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Intelligent Bionic Artificial Arms Control Based on sSEMG
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Abstract: The correlations between signal and muscle activities in different motion patterns can be achieved by analyzing
and processing the surface electromyographical signal (SEMG). In this paper, the results obtained by pattern recognition
have been used to command the virtual intelligent arm, established with Adams, to finish the designated actions. A control
algorithm called Active Disturbance Rejection Control is adopted, which is independent of exact mathematical model of
the controlled object and easy to carry out. It is able to guarantee the control precision under the condition of strong uncer-
tain disturbance and strong unknown nonlinearity, due to which, it can be applied to the control of bionic arm with a large

number of DOF.
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1. INTRODUCTION

Extract SEMG signals that correspond to the movement
from the stump of the user; work out the motion pattern
through analysis; drive the prosthetic to complete the mo-
tions correctly. This is the working principal of the intelli-
gent bionic artificial arm. The intelligence of bionic arm is
mainly embodied in that the bionic arm emulates the com-
mand from mind with the result of pattern recognition and
control the bionic arm to complete the motion, by substitut-
ing the signal processing for the nerve impulse conduction
process in the muscle.

The corresponding pattern recognition results can be
achieved by analyzing and processing the sSEMG signals. In
this paper, we mainly employ the results as control signal to
make the mechanical arm complete the corresponding mo-
tion correctly and stably. In order to improve the quality of
life for the disabled, the dexterity of the bionic arm should be
as comparable to the human hand as possible. In this paper,
we adopt the virtual prototyping technology and design a
bionic arm with 16 DOF by using Adams. Virtual Prototyp-
ing (VP) can not only establish three-dimensional body
models and mechanical model of the system, but also ana-
lyze and evaluate the system performance, thereby providing
parameter and basis for the design and manufacturing of the
physical prototyping [1-3]. As one of the most popular virtu-
al prototyping analysis software, Adams’ technical maturity
and easy to operate quality, is widely applied in the field of
relevant mechanical product virtual prototype development.
It has the advantage that it can help designer discover design
flaws and propose improved approach during the product
development stages through virtual experiment and test.
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A mathematical model was established based on the vir-
tual bionic arm with Adams in this paper [4-6]. The Active
Disturbance Rejection Controller (ADRC) was chosen to
complete different movements. The ADRC, derived from
PID controller, adopts the core concept of error feedback
control. Conventional PID controller calculates an error val-
ue as the difference between a measured process variable and
a desired set point. The error is used as control signal direct-
ly, causing the contradiction between responsiveness and
overshoot. The ADRC, which consists of Tracking Differen-
tiator (TD), Extended State Observer (ESO) and Nonlinear
State error Feedback control law (NLSEF), can address to a
certain degree the problems that exist in conventional PID
controllers. The function of TD is to arrange transient course
and give appropriate control signal, which can resolve the
contradiction between rapidity and overshoot. ESO is used to
solve the impact of uncertainties of the model and external
perturbations. Different from general state observer, an ex-
tended state variable is designed in ESO to track the un-
known part of the model and the external disturbance. ESO
gives control signals to compensate for the total disturbance,
which can ensure the zero steady-state offset without using
integral feedback in PID. NLSEF is the combined error of all
order derivatives of TD and the state variable of ESO.
NLSEF and the compensation of ESO for the total disturb-
ance together constitute the control variable. Nonlinear feed-
back is much better at minimizing the error between PV and
SP than linear feedback is. Therefore, the weighted sum in
PID is replaced by the nonlinear combination [7-9] in
NLSEF.

This paper is organized as follows. Virtual arm designed
with Adams and the kinetic models based on it are estab-
lished in Section 2.1. The ADRC is briefly described in Sec-
tion 2.2. The simulation results are presented in Section 3.
The advantages of sSEMG and the proposed technique are
summarized in Section 4.
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Fig. (1). Human Finger Model.

2. CONTROL OF BIONIC ARM BASED ON sEMG
SIGNAL

2.1. Dynamics Model of the Bionic Artificial Arm

A model of bionic arm is established with the software
Adams. Due to a lot of DOF, in this paper, we mainly focus
on the three-dimensional model of complex human hand. A
dynamics model is established based on the above model,
and then ADRC technique is utilized to examine the validity
and stability of the control. Simplify the human finger as
three-connecting rod, as shown in Fig. (1).

x; = [qq q; Q3]T,

Where g1, q2, g3 denote three angles respectively.li, mi, Ji
are for the length, mass, and the moment of the i, connect-
ing rod respectively. Assuming that the connecting rod is
homogeneous and the barycenter is in the middle of the rod,
the moment of inertia can be represented as

Ji =§mili2 (1

The red dots, P1, P2, P3, are for the barycenter positions
of the three knuckles, as shown in Fig. (1). The barycentric
coordinates can be calculated by the following formulas:

_(lysin q1>
P1= (11 cos q, @)

lising, + %lzsin(q1 +q,)
p, = aa 1
licosqy + 3 1c05(q; + q5)
p3 =
lysing, + %lzsm(fh +q2) + %l35in(fh + 42+ q3)
licosq, + %12(305(% +q2) + %lgcos(ql +42 + q3)
The corresponding velocity vector can be expressed

as: v = dpi/dt’ i=1,2, 3. Letx; = [q1 92 q3]"xp = %, =
[¢1 G» G3)T, then the kinetic-energy of system is:

P
5
1
T(xy,x;) = 521'3=1mivi2 (5)
According to Lagrange equation
d o a
za—x,zT(Xl,Xz) _ET(xlle) =Uu (6)

The dynamic model of the finger can be described as fol-
lows:

{ = )
M(x1)%, + C(xq, %) = u
Where

u=[1, 1, 15]", denote moment of force on each knuckle. (
1), called inertial matrix, which is of symmetry and positive
definiteness, and can be expressed as follows:

Mll M12 M13
M =

M21 M22 M23 (8)
M31 M32 M33
Where
My, =6, + 6, + 6, + 2605 cos q, + 205 cos(q, + q3)
+ 26, cos q;
My, = My, = 6, 4 6, + 05 cos q, + cos(qy + q3)
+ 26, cos q;
My3 = M3y = 6, + 05 cos(qz + q3) + 06 cos q3 ©)

M,, =0,+ 0, +204cosq;
My; = M3, = 0, + 204 cos q3
Ms3 =6,

(x1,2)=[C1 C2 C3], is the sum vector of inertial centrifugal
moment and inertial Coriolis moment.C1,C2,C3 can be calcu-
lated by the following formulas:

Ci = —63(2¢; + G2)Gz sinq, — 05(24, + G2 + G3) (42
+ g3) sin(q, + q3)
—66(2¢; + G, + q3)43 sings
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Fig. (2). Diagram of ADRC.

G, = 93"112 sing, + 95Q12 sin(q, +q3) — 05(24, + 4, +

43)4s sinqs (10)
C3 = 054,° sin(q, + q3) + 06(d1 + G2)? sin g,
where 6; can be calculated by the following formulas:

1 2 2

0p=J1+ Zm1l1 + (my + my)ly
_ 1 2 2
0,=J,+ Zmzl2 + msl,
1

05 = (3maly +msly) I (11)

1 2
0,=J3+ Zm3l3

05 = Em3l1l3

0 = Em3lzl3

2.2. Control of Bionic Artificial Arm Based on ADR
Method

Classic PID, which is widely applied in process control,
adopts the control strategies that eliminate error caused due
to the error between target and actual value [10, 11]. How-
ever, PID has the following defects.

(1) Although the stability margin of PID is large, the
margin of having good dynamic quality is small and the
closed-loop dynamic quality is too sensitive to change the
PID gain. Due to this, when the controlled object is in the
environment that is constantly changing, the system needs to
change PID gain according to the environmental change,
which will restrict the practical application of PID.

(2) The essence of PID control is to eliminate error based
on error feedback. However, it is not perfectly reasonable to
use the error between target and a measured process variable

directly, which makes the initial control force too large,
thereby causing overshoot of system. This is the main reason
that leads to the contradiction between responsiveness and
overshoot in PID closed-loop control system.

(3) The feedback control signal is the weighted sum of
proportional, integral, and derivative terms in PID. Whereas
except for the situation that measures the rate of change of
practical action, PI controllers are fairly common because
there is no suitable differentiator, which restricts the control
ability of PID.

(4) The proper combination of past error, present error
and future error is used to produce control signal in PID.
Classical PID adopts the weighted sum of them, compared
with which, the nonlinear combination is more efficient.

Therefore ADRC method is introduced to control the dy-
namic model based on the bionic arm established above. Fig.
(2) shows the diagram of ADRC.

(t) in Fig. (2) represents reference input signal. Define
x3 = MDY (x,)C (x4, x,), which denotes the “total disturb-
ances”. Hence, the formula (7) can be extended as follows:

X1 = X
5(2 = X3 + bu (12)
X3 = g(t)

Where b = M (x,)

ADRC is composed of three parts: TD, ESO, and
NLSEF. ESO, the core of ADRC, transforms the object
model with the method of two-channel compensation, mak-
ing the nonlinear indefinite system approximately linear and
definite.

e =z;(k) — x;,(k)
7y =27 — P&
Zy, = z3 — Byfal(e, a, 8) + bu
23 = —f3fal(e, ay, 6)

(13)
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Table 1. Parameters of Virtual Bionic Hand.
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Name Mass (Kg) Length (m)
Root 5.44E-002 0.02
Thumb
Tip 5.44E-002 0.02
Root 6.949E-002 0.028
Fore Finger Middle 6.4229E-002 0.025
Tip 6.247E-002 0.024
Root 7.124E-002 0.029
Middle Finger Middle 6.598E-002 0.026
Tip 6.5983E-002 0.026
Root 7.124E-002 0.029
Ring Finger Middle 6.422E-002 0.025
Tip 6.247E-002 0.024
Root 6.071E-002 0.023
Little Finger Middle 6.422E-002 0.025
Tip 6.071E-002 0.023
Where 54, 85, 83 > 0,1 > a;,a, > 0, are design parame- v =1,
i i . 16
ters. Function fal is as follows. v, = —Rsat (171 —u(t) + |U;1|;72 ) 5) (16)
le|*sign(e), le| = &
fal(e,a,6) = < lel<s (14) where
1-a’ - .
s sign(4),|Al =6
& denotes the width of the linear interval. It is used to sat(4,6) = Alal<s (17)
prevent the slope of the error curve being too large when s’ -

approaching the origin, thereby eliminating the high fre-
quency pulse. [1,2,43, feedbacks of state error feedback,
mainly influence the rate of convergence of ESO. The lager
the parameter is, the smaller the latency on disturbance esti-
mation is and the more quickly it converges. However, if the
parameter is too large, the observer will oscillate, and the
inhibition on the noise will be weakened.

Besides tracking reference input signal (t) and arranging
transition process, the main function of TD is to soften the
change of (t), to reduce the overshoot of system output and
improve the robustness of ADRC. According to the second-
order steepest switching system, a second-order TD is ex-
pressed as follows.

Uy =1,
1

{1‘72 = —Rsign (vl —v(t) + %) (15)

In order to get rid of oscillation when approaching the
origin, an appropriate linear region is added near the switch
line. Replacing sign function si(-) by linear saturation func-
tion, an efficient second-order TD can be obtained. It is ex-
pressed as follows.

NLDEF is the nonlinear combination of all order deriva-
tives of TD and the state variable estimation error of ESO.
NLSEF and the compensation of ESO for the total disturb-
ance together constitute the control variable. Modify it to
linear interval and adopt functionf (t), in order to prevent the
slope of the nonlinear curve being too large when approach-
ing the origin, which can cause the problem of flutter in high
frequency steady state.

€1 =V1— 2
€ =V — 23

Uy = kl ' fal(ellall6) + k2 ' fal(eZt a2I6) (18)
z3(k)
U= ==

3. SIMULATION EXPERIMENT
ANALYSIS

AND RESULTS

First, a simulation experiment with Matlab is conducted.
In order to validate the control effect on the mechanical hand
of ADR algorithm, the result of signal pattern recognition is
chosen as the expected value. Parameters of the virtual bion-
ic hand are shown in Table 1, according to the physiological
characteristics of normal adult’s right hand.
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Fig. (3). Simulation Result of the Forefinger Control.
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Fig. (4). Model of Bionic Hand with Multiple DOF designed by Adams.

Choose a; = 0.5,a, = 0.25,k; =5,k, =1 as the pa-
rameters of NLSEF;f; = 8, = 3 = 500,6 = 0.01 as the
parameters of ESO. Establish the dynamic model of the
hand, choose step response signal as system input, and verify
the control effect of the algorithm. Take forefinger as an

0.2
example, use v = [0.3] as signal pattern recognition result;
0.1

control each knuckle to track the desired signal v from zero
initial state. The control effect is shown as Fig. (3). The yel-
low curve is for fingertip motion, the purple for the middle
and the blue for root.

CRX

i T

Fig. (3) shows that the three knuckles of the forefinger
can all reach the set value, which means the ADRC is able to
command the finger to complete the specified movement.

Substitute the virtual bionic model designed with Adams
for the dynamic model. The joint simulation of Matlab and
Adams is conducted to validate the control effect on the vir-
tual prototyping. The bionic arm with multiple DOF de-
signed with Adams is shown as Fig. (4).

In order to improve the performance of virtual bionic
hand and increase its flexibility, the artificial hand should be
highly similar to real human hand. Its thumb has two
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(c) Motion implementation in Adams (Side)

Fig. (5). Control effect of Fingers when Making Fist.

knuckles and each of the other four fingers has three knuck-
les. The root of thumb which has three DOF is relatively
flexible. In order to control conveniently, let it have only one
DOF and the angle between it and the other four fingers is
about 120 degree when designed with Adams. By designing
like this, the thumb with the other four fingers can help the
user complete most hand motions in daily life, such as force
grasping, precision grasping and gesture, through simple
control.

Control the virtual bionic hand to make a fist. The root of
thumb rotates 90 degrees, the tip rotates 75 degrees and the

The Open Automation and Control Systems Journal, 2015, Volume 7 775
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(d) Motion implementation in Adams(45°)

knuckles of the other four fingers rotate 75 degree when
making a fist. Taking thumb and forefinger as an example,
Fig. (5) depicts the control effect. The red curve in Fig. (5a)
is for the root of the thumb and the blue is for the tip of the
thumb. The red curve, blue curve and the green curve in Fig.
(5b) represent control effect of the root, middle and tip of the
forefinger respectively. Fig. (5¢) and Fig. (5d) represent the
simulation results in Adams from different angles. It’s obvi-
ous that the bionic arm can finish making a correct fist.

3

Control the virtual arm to complete “victory” gesture.
Root and tip of the thumb need to rotate 90 degree. Root of
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(d) Motion implementation in Adams (Top)

Fig. (6). Control effect of different fingers when making gesture “victory”.

the ring finger and root of little finger rotate 90 degree, and
middle and tip of them rotate 75 degree. Taking thumb and
ring finger as an example, the control effect is depicted in
Fig. (6). The red curve in Fig. (6a) is for the root of the
thumb and the blue is for the tip of the thumb. The red curve,
blue curve and the purple curve in Fig. (6b) represent control
effect of the root, middle and tip of the ring finger respec-
tively. Fig. (6¢) and Fig. (5d) represent the simulation results
in Adams from different angles. It’s obvious that the virtual
hand can finish the specified action correctly.

We can draw the following conclusion from the joint
simulation result, as shown in Fig. (5) and Fig. (6). Accord-
ing to the angle of finger knuckles alone, ADRC gets angular
velocity from ESO. ADRC considers the coupling relation
among knuckles and the whole uncertainties act on the con-
trolled object as unknown disturbance to make compensation
for the system performance. NLSEF algorithm is employed
instead of PID algorithm and the controller can command the
finger to reach the specified angle correctly and steadily by
setting suitable parameters.
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CONCLUSION

The SEMG, which is of incomparable superiority, has be-
come a research focus in the field of intelligent bionic. It is
safe and can be obtained easily, using the processing result
of which as control input can ensure the accuracy and flexi-
bility of the prosthetic, and decrease product cost at the same
time. In this paper, Adams is utilized to design artificial arm
with 16 DOF, the mathematical model of which is estab-
lished by using kinematics and dynamics analysis. ADRC is
introduced into bionic artificial arm. It is simple and inde-
pendent of exact mathematical model of the controlled ob-
ject. ADRC sees all the uncertainties as internal disturb-
ances. It gives compensation by estimating the input and
output of the model. This method has small or even no over-
shoot, which can control the virtual bionic arm to complete
the specified movements correctly. The simulation result
proves that it is feasible to use sSEMG as control signal.
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