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Abstract: For application of non-metallic material in efficient vibration isolation, the polymer 
materials are used to construct a ST (sleeve type) isolator. The outside parts of ST isolator are made 
of PLA material, and the inside parts of ST isolator are made of TPU material. The polymer material 
model is linear elastic and isotropic. The numerical model of the ST isolator is calculated by using 
the finite element method. The static analysis and vibration isolation performance are analyzed. The 
numerical results show that when the ST isolator is under a force of 20000 N in vertical direction, 
the maximun deformation is 0.80 mm and the maximum stress is 2.68×107 Pa. When under a force 
of 5000 N in horizontal direction, the maximun deformation is 1.44 mm and the maximum stress is 
3.70×107 Pa. The natural frequency of ST isolator is higher than 1800 Hz, and the fixed frequency of 
ST isolator is higher than 560 Hz. The harmonic analysis and transient analysis results show that the 
ST isolator has an efficient vibration isolation performance, especially when the ST isolator is fixed 
on a rigid foundation. This 3D printed ST isolator can be used in next engineering application. 

Keywords: vibration isolator; vibration level difference; numerical analysis; vibration test 
 

1. Introduction 

In order to reduce the vibration impact of machines on surrounding instruments and structures, 
vibration isolators are usually used to isolate machines, and reduce the excitation force, so the 
foundation or the supporting base can have a mild vibration level. These vibration isolation 
performance values (load-carrying capability, force transmissibility, effective bandwidth, etc.) of 
vibration isolators play a vital role in the process of isolating excitation forces [1,2]. Due to the 
complexity and high cost of active vibration isolation systems, passive vibration isolators with 
broadband, strong vibration isolation capabilities and low cost have always been the ideal target [3–6].  

In passive vibration isolation, these commonly used vibration isolators mainly include: metal 
springs, air springs, metal rubber springs, rubber vibration isolators and vibration isolation pads. 
Due to its good elasticity, metal springs can deform under the action of external forces, converting 
the mechanical energy generated by external forces into the elastic potential energy of the metal 
spring itself and storing it. When returning to the original state, it can also convert the stored elastic 
potential energy into mechanical energy and release it. Metal springs have these advantages without 
requiring additional power and are simple in structure. Therefore, they are widely used in the field 
of vibration isolation [7]. However, the damping coefficient of metal springs is very small, which 
results in poor stability of metal spring isolators without additional dampers. With the progress of 
research, a combined-springs vibration isolation shows positive and negative stiffness characteristics, 
which is used to effectively enhance vibration isolation performance [8,9] The inclined combined 
spring shows lower modal frequency and wider vibration isolation frequency band, so has weakened 
the corresponding periodic and random excitation disturbances. However, the combined spring is 
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sensitive to the tilt angle, and external damping needs to be introduced to achieve better vibration 
isolation effect. 

The advantages of air springs are good damping characteristics and low stiffness. However, the 
disadvantage is that the internal structure of the air spring is too complex, the structure requires 
proper maintenance, and the mathematical modeling requirements are high. In addition, an air pump 
is required during the use of air springs, which results in the use of air spring isolators that are bulky 
and have limited space [10]. 

The components of metal rubber vibration isolators are made of metal wires as raw materials, 
and the interior is mesh-like. It has a macromolecular structure similar to natural rubber, has the same 
elasticity and porosity as natural rubber, and has excellent damping and vibration reduction 
properties [11]. Therefore, vibration reduction and isolation components made of metal rubber are 
small in size and light in weight. The vibration isolators made of them are suitable for solving 
environments such as high and low temperatures, large temperature differences, high pressure, high 
vacuum, strong radiation, severe vibration and corrosion. Damping and vibration reduction under 
severe conditions, especially in some harsh environments [12]. However, its manufacturing 
technology is difficult and belongs to high-end manufacturing. 

Rubber vibration isolators are made by curing and shearing rubber into various types of 
vibration isolators. Its performance and quality mainly depend on the rubber formula and 
vulcanization process. Due to the structural characteristics of rubber, the internal damping of the 
rubber material itself is relatively large, so it is very effective in high-frequency vibration isolation 
[13]. In other aspects, rubber shock absorbers also have the characteristics of small size, light weight, 
easy to be made into the required shape, and convenient installation. However, rubber also has the 
problem of aging easily, and it cannot be used in equipment that comes into contact with oil, 
hydrocarbons, ozone, or in places with high ambient temperatures. In addition, [14] the accurate 
rubber constitutive model is also an important basic research work for the analysis of the hyperelastic 
mechanical properties of ship vibration isolation rubber materials and the design calculation of 
vibration isolators. At present, multi-layer rubber composite structures are commonly used to 
achieve frequency reduction and enhanced vibration isolation design, such as rubber and steel sheet 
lamination, rubber and lead core combination and other vibration isolator structures [15], and studies 
have found that rubber core vibration isolators are more energy efficient than steel- Rubber laminated 
vibration isolators are more capable of isolating horizontal forces [16]. 

In addition to these above vibration isolators, common vibration isolation components also 
include vibration isolation pads of various materials, including cork, felt, fiberglass boards, etc., 
vibration isolation pads are cheap and can be spliced and overlapped to achieve different vibration 
isolation effects, but most of them are used just as a basis for a simple vibration isolation. The high 
static and low dynamic stiffness vibration isolator with superior vibration isolation effect relies on 
the spatial design of the spring[17,18]. 

Emerging 3D printing and its applicable materials provide technical support for the 
development of new vibration isolators [19,20]. A simple and compact adaptive magnetorheological 
fluid (MRF)-based vibration isolator (MRVI) was prepared using 3D printing method. A mask 
stereolithography (MSLA) 3D printer was used to fabricate rubber bellows and plastic cover 
components for MRVI [21]. The layered metamaterial structure was fabricated using 3D printing 
technology, and PETG (polyethylene terephthalate glycol) was used as the printing line of the fused 
deposition modeling printer. Vibration isolation studies obtained two main band gaps of 190~410Hz 
and 550~710Hz [22]. In addition, polymer materials such as 3D printing materials PLA and TPU have 
high mechanical stiffness and material molecular energy consumption [23,24], which is conducive to 
providing efficient vibration isolation and energy-consuming connections. 

In vehicles and ships, the weight of every machine is heavy, and the operating speed range is 
wide. To solve the vibration isolation problem, vibration isolators should have some satisfactory 
parameter values such as large stiffness and high isolation performance in a wide frequency range. 
At the same time, taking diesel engine as an example, the reciprocating machinery not only induces 
vertical excitation, but also induces horizontal vibration excitation, so the vibration isolation 
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engineering requires vibration isolators to have load-bearing ability and vibration isolation capability 
in both vertical and horizontal directions. In order to improve practicality and flexibility, vibration 
isolators are required to be easily constructed, have low material cost and less pollution. In order to 
meet the increasing requirements for vibration isolation levels and green vibration isolators, this 
paper uses 3D printing materials PAL and TPU to design a ST (sleeve type) vibration isolator, and 
this ST vibration isolator has high vertical stiffness and wide isolation frequency span through the 
sleeve core structure. At the same time, it also has large load-bearing and isolation capabilities in 
horizontal direction. The finite element method was used to simulate model and mechanical analysis 
of this new ST type vibration isolator, including static load capacity and excitation isolation effect. 
Vibration test of the ST vibration isolator is also carried out. 

2. Construction of ST Isolator 

As shown in Figure 1, the ST isolator is comprised by nine parts. Considering the 3D printing 
physical model in the future research, these component parts are made of TPU and PLA materials. 
No.1 part and No.2 part are made of PLA material, and constitute the top end and the bottom end 
respectively. No.6 part is made of PLA material, and forms a protective sleeve to enhance lateral 
stiffness. No.8 is a ring made of PLA material to enhance the inner connection. Other parts are all 
made of TPU materials, and these flexible TPU parts can have an energy absorption ability. In this 
new ST isolator, PLA parts are partitioned by TPU parts. This separation design of hard and soft 
structure results in discontinuous stiffness, and it meets the requirement of efficient vibration 
isolation. 

 

Figure 1. Sketch of ST isolator (1 – top cover; 2 – bottom base; 3 – core A; 4 – core B; 5 – bushing; 6 – 
casing; 7 – ring; 8 – ring; 9 – ring). 

3. Modeling of ST Isolator 

According to the flow chart shown in Figure 2, the construction of ST isolator is drew in the 
solidworks software, and the geometry file in IGES format is imported into the numerical workplace. 
ST isolator is modeled by using the FEM. Static analysis, modal analysis and transient analysis are 
conducted in sequence. For numerical calculation, the grids of ST isolator are shown in Figure 3. The 
finite element mesh is comprised of 79730 nodes, and 449707 tetrahedral elements. In solid mechanics 
analysis, the elastic material model is used. For PLA material, the density is 1300kg/m3, the Young's 
modulus is 3.5×109Pa, and Poisson’s ratio is 0.4. For TPU material, the density is 1220kg/m3, the 
Young's modulus is 6.2×107Pa, and Poisson’s ratio is 0.3. 

 

Figure 2. The flow chart of mechanical analysis. 
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(a) (b) 

Figure 3. Geometry appearance and grids of ST isolatorhis: (a) Geometry; (b) Grids. 

4. Mechanics Analysis and Discussion of ST Isolator 

4.1. Static Load Analysis and Discussion 

In application, isolator usually locates between machine and foundation as a soft connection and 
vibration isolation unit, so isolator is always in a compression state. As ST isolator is located on the 
rigid foundation, so the bottom of ST isolator is fixed during static load analysis. The constraint 
condition is shown in Figure 4, and the external force is on the top end. A vertical force Fz of 20000 
N and the a horizontal force Fx of 5000 N in X-direction is respectively loaded on the top end. The 
deformation and stress values are shown in Figure 5. 

Fx
Fz

•

 

Figure 4. Load and constraint of ST isolator. 

In Figure 5(a), the ST isolator shrinks with the largest deformation 0.8 mm at the top, and the 
largest stress is 2.5×107 Pa under the compression force 20000 N. In Figrue 5(b), the ST isolator tilts 
with the largest deformation 1.4 mm at the top, and the largest stress is 3.5×107 Pa under the horizontal 
force 5000 N. This ST isolator has a large stiffness, and can support heavy machines in application. 

  
(i) (ii) 

(a) 
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(iii) (iv) 

(b) 

Figure 5. Deformation and stress of ST isolator under static load: (a) Compression force 20000 N in Z-
direction; (b) Force 5000 N in X-direction; (i) and (iii) Displacement; (ii) and (iv) Stress. 

4.2. Modal Analysis and Discussion 

Beside the static loading capacity, the modality of ST isolator is important in vibration isolation. 
Table 1 shows the natural and the fixed vibration frequency. For natural vibration frequency, the ST 
isolator has a high frequency value, and the first natural frequency is 1849 Hz. When the ST isolator 
is fixed at the bottom, the vibration frequency decreases, and the first fixed frequency is 560.04 Hz. 
When both the bottom and the top are fixed, the first vibration frequency remains 1894.2 Hz as the 
same to the natural frequency, but the second vibration frequency is 1894.3 Hz, with a 8.43% decrease 
compared with the second natural frequency 2068.8 Hz. When order number is more than 2, the 
frequency of both the bottom and the top fixed is increased than frequency of natural and bottom 
fixed conditions. 

Table 1. Modal frequency of ST isolator (Hz). 

Order number Natural Bottom fixed Bottom and top fixed 
1 1849 560.04 1894.2 
2 2068.8 560.06 1894.3 
3 2069 934.95 2169.2 
4 2361.7 1441.4 2823.9 
5 2362 1634.6 2824 

Figure 6 shows vibration displacement distributions of ST isolator under free, bottom fixed and 
both ends fixed conditions, respectively. In natural mode, it is the concentric expanding at two ends 
in the first natural mode, and bending in the second and third natural modes. When the bottom of 
ST isolator is fixed, the vibration deformation locates at the top end, and it is bending in the first and 
second modes, and concentric expanding at the top end in the third mode. When both ends are fixed, 
vibration modes change to the twisting in the first and second modes, and concentric expanding in 
the third mode, especially, there is a large displacement in the middle and bottom parts. These 
comprised parts of ST isolator bring many local and variable vibration modes. 

(i) 
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(ii) 

   

(iii) 

   
 (a) (b) (c) 

Figure 6. The modal displacement distribution of ST isolator: (a) The first order modality; (b) The 
second order modality; (c) The third order modality; (i) Natural; (ii) Bottom fixed; (iii) Bottom and top 
fixed. 

4.3. Transient Analysis and Discussion 

As shown in Figure 7, a steel plate of 140mm×140mm×5mm (blue color) is the base of ST isolator. 
The fixed condition and simply-supported condition are considered to model the rigid and soft 
foundation in application. In the fixed condition, the steel plate is constrained at the bottom. In the 
simply-supported condition, the steel plate constrained at four sides. The top surface A and the 
bottom surface B are end surfaces of ST isolator. 

 

Figure 7. Load and constraint of ST isolator. 

According to the vibration evaluation, the vibration energy level difference VLDE is used to 
study the vibration isolation performance of ST isolator. VLDE value increases, and isolator has better 
vibration isolation effect. 

B

A
E log20VLD

E
E

= , (1) 

Where, EB is the effective value of vibration energy at surface B on the bottom end, and EA is the 
effective value of vibration energy at surface A on the top end. 

As the rotating speed of marine engines is 60~3000 r/min, the vibration frequency is 1~50 Hz. 
The expression of excited force F is in the expression of 100sin(2π𝑓𝑓it) N, with the excited frequency 
fi=1 Hz, 20 Hz and 50 Hz, respectively for three excited excitation, and t is the time span. Base on the 
Expression (1) and data post-processing, both VLDE and deformation of ST isolator are analyzed in 
the numerical analysis. 
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Figure 8 shows values of VLDE in both simply supported and fixed constraints of ST isolator. 
When ST isolator is simply supported, the average VLDE value is 26.31 dB at 1 Hz, 26.25 dB at 20 Hz 
and 25.02 dB at 50 Hz. When ST isolator is fixed, the average VLDE value is 236.41 dB at 1 Hz, 236.93 
dB at 20 Hz and 235.92 dB at 50 Hz. ST isolator has a stable and efficient isolation effect, with VLDE 
value higher than 25 dB when simply supported, and 235 dB when fixed. With the increase of excited 
frequency, VLDE value has a little drop less than 5% when simply supported, and 0.5% when fixed. 
As the different constraint conditions, it is better to locate ST isolator at a more rigid base for higher 
isolation effect. 

Under excited vibration, ST isolator deformation is time-dependent. After a period of excitation 
vibration, Figure 9 shows characteristic deformations of ST isolator under 1 Hz in a time span from 5 
s to 6 s. Figure 10 shows characteristic deformations of ST isolator under 10 Hz in a time span from 1 
s to 1.1 s, and Figure 11 shows characteristic deformations of ST isolator under 50 Hz in a time span 
from 1 s to 1.02 s. Due to excitation force on the top end, the maximum displacement is at the 
circumferential edge, and its value is less than 5×10-3mm. Near the foundation connecting to the 
bottom end of ST isolator, the displacement is far less than 1×10-3mm. 

 
  

(a) (b) (c) 

Figure 8. VLDE of ST isolator: (a) Excited frequency is 1 Hz; (b) Excited frequency is 10 Hz; (c) Excited 
frequency is 50 Hz. 

      
(a) 

   
   

(b) 

 
Figure 9. Deformations of ST isolator under excitation 1Hz: (a) ST isolator is simply supported; (b) ST 
isolator is fixed. 
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(a) 

    
 

 

(b) 

 
Figure 10. Deformations of ST isolator under excitation 10Hz: (a) ST isolator is simply supported; (b) 
ST isolator is fixed. 

      
(a) 

  
    
(b) 

 
Figure 11. Deformations of ST isolator under excitation 50 Hz: (a) ST isolator is simply supported; (b) 
ST isolator is fixed. 

4.4. Vibration Test and Discussion 

In addition to the above numerical analysis, a physical model of ST isolator is constructed and 
its vibration test is done in this paper. The sinusoidal excitation testing is the continuous vibration of 
ST isolator at a certain frequency and amplitude, it can simulate the response analysis of ST isolator 
under vibration conditions in application. The excitation frequency span of concern is from 10 to 50 
Hz. Under sinusoidal periodic vibration excitation, the acceleration response of the ST isolator is 
obtained to determine the acceleration vibration level[25,26]. 

In acceleration vibration level analysis, the drop of acceleration vibration level is an effective 
indicator for evaluating vibration isolation performance. The calculation formula for the drop of 
acceleration vibration level VLDa is 20 times the commonly used logarithm of the ratio of the input 
acceleration response value a1 to the output acceleration response value a2. 
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2

1log20VLD
a
a

a = , (2) 

This experiment conducted a sinusoidal vibration test on the ST isolator within 50 Hz to test the 
isolation effect of the isolator on vibration at a fixed excitation frequency. As shown in Figure 12, the 
measurement is conducted on the vibration testing system platform. By connecting the control 
console, power amplifier and exciter, the excitation force is set by the control console, and is 
transmitted to the exciter through the power amplifier. After calibrated, two acceleration sensors (100 
mv/g, 0.5~12000Hz) are installed at the top and bottom ends of ST isolator. In analysis, the input is 
the acceleration response on the top end, and the output is the acceleration response on the bottom 
end. According to formula (2), The VLDa (acceleration level drop) is calculated based on the input 
and output acceleration responses, so the isolation performance of ST isolator is analyzed in vibration 
test. 

ST isolator

Vibration exciter Power amplifier

Acquisition 
console

Waveform generator
 

Figure 12. Vibration test system. 

Table 2 shows vibration test results, and the excitation frequencies are 10 Hz, 20 Hz, 30 Hz, 40 
Hz and 50 Hz, respectively. All VLDa values are above 1.80 dB, so ST isolator has a stable isolation 
effect in the range of 10 to 50 Hz. VLDa value in vibration test is a little lower than VLDa value in 
numerical analysis due to point response in vibration test. 

In frequency sweep analysis, a sine signal continuously changing from 1 Hz to 200 Hz in a time 
span of 6s is excited on the ST isolator, to examine the vibration isolation behavior of ST isolatior 
within a specific frequency band. In the sine-sweep test, it is possible to quickly and intuitively 
understand the performance of ST isolator, so it is an important supplementary analysis for the above 
excitation vibration analysis in single frequency. 

Table 2. Acceleration values of ST isolator in vibration test. 

Frequency(Hz) Input(m/s2) Output(m/s2) VLDa(dB) 
10 0.074 0.060 1.82 
20 0.486 0.379 2.16 
30 0.382 0.273 2.92 
40 0.299 0.120 7.93 
50 0.316 0.234 2.61 

 
Figure 13 shows the time domain response of ST isolator at input (near excitation) and output 

(far from excitation). Two response curves are complex with harmonic signals. Besides that, the 
output response has a lower amplitude than the input response, and the response time delay between 
output and input is about 0.2s. After FFT, Figure 14 clearly shows the difference between input and 
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output acceleration. Below 48 Hz, the output acceleration is lower than the input acceleration, as well 
as during the 120 Hz to 135 Hz. VLDa value is high to 12.5 dB around 45 Hz. The ST isolator has a 
specific isolation effect in the low-frequency band from 1 Hz to 50 Hz. 

  

(a) (b) 

Figure 13. Time-domain response of ST isolator in vibration test: (a) Input; (b) Output. 

  
(a) (b) 

Figure 14. Frequency-domain response of ST isolator in vibration test: (a) Accelerationn response; (b) 
VLDa of ST isolator. 

5. Conclusions 

In this paper, a ST isolator made of PLA and TPU materials is modeled and numerically 
computed using the finite element method. The static deformation, modality, excited vibration 
response and vibration test are studied. The main conclusions are as follows. 

A combination of PLA and TPU materials are very suitable for vibration isolator. The ST isolator 
in this paper has a load-bearing capacity high to 5000 N in horizontal direction and 20000N in vertical 
direction.  

Due to the combination design of two materials and nine parts, the modality of this ST isolator 
is nonlinear to its constraints. When the bottom of ST isolator is fixed, the vibration frequency is the 
lowest.  

This ST isolator has a good vibration isolation performance, especially when the base is fixed to 
form a rigid foundation. In frequency range of 1~50 Hz, VLDE value is more than 25 dB when ST 
isolator is simply supported, and 235 dB when fixed in numerical analysis. Vibration test results have 
verified the isolation effect of ST isolator based on point response. 

With the superior load-bearing capacity, the isolation analysis with preload and vibration test 
of ST isolator in application are the interesting research in future. 
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