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ABSTRACT

In this paper, a mechanical model of the skeletal muscle of human lower limb system is estab-
lished by using the Hill muscle model and kinetic equation of the movement of lower extrem-
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ities according to the attachment positions of skeletal muscle. State vector and neural control

are delineated by the direct configuration method. Changes of gait and skeletal muscle stress
during walking process are analyzed with energy consumption as objective function. Results
illustrate that simulation data are in good agreement with actual walking gait data. Feasibility
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and correctness of the designed model and control behavior of skeletal muscle tension structure

are also verified.

1. Introduction

The movement performance of human lower limbs is
closely related to a special tensegrity structure formed
by muscle-bone-tendon (Caluwaerts et al. 2013;
Akhtaruzzaman et al. 2016b). The lower limb system is
driven by the contraction of muscle attached to bone
and joints, with bone acting as lever and joint acting as
pivot (Ananthanarayanan et al. 2012; Akhtaruzzaman
et al. 2016a; Rajagopal et al. 2016). Multi-muscle con-
traction and sequential activity can dynamically change
the number of driving forces and provide time-varying
optimal driving force. The stiffness and elasticity of
mechanism can be adjusted by dynamically regulating
the leg muscle tension to adapt mass distribution, and
energy consumption of human lower limbs (Jacquelin
et al. 2019). Therefore, a model of shape and structure
of musculoskeletal tensegrity system with high energy
efficiency, high strength, low weight, and compactness
is an important reference prototype for improving the
overall performance of bionic and robotic legs (Garcia
et al. 2011; Seok et al. 2012). Establishing a universal
model and efficient control method of human lower
limb system is greatly significant for furthering research
of human motion mechanisms in order to facilitate the
design of lower limb rehabilitation medical equipment
and control strategies for humanoid robots (Klein and
Lewis 2012; Akhtaruzzaman et al. 2017; Hwang
et al. 2018).

Since the 1970s, models of human lower limb gait
have been studied and analyzed. Cappozzo established
a method to obtain a mathematical description of the
most significant variables concerning the kinematics
and dynamics of human locomotion (Cappozzo et al.
1975). Pandy studied the motion of lower limb swing
phase and bipedal support phase by using a five-
rigid-body model (Pandy and Berme 1988). With the
development of science and computer technology,
more and more complex lower limb models and con-
trol strategies are proposed, and the research direction
is more detailed. McLean developed a dedicated 3-D
model to investigate potential loads that could lead to
knee injuries during exercise (Mclean et al. 2003).
Seth developed OpenSim system and built a model
based on it to study muscle function during walking
and running (Seth et al. 2011). Pizzolato presented a
real-time model based on OpenSim solving inverse
kinematics and dynamics of lower limb without sim-
plifications at 2000 frame per seconds with less than
31.5ms of delay (Pizzolato et al. 2017).

The research works of human lower limb model
and musculoskeletal system are basically independent
of each other and have not been well integrated.
Research on human lower limb model
inclined to analyze the law of human motion, which
is more used in rehabilitation equipment, humanoid
robots, and other fields. Research on the
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Figure 1. The three-element Hill muscle model.

musculoskeletal system is normally applied for
physiological applications to study joint force, the
specific information of muscle strength produced by
human movement, and the accurate interpretation of
neuromuscular coordination. Based on a bionic mus-
culoskeletal model, this paper establishes the musculo-
skeletal movement model of human body and
predicts human gait model under certain speed and
gravity by optimizing function. This method involves
musculoskeletal traction control and prediction of
human gait under different gravity conditions in a
human musculoskeletal model. It has certain reference
significance for establishing a new control mode of
humanoid robots, and it provides a train of thought
on how to combine the human model with musculo-
skeletal system.

2. Methods
2.1. Skeletal muscle model

The Hill muscle model is used in analysis of muscle
involved in this paper (Hill 1938).
Assuming that there is a linear relationship between
length of each muscle and joint angle, the relationship
between muscle length and joint angle n (n < 3) is as
follows:

mechanics

Lp=ao+a1d, +---+a,d, (1)

where L, is the muscle length, ¢, is the angle of joint
n, a, is the length of the torque arm corresponding to
joint n, and ag is the muscle length of model in the
state of standing on both feet. The force produced by
muscle is given by the three-element Hill model (as
shown in Figure 1), and the muscle force model equa-
tion is derived by Van Soest, Bobbert, and Clean (van
Soest and Bobbert 1993; Mclean et al. 2003; Jovanovic
et al. 2015). The basic muscle force equation is

Fer = f(Lex) - g(Vegra) - max { o } o

Fcg = Fsgg — Fpeg (3)

F,y = Fsgg (L — Lcg) (4)

where Fcg is the force on compression unit CE, Fggg is
the force on series elastic element SEE, Lpgg is the force
on parallel elastic element PEE, Lcg is the length of CE,
VcE is the contraction speed of CE, a is the excitation of
muscle, f is the mapping between force and length of
CE, and g is the relationship mapping between force and
excitation of CE, F,, is the ultimate force on muscle.

2.2. Dynamic model of human lower limbs

The model designed in this paper is a two-dimen-
sional human lower limb system. Through mathemat-
ical methods, the kinematics and dynamics equations
of two-dimensional model are established based on
relationship of joint angles and Cartesian coordinate
system of a key point. According to the characteristics
of human lower limb movement, kinematics and
dynamics simulation analysis of human lower limb
system is further carried out.

The lower limb model is simplified as a seven-link
mechanism, and the generalized coordinate system of
lower limb model is established by using nine coordi-
nates (X, Y, g1, g2 ... ¢7). The method and process to
establish generalized coordinate system are given in
the Appendix.

Based on kinematics modeling, the relationship
between each bone and joint torque in process of lower
limb movement is studied. The Lagrange equation is
used to establish system dynamics equation of a particle:

p_d oL o

= a_q,. _a_q,»(l: 1, 2, ...n) (5)

where g; represents the generalized coordinates of
joint i, g, is the corresponding velocity, F; is the non-
conservative force acting on the joint i, and # is the
number of links.

The kinetic energy of a rigid body can be expressed
as sum of the translational kinetic energy of center of
mass and rotational kinetic energy around center of
mass. It is a function of generalized coordinate g and
generalized velocity g, which is written as K(g,q).
The potential energy of a rigid body is a function of
the generalized coordinate g, which is written as
V(q). Lagrange’s equation can be deduced as

d 0K(q,9) 9K(g,q) , 0V(q)
dt aq, 6q, aq,

=F (6)

Assuming that Cartesian coordinates of the center
of mass of link i are (p¥,p}), it can be expressed as a
function of generalized coordinates g:
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P p;‘(q)}
= 7
-1 7
The linear velocity and absolute angular velocity of
link i can be obtained by derivation of Eq. 7:

opi(q)
Py | % |, 8
5= opta) | ®)
0q
The kinetic energy of link i can be written as
1 . . 1.
Ko =mi(07) + (1)) +5 (@)
2 2 (©)
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where D;(q) = mi<(%)2 + (apy) ) +J; is the iner-
tia matrix.
The total kinetic energy of system is

- 1
K=Y K=-4"
253
The potential energy of link i is

Vi = m,gp{ (11)
The total potential energy of system is

V = Z Vi= Zmigp{ (12)

The first item on Left Hand Side of Eq. 6 can be

obtained as
~a (ZD" )

D(q)q (10)

d 0K(q
dt aq

- ZDIJ q 1

The second item on Left-Hand Side of Eq. 6 can
be expanded:

(13)

Jrk=1

0K(g:q) 1~=0Dk(q) . .
——= =52 —=a 44 (14)
6qi 2],’](2:1 aq: j 1k

Then Eq. 6 can be expressed as

Yoo+ 35 (T

Jyk=1
ovi(q)

=F
+ o

_10Dy(q) . .
2 og, 49 |49k

(15)

The Right-Hand Side of Eq. 14 can be written as a
vector form Iy

_ 1 (0D;(q) 0Di(q) 9Dk(q)
Fi]k_i( dgc o g 1o

The dynamic equation can be written as

D(q)-G+C(q:q)-q+G(q) =F (17)

av
where Cii(q,9) = > i_; Tii(9)q, and Gi(q) = #.
The non-conservative force can be decomposed into

F; = u; + E'(q) - Fex, where u; is the driving torque act-
ing on joint i, Fey is the other non-conservative force
except the joint driving torque, and E;(q) is Jacobian
matrix of Cartesian coordinates for the generalized
coordinates of the external force F.,, acting point.
According to the specific form of lower limb system,
the joint torque u is equal to zero, and the driving force
is a non-conservative force provided by skeletal muscle
models. Assuming that the attachment points of a
muscle are i and j, its Cartesian coordinates are (x;, y;)
and (xj,y;) in the absolute coordinate system. By
expressing Cartesian coordinates as an equation of the
generalized coordinate g, Jacobian matrix of Cartesian
coordinates for generalized coordinates of the external
force acting point can be determined:

Xi xi(q)}
{yi] {yi(q) ) 1)
By assuming that a link i is subjected to K muscu-

lar forces, which is expressed as F.., (n=1,2,...k),
the resultant force F; is

Fi= ZE/ (19)

Muscular forces are related to muscle length L,
and compression unit /. in the Hill muscle model,
and L,, can be expressed as

Lm:\/( § — Xj) +()’ )’J) = Lu(q) (20)

Then, Eq. 19 can be written as

F —ZE’ @), Fen(Ln(@):ke) 1)

The final kinetic equation of model can be written
as a second-order differential equation:

D(q)-§+C(q.q)- 4 +G(q) =B-u+E(q) - Fext
(22)

where D is the inertia matrix, C is the Coriolis matrix,
G is the gravity moment vector, B is the input matrix,
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Table 1. Parameters of the human lower limb system model.

Section Length (mm) Weight (kg)
Trunk Chest width: 305, chest thickness: 233, buttock width: 327, height: 635 29.82
Thighs Length: 495, sitting thigh thickness: 233 9.8
Calves Length: 397 2.8
Foot Length: 261, Width: 101, Height: 76 1.05

u is the driving moment matrix, F.y is the other non-
conservative force except the joint driving torque, and
E is the Jacobian matrix of Cartesian coordinates for
generalized coordinates of the external force act-
ing point.

2.3. Direct collocation method

The direct collocation method is widely used to solve
nonlinear trajectory optimization problems (Betts
1998; Kaplan and Heegaard 2001; Ackermann and
van den Bogert 2010; Ackermann and van den Bogert
2012). The direct collocation method can transform
the dynamic equation constraints of system into
equality constraints on state vectors by discretization
and then construct nonlinear programming problem.

By defining the objective function of system opti-
mization as /, the dynamic equation of system can be
written as

dx _

5 = FOust € [To. To] (23)

where y is the state variable. The time interval
[To, T1] will be divided into N time intervals of equal
length; the first time node is #,, and the last time
node is t,. The dynamic equation can be approxi-
mated by interpolation in the time interval of two
adjacent time nodes. At time node f;, the state vector
equation can be written as follows:

e X1 _ T (24)

e — tk—1

Then, the direct collocation method transforms
control problem into finding optimal trajectory
sequence(Yg, x> - - -»Xy) and duration (f,f, ..., ty)
with discretization. The discrete form of objective
function J is minimized, which satisfies the existence
of corresponding dynamic equation constraints and
corresponding boundary conditions constraints at
each time node.

In this way, an infinite-dimensional optimal con-
trol problem is transformed into a finite-dimensional
nonlinear programming problem by the direct collo-
cation method.

3. Modeling and simulation
3.1. Modeling of the human lower limb system

The human lower limb system designed in this paper is
composed of seven parts (including trunk, two thighs,
two calves, and two feet), which are confined in a sagit-
tal plane. The system has six degrees of freedom
(Hardin et al. 2004). Park’s relevant research (Park
2008) shows that arm swing in sagittal plane will only
have a slight impact on human gait, so the two-dimen-
sional lower limb system is suitable for studying human
gait characteristics and muscle tension control system
simulation. In this paper, the human lower limb system
is modeled in MATLAB. The human body data used in
modeling process are Chinese adult human body size
data provided by GB-10000-88. The specific parameters
of model are shown in Table 1, which are average val-
ues of 26-35years old adult males with height of
1775 mm and weight of 70 kg.

Based on analysis of human muscle mechanics,
eight related muscles with the most obvious effects on
movement of human lower limbs were identified as
the source of force input to lower limb model. They
are psoas (PSOAS), gluteus (GLU), hamstring
(HAM), rectus femoris (RF), vasti (VAS), gastrocne-
mius (GAS), soleus (SOL), and tibialis-anterior (TA).
According to human anatomy data (Gerritsen et al.
1998), the locations of muscle attachment points are
determined. The relevant parameters of eight selected
muscles are shown in Table 2.

The model of human lower limb system with eight
muscle actuators is shown in Figure 2.

3.2. Gait simulation of the human lower
limb model

According to the Hill muscle model and lower limb
model, the state vector of skeletal muscle model is
established as x = [q” " 1L a”]". The state vec-
tor includes 50 variables, where vector g includes 9
generalized coordinates, vector g includes 9 general-
ized velocities, vector Lcg includes 16 muscle com-
pression unit lengths, and vector a includes 16 muscle
stimulation values. The relationship between these
variable groups can be expressed as four equations:
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Table 2. Main parameters of selected muscles.

Muscle (group) Frmax (N) Lceopt (M) Width (%Lceopt) Lgjack (M) ao (M) Gankie (M) knee (M) Ghip (M)
PSOAS 821 0.102 129.8 0.142 0.248 0 0 -0.050
GLU 1705 0.200 62.5 0.157 0.271 0 0 0.062
HAM 1770 0.104 119.7 0334 0.383 0 -0.034 0.072
RF 663 0.081 1443 0.398 0474 0 0.050 -0.034
VAS 7403 0.093 62.7 0.223 0.271 0 0.042 0
GAS 1639 0.055 88.8 0.420 0.404 0.053 -0.020 0
SOL 3883 0.055 103.9 0.245 0.201 0.053 0 0
TA 1528 0.082 44.2 0.317 0.464 —-0.037 0 0

Figure 2. Human lower limb system model.

q=1Is-q (25)
4 =4(q 9 Le) (26)
lee = lee(qy Leer @) 27)
a=a(au) (28)

where Iy, is the unit matrix. Equation 26 is derived
from the lower limb system dynamics equation.
Equation 27 is the velocity equation of a muscle con-
traction unit. Equation 28 is the functional relationship
between muscle stimulation and nerve stimulation.

The contact force model between the foot and
ground for human lower limb system model is com-
posed of 10 uniformly distributed spring damping
systems on the sole of the foot. The mathematical
model of contact force in vertical direction of a single
spring damping unit j can be expressed as follows
(Clercq 1993):

fj = ad} (1= b3)) (29)

where §; is the contact depth between spring damping
unit j and ground, a is the vertical stiffness parameter
of damping spring j (a = 5.0 x 10’N/m?), and b is
the vertical damping parameter of damping spring
j (b= 1.0s/m).

The horizontal direction Coulomb force affected by
contact element can be written as (van den Bogert
et al. 1989)

1—e il e

fx,f = 1+ e Vil Ve

where v, ; is the relative slip velocity of spring damp-
ing unit j, v, is the scale factor (v, = 0.05m/s), and
the friction coefficient is p = 1.

The gait prediction problem of neuromuscular
control can be expressed as finding the relationship
curve u(t) and state vector y(t) between nerve excita-
tion and time based on a given pace v. The gait char-
acteristics, such as speed, step length, and rhythm, are
closely related to the energy consumed in each step of
the walking process. Thus, the energy consumption
function is taken as the objective function. The prob-
lem becomes to solve the global minimum that satis-
fies the objective function of energy consumption in a
gait cycle under the constraints of system dynamics.

The kinetic constraint is as follows:

(6) = f (u(t),u(t).) ()

Wh.j (30)

The boundary conditions are as follows:
0<u(t)<1 (32)
The periodic expression is
1(T) = %(0) +vT (33)
u(T) = u(0) (34)

The energy consumption function is (Glitsch and
Baumann 1997; Thelen and Anderson 2006)

16 T
J :LZEJ a*(t)dt (35)

ZViizl T 0 '
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Figure 3. The variations of nerve excitation.

In the above equations, T is the gait cycle, % is the
state space unit vector, and V; is the muscle volume.
The energy consumption function can complete cal-
culation of energy by weighting stimulation of a sin-
gle muscle affected by muscle volume.

The state vector and neural control can be discre-
tized by direct collocation method, and the optimal
value problem of neuromuscular control is trans-
formed into a nonlinear programming problem.
Based on hypothesis of bilateral symmetry, the human
gait is considered to be symmetrical. In this paper,
the gait period is divided into 100 equal time interval
sequences. At time node f;, the unknown variables
are neural excitation variables u(f), state vector (),
and period T. The state vector equation of system is
same as Eq. 24.

The system dynamics constraint calculated by this
method is a large-scale sparse matrix. In this paper,
SNOPT toolbox is used to solve the nonlinear pro-
gramming problem of large-scale
in MATLAB.

sparse matrix

3.3. Gait simulation and result analysis

Based on above data of human lower limb model and
gait prediction method, the time-varying value of
nerve excitation under a low gravity environment and
walking speed of 1.1m/s is obtained. The partial
results are shown in Figure 3.

0 0.5 1 0
Time(s)
(g) SOL

0.5
Time(s)
(h) TA

Figure 3 illustrates variations of nerve stimulation
of eight muscles in the right leg during walking for a
gait cycle. horizontal ordinate represents time, which
is a complete gait cycle of 1s, and longitudinal coord-
inate represents the value of nerve stimulation of
muscles associated with human motion, which is a
dimensionless value and satisfies a < 1. The value of
nerve stimulation indicates output force and energy
supply of muscle during exercise. The higher value of
a, the more energy and greater output force it pro-
vides. According to time-varying curve of nerve
stimulation, when walking in a low gravity environ-
ment, the value of nerve stimulation is less than 0.3,
which indicates that the energy and force provided by
muscle for human movement are smaller, and this
gait is a kind of walking action that saves more
strength. At the same time, if a value of one of the
eight muscles is higher, it indicates that this muscle
plays a greater role in human motion at this time.
Observing the eight curves, it can be found that a
value of vasti muscle group (VAS) is the lowest
among all eight muscles (a value is no more than
0.1). The vasti muscle group (VAS) is responsible for
knee joint stretching. However, in the whole gait
movement process, knee joint will naturally produce
stretching behavior affected by gravity. The vasti
muscle group (VAS) plays a more auxiliary role and
does not provide great force to drive knee joint
stretching, so its nerve stimulation is the lowest of
eight muscles.
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According to the predicted results of nerve stimu-
lation and the state vector values y at each time node,
the Hill muscle model is used to calculate real-time
muscle force in MATLAB, and then it is applied to
the model to realize muscle tensegrity effect. The
human skeletal muscle’s motion control is simulated
in the process of movement, and the motion control
of tensegrity structure is tested by simulating human
skeletal muscle’s actuation control and gait movement
process. The process diagram of control system is
shown in Figure 4. The human lower limb model
control and simulation system is established in

Environment
setting V.8
Sy ’ F;
Ground N Human . Nerve
contact force Model
MATLAB
Simulink ¥ Joint angle
Movement
simulation
v
Output action
data
End

Figure 4. Process diagram of the control system.

MATLAB. The calculation of muscle elongation and
input can also be integrated in a same control mod-
ule. Take psoas muscle as an example, its control
module composition is shown in Figure 5.

Figure 5 is a custom Matlab Function control mod-
ule for PSOAS muscles. Its purpose is to calculate
muscle strength of PSOAS muscles at a certain time
and output initial muscle length and contraction
speed of next moment. The calculation is based on
angle of hip, knee and ankle joint at current moment,
the length and contraction speed of damping element
in Hill model. In Figure 5, Module hip records angle
of the current hip joint, Module knee records angle
ofcurrent knee joint, Module ankle records angle of
current ankle joint, and Module Clock is the timing
module. The recorded values of above four modules
are used as input part of MATLAB Function control
module. The output part of control module has three
items, which are muscle force at this moment, and
the muscle length and contraction speed at next
moment. The muscle force module can act on
Prismatic module throughJoint Actuator module,
which is a sliding pair on both sides of muscle
PSOAS. The other two outputs are initial muscle
length and contraction length at next moment, and
two delayed modules are used transfer this two out-
puts as the feedback input of control module.
Revolute module represents the connecting rotating
pair of PSOAS muscle and trunk attachment point,
and Revolute 1 module represents connecting rotating

Revolute Revolute1
@ = | af scs1cs2p E
| rlscsoszp—r § &
Conn1 Bod —
oady
5 - - Conn2
@ & Prismatic Body1 Joint Actuator
hip Port hip | \.6::> ¢
" |
N d j
knee Port knee ‘
u y
@ & I iopsoas_force_g
—)Clock
ankle Port e MATLAB Function
Delay
Group 1 )
L Lce A z!
Signal Builder1
Gowl | Delay1
e Vce -1
= z
Signal Builder

Figure 5. Control module diagram of muscle Psoas force.
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Figure 6. The variations of muscle elongation.

pair of PSOAS muscle and thigh attachment point.
The Singal Builders in left corner are signal generator
of length and contraction speed of damping element
in Hill model.

The full closed-loop feedback control of tensegrity
structure is realized by sensor module and function
calculation module. During simulation, Figure 6
shows the variations of eight human muscles’ elonga-
tions as a function of time during a gait cycle.

In Figure 6, horizontal ordinate represents time,
which is a complete gait cycle of 1s. Longitudinal
coordinate represents muscle elongation. Zero point
of longitudinal coordinate is the relative muscle
length in natural standing state of human body.
When muscle elongation is positive, it indicates that
the muscle is stretched, and when muscle elongation
is negative, it indicates that the muscle is contracted.
It can be seen that the elongation changes of all eight
muscles are less than 60 mm, which is consistent with
the data of human anatomy and does not exceed the
normal range of human muscle elongation. The
elongation curves of eight muscles reflects corre-
sponding joint movement trend to a certain extent.
For example, Vasti muscle group (VAS) mainly drives
extension of knee joint. During a whole gait cycle, the
muscle elongation is negative, which means that the
Vasti muscle group (VAS) has been in a contraction
change. The reason is that knee joint always has a

certain degree of bending during gait walking in a
low gravity environment.

In a gait cycle (t=1s) of low gravity enviroment,
the angle variations of the human joints obtained
from the simulation process are compared with the
joint angle curves in Ref. (Ackermann and van den
Bogert 2012) as shown in Figures 7-9.

In Figure 7, it is illustrated that the joint angle of
left hip reaches a minimum of -17° at 180ms, and
reaches a maximum of 31° at 495ms in the simula-
tion process. The joint angle of right hip decreases
gradually in gait cycle, and reaches a minimum of
-14° at 765ms. Then it increases to 35° within the
remaining 235 ms. In Figure 8, The angles of left knee
joint and right knee joint are both negative. When
supporting foot and opposite foot landing and leaving
ground, wave crest and trough will be formed accord-
ingly. In Figure 9, left ankle as contralateral foot
ranges from -10° to 6°, and right ankle as supporting
foot ranges from -12° to 8°.Through comparison of
Figures 7-9, it can be found that overall trend of
simulation results and Ref. (Ackermann and van den
Bogert 2012) results are basically consistent. However,
in simulation results, there are always several sudden
changes in angle curve of each joint, which makes
overall curves of joint angle more inclined to a bro-
ken lin. It is different from smooth change of joint
angle in actual walking process. The reason may be
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that only eight muscles related to exercise are selected
in simulation model.

This result confirms the validity of human lower
limb model and gait prediction method established in
this paper, as well as validity of the driving mode of
bionic tensegrity structure. It can be used for predic-
tion of lunar walking gait and other research on gait
research, bionic structure, humanoid robots and
other fields.

4. Conclusion

The lower limb system of human skeletal muscle
based on tensegrity structure is proved to be a com-
patible modeling method. Its gait prediction theory
and tensegrity control method provide a new tech-
nical approach for research on bionics, humanoid
robots, and other related fields and offer new ideas
for the study and application of human models and
skeletal muscle system. The tensegrity structure and
gait prediction method designed in this paper are still
complex and difficult to control. Firstly, according to
the direct collocation method, state vector and contact
model are reasonably constructed, and energy con-
sumption is taken as optimization objective function.
Then state vector at each time is calculated to predict
human walking gait in a low gravity environment. In
simulation process, the nerve stimulation and elong-
ation of the eight muscles that drive the lower limb
model movement need to be controlled simultan-
eously. This paper focuses more on kinematic simula-
tion of human low limb. In the process of muscle
driving, only changes of nerve stimulation and muscle
elongation with time are considered. The next
research will focus on dynamic analysis of related
active muscles by combined force control methods
and bionic muscle tensegrity structure.
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Appendix

The purpose of kinematics modeling of human lower limbs
is to determine the motion relationship among the joints of
human lower limbs. Its essence is to solve the angle, angu-
lar velocity, and angular acceleration of swinging limbs and
to express the relative position and motion relationship
between the joints. For the human lower limb model, the
generalized coordinate system of the human lower limb sys-
tem is established first, and then the state of the lower limb
system is represented by nine coordinates. The generalized
coordinate system is shown in Figure Al.

In the figure, X and Y, respectively, represent the trans-
verse and vertical coordinates of the upper ends of the
torso in the world coordinate system; g, ... g; are the angles

Y
X
/1 /
Ma
my D
A /
;R
q/39
2[4 \3
I [\ I3

Figure A1. Generalized coordinate system of the lower
limb model.

between each limb part and the Y direction of the world
coordinate system (assuming that the anticlockwise direc-
tion is positive); m;...m; are the masses of the trunk,
thighs, calves, and feet (m,=ms;, my=ms, mg=my); I,...1;
are the vertical distances from the trunk, thighs, calves, and
ankle joints to the mass center of the foot, respectively
(b=0h, =I5, ls=l;); Al... A5 represent each joint; and
Cl... C7 represent each body centroid. Assuming that the
center of mass of the system is at the geometric center of
the rod, the centroid of the foot is at the location of 16 and
17 of the ankle from the vertical line between the ankle and
the plantar.

According to the above system model, the position rela-
tionship of each joint and centroid of the limb is estab-
lished as follows (taking one leg as an example, the other
relevant formulas can be deduced by using the same
equations):

Xy, =X—lising;; Yy, = Y1 cosq. (A-1a)
X4, = X—I;sinq,—l sing,
Y, = Y-l cosq1—1 cos g, (A-1b)
X4, = X—lysing;—l, sing,—ly singy (A-1¢)
Ya, = Y1) cosq1—l, cos g, —ls cos qu
1 1
Xe, =X~ Ell sing; Ye, = Y— Ell cosq. (A-2a)
. 1. .
Xc, = X—lisingqi— =l sing,
$ (A-2b)
Yo, = Y=l cosq1— Elz cos g,
. . |
Xe, = X—lisingqi—hL sing,— 514 sinqy
i (A-2¢)
Yes = Y—1I; cosq1—1 cos g2 — > Iy cosqq
Xc¢, = X1 singy—b sin qo—Iy sin q4—Ig sin g (A-2d)

Yos = Y—1I1 cos q1—1, cos g, —1y cos qs—Ig cos ge

The absolute velocity relationship of the body centroid
position can be written as follows:



X, :X*%llqlcosql
Yo, =Y +%llq1 sinq;
Pc, =4
Xe, = X—llql COSql—%lzqz cos g2
Ycz =Y+ g, sing, +%lzq2 sin g,
(bCz =9, +4q,
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. . . . 1, .
X¢, = X—hq, cosq1—hq, cos q27514q4 COS g4

A-3 . . . .o | A-3
(A-32) Ye, =Y 4+ Lq,sing, + Lg,sing, + El4q4 sin gy (A-30)
¢C4 =q,+49,+4q,
.XC(, = X—14, cos q1—hq, cos g2—1sq, cos ga—lsq cos gs
(A-3b) Yo, =Y 4+ L, sing: + L, sing, + 144, sin g4 + lsq4 sin ge

O, =91+, + 94+ 45
(A-3d)



