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1. Introduction

Human lower extremity exoskeleton is a kind of
wearable intelligent robot [1] that has capability of carry-
ing a payload and can supplement human intelligence with
the strength. It can be used for the soldiers to bear heavy
payload when marching [2], so it can reduce the burden of
the pilot in real time. Besides, it’s capable of transporting
heavy materials over rough terrain or up staircases.

At present, without exception, DOF of all lower
limb exoskeleton was designed as revolute joints. The
earlier lower extremity exoskeleton developed by Univer-
sity of Berkeley called BLEEX. Adam Zoss [3, 4] et al.
proposed the biomechanical design for the BLEEX that has
7 revolute DOF per leg, four of which are powered by
linear hydraulic actuators. And the medical exoskeleton
designed by University of Berkeley only has knee and hip
joints that are actuated in the sagittal plane using hydraulic
actuators [5, 6]. The lower extremity exoskeleton devel-
oped by Tomoyoshi Kawabata et al. of Tsukuba University
called HAL [7]. In the earlier stages, HAL has been devel-
oped to assist the lower half body; the newly made upper
half body of the robot suit is directly attached to it. For
each half, left and right, articulation of the lower half body
of the robot suit is achieved by three single-axis revolute
joints. The lower extremity exoskeleton developed by K.
H. Low [8] et al. of Singapore Nanyang Technological
University called NTU. The NTU is anthropomorphic and
ergonomic, not only in shape but also in function. On the
one hand, it should be analogous to the human lower limb
in the case of joint positions and distribution of DOF; on
the other hand, the actuators in the exoskeleton leg should
be allocated in the corresponding position to the repre-
sentative muscles in human leg, in order to simulate the
function of the muscles during the process of human walk-
ing.

In addition, the effectiveness inevitably needs to
be verified when designing the lower extremity exoskele-
ton. And at present, the effectiveness is proved through
experiments by most researchers. A novel adaptive foot
system to enhance the required stability of lower extremity
exoskeletons as an add-on device was proposed by Jung-
won Yoon et al. [9]. And Experiments have been conduct-
ed to prove the effectiveness of the adaptive wearable de-
vice for postural and gait stability. An under-actuated
wearable exoskeleton system to carry a heavy load was
proposed by S. N. Yu [10] et al. And several experiments
were performed to evaluate the performance of the pro-
posed exoskeleton system by measuring the electromyog-
raphy signal of the wearer's muscles while walking on
level ground and climbing up stairs with 20 to 40 kg loads,

respectively.

Differently in this paper, the commonly used rota-
tion knee joint for lower extremity exoskeleton was opti-
mized as translational joint. The translational-knee joint
will make the structure of lower extremity exoskeleton
more compact and simple, as well as it will make the im-
plementation of control strategy of the lower extremity
exoskeleton more convenient. After the dynamic mathe-
matical model of the translational-knee lower extremity
exoskeleton was analyzed, the three cases for the human
body: without bearing load, independently bearing load
and wear the translational-knee lower extremi-
ty exoskeleton bearing load were simulated and compared.
At last, the power support effect of the exoskeleton was
analyzed, and then the feasibility of this translational-knee
joint was verified.

2. Design and modelling of translational-knee lower
extremity exoskeleton

The muscles of human can provide large tension
to pull bones to move around the joints, just like the lever
[11]. However, the bones and muscles of human body have
certain defects. Bones have supporting capacity, but can’t
stretch out and draw back to provide pressure and tension.
Muscles can provide tension, but don’t have supporting
capacity. However, the linear hydraulic actuators or pneu-
matic actuators can make up the above shortage. So it is
not necessary to design humanoid machine completely
according to the joint of human body, such as the lower
extremity exoskeleton.

After the structure model design of lower extremi-
ty exoskeleton is completed, the kinematics and dynamics
parameters of the model in the whole dynamic process can
be effectively obtained by modeling and simulating of its
mathematical model, and then the feasibility and practica-
bility of the design can be proved.

2.1. Structure design of translational-knee lower extremity
exoskeleton

Because of the particularity that the lower extrem-
ity exoskeleton should be worn on the body of human and
the necessity of ensuring maximum safety and minimum
collisions with the environment and operator, it’s essential
to consider the anthropomorphic design in the structure
design of lower extremity exoskeleton [3]. Anthropo-
morphic design can simplify a lot of problems, but also
can cause mind-set in innovation.

For example, the heel position relative to the hip
joint can be adjusted to realize all kinds of gait of human
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body by rotating the hip joint, knee joint and ankle joint.
But for the end control of heel [12], the same control func-
tion can also be achieved if the knee joint of the lower
extremity exoskeleton is designed as a translational joint.

The translational-knee can be realized by using a
set of hydraulic cylinder instead of leg. It will make the
structure of the lower extremity exoskeleton more com-
pact, as well as it will make the implementation of control
strategy of the lower extremity exoskeleton more conven-
ient. The simplified model is shown in Fig. 1.

The coordinate system usually used for the
movement of human body is as follows: the X axis points
to the forward direction of human body, the Z axis is verti-
cal upward, and the Y axis can be determined by the right
hand rule. Generally, the Y axis is referred to as flex-
ion/extension axis; the X axis is referred to as adduc-
tion/abduction axis, and the Z axis is referred to as rotation
axis [3].

Payload

-

=

i1

Fig. 1 Translational-knee lower extremity exoskeleton

The DOF and actuated conditions of the transla-
tional-knee lower extremity exoskeleton structure model
are designed as follows: the hip joint has DOF on flex-
ion/extension axis and adduction/abduction axis, and dif-
ferent from the DOF on flexion/extension axis that is actu-
ated by hydraulic cylinder the DOF on adduction / abduct-
tion axis is in passive state; each leg of the lower extremity
exoskeleton is a set of hydraulic cylinder, so the knee joint
has a translational DOF; the ankle joint has all the three
rotational DOF, and all the three DOF are in passive state.

2.2. Kinematics and dynamics modelling

The Lagrange mechanics theory is often used to
analyze the dynamic mathematical model of the robot op-
eration, which is also the theoretical basis of dynamic sim-
ulation software like Adams.

In the process of walking, the left and right leg is
periodically in stance configuration and swing configura-
tion. The kinematics and dynamics analysis is done by
taking the phase that one leg is in the stance configuration
while the other leg is in swing as an example.

2.2.1. Definition of the coordinate system

The system coordinate system is the same as the
usually used coordinate system for the movement of hu-
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man body. The local coordinate system of each joint of the
lower extremity exoskeleton is defined as follows: the Y
axis is from each joint point to the next joint; the X axis is
parallel to the XY plane of the system coordinate system;
the Z axis can be determined by the right hand rule.

2.2.2. Space coordinate transformation matrix

Assuming there is a coordinate system A and a
coordinate system B. The coordinates of point P is

P.=(P. P. P.) in the coordinate system A; is
Ps =(Py P, P,) in the coordinate system B. And the

coordinates of the origin of coordinate system B is
(Gg), =(a b c) inthe coordinate system A.

cos(x, X,) is the angle cosine of the X axis of co-
ordinate system A with the X axis of coordinate system B.

So:
Pa cos(X, x,) cos(y, X,) cos(z, x,) a Ps
Pa |_| coS(%, ¥a) cos(y, ¥,) c0s(z, ¥.) b || Py
P. cos(x, z,) cos(y, z,) cos(z, z,) C Py
1 0 0 0 1|1
P R1 [R, S, 1P
Sim | : a — T b — ab ab b

Therefore the space coordinate transformation
matrix of every joint coordinate system relative to the sys-
tem coordinate system can be gotten by the above formula.

2.2.3 Velocity and angular velocity of the center of mass

Assuming that there is a point P in the “i” joint
coordinate system and its coordinate vector is [P ] in the

i
“i” joint coordinate system; is [R,] in the system coordi-
nate system.

So: [PIO] =[S;] +[Ri0][Pii] .
Take a derivative with respect to time:
[ljioJ :[Si0]+[Ri0]|:|jii:|+[Ri0][Pii]'

and [Rio]:[dRio]/dt:[Aio][RiO]/dt, [A] is called “dif-
ferential operator:

O _5i01 é‘iOy
[Aiﬂ]z é‘iOZ 0 _é}OX . é‘iOx’ 5i0y' 5i02
_é‘iOy é‘iOx 0

respectively express the differential rotation angle of each
coordinate axis of the joint coordinate system relative to
the system coordinate system.

So:
0 -@p, ®o | [0 -0, O
[a)lo] = [Aio]/dt =| @, O " Wiox @, 0 -y,
Wy, By 0 0 @, 0

and it’s called “angular velocity operator”:
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[Rio] =[dR,]/dt = [A][Rio]/ dt = [wi()][RiO]
Then:

[Vio] = |:PIO:| = [Si0]+[Ri0][|jii:|+[a}|0][Ri0][Pii] :

Besides: [a)“]z[a),ox By, %JT-

2.2.4. Gravitational potential energy and Kinetic energy

Assuming G represents the center of gravity of
each part of the lower extremity exoskeleton, so the gravi-
tational potential energy of each part of the lower extremi-
ty exoskeleton is N; = m;gyg;, . Therefore the total poten-

tial energy N of the system can be obtained on the basis of
above.
Besides, the translational kinetic energy of each

. 1 . A
part is K¢, =5 M [Vio]' [Vio]; the rotational kinetic ener-

gy of each part is K¢, =%Iii [a)mxz o a)iOZZT . So the

total kinetic energy can be obtained by K = K¥ + K.
2.2.5. The Lagrange equation

The Lagrange functionisL=K-N .

According to the Lagrange equation, the torques
of rotational joints and the forces of translational joints of
the lower extremity exoskeleton in the whole process of
dynamic operation can be obtained.

o =ii—i ............... (Rotational joint)
' dtoa, Og;

3 =i%—% ............... (Translational joint)
"odtal, dl

2.3. Simulation process

When carrying out the Adams simulation, the ve-
locity and acceleration of each joint of the lower extremity
exoskeleton can be calculated based on the kinematics
theory. And then, the energy and force of each joint can be
work out based on the dynamics theory. So the power sup-
port effect of the lower extremity exoskeleton to human
body when bearing heavy payload can be effectively work
out by simulating the models.

The following three cases were combined to com-
pare for the power support effect: O, 1 the man-machine
coupled model of human body, lower extremity exoskele-
ton and payload; O, 2 the model of human body directly
bearing payload; O, 3 the model of human body without
bearing payload. The flow chart of simulation is as shown
in Fig. 2.

When simulating: all DOF on human body joints
are actuated by the data curve (the curve of angle changing
with time) that are obtained in the form of independently
collected CGA (Clinical Gait Analysis) data [13]; only the
four set of hydraulic cylinders of the lower extremity
exoskeleton are actuated by pressure curve; all other DOF
are in passive state. In addition, the pilot and the lower
extremity exoskeleton are set rigid mechanical connections
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Establish the 3d
model of every part

Obtain the angle curve of Clinical Gait
Analysis (CGA) by measuring or
based on the gait database

Import the 3d models and the angle curve of Clinical Gait

Analysis into the Adams

Drive the human body model by the angle curve of Clinical Gait
Analysis to calculate out the angle curve (curve of angle
changing with time) of every DOF of the lower extremity

exoskeleton in Adams.

Get rid of the human body model,
lower extremity exoskeleton model by the angle curve to
calculate out the pressure curve of the four hydraulic cylinders
of the lower extremity exoskeleton in Adams

driving every DOF of the

l

l

Simulate the coupled

lower limb
exoskeleton and
payload to calculate
out the torque curves
and power curves of
every DOF of human
body in Adams

model of human body,

Simulate the
model of human
body directly
bearing load to
calculate out the
torque curves and
power curves of
DOF of human
body in Adams

Simulate the
model of human
body without
bearing load to
calculate out the
torque curves and
power curves of
every DOF of
human body in
Adams

[

[

Get the energy consumption of every DOF of human body by
integrating the power curves. In order To analysis the auxiliary
effect of the lower extremity exoskeleton by comparing the
torque and the energy consumption of the three models.

Fig. 2 Flow chart of simulation

at the torso and feet. So the payload and the dead-weight of
exoskeleton can be partly transferred to the human body as
interaction forces through the connections.

3. Simulation of the man-machine coupled model
3.1. Establish the man-machine coupled model

In Sport Biomechanics, human body model can
be simplified as multi-rigid-body system consisting of

multiple rigid links [14]. The man-machine coupled model
is shown in Fig. 3.

Fig. 3 Man-machine coupled model

The above simulation model includes: 22 parts, 4
translational joints, 5 spherical joints, 2 hooke joints, 2
revolute joints, 9 fixed joints, 2 rotational motions, 4 gen-
eral motions, 4 force motions, and 14 splines.

The whole process of the man-machine coupled
model that moves from the state shown in figure 3 to one
step forward was simulated. Parameters are as follows:

e payload weigh: 100 kg;

e time of the process: 0.25 s;
e half stride: 377.75 mm;

e walking speed: 1.511 m/s.

The simulated whole moving process is as
shown in Fig. 4.
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Fig. 4 Simulated whole moving process

3.2. Determinate the drive curve

Every DOF of human body model were driven by
the CGA angle curve, and all DOF of the lower extremity
exoskeleton are in passive state, so the angle curve (curve
of angle changing with time) of every DOF of the lower
extremity exoskeleton can be calculated in Adams.

Then get rid of the human body model, and just
using the angle curve of every DOF to drive the lower
extremity exoskeleton model, then the pressure curve (as
shown in Fig. 5) for the four hydraulic cylinders of the
lower extremity exoskeleton can be calculated out in Ad-

ams.

— — - left hip

left  knee

—.—. right hip
right knee

1000

500 4,

Force (N)

-500

-1000

0.00
Time (s)

Fig. 5 Pressure curve of the four hydraulic cylinders

In the whole process, the right leg is in stance
configuration and the left leg is in swing configuration. It
can be seen from the Fig. 5 that the biggest pressure of the
hydraulic cylinders is approximately equal to the sum of
the weight of payload (100 kg) and the lower extremity
exoskeleton (10 kg). It can also be seen that the pressure of
the hydraulic cylinders of right leg is larger than that of left
leg, because the whole payload forces are transferred to the
ground by the stance leg. Besides, the needed pressure of
the hydraulic cylinders of left hip joint is much larger than
that of left knee joint, because the left hip needs to swing
the whole leg other than the left knee just needs to stretch
out or draw back the shank.

3.3. Driving torque of human joints

The kinematic and dynamic parameters (e.g. an-
gle, angular velocity, angular acceleration, torque, power)
of human body can be obtained by doing the multi-body
dynamics simulation of the man-machine coupled model
using Adams. The driving torques of human joints of the
whole process is shown in Figs. 6 and 7.

It can be seen from Figs. 6 and 7 that the driving
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Fig. 6 Driving torques of right joints
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Fig. 7 Driving torques of left joints

torques of right leg joints of human body are bigger than
that of left leg joints, because the right leg needs to support
the whole payload forces. Besides, the driving torque of
each DOF of right leg joint is similar other than the driving
torque of left hip joint are larger than other left joints.

3.4. Driving power of human joint

The driving powers of every human joint during
the whole process are shown in Figs. 8 and 9.

Similar to the driving torque, it can be seen that
the driving powers of right leg joints of human body is
bigger than that of left leg joints. But the driving powers of
hip joint are bigger than other joints in both the two human
legs.
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Fig. 8 Driving powers of right joints
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4. Compare of different cases simulation

Different cases were combined to compare for the
power support effect of the lower extremity exoskeleton,
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the model of human body directly bearing payload is
shown in Fig. 10, a and the model of human body without
bearing payload is shown in Fig. 10, b.

Fig. 10 Human body: a - without bearing payload; b - di-
rectly bearing payload

4.1. Compare of driving torque

The driving torques of human joints of different
cases is shown in Table 1.

Table 1
Driving torque of each joint of different models

Case I I 1]

DOF flelext add/abd | fle/fext add/abd fle/ext add/abd
Torque of right ankle, Nm | -58~-33  -84~26 | -249~60 -249~72 | -249~89 -264~36
Torque of right knee, Nm | -55~26 -198~82 -208~139
Torque of right hip, Nm -44~109 -3~122 | -124~99 20~269 | -118~177 0.2~217
Torque of left ankle, Nm -9~-5 0~4 -9~-5 3~7 -9~5 0~4
Torque of left knee, Nm -37.9~-3 -17~7 -37.9~-3
Torque of left hip, Nm -107~21 -20~58 | -66~41 -20~58 | -107~17 -20~58

Notes: fle/lext means flexion/extension; add/abd

means adduction/abduction; I: Human body; Il: Human
body+ lower extremity exoskeleton+ payload; I1l: Human
body + payload

As for the swing leg (left leg), it can be seen from
Table 1 that the range of driving torque of each joint of
different cases is similar. As for the stance leg (right leg),
the range of each driving torque of flexion/extension joints
of case Il is smaller than case Ill, but the range of each
driving torque of adduction/abduction joints of case Il is
even slightly larger than case Ill. So the power sup-
port effect of lower extremity exoskeleton cannot be
clearly reflected by the range of driving torque.

4.2. Compare of energy consumption

The energy consumption in the whole process (as
shown in Table 2) of each DOF of human body can be
obtained by integrating the power curves.

It can be found by statistics that the power con-
sumption of 63 kg male is about 3 kcal/min when walking
at 1.33 m/s speed, 6 Kcal/min at 1.77 m/s speed and
10 Kcal/min at 2.7 m/s speed. When walking at 1.51 m/s, a
normal walking speed, fewer muscles are mobilized, and
energy is mainly consumed to adjust the gravity center and
focuses on the legs [15]. The established human body
model weighs about 70 kg without arms. It can be calcula-

Table 2

Energy consumption of each joint of different models
Case [ I 11l
DOF flelext add/abd | fle/fext add/abd | fle/ext add/abd
Energy of right ankle, J 11.9 1.7 15.6 4.0 18.1 4.4
Energy of right knee, J 11.8 31.2 34.7
Energy of right hip, J 28.3 10.0 32.3 22.3 50.5 36.5
Total energy of right leg, J | 63.7 105.4 144.2
Energy of left ankle, J 2.0 0.1 2.1 0.3 2.0 0.1
Energy of left knee, J 3.6 2.6 3.6
Energy of left hip, J 25.0 3.0 17.4 2.9 25.0 3.0
Total energy of left leg, J | 33.7 25.3 33.7
Total energy, J 97.4 130.7 177.9




ted out from Table 2 that the total energy consumption of
the human legs in the walking process is
(63.7+33.7)J/0.25s =5.7 Kcal/min, which is coincident
with the statistics.

It can be seen that the energy consumption of
right leg of case Il is much lower than that of case IlI, and
the energy consumption of left leg of case Il is even slight-
ly lower than that of model I. The total energy consump-
tion of model 111 is 177.9-97.4 = 80.5 J more than model |
and the model 1l is 130.7-97.4 = 33.3 J more than model I.
So the lower extremity exoskeleton can reduce the total
energy consumption of human body by (80.5-
33.3)/80.5 = 58.6% for extra bearing 100 Kg payload.

From what has been discussed above, the de-
signed translational-knee lower extremity exoskeleton can
reduce the total energy consumption of human body in the
process of walking. Therefore the translational-knee lower
extremity exoskeleton can provides the ability to carry
significant payloads with minimal effort to its operator.

5. Conclusion

To seek more compact structure and power sup-
port effect theoretical basis for lower extremity exoskele-
ton:

1. The structure of lower extremity exoskeleton
was analyzed, and the translational-knee lower extremity
exoskeleton was designed. The translational-knee will
make the structure of the lower extremity exoskeleton
more compact, as well as it will make the implementation
of control strategy of the lower extremity exoskeleton
more convenient

2. The kinematics and dynamics mathematical
model of the designed translational-knee lower extremity
exoskeleton was analyzed. And the Lagrange mechanics
theory can provide theoretical basis of dynamic simulation
software like Adams

3. The 3D model of every part of the translation-
al-knee lower extremity exoskeleton was established. And
the 3d model is a requirement of the dynamic simulation.

4. The dynamic simulation by using Adams was
carried out, and the power support effects of different cases
were compared and analyzed. It can be seen that the energy
consumption can obviously reflect the power support effect
of the translational-knee lower extremity exoskeleton,
because the lower extremity exoskeleton can reduce the
total energy consumption of human body by 58.6% for
extra bearing 100Kg payload in the process of walking

Future work: firstly, a feasible control strategy
that is appropriate for the translational-knee lower extremi-
ty exoskeleton should be analyzed and proposed. Then, the
joint simulation by using Adams and Matlab/Simulink for
the control strategy will be carried out, so the feasibility of
the control strategy will be proved. At last, a physical pro-
totype will be developed, and then a variety of related ex-
periments will be performed based on the physical proto-

type.
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Li Yang, Guan Xiaorong, Tong Yifei, Xu Cheng

DESIGN AND SIMULATION STUDY OF THE
TRANSLATIONAL-KNEE LOWER EXTREMITY
EXOSKELETON

Summary

In order to make the structure of lower extremity
exoskeleton more compact and simple, as well as to pro-
vide theoretical basis for the power support effect of lower
extremity exoskeleton, the translational-knee lower ex-
tremity exoskeleton was designed and the simulation by
using Adams was carried out. By comparing the simulation
results of three different cases, it can be concluded that the
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torque range of each degree of freedom (DOF) of the hu-
man body does not shrink much by wearing the lower ex-
tremity exoskeleton; but the energy consumption in the
process can be reduced by 58.6% for extra bearing 100 Kg
payload. It proves that the translational-knee lower extrem-
ity exoskeleton can effectively help human body bear
heavy payload, and can reduce the energy consumption of
human body in the process of walking.

Keywords: lower extremity exoskeleton; translational
knee; dynamics simulation; bearing payload; power sup-
port effect.
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