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Abstract. In this paper, we introduce a novel hydraulic-driven upper extremity
exoskeleton and present new type of force feedback control strategy, and the
control experiment is also carried out. The experimental results show that the
first generation upper extremity exoskeleton successfully follows the wearer’s
hand movements and achieve load capacity of 20 kg. The experimental results
also indicate that the new type force feedback control can effectively reduce the
interaction force between the wearer and the upper extremity exoskeleton and
the oscillation. Compared with the control method simply using interaction force
as the control input, the method with speed compensation controller can
effectively reduce the amplitude and oscillation of the interaction force.
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1 Introduction

Exoskeleton technologies can bring new capabilities to fighting forces and improve
endurance and safety in industrial settings [1, 2, 3]. The first functional load-carrying
and energetically autonomous exoskeleton was demonstrated at U.C. Berkeley,
walking at the average speed of 0.9 m/s (2 mph) while carrying a 34 kg (75 1b) pay-
load. The original BLEEX sensitivity amplification controller, based on positive
feedback, was designed to increase the closed loop system sensitivity to its wearer’s
forces and torques without any direct measurement from the wearer. And then Lihua
Huang [4] from U.C. Berkeley presented an improved control scheme which added
robustness to changing BLEEX backpack payload. Lockheed Martin [5] developed an
unpowered, lightweight industrial exoskeleton called the FORTIS exoskeleton.

For the control of the exoskeleton, the wearer is directly responsible for most of the
tasks in human computer interaction, such as command generation, environment per-
ception, and motion feedback. The sensing and control system of exoskeleton needs to
quickly perceive the wearer’s intention to move, and to complete the precise following
of the wearer’s movements.

Kazerooni developed a 6-DOF upper extremity power-assist system which uses
hydraulic pressure as the power source, through the interaction between a six com-
ponent force sensor to measure the wear and the exoskeleton as control input [6].
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Then, Caldwell developed a set of 7-DOF upper extremity exoskeleton, which also
used the force sensors to measure the human-computer interaction force [7]. While
Cavallaro estimated the torque needed by the upper extremity joints through EMG
signal, and it was applied to a 7-DOF upper extremity exoskeleton [8]. However, the
follow effect and the oscillation problems haven’t been fully solved by the above
achievements.

In this paper, a 3-DOF power-assist exoskeleton is studied, and the principle of
realizing the exoskeleton control with the interaction force of the wearer and the
exoskeleton is analyzed, and hence the direct force feedback control model of upper
extremity exoskeleton is established. In the fast force feedback control model, the
introduction of speed compensation is proposed to reduce the interaction force between
the wearer and the exoskeleton, and the introduction of the compensation can greatly
reduce the oscillation in the control. Finally, the effectiveness of the control model in
the external force feedback control is verified by experiments.

2 The Control Strategy of the Upper Extremity Exoskeleton

2.1 The Role of Force in Control System

The wearer and the 3-DOF exoskeleton can be seen as one integrated control system
composed of two sets of complete but interactive control systems, as shown in Fig. 1.
Separately, the wearer controls his body movements through the brain, and the
exoskeleton controls the rotation of the joint through the outer bone controller. Inter-
actively, the wearer is regarded as the control input of the interaction system, and the
controlled object is the upper extremity exoskeleton.

_____ B exoskeleton
controller

Force
signal

The wearer

Force sensor

Extre mity

Lo

Fig. 1. The interactive interface of the exoskeleton
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In this paper, we use one three dimensional force sensor to collect the interaction
force between the wearer’s hand and the handle of exoskeleton in order to analyze the
intentions of wearers. As shown in Fig. 2(a), once the wearer gives his hand a force F,
hands will begin to move relative with the exoskeleton’s handle; but the exoskeleton
has not realized the tracking in action yet, it still maintains the previous state, So the
interaction force f is generated

F=f ()

(a) (b)

Fig. 2. The force of hands in x direction

At this moment, in order to reduce the force f the end of exoskeleton should move
accelerately, as shown in Fig. 2(b). There is a balance equation among the force of the
human hand, the force of the exoskeleton and the inertia force of the hand

f=F—-Ma (2)

In order to achieve the compliance following of the exoskeleton and the hands, the
force f should be as small as possible. Under the constant force, through the Eq. (2), it
is found that the effective way is to adjust the acceleration of the hands and the end of
the exoskeleton. Also through Eq. (2), the force f reflects the size and direction of the
acceleration, which can be used to predict the moving direction of the wearer’s hand.
The ideal value of fis 0. Equation (2) changes to F' = M.a. Combining with the Eq. (1),
we can get

a=Kf
Namely,
ay kx 0 0 f:f
a | =10 k O Iy (3)
a, 0 0 k £

Where, K is the corresponding coefficient between the detected force and the
acceleration, which is selected according to the debugging situation in real object.
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2.2 The Relationship Matrix Between Force and Joint Angular Velocity

The spatial description of the end effector of the exoskeleton with respect to the fixed
global coordinate system can be analyzed by D-H description method for kinematic
analysis. A three degree of freedom upper extremity exoskeleton is shown in Fig. 3.
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Fig. 3. The coordinate system of the link

In the coordinate system of the link, the transformation matrix can be described as
1A = Rot(xi_y, ;) Trans(x;_y, a;_1 )Rot(z;, 0;) Trans(z;, d;) 4)

Where, a; is the distance between z;_; and z; along x;; x; is the included angle
between z;_; and z; around x;; d; is the distance between x;_; and x; along z;_1; 6; is the
included angle between x;_; and x; around z;_;. The transformation formula from the
link to the moving coordinate is as follows

04, = %4,'A5%A; (5)

Through coordinate transformation, the relationship between the coordinates of the
end effector of exoskeleton and the series of joint angle is established, and after the
derivation of the both sides, we can get the Jacobian matrix of the upper extremity
exoskeleton

(6)

The inverse kinematics problem can be solved by Jacobi matrix inversion:
0=J(0)"'X

When there is an interaction force in x, y and z direction of the three dimensional
force sensor, the corresponding displacement Ax, Ay, Az are generated, and the cor-
responding joint angle change analysis is shown as Fig. 4(a)—(c)
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(1) As shown in Fig. 4(a), the corresponding displacement Ax can be calculated as
AX = A% + A%, (7)

In a control cycle, Ax is small enough, ¢ =~ 0, f~0, Ax; =0, Ax, =~ 0.
Approximately, Ax = Ax, = L, e A3, and Af; = Ax/Ly;
(2) As shown in Fig. 4(b), the corresponding displacement Ay can be calculated as

Ay = Ay1 + Ay, (8)

In a control cycle, Ay is small enough, Ay; = \/Ay? + Ay ~ Ay, A0, = f?—i,
according to Cosine theorem, R’ = \/ P+ L3 —2LLycosy, Ry =R'sing =

. Ay Ay
P+12—2L,L,cosy X sin @, and A0, = 22 ~ Y when [
\/ 2 =2 v P> 2 Ry (\/ZZ+L%—2L1L2 cos yxsin (p)’

is small, approximate processing can be carried out: R, ~ R}, = L, x sin 03,

_ M A A
AO, = Ry ™ R} — Lxsin03

(3) As shown in Fig. 4(c), the corresponding displacement Ax can be calculated as

A7 = A7+ A% )

In a control cycle, Az is small enough, f = 90°, approximately Az, Loi03,
A7 L0203, Azy =Ry x A0y, Az = Ly x A0z, according to Cosine theorem,
R, = \/ L% +L§ — 2L,L, cos 03, and according to Sine theorem, o« = Z010,03 =

arcsin (““9+XL‘>, and Az =22 Az = Azcota; So A, = %l =

L2 +12-2L,L, cos 0 sino?

_ Az _ Azcota
Qq—LZ = S

Az
L1 sin 03’
Based on above analysis in (1-3), the transform matrix T between moving velocity
of the end of the handle and the rotation angular velocity of each joint is obtained.
Suppose that the velocity of the end of the handle is V.= (x y Z2), the rotation

angular velocity of each jointis w = (0, 0, 05),so @ =TV, namely,

. 1

91 0 (1) L sin 03 X

62 = 0 \/12+L§—2L1l/2c0sy><sin¢ 0 y (10)
03 1 0 coto b4

Where, o = arcsin | ———3n0xli )
L34+ 12—2LL, cos 03

After the derivation of w = TV, the geometrical transformation of acceleration can
be obtained, the transform matrix T can be applied equally to detected components of
acceleration in three directions.
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2.3 The Control Strategy with Speed Compensation

The displacement data of the hydraulic cylinder is collected by the displacement sensor,
and the linear relationship between the displacement of the hydraulic cylinder and the
rotation angle of the joint is obtained by the geometric relation. It is

S1 ry 0 0 01
52 = 0 r 0 62
53 0 0 r3 03

The on-off state of servo valve controls the movement direction and displacement
of the hydraulic cylinder, the size of the valve opening size determines the speed of the
hydraulic cylinder, the change rate of the opening size determines the acceleration of
the hydraulic cylinder. The output of the servo valve is not only related to the angular
acceleration @ of the theoretical demand, but also the current angular velocity o
requires the servo valve to provide the corresponding flow rate. Speed compensation is
introduced, so the control output of the servo valve is

E=f(o)+f(w) (11)

Where, f (@) is the corresponding output of @, f(w) is the corresponding output of
w, combined with the above geometric relations, the relationship between output and
speed signal and force signal can be obtained

E = f(o) +f(®) = Ao,Rw + B,R» = A,RTV + B,RTKf (12)
a 0 0 by 0 O

Where, Ag=|1 0 a O |, Bp=|10 b, O are conversion factors
0 0 as 0 0 b3

related to hydraulic cylinder and hydraulic source, which can be determined according
to the actual situation of the hydraulic system, such as hydraulic cylinder cross section,
hydraulic pressure, the size of the valve port and etc.

The speed of the end of handle can be obtained by the integral of the acceleration,
but the speed error will be accumulated with the increase of time due to the existence of
system error. Therefore, speed compensation can be introduced by two methods:

(1) The angular velocity can be directly calculated through the displacement values
collected by the displacement sensor, then, the current output value can be directly
provided according to E = AgRw + ByRTKF;

(2) Assuming that the exoskeleton tracks well, the output value of the last control
cycle can be used as the output value of the speed of last moment, namely, E' = AgRw,
the current output is E = E’ +B0RTKf , this method can be understood as a kind of
incremental control method based on force signal.
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3 Experiment and Discussion

In the experiment, the controlled object is shown in Fig. 5, which has 3 DOFs, and can
be regarded as a serial mechanism.

Joint 3 Hydraulic Power

Fig. 5. The physical system

Figure 6 shows the control schematic of upper limb exoskeleton experiment sys-
tem. The hardware system of the whole control loop is mainly composed of computer,
sensors and data acquisition system.

Interface The displacement signal

PCI8210 |- ~ Thesignal of three |,
dimensional force sensor

Data acquisition
’ Driving card ‘ % Servo valves } *| Hydraulic cylinder

Fig. 6. The experiment system schematic of upper limb exoskeleton

Data acquisition !

According to Eq. (10),

1
0 0 Ly sin6;
1
T=|0 /B +2-2L, L, cos yxsin ¢ 0 (1)
1 0 cota
L, Ly
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Fig. 7. The fitting results by cubic curves

Because % is too complicated, in this example, it is fitted by cubic curves, as

shown in Flg. 7.
So T is simplified as

0 0 L, si1n03 1 0 0 %
r=1]0 Ly sin 03 0 = 5 0 m 0 2)
£ 0 coe 10 0.3530;—-1.0280; + 1.6370;—0.456

Putting the simplified results into the control model, then, E = AoRTV + BoRTKf
can be obtained, and applying the control model to the experiment subjects. Adjust the
parameters R, Ay, By, K to the best state. In fact, in the debugging process, not all the
unknown parameters are debugged, which will lead the work to increase exponentially,
and it’s not necessary. Make k, = AoRT, kf = BoRTK, and then set V and f as the
inputs to debug the control model, thus, only two PID parameters are enough.
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Fig. 8. The test path
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Fig. 9. The force curve of different control strategies
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To validate the proposed control strategy in Sect. 2.3, the controlling tracking
experiment is carried out to observe the influence of the angular velocity compensation
on the control of exoskeleton; and the criterion is the magnitude of interaction force. In
order to reduce the error of operation, each strategy is operated for 10 times.

As shown in Fig. 8, in the experiment, the operator pulls the end of the handle from
point A to point B with a 20 kg object, then, the magnitude of the wearer’s force can be
detected.

Figure 9(a), (b) and (c) show the interaction force curves using different strategies,
corresponding with strategy without velocity compensation, with velocity compensa-
tion by strategy I and by strategy II. We can see that:

(1) Compared with the simple force feedback control strategy (see Fig. 9(a)), the
force feedback control strategy with the added speed compensation (see Fig. 9(b) and
(c)) has not only less interaction force input, but also reduces the interaction force
between the wearer and the exoskeleton. At the same time, with the addition of the
velocity compensation, the oscillation is also obviously weakened, which shows that
the direct force feedback control model with velocity compensation is more close to the
real model of the upper extremity exoskeleton.

(2) In the two strategies with velocity compensation of direct force feedback control
algorithm, the curve of strategy I (see Fig. 9(b)) is gentler than that of strategy II (see
Fig. 9(c)). It may be caused by the deviation of the amount of compensation for the
opening of the servo valve. Different from strategy I, strategy II is only concerned with
the change of acceleration reflected by force.

4 Conclusion

In this paper, the exoskeleton control method focused on force signal with the intro-
duction of angular velocity compensation is analyzed based on the interaction force
between the wearer and the exoskeleton. The experimental results show that the
hydraulic upper extremity exoskeleton can realize the wearer hand tracking and easily
lift 20 kg weight. Compared with the control method simply using interaction force as
the control input, the method with speed compensation controller can effectively reduce
the amplitude and oscillation of the interaction force. It is suggested that in the future
research, we can optimize the control hardware and reduce the micro oscillation.
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