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ABSTRACT 

 
The impact damper is a passive method for controlling vibrations of dynamic systems. It is 
designed by placing one or several masses in a container, which is installed on the structure. 
Damping performance is affected by many parameters, such as the mass ratio of the primary 
structure, size, number, and material of the particles, friction and restitution coefficients of 
the particles and gap distance. Impact damper is effective, economical, and practical and its 
functionality can be further enhanced by an optimal design. In this paper, first, the 
mathematical modeling of a rigid impact damper used in free vibration reduction of a single 
degree of freedom (SDOF) system is performed. The results on this step are validated with 
those results of previous studies, and a good agreement is achieved. Next, the robust hybrid 
optimization method that is called Imperialist Competitive Ant Colony Optimization 
(ICACO) is introduced. After that, the damper function is optimized using ICACO, and the 
optimum values of the effective parameters for maximizing damping effectiveness are 
obtained. Comparing the results of the optimized and the basic designs shows that the 
optimization method is robust and the optimal results are practical. The optimum design of 
damper parameters using ICACO method can damp more than %94 of the system’s initial 
energy in a short time. 
 
 
Keywords: optimal design; free vibration; energy damping; impact damper; hybrid optimization 
method. 
 
Received: 17 June 2021; Accepted: 5 August 2021 
 

1. INTRODUCTION 
 

The impact damper (ID) is an effective passive method for controlling vibrations of dynamic 
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systems especially in civil infrastructure systems, the aerospace structures, and machinery 
fields [1-2]. The experimental and analytical works on the performance of the impact 
dampers show that these non-linear dampers have a better performance than the linear 
vibration dampers in decreasing the oscillations of structures [3-7]. 

The impact damper has a container with one or several auxiliary masses (particles). 
When the primary structure vibrates, its kinetic energy is transferred to the masses, which 
then impact each other and the container. Therefore, the kinetic energy of the primary 
structure is decreased [8]. The auxiliary masses decrease the vibrations of the primary 
system by the impacts, which is why the damper is called the impact dampers. To increase 
the functionality, impact dampers are installed where the vibration amplitude of the structure 
is maximum [9]. The impact dampers are divided into rigid and resilient types. The impact 
period in the rigid type is assumed to be very short and so, the displacement of masses at the 
impact time is neglected. The displacement of masses is considered in the resilient damper 
[10]. The rigid body dynamics govern the rigid damper analysis, while the contact force 
model must be considered in a resilient impact. The contact force models were presented by 
Flores et al [11], Hu and Guo [12] and Safaeifar and Farshidianfar [13].  

Impact dampers display a number of advantages. They are especially valuable in harsh 
conditions, negligibly sensitive to oil contamination, and have a low weight impact [1]; can 
operate in multiple directions and at a wide domain of frequencies [14]; are not sensitive to 
the ambient temperature [15,16]; can be worked without any origin of power; create to have 
low sensitivity to excitation in directions other than the principal one [17]; do not hurt from 
wear [16,18]; are effective at damping either random, Gaussian, or deterministic excitation 
[19]; and, are highly reliable, simple, and affordable [18]. These characteristics make them 
especially valuable in harsh environments, in situations where hydraulic or electric power 
cannot be transmitted, and where vibrations are chaotic [20].  

Masri, introduced the single-mass impact damper in 1965, for the first time, and 
evaluated its functionality experimentally and analytically [21]. The results of this research 
show that the impact damper can significantly decrease the response domain of vibrational 
systems in harmonic, sudden, and shock loads provided that the design parameters are 
adjusted correctly. Masri also evaluated the application of a multi-unit impact damper in free 
vibrations of a single-DOF system [22]. His research discovered that the efficiency of the 
multi-unit damper in reducing the vibration amplitude is much higher than the single-unit 
damper. The application of impact dampers in the steady-state response of multi-DOF 
vibration systems is studied by Masri [23]. His research showed that the impact damper is an 
effective mechanism in reducing the vibrations of multi-DOF systems like tall buildings.  

Bapat and Sankar studied the application of a single-mass impact damper in free and 
forced vibrations of an SDOF system [24]. One of the most important results of this work is 
determining the optimum gap distance for improving the damper performance. This gap 
distance was not obtained using optimization methods, but got only by comparing the 
system response in different conditions. 

Ema and Marui conducted a fundamental study on the single-mass impact damper [25]. 
In this research, the optimum damping is achieved by adjusting the mass ratio and the gap 
distance properly. Afsharfard and Kolahan studied the behavior of single-mass impact 
dampers based on the reliability factor [26]. They obtained the variation of the system’s 
damping and reliability with the coefficient of restitution. Li et al [27] discussed on the 
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effects of different parameters that will have an influence on the performance of the impact 
damper. 

Based on experimental and theoretical studies performed by researchers all over the 
world, it has been confirmed that the impact damping technology has great superiority in 
vibration attenuation control encountered in the civil engineering field [1]. Lu et al [6] 
proposed a performance-based optimal design method of the impact damper system. 
Zurawski and Zalewski [28] studied the vibrations of beams which were damped by using 
tuned particles impact damper. Ozbulut et al [29] determined the vibration reduction ratio of 
a 20-story nonlinear benchmark structure with a new re-centering variable friction device. 
Rana and Soong invented an impact damper for a single degree of freedom structure and a 
certain vibration mode of a multi-degree of freedom by optimization method and reviewed 
the controlling of multiple structural vibration modes [30]. Bakre et al determined equations 
of optimal parameters for impact dampers utilized to a single degree of freedom main 
system for various excitations and objective functions, such as dynamic displacement, 
velocity, and base shear [31]. In addition, some meta-heuristic optimization methods such as 
genetic algorithm [32], particle swarm optimization [33], bionic algorithm [34], differential 
evolution algorithm [6], harmony search algorithm [35-36], and whale optimization 
algorithm [37] have been introduced to design the optimum parameters for the impact 
damping system. 

The literature review on the application of impact dampers in SDOF free vibration 
systems shows that the effects of different parameters, including mass ratio, coefficient of 
restitution, and gap distance are investigated in most studies. The selection of parameters 
was typically performed by comparing the obtained results and rarely using optimization 
methods. In addition, the randomness, and nonlinearity of the impact damping are two major 
difficulties and there have been no corresponding theories to describe these two complex 
highly nonlinear phenomena appropriately up to now [1].  

For this purpose, at the present paper, a meta-heuristic optimization method is used due 
to the complexity and high computational cost of the problem. 

In the last two decades, metaheuristic optimization methods, due to their superior 
benefits, have been noticed much for the analysis of engineering optimization problems. In 
these methods, there is no need for derivability or continuously of the objective function and 
in addition, they are more likely to converge to the global optimal point [38]. Imperialist 
Competitive Ant Colony Optimization (ICACO) is a hybrid robust metaheuristic 
optimization method which has great advantages including easy performance, the low 
number of tunning parameters, high ability to the analysis of complex engineering problems 
and, fast convergence rate [39]. 

The performance optimization of impact dampers in SDOF vibrations systems is studied 
in this paper and optimum values of mass ratio, coefficient of restitution, and gap distance 
are determined. First, the mathematical modeling of the impact damper used in free 
vibration analysis of the SDOF system is conducted. Then, optimization method ICACO is 
introduced. Next, the damper performance in the system is optimized. Finally, the 

optimization results are presented and conclusions are provided. 
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2. MATHEEMATICAL MODELING 
 
The model presented in Fig. 1 is used for evaluating the impact damper performance in an 
SDOF vibration system. 

 

 
Figure 1. Simplified model for SDOF system 

 
The equation of motion for the primary and the auxiliary systems is given by Eqs. (1) and 

(2) respectively. At these equations are assumed that there is no collision between them [40]: 
 

𝑀𝑥ሷெ  𝐶𝑥ሶெ  𝐾𝑥ெ ൌ 0 (1) 
𝑚𝑥ሷ ൌ 0  (2) 

 
where M, C, and K are mass, damping, and stiffness of the primary system, respectively, and 
m is mass of the auxiliary system. xM and x are the responses of the primary and auxiliary 
systems, respectively. The center of the container in its initial state is considered as the 
origin. The responses are given by Eqs. (3) and (4).  
 

𝑥ெሺ𝑡ሻ ൌ 𝑒ିకఠ௧  ൭𝑥ெ cos൫𝜔ௗ ሺ𝑡 െ 𝑡ሻ൯ 
𝑉ெ  𝜉 𝜔 𝑥ெ

 𝜔ௗ
 sin൫𝜔ௗ  ሺ𝑡 െ 𝑡ሻ൯൱ (3) 

𝑥ሺ𝑡ሻ ൌ 𝑉ሺ𝑡 െ 𝑡ሻ  𝑥 (4) 
 
where 𝜉 , 𝑤, and 𝑤ௗ are the damping ratio, undamped natural frequency, and damped 
natural frequency of the primary system, respectively, and are given by Eqs (5) to (7): 
 

𝜉 ൌ 𝐶/൫2√𝐾𝑀൯ (5) 

𝜔 ൌ ඥ𝐾/𝑀 (6) 

𝜔ௗ ൌ ቀඥ1 െ 𝜉ଶቁ𝜔 (7) 

 
where t0 is the impact time of the auxiliary system with left or right wall. x0M , V0M , x0 and V0 

are the location and the velocity of the primary and auxiliary systems immediately after each 
impact, respectively. When the auxiliary system impacts with the left or right walls, the 
required conditions are given by Eq. (8) and Eq. (9), respectively. d is the gap distance. 
 

𝑥 െ ሺ𝑥ெ െ 𝑑/2ሻ ൌ 0 (8) 
ሺ𝑥ெ  𝑑/2ሻ െ 𝑥 ൌ 0 (9) 
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Assuming two impacting masses are rigid and the impact time is very short, the location 
of these masses remains unchanged instantly after the impact. However, their velocity is 
changed. The new velocities can be calculated based on the linear momentum conservation 
and the coefficient of restitution. For the collision of two systems with masses M and m, 
their new velocities are given by Eq. (10) and Eq. (11), respectively [41].  

 

𝑉ଵ
ᇱ ൌ

ሺ1 െ 𝜇𝑒ሻ𝑉ଵ  𝜇ሺ1  𝑒ሻ𝑉ଶ
1  𝜇

 (10) 

𝑉ଶ
ᇱ ൌ

ሺ1  𝑒ሻ𝑉ଵ  ሺ𝜇 െ 𝑒ሻ𝑉ଶ
1  𝜇

 (11) 

 
where e and 𝜇 ൌ 𝑚/𝑀 are coefficients of restitution and mass ratio in the head-on collision 
of two bodies, respectively. V1 and V2 are velocities of two masses before the collision, and 
𝑉ଵ
ᇱ and 𝑉ଶ

ᇱ are velocities of two masses after the collision.  
It should be reminded that the locations of the primary and the auxiliary systems after 

each collision, x0, and x0M, are equal to the corresponding values just before the collision. 
The velocities of two masses after each collision are obtained using Eqs. (10) and (11).  

To verify the current model, the results are compared with the results of Bapat and 
Sankar [24]. The utilized data are given in Table 1.  

 
Table 1: Numerical values used to evaluate single-mass impact damper [24] 

Parameter Value 
M Mass of main system 281.25 gr 
K Stiffness of main system 1026.39 N/m 
C Damping of main system 0.1359 Ns/m 
m Impact Mass 11.90 gr 
e Coefficient of restitution 0.4 
d Gap distance 9.5 mm 

x0M Initial displacement of main mass 12.7 mm 
V0M Initial velocity of main system 0 mm/s 

 
After using the input parameter from Table 1 in the written code, the comparison of the 

variation of vibration amplitude during the time for an SDOF system with a single-mass 
impact damper between present research and Bapat and Sankar research [24] is given in Fig. 
2.  
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Figure 2. Evaluation of single-mass impact damper 

 
As observed, there is an excellent agreement between the two results. Therefore, the 

optimization of the model can now be carried out.  
 
 

3. OPTIMIZATION PROCEDURE 
 

3.1 Imperialist competitive algorithm (ICA) 

Imperialist competitive algorithm is a robust optimization technique using socio-political 
mutation of humans as a source of inspiration. The initial population at ICA produces 
randomly and each individual of them is named ‘country’. These countries are divided into 
two groups, including imperialists and colonies of imperialists. Colonies are under the 
ownership of an imperialist. The imperialists have much authority (the more optimized 
countries) with respect to colonies so all the colonies are divided between imperialists based 
on the authority of them. Each empire is included an imperialist with its colonies. During the 
optimization procedure, colonies begin to move to its imperialist. In an empire, if a colony 
has a better authority than that of an imperialist, the position of the colony and its associated 
imperialist must be changed. To calculate the total authority of an empire, the percentage of 
the average authority of colonies and the imperialist of it is considered. The empires which 
cannot improve their authority in the imperialistic competition will gradually become 
weaker and will eliminate eventually. Therefore, their colonies will attach to other empires 
and stronger empires were created. The competition between the empires is done until only 
one empire remains. Finally, in this empire, the characteristic and authority of all the 
colonies and imperialist will be the same [42]. 

The steps of optimization process by ICA are as follows: 
Step1- Produce initial country positions by Eq. (12). 
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𝑋,
ሺሻ ൌ 𝑈௫ೖ

  𝑟𝑎𝑛𝑑. ൫𝑈௫ೖ
 െ 𝐿௫ೖ

 ൯, ฬ
𝑘 ൌ 1,2, … ,𝑁
𝑙 ൌ 1,2, … ,𝑁     

 (12) 

 

where 𝑋,
ሺሻ is the initial value of the kth design variable for the lth country; 𝑈௫ೖ

  and 𝐿௫ೖ
  are 

side constraint; 𝑟𝑎𝑛𝑑  is a random number between zero and one, 𝑁  and 𝑁  are total 
number of countries and design variables respectively. 

Step 2: Determine imperialist and colonies 
After objective function of initial countries are computed, the empires are created. So, 

some of the countries with the high authority will be selected as the imperialist states and the 
rest of them will be the colonies. 

Step 3- Move the colonies toward its related imperialists 
The colony movement towards the imperialist was determined as Eq. (13): 
 

ሼ𝑋ሽ௪ ൌ ሼ𝑋ሽௗ  𝑈ሺ0,𝛽 ൈ 𝑑ሻ ൈ ሼ𝑉ଵሽ (13) 
 
 

where 𝑈 has a random cost that is distributed evenly between zero and 𝛽 ൈ 𝑑. 𝑑 and 𝛽 are 
the distance between imperialist and colony and a scaler parameter that greater than 1 
respectively. ሼ𝑉ଵሽ  is a unit vector between the positions of the colony and the related 
imperialist. 

The random parameter 𝜃 is considered to the direction of movement for expanding the 
searching space around the imperialist. 

 
𝜃 ൌ 𝑈ሺെ𝛾,𝛾ሻ (14) 

 
where 𝛾 is a parameter that modifies the change from the main direction. 

Step 4- Change of the position of the best colony and its imperialist 
In this step, if a colony is produced with more than the associated imperialist, the position 

of the imperialist and colony will be changed. 
Step 5: Calculate the total authority of an empire 
The total of an empire is calculated based on both authority of the imperialist and its 

colonies as Eq. (15).  
 

𝑇𝐶 ൌ 𝑓ሺ,ሻ  𝜉.
∑ 𝑓ሺ,ሻே
ୀଵ

𝑁𝐶
 (15) 

 
where 𝑇𝐶 is the total authority of the lth empire, 𝑓 is objective function, 𝑁𝐶 is the number 
of empires, 𝜉 has a nonnegative value and less than one. 

Step 6: Select the weakest colony in the least powerful empire and add it to the strongest 
empire. 

Step 7: Decompose of the empires without colonies 
Step 8: Stop the optimization procedure if the stop criteria are satisfied otherwise return 

to step 2. 
The flowchart of ICA is proposed in Fig. 3 [42]. A complete explanation of how to apply 
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the problem constraints during the optimization process is provided in reference [43]. 
 

 
Figure 3. Flowchart of the imperialist competitive algorithm [42] 

 
3.2 Imperialist competitive ant colony optimization 

The main weakness of ICA is not balancing between exploration and exploitation phases in 
optimization steps [39]. In order to resolve this shortcoming, the two methods ICA and Ant 
Colony Optimization (ACO) were combined and a new hybrid method called imperialist 
competitive ant colony optimization (ICACO) was invented. 

In ICACO, at first, initial ants (𝑁) are created. The positions of these ants are produced 
around their associated imperialist. 

 

𝐴𝑛𝑡,
 ൌ 𝑁ሺ𝑖𝑚𝑝ே,𝜎ሻ, ฬ

𝑙 ൌ 1,2, … ,𝑁.𝐶
𝑛 ൌ 1,2, … ,𝑁

 (16) 
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where 𝑁.𝐶  and 𝑁  are the number of colonies of the nth empire and imperialist 
respectively. The solution 𝐴𝑛𝑡,

  is produce by ant lth in empire nth in the iteration k; 
 

𝐴𝑛𝑡 ൌ ቂ𝐴𝑛𝑡ଵ,ଵ … 𝐴𝑛𝑡ே.భ,ଵ 𝐴𝑛𝑡ଵ,ଶ … 𝐴𝑛𝑡ே.భ,ଶ … 𝐴𝑛𝑡ே.,ே
ቃ
்

, (17) 

𝑁.𝐶ଵ  𝑁.𝐶ଶ ⋯ 𝑁.𝐶ே
ൌ 𝑁 (18) 

 
𝑁ሺ𝑖𝑚𝑝ே,𝜎ሻ has a normal random value that distributed with variance 𝜎  and average 

value imperialist nth. Variance 𝜎 is determined by Eq. (19). 
 

𝜎 ൌ ሺ𝑈 െ 𝐿ሻ ൈ 𝜂 (19) 
 

Where 𝐿 and 𝑈 are the lower and upper bound respectively. 𝜂 is applied to regulate the 
move step which initially is equal to one and by approaching to the optimum point, 
decreases gradually and finally tends to zero. 

After producing Ants, the value of objective function of them (𝑓ሺ𝐴𝑛𝑡,
 ሻ) is calculated. If 

𝑓ሺ𝑐𝑜𝑙𝑜𝑛𝑦,
 ሻ is in the feasible domain and it is more than 𝑓ሺ𝐴𝑛𝑡,

 ሻ, the position of ant lth 
in empire nth (𝐴𝑛𝑡,

 ) is changed with the position 𝑐𝑜𝑙𝑜𝑛𝑦,
  (the current position of colony 

lth in empire nth).  
The hybridization of ant colony optimization and imperialist competitive algorithm 

creates a balance between the exploration and the exploitation. Fig. 4 shows the flowchart of 
ICACO algorithm [39]. 
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Figure 4. Flowchart of the imperialist competitive ant colony optimization [39]  

 
 

4. OPTIMIZATION 
 
A code is programmed in MATLAB to analyze the equations of motions. First, by using 
Eqs. (3) and (4) and initial conditions, the location of each auxiliary mass and sidewalls of 
the container are calculated. Then the collision condition is evaluated at each instance using 
Eqs. (8) and (9). If there is a collision, by using Eq. (10) and Eq. (11), new velocities are 
obtained. This procedure continues until the solution time is finished. 

The sample response and the amplitude of the system with the conventional design of the 
impact damper are presented in Figs. 5 to 7 for parameters that are given in Table 1. For 
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better view of the collisions between the damper mass and sidewalls, part of Fig. 5 is 
magnified. 

 

 
Figure 5. Time response of the system and the impact mass in the impact damper 

(conventional design) 
 

 
Figure 6. Time response of the system with and without the impact damper (conventional 

design) 
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Figure 7. The Amplitude of the system with and without the impact damper (conventional 

design) 
 
As shown in Figs. 5, 6, and 7, the behavior of impact damper can be classified into three 

zones. In the first zone, from 0 to 1.8 seconds, nearly, the impact mass has effective 
collisions with primary mass. This zone is named the impact zone. The effect of friction and 
structural damping is insignificant in the impact zone. In this zone, the decreasing rate of the 
amplitude of the position of the primary mass is nearly linear. This decreasing rate is named 
the damping inclination (DI). 

In the second zone, from 1.8 to 2.7 seconds, nearly, the collisions between the impact 
mass and two end stoppers are not so effective. The reason for the movement of the impact 
mass in this zone is mainly the friction between the impact mass and the primary mass. This 
zone is named the friction zone. In the third zone, after 2.7 seconds, the movement of the 
impact mass relative to the primary mass is nearly insignificant. In this zone, the dynamic 
behavior of the system is similar to the system without impact damper. This zone is named 
the no-impact zone. 

The velocity of main mass and impact mass in the system with the impact damper in 
conventional design is shown in Fig. 8. 
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Figure 8. Velocity of the system and the impact mass in the impact damper (conventional 

design) 
 
As shown in Fig. 8, the variation in the velocity of the impact mass is significant, so the 

impact damper is effective in vibration reduction of the main mass. 
In this paper, the optimum design of the impact damper is performed by determining the 

optimum values of mass ratio (𝜇 ൌ 𝑚/𝑀), gap distance (d), and coefficient of restitution (e). 
The objective function (RDE) is the reduction percentage of the system energy as follows: 

 

𝑅𝐷𝐸 ൌ
𝑇𝐸 െ 𝑇𝐸ௐ

𝑇𝐸ௐ
ൈ 100 (20) 

 
where TEWD and TED are the total energy of the system without and with impact damper 
respectively. The limits of design parameters in the optimization problem are selected such 
that the design will be practical. For example, rational upper and lower limits are considered 
for the design variables to achieve a practical design in the optimum state.  

Table 2 gives the results of the optimization using ICACO method. The bar diagram 
related to the design variables is shown in the lower part of Fig. 9. The upper part of Fig. 9 
shows the convergence curve toward the optimum design. The blue and red curves 
correspond to the average and the best result at each iteration, respectively. The minus 
symbol indicates energy reduction. As shown in the upper part of Fig. 9, more than %94 of 
the system energy can be damped with the optimum design, relative to the system without 
impact damper. 

The optimization method achieved the optimal design in less than 10 iterations and the 
two curves coincide in less than 45 iterations. After 45 iterations, only one empire exists in 
the population and power of all colonies and the empire becomes the same. 
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Table 2: Optimal design variables of single-mass impact damper 

Design Variables Value 
µ (kg/kg) 0.019914 

d (m) 0.002926 
e  0.003234 

RDE -94.304493 

 

 
Figure 9. The convergence rates of relative damping energy and optimal design variables by 

ICACO 
 
The time response and the amplitude of the system with optimized design of the impact 

damper are presented in Figs. 10 and 11 for parameters that are given in Table 2. 
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Figure 10. Time response of the system with and without the impact damper (optimized design) 

 

 
Figure 11. The Amplitude of the system with and without the impact damper (conventional 

design) 
 
Comparing Figs. 10 and 11 with Figs. 6 and 7 show that the effect of the optimized 

impact damper on vibration reduction is much better than the conventional design. For better 
explanation, the percentage of energy damping of the main system in the conventional and 
the optimized impact dampers can be seen in Fig. 12. 
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Figure 12. Energy damping percentage using impact damper (conventional and optimized 

design) 
 
 

5. CONCLUSIONS 
 
The behavior of impact damper can be classified into three zones. In the first zone, impact 
zone, the impact mass has effective collisions with primary mass. In the second zone, 
friction zone, the collisions between the impact mass and two end stoppers are not so 
effective. In the third zone, no-impact zone, the movement of the impact mass relative to the 
primary mass is nearly insignificant. In order to operate at maximum efficiency, the damper 
should be attached to the primary system at the point of maximum displacement. The 
performance of the impact damper depends on various parameters such as mass ratio, gap 
distance, and coefficient of restitution. Better performance of impact dampers occurs when 
the damper is placed away from the nodes of the mode shapes. That means better damping 
occurs when the damper is subjected to greater vibrations. The mass and packing ratios and 
distance of particle dampers are always important, but it is not always clear how they 
influence performance. 

In this research, the optimal design of the impact damper parameters including the mass 
ratio, gap distance, and coefficient of restitution in free vibration of an SDOF system is 
performed. For the validation, the results of the single-mass damper are compared with those 
reported in the literature, and a good agreement is obtained. The optimum design is 
performed based on the maximum energy reduction of the primary system. The 
combinatorial and powerful optimization ICACO is used in this paper due to the complexity 
of the problem and calculations. The convergence rate is increased using this method, which 
provides achieving better results. The applicability of the results is also considered. The 
energy damped using the final optimum design is increased more than %94 relative to the 
initial design with no impact damper. 

1: Conventional design, 2: Optimized design
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