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Abstract. In order to design a suitable control scheme for human extremity exoskeleton, the
interaction force control scheme which regards human body as the work environment of human
extremity exoskeleton was proposed. And then, the electromechanical system of human extremity
exoskeleton was simplified, and the modeling and simulation study of the electromechanical
system by using Matlab/Simulink module was carried out. The angular deviations between human
extremity exoskeleton joints and human body joints were obtained by the simulation. Besides, the
torques provided by human body and motors for human extremity exoskeleton joints to bear heavy
payload were calculated. The analysis of the simulation calculation results proves that the
interaction force control scheme can achieve good man-machine coordinated walking as well as
help human body bear heavy payload. Besides, the upper extremity exoskeleton experiment was
conducted, and the same conclusion with the simulation study was obtained.

Keywords: modeling, simulation study, electromechanical system, human extremity exoskeleton,
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1. Introduction

Human extremity exoskeleton is a kind of wearable intelligent robot [1] that has capability of
carrying 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, the research of human extremity exoskeleton is very hot in the global scope. The
earlier human extremity exoskeleton developed by University of Berkeley called BLEEX [3, 4],
the BLEEX has 7 revolute DOF per leg and four of which are powered by linear hydraulic
actuators. H. Kazerooni [5] et al. proposed the sensitivity amplification control method (belong to
the position control method) for the BLEEX that can increase the closed loop system sensitivity
to its pilot’s forces and torques without any measurement from the pilot. But the control method
has little robustness to parameter variations and therefore requires a relatively good dynamic
model of the system. The exoskeleton developed by Tomoyoshi Kawabata et al. of Tsukuba
University called HAL [6], HAL produces torque corresponding to muscle contraction torque by
referring to the myoelectricity that is biological information to control operator’s muscles. For
each half, left and right, joints of the lower half part of the exoskeleton are achieved by three
single-axis revolute joints. The human extremity exoskeleton developed by K. H. Low [7] et al.
of Singapore Nanyang Technological University called NTU that uses the ZMP control strategy.
It can offer some guidance for the research of the stability of human extremity exoskeleton.
Besides, the quasi passive walking was applied to the research of human extremity exoskeleton to
improve energy utilization by the Biomechatronics Group of Massachusetts Institute of
Technology [8]. Now there are more than 10 human extremity exoskeleton research institutions
in China. The typical human extremity exoskeleton developed by Naval Aeronautical Engineering
Institute called NES. The knee joint of NES is driven by a rope connected with the motor output
shaft [2]. In addition, some human extremity exoskeletons are researched to be used in the
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treatment for the disabled [9, 10].

The position control method, trajectory planning and ZMP stability criterion are all usually
used in the research of traditional robot [11]. However, years of research and development
experience of human extremity exoskeleton show that those traditional methods will cause poor
man-machine interaction. Although they can barely achieve the synchronous walk of human
extremity exoskeleton with human body, but the walking posture will become not very nature.
However, force control method is increasingly applied to the control scheme of humanoid robot
in recent years [12].

So the interaction force control scheme based on the current control loop of motor was
proposed in this paper. The human body will be regarded as a work environment of the human
extremity exoskeleton. The target is to keep the interaction forces between human extremity
exoskeleton and human body environment small, so the good man-machine coordinated walking
will be realized. Besides, this article provides a simulation method for studying the
electromechanically system of human extremity exoskeleton, and the same job has never been
done by anyone else. By modeling and simulation study of the electromechanical system of human
extremity exoskeleton, the feasibility of the design can be effectively analyzed as well as the
development cost of human extremity exoskeleton can be reduced.

2. Interaction force control scheme for human extremity exoskeleton

The humanoid design which is recognized by most researchers is adopted here. The designed
human extremity exoskeleton contains 3 degrees of freedom of the hip, 1 degree of freedom of
the knee, 3 degrees of freedom of the ankle. The designed upper extremity exoskeleton contains
3 degrees of freedom of the shoulder, 1 degree of freedom of the elbow, 3 degrees of freedom of
the wrist. And all the degrees of freedom for walking direction of them are actuated [5, 13]. The
man-machine coupling schematic diagram is shown in Fig. 1.

pressure
Sensors

Fig. 1. Man-machine coupling schematic diagram of human extremity exoskeleton

By adding pull-pressure sensors to the connection part of the human extremity exoskeleton to
detect the interaction forces as well as to bundle the human extremity exoskeleton with human
body. The human extremity exoskeleton is just used to assist human body bearing heavy payload
when working, the human body still has to provide some power for the movement of payload.

By setting the motor controller to work in the current control loop so as to control the motor
torque directly. In this case, the motor speed will be in a passive state. After the interaction forces
are detected by the pull-pressure sensors, the sensor signals will be processed and amplified by
the PID controller. At last, the processed and amplified signals will be used to control the motor
torque directly. The block diagram of interaction force control scheme is shown in Fig. 2.

When the movement of human extremity exoskeleton is not completely consistent with human
body, the interaction forces will necessarily be detected by the pull-pressure sensors. And then the
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human extremity exoskeleton will be controlled to obey the movement of human body by the PID
controller, so the interaction forces will have a tendency to become smaller. Thus the good man-
machine coordinated walking will be achieved.

Lower Lower
PID Ek‘ sMsOtE;; T, Motor | T extremity | extremity
controller] | ¥ del reducer exoskeleton exoskeleton
mode " model joint angle
7,
Torque
produced by
interaction
forces
T Pull-pressure
sensors
Human body
joint angle

Fig. 2. Block diagram of interaction force control scheme
3. Establishment of the model
3.1. Establishment of the human extremity exoskeleton model
3.1.1. Simplification of the human extremity exoskeleton model

For one single leg of human extremity exoskeleton, it can be divided into two modes: the
support leg and the swinging leg. Because only the 3 degrees of freedom for walking direction are
actuated, the human extremity exoskeleton model is always simplified as plane model [2]. The
support leg mode starts from the ankle joint and contains 3 connecting rods: thigh, shank and trunk
in turn. The swinging leg mode starts from the hip joint and also contains 3 connecting rods: shank,
thigh and foot in turn. Strictly speaking, the support leg and the swinging leg will affect each other.
However, the trunk needs to bear heavy payload which will make the weight of trunk connecting
rod be 10 times of other connecting rods, this will result in the affection be too small to be
considered. So no matter what mode the legs are, they can both be regarded as three connecting
rod models. Just like the swinging leg, the arms can of course be regarded as three connecting rod
models.

Fig. 3. The simplified models and coordinate systems

The system 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 vertical upward, and the Y
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axis can be determined by the right hand rule. The local coordinate system of each joint of the
human 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. The simplified models and coordinate systems of the two modes
are shown in Fig. 3.

3.1.2. Model of the human extremity exoskeleton

In turn, to calculate out the coordinate transformation matrix; velocity; angular velocity;
gravitational potential energy and kinetic energy of each joint of the human extremity exoskeleton.
And then, according to the Lagrange equation, the torques of joints of the human extremity
exoskeleton can be obtained by using the symbolic toolbox of Matlab to calculate [14]:

T, = f1(9191é19292é293é393)»
T, = f5(6161616,6,6,650565), (1)
T; = f3(919191929292939393)-

Remove the variable: 6, and 65, so 6; = F1(919192926393T1T2T3). In the same way:
0, = F2(919192929393T1T2T3)7 05 = .}73(919192929393711712713)- ) _
Assuming x;(t) = 01, x,(t) =61, x3(t) = 0,, x,(t) =6,, x5(t) =03, x6(t) =03,

y1(8) = x,(8), ¥2 () = x3(2), y3(6) = x5(t).
So the differential equations of state of the human extremity exoskeleton are:

%1 () = x,(0),
%3(t) = x4(0),
x5 (t) = x6(0),
%2(t) = Fy[x ()22 (0)x3(0) x4 () x5 () x6 () Ty ()T, () T5(8)],
%4(6) = Fp [ ()22 ()23 (£) 24 (0) x5 (Ox6 (O T2 () T (D) T3 (D],
%6 () = F3[xq (), (£)x3 () x4 () x5 () x6 () T ()T () T5(1)].

@

According to the differential equations, the human extremity exoskeleton model (as shown in
Fig. 4) which can express the relationship of each joint torque with each joint angular acceleration,
angular velocity and angle can be established.

1 x(2)| 1 [*D D
5(0)=x(0) i s g |5 @
X% (1)=x,(7) - -
(1) =x,(1)
Lo %(0)=Alx () %0 50 =0 | — ,
Rl a0 5070 70 P L O 1O P
Tt (0= E[x () w0 x () w0 | 5 L e
W0 xOTOTORO] —
L0=Al 0505050 5@ [1] x@f1]x6) p@
T s sOrOrOrO) g s |6 |s]e

Fig. 4. The human extremity exoskeleton model
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3.2. Establishment of the motor system model

According to the Kirchhoff’s law, the voltage balance equation of permanent magnet
synchronous motor is:

E:(®) =R,I(t) + L, d;—(:) + E,(b). 3

The induction motor voltage is proportional to the magnetic flux and the angular velocity:

do,(t)
Eo(t) = Ke—2—. )
The motor torque Ty, (t) is proportional to the armature current I(t):
Tm(t) = KTpI(t)- (5)

The motor controller is set to work in the current control loop, so the motor output torque
T, (t) is approximate proportional to the input voltage signal E}, of the controller. The motor
system model is shown in Fig. 5.

Voltage Current
comrollerl controller

:

k

Fig. 5. The motor system model
3.3. Establishment of the man-machine interaction model

According to the simplification of the human extremity exoskeleton model, all the upper and
lower extremities of exoskeleton can be regarded as three connecting rod models. The schematic
diagram for analyzing the interaction force is shown in Fig. 6.

Human bod Human
Extremity
A6, Exoskeleton
Ad Third
’ connecting rod
'/;3
N Third joint
AG.
2 Second
Ad)

|

connecting rod
L

! Second joint
A
Ad, .
First

connecting rod

l
First joint
BN

Fig. 6. The schematic diagram for analyzing the interaction force
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When the movement of human extremity exoskeleton is not completely consistent with the
human body, there will be a relative displacement Ad. According to the Voight model [15] for the
surface of human body, the relative displacement Ad will lead to a resistance: F; = kAd + bAd.
k denotes the stiffness of the surface of body, b denotes the damping coefficient.

The bind location is set in the center of each connecting rod. Due to all the angular deviations
are very small, so approximately:

Adl ~ llAel,
Ad, ~ 21,78, + 1,A6,, (6)

So, all the relationships between interaction forces (F,;) and angular deviations (A@) can be
established.

3.4. Overall model of the electromechanical system

The overall model of the electromechanical system can be established by connecting the
human extremity exoskeleton model, the motor system model, the man-machine interaction model
and the PID controller together. Besides, the PID controller parameters should be adjusted to be
appropriate.

Current Motor Lower

controller reducer extremity
eleton

L,s+R

Voltage
controller

e controller

Pull-pressure 9,,
sensors

Fig. 7. The overall model of the electromechanical system

The interaction forces are caused by the deviations of human body joint angles () and human
extremity exoskeleton joint angles (8), and the interaction forces will be detected by the
pull-pressure sensors. Then, the sensor signals will be processed and amplified to be the motor
control signals (E},) by the PID controller. At last, the human extremity exoskeleton will be driven
to obey the movement of human body.

4. Simulation
4.1. Simulation model

The simulation parameters are set as shown in Table 1.

Notes: I rod means first connecting rod; II rod means second connecting rod; III rod means
third connecting rod.

The Matlab/Simulink simulation model can be easily established according to the overall
model of the electromechanical system.

All the three driving curves of human body joints are set as 0.4 rad (22.9°) amplitude sine
curve: 0.2 + 0.2sin(w/2 X t — w/2) rad.
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Table 1. The simulation parameters

I rod length [; 0.39m_ [II rod length [, 041 m
III rod length I3 0.5m |l rod weight my 0.7 kg

I rod weight m, 0.7kg  |II rod (with payload) weight ms 15.5kg

I rotational inertia I, 0.01 kg'm? |II rod rotational inertia I, 0.0154 kg-m?
111 rod (with payload) rotational inertia I; |0.081 kg'm? |Gravitational acceleration g 9.8 m/s?
Motor inductance Ly, 0.002 H |Motor resistance R, 0.307 Q
Reduction ratio i, 100 Current controller G (5) 10+5 s
Voltage controller Gyq(s) 4/10+1/10 s |Stiffness of the surface of body k 1 Nm/m
Damping of the surface of body d 8 Nm-s/m |Motor torque coefficient Kr,, 0.053 N'm/A
Motor magnetic flux K, 0.0073

Integrator |ntegratord]
1
5

Integrator4 Integrator
1 1

= ;l!r!ri¢vv
SrERE ENERE]
i |
g

El

E

ol

Fig. 8. Matlab/Simulink simulation model
4.2. Analysis of the simulation results
4.2.1. Driving torque

Simulating in the condition of bearing 15 kg payload (the third connecting rod weighs
15.5 kg), the obtained driving torques are shown in Fig. 9.

It can be seen from the figure that the driving torques provide by motors are more than 10
times of that provide by human body. It means most of the torques for human extremity
exoskeleton joints to bear heavy payload were provided by motors. So it proves that the interaction
force control scheme can help human body bear heavy payload.

4.2.2. Angular deviation

The angular deviations of human extremity exoskeleton joints with human body joints that are
obtained by simulating are shown in Fig. 10.

Because of the similarity of the three drive curves, the largest angular deviations of the three
joints appear at the same time. It can be seen from Fig. 10 that all the three largest angular
deviations are very small, the largest first joint angular deviation is Af; .« = —0.009 rad (about
0.52°); the largest second joint angular deviation is Af, . = 0.012 rad (about 0.69°); the largest
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third joint angular deviation is AB5y,.x = —0.005 rad (about 0.29°). So: Ad;pmax = —1.76 mm;
Adymax ® —1.06 mm; Adspa.x = 0.16 mm. In other words, it means the human extremity
exoskeleton can track the human body very well. So it proves that the interaction force control
scheme can achieve good man-machine coordinated walking.

Driving torque provide by motor for first joint

——— Driving torque provide by human body for first joint
= = = Driving torque provide by motor for second joint

= = = Driving torque provide by human body for second joint

- Tiving torque provide by human body for third joint 204 *++ Driving torque provide by motor for third joint

TiN-m

T/N-m

.20 4

230 4

40 4

t/s t/s
Fig. 9. Driving torque provide by human body/ motor (left/right) for human extremity exoskeleton joints

—— First joint angular deviation @,
Sccond joint angular deviation 6,

Third joint angular deviation ¢

A8/ rad

{/s
Fig. 10. The angular deviations

5. Experimental verification

Incontestably, the most joints of human extremity exoskeleton need to be driven by motors in
order to achieve best power support effect. However, if the purpose is to verify the rationality and
feasibility of the interaction force control scheme and the simulation results, the simple and
convenient upper extremity exoskeleton experimental scheme (as shown in Fig. 11) can achieve
the same results.

As shown in Fig. 11, only the second joint (elbow joint) of the upper extremity exoskeleton is
driven by motor, and all other joints are driven by human body. Besides, one pull-pressure sensor
is installed on the forearm of the upper extremity exoskeleton to detect the interaction force
information.

Firstly, the interaction force information detected by the pull-pressure sensor is transferred to
the NI (National instruments) data acquisition system. And then, the motor control signal will be
obtained by the program of the NI data acquisition system. After that, the motor control signal is
transferred to the Maxon motor controller. At last, the motor of upper extremity exoskeleton will
be controlled by the motor controller to obey the movement of human body.

Obviously, it is difficult to realize the same experimental process with the simulation. However,
the most similar process was conducted as better as we can. When the experiment was conducted,
a payload about 15 kg was bundled to the end of the exoskeleton’s forearm. And the movement
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process just like dumbbell exercise was implemented by the pilot. The amplitude of the movement
process was about 25°, and the frequency was about 0.5 Hz.

Although the driving torque of human body and the angular deviation was not convenient to
be directly measured, the interaction force was fortunately already measured out by the
pull-pressure sensor. So the angular deviation of the second joint (elbow joint) can be calculated
according to the man-machine interaction model. Besides, the angular deviation without the power
support effect of exoskeleton was also calculated by shutting down the motor when conducting
the experiment. The experimental second joint angular deviations are shown in Fig. 12.

Maxon Ecflat
motor

Maxon EPOS2 50/5
motor controller

Fig. 11. Upper extremity exoskeleton experimental scheme

It can be seen from Fig. 12 that the largest second joint angular deviations with the power
support effect of exoskeleton is about 0.014 rad, and it is quite similar with the simulation result
(ABymax = 0.012 rad). Besides, by comparing the two curves of Fig. 12, it is obvious that the
largest interaction force without the power support effect of exoskeleton is much larger than that
with the power support effect of exoskeleton. So on the other hand, the comparative result can
also prove that the interaction force control scheme can help human body bear heavy payload.
And from the experience of the pilot, the movement process was easily implemented with the
power support effect of exoskeleton. In contrast, the movement process will become much harder
for the pilot if the power support effect of exoskeleton was removed.

Joint angular deviation with the
power support effect of exoskeleton

Joint angular deviation without the
power support effect of exoskeleton

0.05

0.04 ;

0.02 b v

Al rad

0014

-0.01

t/'s
Fig. 12. Experimental second joint angular deviations

6. Conclusion

To seek a rational and feasible control scheme for human extremity exoskeleton: Firstly, the
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interaction force control scheme was proposed. Secondly, the human extremity exoskeleton model
was simplified. Then the electromechanical system model was established. And then, the
simulation model was established and the simulation was carried out. At last, the rationality and
feasibility of the interaction force control scheme for human extremity exoskeleton was verified
based on the simulation result. In addition, the upper extremity exoskeleton experiment was
conducted, and it arrived at the same conclusions with the simulation study.

However, the PID controller parameters are just suitable for the simulated and experiment
condition, they are not very suitable for every movement speed of human body. So, the future
work is to seek more superior control algorithm to optimize the PID controller, and the target is
to improve the adaptability and anti-interference performance of the system.
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