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Abstract: Research interest to provide a mechanical solution for involuntary tremors is increasing
due to the severe side effects caused by the medications used to lessen its symptoms. This paper
deals with the design of a cantilever-type tuned mass damper (TMD) used to prove the effectiveness
of passive controllers in reducing the involuntary tremor’s vibrational signals transmitted by the
muscles to the hand segment. TMD is tested on an experimental arm, reflecting the flexion-extension
motion of the wrist, excited by a mechanical shaker with the measured tremor signal of a patient
with essential tremor. The designed TMD provides a new operational frequency for each position of
the screw fixed to its beam. Modal damping ratios are also calculated using different methods for
each position. The effectiveness of the TMD is quantified by measurements using a vibrometer and
inertial measurement unit. Three TMDs, representing 15.7% total mass ratio, cause a reduction of
29% for the acceleration, 69% for the velocity, 79% for the displacement, 67% for the angular velocity,
and 82% for the angular displacement signals. These encouraging results will allow the improvement
of the design of the passive controller in the form of a wearable bracelet suitable for daily life.

Keywords: postural tremor; experimental arm; passive tuned mass damper; signal processing;
experimental testing

1. Introduction

Essential tremor (ET) is one of the most common tremor diseases [1]. The muscles
of the patient with ET operate in the frequency range of 4-12 Hz [2]. ET is characterized
by postural and kinetic tremors, mostly affecting the hands [3]. Postural tremor (PT) is
presented during a voluntary movement to maintain a body part at a position against
gravity, whereas kinetic tremor occurs during a voluntary movement towards a target.
Propranolol and primidone are the most effective pharmacological treatments for ET;
however, a large number of patients do not respond to either of these treatments [2],
leaving severe side effects on the patient’s quality of life [3].

Recent studies have been conducted to provide a non-invasive, wearable mechanical
device to attenuate the tremor [4,5]. Stone et al. [6] modeled the forearm as a 305 mm x 25 mm
x 25 mm aluminum beam attached to the hand. The test bench is fabricated as one seg-
ment pinned at the elbow joint and is attached rigidly to the hand at a position reflecting
the wrist joint. The system is excited by an electro-dynamic shaker using ET signals in
the horizontal direction to reflect the flexion-extension motion. A 120 g proportional-
integral-derivative (PID) controller was able to provide a 20-60% reduction in the linear
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displacement amplitude of the segment at the position of the wrist, within the 6-13 Hz
bandwidth. Teixeira et al. [7] modeled the forearm as a 1088 g rectangular beam made up
of wood and excited using a shaker by a signal of Parkinson’s disease (PD) in the vertical
direction. A TMD with variable weight was adapted to reach the tuning frequency by con-
trolling the level of water entering or leaving the piezoelectric micro-pumps. A 200400 g
TMD operating between 4.5-6 Hz is placed near the free end of the beam. It causes a
57% reduction in the amplitude of acceleration at the resonance frequency of 5.32 Hz.
Buki et al. [8] manufactured a forearm as an inertial rod attached rigidly to the hand and
excited by a direct-current (DC) motor at the wrist joint to apply a pronation-supination
motion. The system is operating at the resonance frequency in a range of 4.40-5.78 Hz,
measured for patients with PD using an inertial measurement unit (IMU). A 280 g passive
bracelet is tuned to the resonance frequency to reduce the simulated tremor. The passive
device reduced to 86% of the angular displacement amplitude at 4.75 Hz, measured using
the IMU at the wrist. Rudraraju and Nguyen [9] fabricated an experimental setup with a
1690 g mannequin hand excited by a sinusoidal signal of 50 mm amplitude and a frequency
of 4.5 Hz, representing the measured tremor behavior of a patient with PD. Two TMDs
designs as a 109 mm x 72 mm X 9 mm metallic rectangular box each, of 530 g total mass,
are placed symmetrically on the top and the bottom of the hand, at the wrist joint, to
reduce the motion in the horizontal direction. These TMDs were tested on a real patient
by tracing the pre-drawn line on a whiteboard. This resulted in a 70-80% reduction in the
tremor amplitude, which validates the numerical study. Phan Van and Ngo [10] designed a
prototype of a wearable small and comfortable gyroscope-based mechanism device with
low power consumption, weighing 268 g and of 105 mm x 84 mm x 50 mm physical
size. It is prepared to reduce uniaxial hand tremors in the range of 1.41 &+ 2.58° and with
a frequency between 4-6 Hz of PD. Its effectiveness is validated by a simulation using
Matlab; it results in a 92.6% reduction in the amplitude. However, the high-quality testing
equipment used was not enough to produce exact tremor data of PD. Masoumi et al. [11]
used two seesaw-like actuators with magnetic discs of 120 g mass to reduce a tremor
simulated by a wearable tremor simulator device composed of 32 g eccentric mass and a
DC motor. The effectiveness of the device was estimated by visualizing the water level
in a beaker held by the participant. The tremor assistance device was able to mitigate the
fluctuation in the water level.

In this paper, an experimental arm is fabricated in the form of a rectangular beam to
reflect the flexion-extension motion of the hand in the horizontal direction. The system is
excited by a mechanical shaker, using Electromyography (EMG) signals, measured for the
extensor carpi radialis (ECR) muscle involved in the generation of tremors [12,13]. TMDs
designed in the form of thin cantilever beams with concentrated masses are used to test
the ability of passive absorbers to reduce the amplitude of the system due to the excitation
signal measured for a real patient. The mass of the TMDs respects the efficient mass range
of 5-25% of the total mass of the system of interest [14]. Similar to most research work
related to orthoses, the efficiency of the tremor controller is analyzed depending on the
reduction in the power spectral density (PSD) of the measured signals [4].

The TMD is designed to reduce the amplitude of the system at 6.64 Hz, which repre-
sents the critical peak frequency of the measured tremor signal of the patient. The operating
frequency of a TMD, having a 5.7% mass ratio, changes within a bandwidth of 5.52-7.57 Hz
as the position of its proof mass changes. The corresponding mean value of modal damping
ratio, for the used stainless steel beam material of the TMD, is estimated to be 0.33% using
the half-power bandwidth method and 0.21% using the continuous wavelets method. The
optimal modal damping ratio calculated numerically for a similar TMD is 0.99%. The
best positions for the proof mass of the one TMD system, determined through experi-
mental measurements, were those corresponding to an operational frequency between
6.44-6.66 Hz representing a 2 mm wide displacement range. Three similar TMDs, with a
mass ratio of 15.7%, are attached to the experimental arm to provide a 69% reduction in
the amplitude of the velocity signal measured using a vibrometer. Measurements using
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an IMU show that the reduction in the acceleration, displacement, angular velocity, and
angular displacement signals, is 29%, 79%, 67%, and 82%, respectively.

The rest of the paper is organized as follows. Section 2 describes the experimental
setup used to simulate the measured tremor of the patient and the fabricated TMD used as
a passive controller and gives information about the sensors used to provide the processed
signals. Section 3 provides the results of the measurements for the behavior of the TMD
and its effect in reducing the amplitude of the system. Section 4 includes a discussion of the
results in addition to a comparison with the literature. Section 5 provides the conclusions
and perspectives.

2. Materials and Methods
2.1. Experimental Arm

A 77-year-old patient, suffering from ET, participated in this work. The patient
performed a postural clinical task to study the PT of the hand. Measurements of the ECR
tremor signals were conducted by the department of neurology at Pitié-Salpétriere Hospital
(Paris), following appropriate informed consent. An experimental arm, excited by tremor
signals measured for the patient, is used to study the ability of a passive TMD in reducing
the amplitude of its response. This work aims to design a prototype to be modeled as a
wearable anti-vibration bracelet if the passive absorbers reveal their effectiveness.

The experimental arm, shown in Figure 1a, is fabricated as a steel beam of dimensions
330.0 mm x 18.0 mm x 50.0 mm and mass of 242.30 g. The experimental arm is modeled
as a rigid link, representing a hand segment situated in a postural position with a flexion-
extension angular motion at the wrist joint. A mechanical shaker is used to excite the
experimental arm by a measured signal for the ECR muscle of the patient. The connection
of the mechanical shaker to the experimental arm is made in the way shown in Figure 1b.
This connection is made to avoid the introduction of stiffness, between the shaker and the
steel beam, which may induce a resonance frequency in the range of interest of this study.
A force sensor is placed between the experimental arm and the vibrometer, as shown in
Figure 1b, to provide the applied excitation signal.

Mechanical Shaker
Position of
generated force

Steel beam
(experimental-arm)

TMD holding piece

Position of
measured response Force sensor

(a) (b)

Figure 1. (a) Experimental setup used to test the behavior of the TMD system with realistic tremor signal; (b) connection
between the mechanical shaker and the experimental arm.

The raw ECR signal (Figure 2a) is implemented on the LabVIEW interface and ampli-
fied to obtain the same range as the patient for the response signal. The excitation force is
applied to the experimental arm at a distance of 48.0 mm from the clamped end (Figure 1a).
A rectangular piece is attached to the end of the experimental arm and used to hold the
TMD(s). A vibrometer (PDV-100 from Polytec) is used to measure the response of the
experimental arm, before and after the addition of the TMDs. The measurement full-scale
range of the vibrometer is 500 mm/s with a corresponding resolution of <0.1 ym/s/ (\/E)
The measurement point of the vibrometer is at a distance of 20.0 mm from the free end of
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the experimental arm. All measurements are performed for 60 s. A LabVIEW program
is also used for data acquisition with a sampling rate of 1707 Hz. The measured signal is
downsampled to obtain a sampling frequency of 50.00 Hz, which is higher than twice the
frequencies of biological tremors [15]. Responses in the frequency domain are analyzed in
terms of the PSD, obtained in this study using Welch’s method with a Hamming window
of 256 points and 80% overlap.

0.02 1 10° ¢
‘fMeasured ECR signal (shaker input) ‘ — —— Shaker input
N X: 6.641 - - -Shaker output
0.01 | £ vt
2 10°] N SR,
I ]
0 <
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-0.02 ‘ : : ; : ‘ 10710 : : ‘ : :
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Figure 2. (a) Signal measured using the EMG for the ECR muscle of a patient suffering from PT, used as input signal of the
shaker (b) Normalized PSD for the input and output signals of the mechanical shaker, the input signal corresponding to the
measured ECR signal of the patient.

A comparison between the PSD of the input and output signals of the mechanical
shaker, corresponding to the measured ECR signal of the patient, is shown in Figure 2b.
The plots of PSD are normalized to the amplitude of the first peak. The ECR muscle of the
patient operates at two frequencies, 6.64 Hz and 13.28 Hz. Figure 2b shows that the input
and output signals of the mechanical shaker fit well, especially at the first critical frequency
(the frequency of concern in this study).

2.2. Passive Tuned Mass Damper

In the current work, an experiment is conducted to study the ability of passive TMD in
reducing the amplitude of complex types of signals, the PT signal, which can be modeled
as a second-order non-linear Stochastic oscillator [16], Gaussian noise signal [17], etc. The
passive TMD having mass, stiffness, and damper as the effective elements, is fabricated in
the form of a Cantilever-type TMD, as the design suggested by Gebai et al. [18]. However,
in the current design, the beam has a circular cross-section as shown in Figure 3. The TMD
is designed to operate within the frequency range of PT. The proof mass (1,) of the TMD is
represented as a screw attached along a beam of length /,. This TMD can provide different
operating frequencies depending on the position (a) of the screw.

Stainless steel beam

.\_ _____

Screw.

Measurement
point of
vibrometer

Fixed __
support

Figure 3. Manufactured cantilever-type TMD.
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The measurement point of the vibrometer, on the beam of the TMD, is located at
a distance of 15.0 mm from its clamped end. The used measurement full-scale range is
20 mm/s with a corresponding resolution of <0.02 um/s/(v/Hz). The measured signals
are downsampled to obtain a sampling frequency of 170 Hz, which is greater than twice the
fundamental frequency of the cantilever beam alone, obtained as 67.30 Hz. Measurements
using the vibrometer also allow the identification of the modal damping ratio of the TMD,
which is estimated in this study using the half-power bandwidth method [19], and is
also calculated to obtain reliable values using the continuous wavelet method [20]. A
comparison is performed between both methods to test the accuracy level of the half-power
bandwidth method. The mean value + standard deviation (SD) is calculated for data
obtained using each method, in addition to the root mean square (RMS) error between
both. Measured signals are carried out for different positions of the screw along the beam.
The position of the center of gravity of the screw, from the clamped end of the beam, is
calculated and represented by the position 4. The measured frequency (f;***°) and the
modal damping ratio estimated using the half-power bandwidth method are obtained
using the fast Fourier transform (FFT) of the measured velocity signal for each position
a, whereas the modal damping ratio calculated using the continuous wavelets method is
obtained using the velocity signal of the measurements.

Three TMDs are manufactured to have approximately the same size and mass. These
TMDs are placed at the free end of the experimental arm, on the TMD holder (Figure 4a),
according to the following arrangement: a single TMD is placed in position ‘0’, two TMDs
in positions ‘1" and ‘2’, and three TMDs in positions ‘0’, “1’, and ‘2’, as shown in Figure 4b.
The beam of the TMDs has a diameter of 0.79 mm. A 13.80 g screw is attached to a 91.0 mm
long beam at position ‘0’, a 13.69 g screw to a 91.0 mm long beam at position ‘1’, and a
13.74 g screw to a 92.5 mm long beam at position “2’. For one, two, and three TMDs, the
mass ratio is equal to 5.7%, 11.4%, and 17.0%, respectively, which represents the ratio of the
total mass of the TMD(s) relative to the mass of the experimental arm. The position a of the
screw for each TMD is adjusted using the vibrometer, to approach the desired frequency,
before it is fixed to the experimental arm.

(b)

Figure 4. (a) TMD holding piece; (b) one, two, and three TMDs attached to the experimental arm.

IMU of Hikob Fox type is added to the experimental arm to obtain the acceleration
and angular velocity signals. IMU is added at the position of the measurement point of the
vibrometer. The measurements of the full-scale ranges of the accelerometer and gyrometer
are £2 g and +500° /s with a corresponding resolution of 12 mg and 17.5 m° /s, respectively.
Measurements using IMU are recorded for 60 s, with a sampling frequency of 1344 Hz
for the acceleration and 800 Hz for the angular velocity, which are downsampled by a
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ratio of 1:30 and 1:16, respectively. The acceleration signal is integrated twice to obtain the
displacement signal. The angular velocity signal is integrated once to obtain the angular
displacement signal.

3. Results
3.1. Measurements for the TMD

An experiment is conducted to measure the velocity signal of the TMD holding a
13.80 g screw, placed along a 91.0 mm long stainless steel beam with a cross-section diameter
of 0.79 mm. The operating frequency of TMD (f;%***) and modal damping ratio ({;***)
obtained using the half-power bandwidth method and continuous wavelet method for each
screw position,a, are listed in Table 1. The operational bandwidth of this TMD varies within
5.52-7.57 Hz for a position of the screw (a) between 68.0-84.0 mm. The corresponding
range of modal damping ratio is 0.27-0.39% using the half-power bandwidth method and
0.20-0.23% using the continuous wavelets method. The position of the screw a changes the
modal damping ratio with a mean + SD of 0.33 % 0.045% for the former and 0.21 &+ 0.015%
for the latter. The continuous wavelets method is more reliable and reflects the modal
damping ratio of stainless steel [20,21]. The RMS error in the data obtained using the
half-power bandwidth method (Table 1) is 0.125% compared with that of the continuous
wavelet method.

Table 1. Fundamental frequency of the TMD for each screw position and the corresponding modal
damping ratio obtained using different methods.

a [mm] fareas [Hel gmeas [%]
Measurement Graphically Half-Power Bandwidth Continuous Wavelet
Method Method
66.0 7.57 0.32 0.20
68.0 7.42 0.38 0.20
70.0 7.26 0.39 0.22
72.0 6.95 0.36 0.21
73.0 6.80 0.32 0.21
74.0 6.66 0.38 0.22
75.0 6.55 0.38 0.21
76.0 6.44 0.27 0.20
77.0 6.31 0.34 0.20
78.0 6.17 0.26 0.17
79.0 6.06 0.36 0.23
80.0 5.96 0.33 0.23
81.0 5.83 0.26 0.20
82.0 5.74 0.32 0.21
83.0 5.67 0.29 0.22
84.0 5.52 0.27 0.20

3.2. TMD Added to the System

Measured signals for the response of the experimental arm are presented in the time
and frequency domains, before and after the addition of the TMDs. The capability of the
TMD:s in absorbing the system’s vibration is analyzed in terms of the reduction in the
amplitude of the critical peak. The reduction is calculated as a percentage using;:

Reduction (%) — L ¢ TMD = Petkuinn Tvp 00, 1)

Peak,, TmD

where Peak,,, Tpmp and Peaky,;, Tpp are, respectively, the amplitude of the critical peak
between 4-12 Hz, for the response of the system, without and with the TMD(s).

The time-domain signal of the experimental arm, excited by the PT signal, is oscillating
between +0.1 V as shown in Figure 5. In the frequency domain, the amplitude of the critical
peak for the PSD of the signal is 1.069 x 1073 V2/Hz for the principle system, which occurs
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at 6.64 Hz. The response of the system is analyzed due to the addition of one TMD designed
at the tuning condition, i.e., the frequency of the TMD is chosen to be the critical frequency
of the experimental arm (6.64 Hz). A frequency of 6.63 Hz is reached by one TMD system
for the screw placed at a = 74.5 mm. The behavior of the system before and after the
addition of this TMD is represented in Figure 5. The attenuation caused by the tuned
absorber is clearly shown in the measured voltage signal (proportional to the linear velocity
signal in the direction of motion) of the system in the time domain (Figure 5). The passive
absorber shows its ability to operate in reducing the amplitude of the system excited by
the PT signal. In the frequency domain (Figure 5), the amplitude at the critical frequency
at 6.64 Hz is almost reduced, but the TMD also causes an amplification at a frequency of
8.30 Hz for the coupled system. The reduction is 93% between the critical amplitude of
the system without TMD, at 6.64 Hz, and the amplified amplitude, at 8.30 Hz, after the
addition of the TMD.

3
0.15 12 X% 10
—no TMD
0.1 i~ 1t 74.5 mm
E 0.05 Ng 0.8 !
3 c. -
2 0 2 06
B =
£ 005 & 04
<
-0.1 0.2 I
0 20 40 60 0 5 10 15 20
Time [s] Frequency [Hz]

Figure 5. Responses measured by vibrometer for the system with one TMD for screw at a position
reflecting the tuning frequency of the TMD.

Measurements are repeated for the positions of the proof mass presented in Table 1
in order to search for the best position that causes the highest reduction in the amplitude.
The responses in Figure 6a are analyzed in the bandwidth of 4 Hz to 12 Hz. No perfect
response is obtained, however, a proof mass position can be chosen which allows us to
compromise between reduced and amplified amplitudes. To facilitate the analysis, just
responses that correspond to the screw placed around the best position are presented. The
response of the system is improved as the position of the screw moves from 2 = 82.0 mm
towards a = 76.0 mm. The highest reduction in the amplitude of the system is observed
as the position of the mass is slightly decreased below a = 76.0 mm. A position below
74.0 mm deteriorates the response. Therefore, the best position of the mass is between
74.0-76.0 mm approaching 76.0 mm, which corresponds to an operating frequency approx-
imately between 6.44-6.66 Hz. One TMD operating within this range causes the system
to have substantially identical responses. The y-axis limit for the PSD plot of Figure 6a is
changed from 12 x 10~* V2/Hz to 3 x 10~* V2/Hz to observe changes in system behavior
more clearly; the corresponding plot is shown in Figure 6b. Similarly, the y-axis limit of
other figures will be changed.
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x107 —no TMD 5 x10° —no TMD
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Frequency [Hz] Frequency [Hz]
(a) (b)

Figure 6. Responses measured by vibrometer for the system with one TMD for (a) screw at different positions along the

beam; (b) same as (a) but with different y-axis limit.

The response of the system is analyzed after the addition of one, two, and three TMDs
shown in Figure 7. The position of the proof mass for these TMDs is based on a numerical
study carried out by Gebai [22], where three identical cantilever-type TMDs were tested
on a dynamic model of the upper limb excited by the same PT signal. The TMDs have a
91.0 mm long beam with a 0.79 mm cross-sectional diameter, holding a 14.13 g screw. The
optimal screw position for each TMD obtained from the numerical study conducted in [22]
is listed in Table 2, in addition to the measured frequencies of the TMDs corresponding
to these positions. The optimal modal damping ratios obtained numerically are 0.99% for
one TMD, 0.64% and 1.18% for two TMDs, and 1.26%, 0.13%, and 1.26% for three TMDs.
These optimal modal damping ratios are higher than the modal damping ratios obtained
with the stainless steel beams of the TMDs, having a mean value of 0.21%. The screw of the
TMDs used in the current experiment is placed at the position that leads to a frequency, as
close as possible, to the frequencies corresponding to the numerical study (Table 2). The
values of the adjusted position of the screw and the corresponding measured frequency
for each TMD are also provided in Table 2. The parameters corresponding to the three
TMDs of the experimental work are referred to as Set#1. The one, two, and three TMDs in
Figure 7 cause a reduction of 88% to 93% in the amplitude of the system. This reduction
corresponds to TMDs having a mass ratio between 5.7% and 17.0%.

4
0.15 x10

—no TMD
one TMD

—two TMD

~—-three TMD

0.1

w

0.05

o
[=3
W

Amplitude [V]
=]

Amplitude [V*/Hz]
—_ )

0 20 40 60 0 5
Time [s] Frequency [Hz]

Figure 7. Responses measured by vibrometer for the system with one, two, and three TMDs with
screw positions adjusted to obtain the frequencies corresponding to that of the numerical study.
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Table 2. Frequencies of one, two, and three TMDs system for the optimal positions obtained from a numerical study carried
out by Gebai [22] and their corresponding nearest frequencies used for the current experimental work.

Number of TMDs One TMD Two TMD Three TMD
Numerical stud a [mm] 74.9 76.8 75.6 79.1 77.0 75.9
y fineas [Hz] 6.69 6.23 6.44 6.15 6.41 6.55
Position ‘0 ‘1 2 ‘1’ ‘0 2
Experimental work a [mm] 73.0 79.0 76.0 79.5 76.0 75.0
flneas [Hz] 6.68 6.21 6.41 6.18 6.41 6.52

3.3. IMU Measurements

An IMU is added to the free end of the experimental arm. The vibrometer is also used
to measure the response of the whole system consisting of the experimental arm and IMU.
The total mass of the IMU is 21.0 g including the plastic cover and batteries. It leads to an
increase in the total mass of the system to 263.3 g. The mass ratio corresponding to the
three TMDs of Set#1 is now reduced to 15.7%. Measurements using the vibrometer are
carried out before and after the addition of the three TMDs. The measurement point of
the vibrometer is located on the IMU surface as shown in Figure 8a. The response of this
system as obtained from the vibrometer measurements, before and after the addition of
the three TMDs, is shown in Figure 8b. The peak observed after the addition of the TMDs,
representing the frequency of the coupled system (experimental arm with three TMDs), is
shifted from 8.60 Hz (without IMU as in Figure 7) to 8.98 Hz (with IMU as in Figure 8b).
The percentage of reduction in the amplitude of the system including the IMU, before and
after the addition of the TMDs of Set#1, is 69%.

4

6 %10
= 5 ‘ ——no TMD
N L
':E X: 6.641 ‘ﬁ‘ three TMD
N> 4+ Y: 0.0005074 H
(et [l
35 |
2 || X: 8.984
. |, 2 [ Y:0.0001519
Measurement point 5 I\ ‘
5 L )\
of vibrometer 1 \
0 ___,/.\M/\/_\,/g\/\ ‘‘‘‘‘‘ . . N B

4 5 7 8 9 10 11 12

Frequency [Hz]
(a) (b)

Figure 8. (a) IMU added to the end of the experimental arm; (b) PSD obtained from vibrometer measurement for the system
with three TMDs (Set#1).

The IMU is also used to provide measurements of the acceleration and angular velocity
of the system in the direction of motion, before and after the addition of the three TMDs.
The results due to the three TMDs of Set#1 are shown in Figure 9. It shows that the reduction
is 29% for the acceleration signal, 79% for the displacement signal, 67% for the angular
velocity signal, and 82% for the angular displacement signal. The passive TMDs system
causes a significant level of reduction in the amplitude of the system, excited by the PT
signal, especially in the angular displacement signal which represents the flexion-extension
angular displacement motion of the hand.
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Figure 9. PSD obtained from IMU measurements for the system with three TMDs (Set#1).

4. Discussion

The addition of two and three TMDs did not show a remarkable improvement in
the system response compared with the response obtained with one TMD in Figure 7, in
contrast to what is expected by [23]. This can be explained by the low modal damping ratios
(in comparison with that obtained in the numerical study) provided by the manufactured
TMDs (of stainless beams), which are not high enough to lessen the amplitude of critical
peaks. Despite this, the TMDs improved the response of the system and cause a minimum
reduction of 88%; however, a considerable value of 5.7% minimum mass ratio was used
for the testing. To find a compromise between the patient’s comfort due to the addition of
masses to the hand and the reduction in the amplitude of the tremor caused by these TMDs,
a study with a lower mass ratio can be performed while achieving a satisfying reduction.

The optimal damping ratios determined numerically are not reached in this study
due to a low damping ratio provided by the strain rate of the stainless steel beam material,
air damping provided by the beam and the screw, and frictional damping provided by
the clamped end and the surface of contact with the attached screw, without the addition
of an external damper. Due to this, the optimization of TMDs parameters obtained from
the numerical study was not very useful for reflecting the best position of the TMD in the
experimental study. Since the manufactured TMDs have low modal damping ratios, tuning
these absorbers may be a good choice to obtain a better reduction for the system with three
TMDs (Figure 7). The operating frequency of the three TMDs is chosen to be close to the
critical frequency (6.64 Hz), and within the best frequency range (6.44-6.66 Hz) of the one
TMD deduced from Figure 6. The three TMDs placed at positions ‘0", ‘1, and ‘2’ (Figure 4a)
are adjusted to 6.61 Hz, 6.61 Hz, and 6.52 Hz, respectively, and referred to as Set#2.

The responses of the experimental arm (without IMU) due to the addition of the
three TMDs of Set#1 (Figure 7) and Set#2 are shown in Figure 10 and compared with that
obtained for one TMD corresponding to the numerical study (Figure 7). The three TMDs
of Set#2 improved the response at the critical frequency in comparison with the other
responses. It causes also a slight amplification in comparison with Set#1 at the frequency
of 9.57 Hz, which is a frequency higher than the frequency of the critical peak, thus the
9.57 Hz will not lead to a critical effect on the signal of the system. However, a slightly
higher level of damping is still interesting to further reduce the amplitudes at all peaks
within the range of PT.
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Figure 10. PSD obtained from vibrometer measurements for the system with one TMD adjusted to
the optimal frequency compared with that obtained with three TMDs.

Encouraging results are obtained in this study, which motivates the development
in the design of the passive type of tremor controllers, to be competitive to the work
found in the literature. The 120 g controller used by Stone et al. [6] represents a PID
controller which provides a 20-60% reduction in the displacement amplitude, although
a higher level of reduction could be expected by an active type of controller. A TMD
of 200400 g (representing 18.3-36.7% mass ratio) was used by Teixeira et al. [7] and
adjusted by the water level entering or leaving the piezoelectric micro-pump. It provided a
57% reduction in the amplitude of acceleration. The system was loaded with a high mass
ratio that did not cause a high reduction. An efficient 280 g TMD used by Buki et al. [8]
causes an 83% reduction in the pronation-supination amplitude of a system modeled as
an inertial rod excited at resonance. An interesting design of the bracelet was provided
in the study of Buki et al. [8] which can be comfortable and easily wearable by the patient.
The 530 g passive TMDs (representing 31.4% mass ratio) manufactured by Rudraraju and
Nguyen [9] cause a good reduction of 70-80% in the tremor amplitude. However, this
TMD is considered heavy, and the effect of this mass on the amplitude of the system could
be tested to quantify the reduction caused by the TMD. An innovative prototype of a
gyroscope-based controller weighing 268 g used by Phan Van and Ngo [10], caused a
92.6% reduction in the simulated uniaxial tremor amplitude with low power consumption.
Masoumi et al. [11] prove that a magnetic spring system could be added to the wearable
gadget devices used to reduce the tremor of the hand. The effectiveness of the 120 g device
used was not quantified.

The perfect design of the tremor controller is a competitive work that is still under
study by several researchers. In our study, a good level of reduction is reached by a simple
passive three TMD system representing a 15.7% mass ratio. It causes a 79% reduction in
the displacement signal and a 67% reduction in the angular displacement signal of an
experimental arm excited by a measured signal of the muscles generating the tremor.

5. Conclusions

An experimental arm is modeled to reflect the hand of a patient. It is excited by the
ECR signal of a patient with PT. The mechanical shaker was able to precisely simulate the
data of the PT signal. The TMD is modeled as a cantilever beam with a screw that can be
fixed at different positions along the beam. Measurements are carried out to determine
the new operation frequency of the TMD resulting from each screw position. The modal
damping ratio for each position is determined using the half-power bandwidth method and
the continuous wavelets method. The half-power bandwidth method could not provide a
good estimation for the modal damping ratio of the designed TMD.

The effect of the designed TMDs on the response of the experimental arm is obtained.
The passive TMD shows its effectiveness in reducing the vibration of the system excited by
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the PT signal of a real patient. Three TMDs with a total mass of 41.23 g, representing a mass
ratio of 15.7%, reduced the angular displacement amplitude of the flexion-extension motion
by 82%, measured using the IMU. The beam’s material used in the design of the TMD
needs to be modified to provide a relatively higher level of damping. A 3D printer will be
used to manufacture a TMD of precise dimension and less expensive material. Therefore,
the stainless steel beam will be replaced by Acrylonitrile Butadiene Styrene (ABS) material.
The beam composing the TMD in this study has a circular cross-section to allow multi-
directional operation of the TMD to be tested in further experiments. An experimental arm
is prepared in the form of a tube to position the TMD(s) in orientations different from the
excitation direction and thus test the ability of the TMD system for multidirectional excita-
tions, which will occur in experimental tests to be applied for the patient. To anticipate the
effect of the skin, an elastomer, representing the hand segment, will be placed between the
tube and the TMD fixation to take into account the effect of the patient’s epidermis, dermis,
and subcutaneous tissues. A passive lightweight bracelet will also be designed to keep the
TMDs attached in different directions around the tube to attenuate the essential tremor.
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