanical system of n degrees of freedom, Lagrange equation gives n
second-order differential equations, and KANE method gives the 2n first-order
differential equation. The Lagrange equation only need write the system’s kinetic
energy and potential energy shown in generalized coordinates, and the concept is
clear, while the KANE method must construct appropriate generalized velocity and
partial velocity. In fact, when adopting the generalized coordinates adopted by
Lagrange, the models derived by the two methods are equivalent [11].

Another method is the R/W method proposed by Roberson of University of San
Diego in the USA and Wittenburg of University of Karlsruhekars in Germany. They
have introduced the graph theory in mathematics into dynamics to study the safety
problem of car crash [12]. Because this method is more complex, it is used less.

In this book, we use Euler-Lagrange method to make a dynamic modeling
analysis of the exoskeleton suit.

2.4.2 Modeling Procedures

The modeling method of support state model and swing state model is the same.
That is, firstly calculate the kinetic energy and potential energy to obtain the
Lagrange function shown in Eq. (2.49), and then, calculate to obtain the corre-
sponding dynamic model by differential operation shown in Eq. (2.50). The fol-
lowing takes the example of the steps of modeling the support state model to
explain [7].
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2.4.2.1 The Unit Vector

If we define e;;/; to represent the unit vector e; expressed in the coordinate system
k, as shown in Fig. 2.4, then in the inertial coordinate system, the unit vector can be
expressed as

ejo=[1 0 0]
enp=1[0 1 0] (2.52)
eo=[0 0 1]

By Eq. (2.8), we can know that the vector e; expressed in the coordinate system
i can be expressed as the vector in the coordinate system j by transforming
e) = {R -e/;. Therefore, Vi € [1,2,3] and Vj € [1,2,3], and then, the unit vector
of each coordinate system in the inertial coordinate system can be expressed as

eij/() = ZOR . eij/,- (253)

2.4.2.2 The Position Vector

Each key position vector is transformed into the position vector in the reference

coordinate system, and let the rpj0,/0 express the expression of the vector from

point O1 to point O2 in the coordinate system {0} (the reference coordinate sys-

tem), and the rest can be done in the same manner; so there are the following:
The vector from the ankle to the shank’s center of gravity is

roocs/o = Laseizjo (2.54)
The vector from the ankle to the knee joint is

rooo1/0 = Lse1z/o (2.55)
The vector from the knee joint to thigh’s center of gravity is

roiGyo = Lareaz)o (2.56)
The vector from the knee joint to the hip joint is

ro102/0 = L€xjo (2.57)
The vector from the hip joint to the vector of trunk’s center of gravity is

r03Gub/0 = LGub€32/0 (2.58)
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2.4.2.3 Link Angular Velocity

w;; expresses the rotating angular velocity vector of link i relative to link j, and link
0 expresses the reference coordinate system. Then, for given i € [1,2,3], the
angular velocity of two adjacent links can be expressed as

Oii—1) = Gi€03/0 (2.59)

For given i € [2,3], the angular velocity of each link relative to the reference
coordinate system can be expressed as

O = Oji_1) + Oi_1) (2.60)

2.4.2.4 The Velocity About the Point
Let v/ express the linear velocity of the point O in the reference coordinate
system, and the rest can be done in the same manner; so there are the following:
The linear velocity of shank’s center of gravity is
VGs/o = @20 X T'00Gs /0 (2.61)
The linear velocity of the knee joint is
Voi/0 = @10 X Too01/0 (2.62)
The linear velocity of thigh’s center of gravity is
VGr/0 = Yo1/0 + @20 X F01G1/0 (2.63)
The linear velocity of hip joint is
Vo2/0 = Voijo + @20 X T0102/0 (2.64)
The linear velocity of trunk’s gravity is

YGub/0 = V02/0 T @30 X F03Gub/0 (2.65)
2.4.2.5 The System’s Kinetic Energy
The shank’s kinetic energy is

1 1
KE = 5 MsVGs/0VGs/0 + Elswlowlo (2.66)
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The thigh’s kinetic energy is
1 1
KE; = 5MYG/oVGyo + E’thowzo (2.67)

The trunk’s kinetic energy is

1 1
KEy, = 5 "MubVGub/0YGub/0 + Elubw40w40 (2.68)

If the other leg is also in the support state, then the trunk’s weight and rotary
inertia are half of that of the current. The total kinetic energy of the system is

KE = KE +KE, + KE; (2.69)

2.4.2.6 The System’s Potential Energy
The shank’s potential energy is
Vs = msgroocs/0€o2/0 (2.70)
The thigh’s potential energy is
Vi = mg(rooot/o +roiat/0) - €02/0 (2.71)
The trunk’s potential energy is
Vb = mubg(rooo1/0 +T0102/0 +T036ub/0) * €02/0 (2.72)
The total potential energy is

V=V,+V.+Vp (2.73)

2.4.3 Dynamics Model

By Egs. (2.69) and (2.73), we can obtain the Lagrange function L expressed by
Eq. (2.49). So, according to Eq. (2.50), the system’s dynamic model can be
determined as

H(q)§+C(q,9)g+G(q) =T (2.74)

In the equation, ¢ = [q1 ¢2 ¢3]"; H(q) is the inertia matrix; C(q,q) is the
Coriolis term; G(q) is the gravity term; T = [T; T, T3] expresses the resultant
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external moment acting on exoskeleton suit, 77 expresses ankle joint torque, 7,
expresses the knee joint torque, and T3 expresses the hip joint torque. The concrete
forms of H(q), C(q,q), and G(q) are as follows:

Hu(q) Hulq) His(q)
H(q) = | Hn(q) Hx(q) Hx(q) (2.75)
Hyi(q) Hxn(g) Hulg)

Ci(g,9) Cnlq,9) Cis(g.q)

C(q,q9) = | Culg,q) Cnlq,q) Cxulq.q) (2.76)
Csi(q,9) Cx(q,9) Cs(q.9)
Gi(q)
G(g) = | Ga(q) (2.77)
Gs(q)

Hyi(q) = I+ L +mgLE, + mL2 +m L, + myL? + my,L?
+ mypLE + 2mLaiLs cos(qa) + 2mun L cos(q2) (2.78)
+ 2myp LgunLe €08(g3) + 2mypLau Ls cos(g2 + g3)

Hiz(q) = L + Ly + mLG, + mup LY + myy L + 2mubLaun Ly cos(q3)

(2.79)
+ myupLi cos(q2) + mLgeLs cos(q2) + mubLaunLs €08(g2 + q3)

Hi3(q) = I, + my L&y, + mupLaun L cos(g3) + muLauwLs cos(q2 +g3)  (2.80)

Hy (q) = I + L + mLE, +mup Ly, + muL? +mLeiLs cos(qn)

+ mypLsLy cos(qa) + 2mybLgunLi cos(q3) (2.81)
+ mubLsLau €08(q2 + q3)
Hy(q) = I + L +mupLZ +mLE, +mwLy (2.82)
+ 2mys Lun Ly c0s(q3) .
Hys(q) = Lb + mup Ly, + MubLcunLi cos(q3) (2.83)
Hi(q) = L + mubLéub + mubLun L c0s(q3) (2.84)
+ M LaunLs €08(g2 + q3)
H3(gq) = Lp + mup Ly, + MubLcunLi c0s(q3) (2.85)

Hs3(q) = Ly + mup Ly, (2.86)
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Cii(q,q9) = —2muLiLguqs sin(qs) — 2mu,LsLig> sin(q2)
— 2mypLaungaLs sin(qa + q3) — 2miLaigaLs sin(gz)

Ci2(q,q) = —muwLguwdaLs sin(qz + q3) — mupLigo L sin(g»)
— myLiqoLs sin(q2) — 2mypLaungs Ls sin(qz + q3)

Ci3(q,q) = —mwLcuwsLs sin(q2 + q3) — muwLcungs L sin(g3)
— 2mypLigaLouy sin(g3) — 2muLeunLsg sin(ga +q3)

C21(9,q) = muLsqi L sin(q2) + muLsG1 Laus Sin(g2 + q3)
+ thGtQILs Sin(lh)

C2(q,9) = —2muLcungsLisin(q3)
C23(g,q) = —muwLcuwgsLisin(g3) — 2munLcungiLe sin(gs3)
C31(q,9) = muwLcuwqiLs sin(q2 + q3) + munLaunLedi sin(gs)
C32(4,4) = muwLcuwLiqz sin(g3) + 2mu Louw Lig1 sin(q3)
Cx(q,9) =0

Gi(q) = —mugLsin(qy) — mugL; sin(q; + q2)
— myp&Laub Sin(q1 + q2 + q3) — migLs sin(q,)
— mygLg sin(q1 + g2) — msgLgs sin(qy)

G, (q) = —mypgLcus sin(q1 + g2 + q3) — mugLay sin(q1 + ¢2)
— muwgLsin(q1 + q2)

G3(q) = —muwgLauw sin(q1 + q2 + g3)
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(2.87)

(2.88)

(2.89)

(2.90)

(2.91)
(2.92)
(2.93)
(2.94)

(2.95)

(2.96)

(2.97)

(2.98)

Using the same method, we can obtain the dynamic model of swing leg. Because
the book’s length is limited, we will not show here, and in the next chapters, these

two models will be the research object.

2.4.4 Properties of the Model

For dynamic equation as shown by (2.74), we can prove that it meets the following

properties [1]:

1. Positive definiteness
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For arbitrary ¢, matrix H(q) is positive definite.
2. The boundedness

For all the ¢, ¢, matrix function H(q) and C(q, ¢) is uniformly bounded, that is,
there is positive number /,,, 4, and positive definite function. Makes

C"(4,4)C(g.9) <n(@I (2.100)

3. The skew symmetry

For arbitrary g¢,q, matrix function H(q) —2-C(q,q) is skew symmetric.
Namely, for an arbitrary vector quantity &, there is

¢'[H(g) —2-C(g,9))¢ =0 (2.101)

4. Linear characteristics

The exoskeleton suit’s mathematical model is linear for physical parameter.
Namely, if we express the constant coefficient of the matrix function H,C,G as a
vector quantity 0, we can define the proper matrix @(q,¢,v,a) and makes

H(q) a+C(q,q) - v+G(q) = P(q,q,v,a)0 (2.102)

hold.
In the equation, v is the velocity vector and a is the acceleration vector.

2.5 Human-Machine Interaction Model

In fact, the exoskeleton suit separated from the human is meaningless, and
exoskeleton suit is a human-machine system. In the human-machine system, the
interaction between human and the machine has been the important part of
human-machine relationship. One of the important research directions of
human-machine system is to realize the convenient communication between human
and the machine. Taken together, the human-machine interactive way can be
roughly divided into the following kinds: [13—15]

(1) In the traditional sense, operating handle, console, hand (foot) switch, and
some others all are the important communication bridge between people and
machines.

(2) With the advent of the computer, the interaction between human and the
machine has obtained unprecedented development. To realize the interaction
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between human and the machine by computer is considered to be the most
ideal human-machine interactive way, and the interaction between human and
the computer is realized through a user interface.

(3) For the multi-model interaction, the channels cover all kinds of communica-
tion methods of users expressing their intents, performing action, or perceiving
feedback information, such as language, eye contact, facial expressions, lip
movement, hand movement, gestures, head movement, body posture, touch,
smell, or taste, and the computer user interface adopting this way is called the
“multi-model user interface.”

However, after the analysis, we have found that to realize the human-machine
interaction of the exoskeleton suit system through the user interface is not appro-
priate. It is not possible for operators (the human) to wear the exoskeleton suit to
hold the keyboard, mouse, and monitor to operate and send control instructions to
exoskeleton suit constantly. The commonly used visual interaction needs several
fixed cameras to capture the human body’s moving posture [14], which is also not
appropriate for the exoskeleton suit, because there is no fixed space to install these
cameras. Others such as voice, handwriting, posture, sight, and expression are more
inappropriate.

The most appropriate interactive way for exoskeleton suit should be touch,
which is the most direct and natural interactive way between human and the
machine. The touch has four basic functions: touch sense, sliding sense, force sense,
and pressure sense. Among them, the force sense is three-dimensional force and
three-dimensional torque and is touch’s most complex, most comprehensive, and
most widely used perception form [16, 17]. If we make the exoskeleton suit have
force sense perception ability, then the exoskeleton suit can perceive the human
body’s movement intention by contacting with the human body naturally to gen-
erate the corresponding control command and control the exoskeleton suit to track
human movement. The exoskeleton suit’s sensitivity amplification control method
and the force control method that will be introduced from Chap. 3-7 both require
the natural contact of the human and exoskeleton suit to control exoskeleton suit’s
movement. In the sensitivity amplification control, relying on the force/torque the
human body acting on the exoskeleton suit when they are contacting to change the
motion state of the exoskeleton suit, and after the sensor installed in the exoskeleton
suit have received the change of its motion state, the control signal will be formed
to control the joint rotation of the exoskeleton suit, making the exoskeleton suit
track human movement. When their movement is consistent, the contact
force/torque the human acting on the exoskeleton suit becomes zero, and if keeping
the cycle continuously, even the force and torque acted by the human is much
lesser, they can drive the exoskeleton suit to move. In the exoskeleton suit’s control
method, using the multi-axis force/torque sensors to measure the contact force
exerted by the human at the end of the exoskeleton suit, and using this information
to generate the control signal of the exoskeleton suit to control the exoskeleton suit
tracking human movement, then the same effect as that of the sensitivity amplifi-
cation control method will be realized.
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Then, how is the acting force between human and the machine generated? In
fact, human and the exoskeleton suit are coupled together by certain links, such as
waistcoat, waistband, thigh straps, shank straps, and shoes. When there is error in
motion trajectory between human and the exoskeleton suit, the mutual acting force
between them will be produced. This force is naturally produced in the process of
movement, and there is no need to know the specific mathematical relationship
between the error and the force. But if we want to simulate the exoskeleton suit
system in computer, the mathematical relationship between them must be deter-
mined, namely establishing the mathematical model of human-machine acting
force. In general, if we consider the person as an object or environment, then the
property of interaction between the exoskeleton suit and human is the same as that
of interaction between the robot and environment. The interactive force between the
robot and environment can be thought as rigidity, the linear combination of spring
and damping [18, 19], as shown in Eq. (2.103)

fe = Kpf()c — xe) + Kpgx + KX (2103)

In the equation, f,. expresses the force vector of robots acting on the environ-
ment; x,X,X expresses position vector, velocity vector, and acceleration vector of
the end of robots in the operating space; x. expresses the position vector of envi-
ronment; Kpr, Kpr, and Ky;r express the spring coefficient matrix (the rigidity
coefficient matrix), damping coefficient matrix, and inertia coefficient matrix,
respectively. And some use nonlinear model to describe the environment’s dynamic
condition [18], as shown in Eqgs. (2.104) and (2.105)

fo = Kpr(x — x.)" + Kpgx” (2.104)
fo=Kpe(x —x¢)" +Kpe(x — x)x (2.105)

For the sake of simplicity, this book does not use the nonlinear model, but is
based on the linear model to research. And the environment described by
Eq. (2.103) is static, while in the exoskeleton suit system, the human as the envi-
ronment is kinetic. Then, assume the value of force vector of human acting on
exoskeleton suit is f (in contrast to the f, sign); xp, X, Xy express the information of
human movement; X.,X.,X. express the information of the exoskeleton suit
movement; then, the f can be expressed as

f= Kpf(xh — xe) + Kpe(xXn — Xe) + Kme(Xn — ie) (2.106)

When taking no account of inertia coefficient, Eq. (2.106) can be simplified to a
spring damping model

f= KPf(xh - xe) + Kpg(xh — ife) (2.107)
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If we do not consider inertia coefficient and damping coefficient, Eq. (2.106) can
be simplified as spring model [20]

f = Kpf(xh — xe) (2108)

The force human acting on the exoskeleton suit and the force exoskeleton suit
acting on human are the mutual reaction force, which can be called human-machine
acting force. The human-machine acting force in this book refers to the force human
made on the exoskeleton suit. In the later chapters, according to the human-machine
interaction model (environment model) described by Egs. (2.106)—(2.108), we will
simulate the human-machine interaction in the computer to complete the simulation
of various control methods.
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