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Abstract— Tremor is a neurological disorder characterized
by involuntary oscillations. Difficulties associated with tremor
in patients with Parkinson’s disease have motivated the
researchers to work on developing various methods for tremor
suppression. Active Force Control (AFC) method for tremor
attenuation in human body parts is considered in this work.
This paper proposes a new AFC system based on a
piezoelectric actuator. A one-degree-of-freedom
musculoskeletal model of the elbow joint with two links and
one joint is developed. The model includes two muscles, biceps,
and triceps as the flexor and the extensor of the elbow joint.
First, simulation of the tremor generation in the model is
performed and then the performance of AFC system for
suppressing elbow joint tremor is investigated. A single
piezoelectric actuator is embedded in AFC system for
controlling the behaviour of the classic proportional-derivative
controller. MATLAB Simulink is used to analyse the model.
Results show that the AFC-based system with a piezoelectric
actuator and a PD controller is very effective in suppressing
the human hand tremor.
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1. INTRODUCTION

Tremor is a neurological disorder that categorized by
unconscious oscillations of parts of the body. The most
famous characteristics for this disability are involuntary,
roughly recurring, and approximately sinusoidal [1, 2].
Previous researches showed that healthy people exhibit a
slight degree of muscle movement which is called
physiological tremor [3, 4]. However, patients with
pathological tremor have annoying oscillations on their body
parts. People with Parkinson’s disease are the group of
patients who have this pathological tremor especially with
their upper limbs and therefore have so many difficulties in
their daily life. Physical tasks such as eating, drinking,
writing, walking, and some of other daily tasks become
difficult by the interference of tremor [3, 5, 6]. Therefore,
studying the effective ways to attenuate the tremor is
essential for affected people.

Several research works have been performed to study and
control the effects of human hand tremor. Medical and
Surgical treatments such as drugs, surgery, deep brain
stimulation (DBS) and thalamic stimulator used to reduce
hand tremor. However, the drug treatments often reduce the
progress of tremor, but most drugs have their inherent
disadvantages. Also, surgery is associated with a risk of
operation on brain [7].
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In previous works, some researchers used Active Force
Control (AFC) method for tremor attenuation in human body
parts [4, 5, 7].In these studies, a 4-DOF mas-spring-damper
model of the hand was used.

In this paper, an AFC method is developed for analyzing
the behavior of hand tremor. A one-degree-of-freedom (1-
DOF) musculoskeletal model of the elbow joint with two
links, one joint and two muscles is used. First, the electrical
pulse is employed to simulate the tremor in elbow joint.
Then, The AFC method with piezoelectric actuator and PID
controller is used for investigating the elbow tremor
behavior. A MATLAB-Simulink simulation is used for
analyzing the model in AFC control system.

11. HuUMAN HAND MODEL

A.  Musculoskeletal Model

There are some musculoskeletal models that have been
established to specify the characteristics of the biodynamic
response of the human hand and arm under vibration [8-10].
To investigate the human tremor, it is necessary to determine
the biodynamic response of human tremor to apperceive the
relation between the force and motion of the human tremor.
In this paper, a two-dimensional (2D) model of the arm with
one degree of freedom (elbow flexion-extension) in a 2D
plane is adopted. This model includes two muscles, biceps,
and triceps. These two muscles are a couple of adversary
muscles that work for flexion and extension of the elbow
joint. The biceps muscle group includes long and short head
though the triceps contains long, medial and lateral heads [9].
Since the tremor control in a single joint in a 2D plane is
considered in this paper, only uniarticular muscles of elbow
joint are taken into account in the analyses. Thus, triceps
lateral head (LtH) and biceps long head (LH) are nominated
for simulation of tremor. Fig. 1 shows a simplified
musculoskeletal model [9].

In current work, the forearm is considered only and is
modelled as a pendulum. The equation of motion of the
elbow with tremor is:
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where T is the generated moment by muscle through active
electrical stimulation, 7 denotes the internal passive

moment, m indicates the forearm mass, I shows the moment
of inertia, / is the forearm length, and g signifies the



gravitational constant. The value of the related parameters
used in the calculation is listed in Table I.

TABLE L. THE PARAMETER VALUES FOR THE FOREARM
m(kg) I(kgm?) I(m)
1.6 0.013 0.32
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Fig. 1. A physiological model of the elbow joint (Left), simplified
musculoskeletal model (Right) [9].

B. Muscle Model

The muscle model is developed from the classic Hill-type
muscle model [12, 13]. In this model, the response of the
muscle to a stimulation signal is made of two parts:
activation dynamics and contraction dynamics. The muscle
model is illustrated in Fig. 2.
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Fig. 2. Block diagram of muscle model [10].

1)  Muscle Contraction Dynamics
Muscle contraction property is resulted from the
mechanical structure of the muscle.

a) Active Force: The generated force by muscle
through the stimulation is called the active force as:

moment

where £/ is the muscle maximum isometric force, f, is the

force-length factor, f is the force-velocity factor, and a  is

the muscle activation with fatigue. a_ = ap , where p is the

muscle fatigue factor and « is the muscle activation without
fatigue which will be introduced later.

The active moment for 1-DoF elbow joint in flexion-
extension is:

2
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where F, denotes the muscle force, r, shows the moment

arm, and { indicates the number of muscles, biceps LH and
triceps LtH.

b) Muscle length factor: Changing muscle length
forcefully affects on the active force. The relationship
between the muscle force and muscle fibre length can be
described by a Gaussian-like function:

I-1Y
f,=exp| —| — 4
g

where f,is a normalized factor, E is the normalized muscle
length with respect to the optimal muscle length;
1=1 /1 and [ =r(0-0).

¢) Force-Velocity Factor: The muscle force is affected
by muscle velocity, and the factor f signifies this

relationship as:
£, =0.54arctan(5.69v +0.51) + 0.745 (5)

where v is the normalized muscle velocity with respect to

the maximum contraction (shortening) velocity v__ of the

muscle; v=v, /v __and v = 70 . Table 11 shows the

parameters for two muscles[11, 14].

TABLE II. THE PARAMETERS VALUES FOR MUSCLES
Muscles lopt (m) Vmax (M/8) Fmax(N) r(m)
BICEPS 0.136 0.68 900 0.03

TRICEPS 0.084 0.42 900 -0.03

d) Passive Torque: The passive element (PE) in the
muscle model produces a passive torque. For the elbow
joint, it is given as [15]:

T, =020-78sgn(0 -7/ 2)[exp(36/ z|60 -z /2)) - 1]x107  (6)

where sgn() is the signum function that identifies the sign of
its argument.

2)  Muscle Activation Dynamics
When electrical pulses stimulate the muscle, there is a
dynamic process for the force generation in the muscle. This




electrical parameter of the muscle is referred to as activation
dynamics [10].

a) Muscle Recruitment Curve. This property can be
modelled by a piecewise function with three values: a
threshold pulse width (PWy), a saturation pulse width (PWy)
and the pulse width of the electrical pulse (z). The
normalized muscle recruitment curve, a,, can be described
as:

0 z < PW,
o A G-PW) PW.<z<PW,  (7)
PW - PW, ’
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b) Frequency Characteristics: The force that is
produced by a muscle is affected by frequency changing.
This force-frequency function can be given by:

(o)
1+ (af)2

where fis the frequency of stimulation and g represents the
characteristic factor.

q(f) = ®)

¢) Calcium Dynamics: The activation and relaxation
process in the muscles are not concurrently. In fact, there
is a time delay for this manner always. Calcium dynamics is
modelled as:

dzi(u—ua)-l—i(u—a) 9)
ac ad
where a denotes the muscle activation without fatigue, u =
a,q; Tq signifies activation time constant, and 74, shows the
de-activation time constant.
d) Muscle Fatigue: Muscle fatigue has a relationship
with the frequency of the stimulation and activation level, a.
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where in this equation p represent the fatigue, 77, shows the
fatigue time constant, 7.. denotes the recovery time
constant, pu, signifies the minimum fitness, A is the
frequency factor on fatigue, and f indicates the shaping
factor. Table III displays the value of parameters related to
contraction and activation dynamics [8, 11].

TABLE III. THE PARAMETER VALUES FOR THE ELBOW
MUSCULOSKELETAL MODEL
PVVS PVV(I . T, 7/‘” T ﬂ & pmin
(us) | (us)| (ms) | (ms)| (ms) | (ms)| (=) | (&) =)
100 500 40 70 18 30 0.6 04 |04

III.  AcTIVE FORCE CONTROL METHOD

AFC is a robust controller that is introduced by Hewit
[16]. In fact, AFC introduces a cancelling “anti-vibration”
wave through a suitable rank of secondary sources. These
secondary sources are unified through an electronic system
using a particular signal processing algorithm for the certain
termination pattern [17].

Today’s active vibration control is a very effective
research area that has different applications in many
technologies [18, 19]. A typical active vibration control
system has mechanical and electronic components in control
system. The principle constituents of any active vibration
control system are the mechanical construction influenced by
the commotion, sensors for measuring the vibration,
controllers, and actuators for suppressing the influence of the
disturbance on the structure [20].

For suppressing the upper limb tremor with the use of
AFC scheme, Fig. 3 is suggested. In this loop, a
proportional—derivative (PD) controller controls the actuator
for damping hand tremor. From Newton second law of
motion, the main AFC equation will be expressed as:

t,=t-16 (12)
Where, T d' is estimated disturbance torque, 7 is applied
torque to the system, /' is estimated the vibratory inertia and

@ is measured acceleration signal. The value of estimated
inertia can be caught by using crude approximation method

[4].

As it’s shown in Fig. 3, the aim of proposed design is to
make constant output respect to the disturbance on the
system. This design is an effective control system if the
system output is invariant. In Fig. 3 7F is the transfer

function of the actuator, u is the desired position, O is the
actual position of the hand, and 7, is the electrical pulse for
tremor stimulation.

u o+ P

cantroller

Fig. 3. A block diagram of proposed design for the control system.

IV. PID CONTROLLERS

A proportional-integral—derivative  controller (PID
controller) is a control mechanism which used in control
system. The produced signal of PID controller is proportional
to the error signal that is sensed by a sensor. This error signal
is decreased and finally gets to a minimum value over time
by setting a control variable of the system. For having the
desired result with these controllers, finding appropriate
parameters of PID controller is noteworthy. A classic PID
controller is described as:



t de(t)
output() = K e(?) + K;[e()dt + K, ——
0

(13)

Where output(t) represents the controller output and e(?)
is the error. Also, K, K; and K4 are the proportional, integral
and derivative gain, respectively. According to the system, a
PID controller may be used just with one or two terms to
make the proper control for the system. This is attained by
setting the other parameters to zero. A PID controller will be
called a PI, PD, P or I controller in the deficiency of the
respective control actions [21]. In this study, a PD controller
is used and heuristic method can be used for determining the
PD parameters.

V.  TRANSFER FUNCTION OF ACTUATORS

In this study, a piezoelectric actuator is embedded in the
AFC system. Piezoelectric actuators have an effective role in
today’s technology. These actuators have been used in many
applications and fields. One of these areas is active vibration
control. The Piezoelectric actuators have small dimension
and weight and can be simply driven by voltage.
Furthermore, these actuators are easily controlled and can
provide fast response [7, 22]. The piezoelectric transfer
function can be expressed by the following equation [23].

2wt dy,
Fo=== 2ty (14)

IS,
where, F, is the maximum force of the piezoelectric actuator,
w is cantilever width, ¢ is cantilever thickness, [ is
cantilever length, d3; is piezoelectric constant, S;; is an
elastic constant of the piezoelectric material, 7 is input

voltage [V].

In this study a bimorph-type piezoelectric actuator is
used. Parameters for transfer function of this actuator are;
w=0.0318m, t= 0.005m, I= 0.0635, ds;;=190x10"mv’,
S1=1.613x10""m?’N" [7].

VI. SIMULATION OF CONTROL SYSTEM

As it was discussed in previous parts, in this paper, the
elbow joint is modelled as a 1-DOF musculoskeletal model
that consists of two muscles and one skeleton. As we need
to control the joint tremor, a control scheme is proposed,
Fig. 3. In this control system, AFC method is used. A PD
controller and a piezoelectric actuator are embedded in the
control system. To study the result of the control system, the
elbow joint is simulated in MATLAB-Simulink. Upper limb
(elbow joint) tremor can be attained when tremulous
stimulation activates the biceps and triceps muscles.
Artificial tremor can be generated by artificial electrical
pulses via functional electrical stimulation (FES) technique.
Three variables are needed for defining an electrical pulse,
i.e. pulse width, pulse frequency, and pulse amplitude. In
this paper only pulse width (PW) is controlled. The other
two variables are as constants. The pulse frequency is set at
20 Hz and pulse amplitude is 25 mA. Regarding the EMG
pattern that attained from patients [13], the pulse width of
electrical stimulation for biceps and triceps are 300 us and
200 us, respectively. Then displacements plots show the
joint behaviour in this control system.

VII. RESULTS

As mentioned previously, the proposed system was
simulated in MATLAB to investigate the effect of an AFC
control system to reduce the elbow joint tremor with the help
of a piezoelectric actuator and a PID controller.

The displacement signal for the tremor of the elbow joint
without any control system is illustrated in Fig. 4 for 10
seconds. From this figure, it can be found that the
displacement is between -5° to +6° which is within the target
range as the actual human hand postural tremor in
Parkinson’s disease is about £6° [7, 24].

displacement(degree)

Fig. 4. Displacement result for 1-DOF musculoskeletal model of the
elbow joint from MATLAB simulation.

The results for the displacement of the elbow joint with
an AFC method and a piezoelectric actuator is shown in Fig.
5. As this figure shows, during simulation time, the tremor
decreases incredibly and is between -1.5x103 [deg] to
+1.5%107 [deg] that is much smaller than joint angle without
an AFC system. It is clear that an AFC control system with a
PD controller and a piezoelectric actuator is a very effective
system for suppressing tremor.

displacement[deg]

t(s)

Fig. 5. Displacement result for the 1-DOF musculoskeletal model of the
elbow joint from MATLAB simulation with AFC control system.



Simulation result for a musculoskeletal model of elbow
joint for 40 s is shown in Fig. 6. During this time, the joint
tremor is suppressed totally, and the displacement is about
zero starting from 30 s. This result indicates that the
proposed AFC control system with a piezoelectric actuator
and a PID controller is an effective system for tremor
suppression.
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Fig. 6. Displacement result for the 1-DOF musculoskeletal model of
elbow joint from MATLAB simulation with AFC control system in
40 sec.

VIIL

This study presents an investigation for tremor
suppression from the human elbow joint using active force
control method. The elbow joint is modeled with two limbs,
one joint and two muscles. An electrical pulse stimulates the
muscle, and an AFC system controls the tremor of the elbow
joint. From simulation results, the AFC method with a PD
controller and a piezoelectric actuator has a significant effect
on reducing tremor. As shown in the Fig.4 and Fig. 6, when
there is a control system, the amplitude of tremor decreases
from +6 [deg] to +1.5x107 [deg]. It is shown that the
proposed AFC is very practicable in tremor attenuation.

CONCLUSION
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