
Mechanical and Vibrational Characterization of Reinforced Composite Rubber/Calcium 

Carbonate for Compressive Optical Sensor Housing 

Hari Pratomo1,2 , Sulistyo1* , Andi Setiono2 , Bambang Widiyatmoko2 , Reza Abdu Rahman1,3

1 Department of Mechanical Engineering, Diponegoro University, Semarang 50275, Indonesia  
2 Research Center for Photonics, National Research and Innovation Agency, South Tangerang 15315, Indonesia 
3 Department of Mechanical Engineering, Faculty of Engineering, Universitas Pancasila, DKI Jakarta 12640, Indonesia 

Corresponding Author Email: sulistyo@lecturer.undip.ac.id

Copyright: ©2024 The authors. This article is published by IIETA and is licensed under the CC BY 4.0 license 

(http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.18280/acsm.480309 ABSTRACT 

Received: 9 February 2024 

Revised: 28 April 2024 

Accepted: 26 May 2024 

Available online: 30 June 2024 

A weigh-in-motion (WIM) sensor is a versatile unit that dynamically monitors the vehicle 

load, which is suitable for high-mobility traffic. However, the dynamic measurement 

requires sufficient physical property for the sensor housing in order to maintain the 

effective reading process and response time. The present work assesses the potential of 

reinforced silicone rubber as a compressive sensor housing. The reinforcement uses 

calcium carbonate (CaCO3) and spring wire. The tensile strength of the composite rubber 

increases up to 56.5% by adding 15 wt% CaCO3. The maximum deflection of the 

composite is obtained at 12.92 mm at a load of 160 kg, which is higher compared to the 

rubber (maximum load of 70 kg). The spring within the composite maintains sufficient 

deflection profile around 180-220 kg, indicating a better mechanical strength. The 

response time for reinforced composite rubber is less than 200 ms (milliseconds), 

demonstrating a notable reading performance. Moreover, surface observation through 

scanning electron microscope (SEM) implies suitable material conformity between 

rubber and CaCO3, making the proposed method can be taken as a convenient 

manufacturing method for producing compressive sensor housing.  
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1. INTRODUCTION

The high global trading in modern society causes a 

tremendous escalation in the logistic distribution. The 

optimization of logistic distribution is advantageous, allowing 

to reduce the operational cost, a better timetable delivery, and 

reduce the emission from transportation. However, the road 

infrastructure is severely damaged due to overloaded logistic 

vehicles. The overloaded vehicle is modified to increase its 

loading capacity, which causes severe problems in road 

infrastructure and safety [1]. The responsible authority 

employs a monitoring control system to overcome the issue. It 

can be done using static load measurement, which is more 

accurate. However, the process takes time, which causes long 

queues and is considered uneconomically. Alternatively, 

dynamic measurement can be performed while the traffic is on 

the road using a weigh-in-motion (WIM) sensor. Despite that, 

it has a lower accuracy due to compressive measurement, 

which is affected by the road condition and vehicle speed [2]. 

A significant improvement is achieved for the WIM sensor. 

The piezoelectric is a typical WIM sensor that is generally 

used considering its low cost and versatility. However, the 

environment temperature affects it significantly, reducing its 

readability during the operation. It is affected by 

environmental exposure and continuous operation, leading to 

high wear out and degradation [3-5]. Moreover, the lifetime 

for piezoelectric is extremely short, taking extra cost for an 

extensive replacement. Capacitive sensors overcome the 

drawback of piezoelectric sensors. Unfortunately, it is only 

suitable for static load measurement [6]. The ideal option is a 

fiber optic sensor with a better response time, relatively low-

cost and versatile [7]. The main challenge for fiber optics is 

exceptionally fragile and needs an external housing to prevent 

damage and failure during the operation. 

The operation of fiber optic for WIM application causes 

compressive load from the vehicle. The applied load on the 

sensor generates deflection, which is used as the reading value. 

Thus, using fiber optics as a compressive sensor demands an 

external housing to protect the sensor. The designed housing 

uses a unique approach based on the strain measurement 

principle according to fiber Bragg grating (FBG) [8].  Dong et 

al. [9] used a cement-based housing with a maximum load of 

8.0 kN without causing an error in the sensor readability. The 

load variation on the sensor unit also involves elasticity 

properties to read the cyclic profile, which is essential for 

traffic conditions. Furthermore, the load absorbed by the 

housing should be limited to prevent inaccurate reading 

measurements on the sensor unit [10]. In addition, Shin et al. 

[11] using modified strain sensor with zinc oxide for motion

monitoring, indicating a high reliable measurement (99%) for

the received data. It implies the modification of the sensor

component with suitable housing is essential for strain sensor.

The ideal option for using external housing comes from 

rubber-based material. The rubber housing is considered 

suitable for the cyclic characteristic as a sensor housing [12]. 

Zhou et al. [13] developed a rubber-based buffer layer for 
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seismic application. The rubber's elasticity properties allow 

the sensor to be protected without experiencing significant 

failure. Rubber-based housing is also economically favorable, 

with good tailorability and superior temperature resistance 

[14]. Wang et al. [15] utilized the elasticity behavior of rubber 

as displacement sensor for automobile crash evaluation, 

showing the dimension of rubber affects the obtaining results 

which makes the determination of its elasticity is crucial for 

data readability. Nevertheless, continuous reading and loading 

risks the durability and elasticity of the rubber, which probably 

leads to inaccuracy for long-term application [16]. Thus, 

reinforcement can be taken to improve the mechanical 

properties of rubber. 

Reinforced rubber is specifically addressed to improve the 

mechanical properties and maintain the elasticity of the rubber. 

Bio-based reinforcement using bamboo and jute fabric is 

considered a sustainable approach. The tensile strength of 

reinforced rubber was improved up to 1.975 N/mm2 [17]. 

Gong et al. [18] applied reinforced rubber with cord spring. 

The reinforced rubber with cord spring demonstrates a notable 

response time less than 0.2 ms (millisecond), which is better 

than rubber without reinforcement. Luo et al. [19] analyzed the 

multiaxial load for reinforced rubber/cord springs. It shows 

that the reinforced rubber/cord spring has better fatigue 

resistance, making it suitable for high-load operation. 

Material modification is intended to improve the 

functionality of the base material [20-22]. In this case, the 

rubber-based structure has low tensile and hardness properties, 

which makes reinforcement on the rubber structure also 

required. Calcium carbonate (CaCO3) can be used as suitable 

reinforcement for rubber-based material [23]. Gobetti et al. [24] 

added 10 wt% CaCO3 for butadiene rubber and reported an 

increment in compressive strength up to 5.9 MPa. Ritonga et 

al. [25] used CaCO3 (4 wt%) for natural rubber and indicated 

the same profile where the composite has a better mechanical 

strength. The calcium carbonate (CaCO3) is also ideal for 

improving the compressive strength of pavement [26]. Thus, 

CaCO3 can be considered the ideal candidate to improve the 

mechanical properties of rubber as compressive sensor 

housing. 

The combined rubber reinforcement (using spring and 

calcium carbonate) is considered as a proper solution to 

producing a compressive fiber optic sensor housing. However, 

the combined approach is rarely discussed in the literature, 

particularly for high load and cyclic applications such as WIM. 

Thus, the present work is intended to provide a preliminary 

study for mechanical and vibrational characterization of the 

developed rubber structure, including response time, which is 

essential for compressive sensor application. The preliminary 

work provides an essential basis for researchers and 

practitioners to manufacture sensor housing with suitable 

mechanical properties and response time as compressive 

sensors housing. 

 

 

2. MATERIALS AND METHOD 

 

2.1 Sample preparation 

 

The present work used the RTV silicone rubber, considering 

its high feasibility and producibility for sensor housing as 

suggested here [27]. To improve the curing time and 

coagulation of rubber, a catalyst (organic peroxides) was 

added with four variations: 0.5, 1, 1.5, and 2 wt%. Calcium 

carbonate (CaCO3) was added for the suitable ratio of silicone 

rubber. The variation of CaCO3 was set between 0–15 wt% 

(interval 5 wt%). The composite rubber/CaCO3 was mixed 

using an agitator mixer at a stirring speed of 1000 rpm for two 

minutes. Then, the catalyst was added to the mixture to 

accelerate the polymerization process. The final composition 

was stirred for one minute. In addition, a vacuum pump was 

used to evacuate the air within the composite. The evacuation 

was performed for three minutes. 

 

2.2 Manufacturing the sensor housing 

 

Figure 1a shows the molding construction. It was produced 

using a 3D printing machine with polylactic acid (PLA) 

material (Shenzhen Esun Industrial Co., Ltd - China). The 

housing molding was created in a cylindrical shape (diameter 

of 25 mm, thickness of 2 mm, and length of 104 mm). A small 

channel was grooved to place the fiber optic on the outer 

surface. 

 

 
(a) Molding structure to mold composite rubber 

 
(b) the manufacturing process for producing rubber-based 

sensor housing 

 

Figure 1. Schematic for production of rubber-based sensor 

housing  

 

The manufacturing process for producing fiber optic sensor 

housing is shown in Figure 1b. The process was done using 

the injection method. Before the injection process, a spiral 

spring wire with a diameter of 15 mm and a length of 100 mm 

was placed in the center part of the molding case. Afterward, 

the silicon gun injected the silicon rubber composite into the 

molding case from the bottom side. The molding result was 

then released after 24 hours of curing time. 

 

2.3 Characterization and evaluation 

 

The first characterization evaluated the suitable ratio 

between silicone rubber and catalyst. It was done by 
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measuring the viscosity through the falling ball method. The 

curing time is essential for rubber-based product since it 

affects the quality and duration for producing the component 

[28]. Thus, the produced mixtures were investigated under 

standard-temperature-pressure (STP) conditions to evaluate its 

curing and coagulation time. The mechanical properties of the 

produced sample were important to ensure the suitability of 

the applied force during the measurement [29]. In this work, 

tensile strength (ASTM D 412) of the composite rubber was 

measured using a universal testing machine (UTM: Shimadzu 

AGS 10 kN) at a speed of 500 mm/minute with a grip distance 

of 85 mm. The hardness test was performed according to 

ASTM 2240. 

 

 
(a) Illustration of load exposure that compresses the 

employed spiral spring wire 

 

 
(b) Experiment setup for recovery time measurement 

 

Figure 2. Schematic of the specimen and experimental 

evaluation of the produced sensor 

 

The composite rubber was reinforced using a spiral spring. 

The spring was made of steel wire with a tensile strength of 

1515 MPa and elongation of 5.16%. The wire diameter is 1 

mm with 20 total turns (Figure 2a). Further observation of the 

steel wire was conducted using Optical Emission 

Spectroscopy (OES). It was found that the chemical 

composition of steel spring is: 0.099% Carbon (C), 0.033% 

Silicon (Si), 0.17% Manganese (Mn), 0.02% Phosphorus (P), 

0.0011% Sulfur (S), 0.022% Chromium (Cr), <0.001% 

Molybdenum (Mo), and 0.001% Nickel (Ni). 

Figure 2b displays the recovery time measurement system. 

Before performing measurement, initial calibration was done 

by setting the operation parameter to obtain suitable and 

reliable result from the measurement [30]. The process was 

repeated several until the obtained result indicating good 

conformability between the applied force and displacement of 

the specimen. In this work, the applied load ranged between 

10 kg-100 kg with an interval of 10 kg considering the sample 

size as we presented in Figure 2a. The force acting on the 

sensor's surface was applied gently to ensure its center position. 

The employed fiber optic was sourced from a laser diode (λ = 

1330 nm) as the input and connected to a photodetector at the 

output source. The data logger recorded the output voltage 

from the photodetector. The recovery time was estimated 

according to the deviation between voltage drop response (tdrop) 

and voltage recovery (trecovery) after the load induced onto the 

sensor.  

 

 

3. RESULTS AND DISCUSSION 

 

The injection process highly depends on the viscosity of the 

raw material. Thus, an initial assessment was performed for 

the RTV with catalyst. As seen in Figure 3, the viscosity, 

coagulation and curing time indicate an identic pattern. 

Adding 0.5 wt% catalyst led to the highest viscosity (1.66). It 

also has the longest duration for coagulation (5 hours) and 

curing time (more than 120 hours), which is time-consuming 

and unfavorable for the injection process. Contrary to that, the 

viscosity of the silicon rubber falls significantly with a catalyst 

ratio 1.5 wt%. The viscosity decreases by around 17.5%, while 

the coagulation and curing can be reduced by more than 90%. 

The profile implies that the higher catalyst content causes 

rapid solidification of rubber, which can be a catastrophe for 

the injection process. Thus, the suitable catalyst ratio is 1 wt%, 

which decreases slightly the viscosity and maintains sufficient 

time for the injection process. 

The mechanical properties of the silicon rubber with CaCO3 

are presented in Figure 4. It clearly indicates the influence of 

CaCO3 on the improvement of the physical properties of the 

silicon rubber. The hardness level of rubber with CaCO3 

elevates around 33.5%-56.5%, which also increases the tensile 

strength of the rubber matrix. The addition of 5 wt% CaCO3 

promotes a higher tensile strength by more than 36.4%. It 

demonstrates that the physical properties of rubber are suitable 

for use as sensor housing that experiences mechanical load 

during the operation. Despite that, the hardness and tensile 

strength improvement is followed by the decrement on strain 

break which makes the rubber matrix stiff. 

Figure 5 displays the surface observation for rubber with 

and without CaCO3. The lower CaCO3 causes particle 

dispersion on the rubber surface (red square in Figure 5b). 

Local agglomeration is found for a higher CaCO3 content. It 

can be seen notably in Figure 5c (green square). The rubber's 

solidification process can affect the dispersion of CaCO3 

particles, which probably leads to local agglomeration. It also 

influences the diffusion of CaCO3 particles into the silicone 

matrix (red circle in Figure 5b and Figure 5d). It explains the 

physical changes of the composite rubber, which experiences 

a better mechanical strength compared to silicon rubber 

(Figure 4). 

Reinforcement for the produced composite rubber is done 

using spring wire. Thus, the initial deflection characteristic of 

spring is evaluated in the first place. The deflection profile for 

the single spring is shown in Figure 6a. It shows the maximum 

non-linear deflection is 0.57 mm under 40 kg load. Above this 

region, increasing the load leads to a linear profile 

corresponding to the deflection rate of 0.04 mm. The plastic 

region occurs above 230 kg. It shows the average deflection 

above 0.05 mm. According to the profile, the spring 

characteristic is suitable as a reinforcement for the composite 

rubber.
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Figure 3. The effect of catalyst on viscosity, coagulation and 

curing time for the silicone rubber 

 

Figure 4. The changes in mechanical strength for silicone 

rubber with CaCO3 

 

  
(a) Silicon rubber (b) Silicon rubber with 5 wt% CaCO3 

  
(c) Silicon rubber with 10 wt% CaCO3 (d) Silicon rubber with 15 wt% CaCO3 

 

Figure 5. Surface observation of silicon rubber and its composites 

 

The effect of the CaCO3 ratio for the composite rubber can 

be observed distinctively in Figure 6b. The maximum load for 

the silicon rubber is only 70 kg, with a maximum deflection of 

13.54 mm. Contrary to that, adding CaCO3 promotes a better 

physical structure of the rubber, allowing it to handle a higher 

load. Using 5 wt% CaCO3 increases the maximum load for the 

rubber above 40%. As a result, it makes the rubber 

advantageous as a compressive sensor housing. The maximum 

deflection for the composite rubber is only slightly lower than 

the silicone rubber (less than 5%). Thus, the addition of CaCO3 

at the given ratio maintains the elasticity profile of the rubber 

while at the same time improving its maximum load capacity.  

Reinforcement of the rubber using spring can be seen 

notably in Figure 6c, particularly for the silicon rubber. The 

maximum load for the reinforced silicon rubber increased 

more than twice times. It makes silicon rubber able to handle 

a more significant compressive force.  

Despite that, the effect of CaCO3 on the reinforced rubber 

varies. The highest increment for the reinforced rubber is 

obtained by composite rubber with 10 wt% CaCO3, which 

increases around 84.6%. At a higher ratio (15 wt% CaCO3), 

the maximum load is only increased by 12.5%. It confirms the 

SEM profile (Figure 5d), which indicates particle diffusion 

within the rubber matrix. 
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(a) Single spring 

 
(b) Composite rubbers 

 
(c) Reinforced composite rubbers with spring 

 

Figure 6. Deflection profile 

 

The response time profile for silicone rubber demonstrates 

a slight variation under a small load (less than 60 kg, Figure 

7a) with an average response time of 140 ms. However, the 

response time increases rapidly at 70 kg. It corresponds to the 

maximum deflection of the silicone rubber (Figure 6a). The 

response time profile changes variably for the composite 

rubber. It is affected by the strain effect which generally 

related to the uniaxial compression load [31], similar with the 

actual application of WIM sensor which experiences 

continuous load from the vehicle. According to the 

measurement result in this work, the composite with 5 wt% 

has a stable response between 30–70 kg, while the initial and 

ending profile indicate a shallow profile, which correspond to 

a faster response time (Figure 7b). The higher CaCO3 contents 

(Figure 7c and Figure 7d) demonstrate a fluctuate which is 

affected by its low elasticity (Figure 4). It strengthens the key 

properties for the sensor housing to accommodate various load 

application and distribute it to the fiber optic. 

 
(a) Silicon rubber without CaCO3 

 
(b) Silicon rubber with 5 wt% CaCO3 

 
(c) Silicon rubber with 10 wt% CaCO3 

 
(d) Silicon rubber with 15 wt% CaCO3 

 

Figure 7. The response time profile for the silicon rubber 

without reinforcement 
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(a) Reinforced silicon rubber without CaCO3 

 
(b) Reinforced silicon rubber with 5 wt% CaCO3 

 
(c) Reinforced silicon rubber with 10 wt% CaCO3 

 
(d) Reinforced silicon rubber with 15 wt% CaCO3 

 

Figure 8. The response time profile for the reinforced silicon 

rubber  

The peak response time for reinforced silicone rubber 

occurs at a lower load (60 kg, Figure 8a). It can be seen as a 

drawback for the rubber, which experiences a slower response 

time at a lower load. The slower response time generally 

linked to uneven redistribution of strain, which also affected 

by the mechanical properties of the housing [32]. The 

reinforced composite rubber with 5 wt% CaCO3 (Figure 8b) 

demonstrates a stable response time under 70 kg, which can 

have a positive impact. The response times became faster at 80 

kg and increased at higher loads (90 kg and 100 kg). It makes 

the fluctuation occur at a sufficient load. Figure 8c indicates a 

significant change for the reinforced composite rubber with 10 

wt%. It becomes more fluctuate, severely damaging the data 

reading for the applied sensor. One unique profile is shown for 

the reinforced silicone rubber with 15 wt% CaCO3 (Figure 8d). 

It has a faster response time with a lower load (10-30 kg), and 

then becomes slower at steady results with the applied load 

between 40-70 kg. It experiences a slight increment in the 

response time (130 ms with 80 kg load), and consistently 

increases as the load becomes higher.  

To understand the impact of reinforcement for the silicon 

rubber housing, Figure 9 plots the average response time for 

each model. One can be observed the reinforced silicon rubber 

has a lower average of response time, with the lowest value is 

obtained using 10 wt% CaCO3. The lower variation on the 

response time is desirable, particularly for dynamic 

measurement [33] since the signal can be generated sufficiently 

with minimum deviation on the reading results. It signifies the 

key advantages for using reinforced sensor housing for 

dynamic measurement. Moreover, the addition of 5 wt% and 

10 wt% of CaCO3 can be taken as the suitable ratio, since each 

composition has the lowest average of response time while 

adding more CaCO3 (15 wt%) causing a higher response time 

for the reinforced sensor housing. It demonstrates the addition 

of CaCO3 and suitable wire diameter are essential to obtain a 

reliable structure of the housing. 

 

 
 

Figure 9. The average response time of the evaluated rubber-

based sensor housing 

 

 

4. CONCLUSION 

 

The mechanical and vibrational properties of rubber-based 

sensor housing are improved using calcium carbonate (CaCO3) 

and spring wire. The composite rubber with CaCO3 indicates 

a substantial increment of tensile strength up to 693.4 MPa 

using 15 wt% CaCO3. The same composite also has a better 
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hardness level (31.3) strain at break 188.8%. It implies that the 

elasticity of the composite is still sufficient to accommodate 

the vibrational motion as compressive sensor housing. The 

maximum load for the composite can be improved more than 

twice, with the lowest deflection of 12.92 mm. Adding spring 

within the composite structure promotes a higher load 

capability with a maximum load of 220 kg. The change in 

mechanical structure for the composite rubber minimizes the 

slow response time. The average response time for composite 

rubber is less than 200 ms, with the lowest value is 120 ms 

obtained by reinforced rubber. 

The study indicates the suitability of the produced sensor 

housing for dynamic WIM measurement. However, the study 

is limited to maximum load of 100 kg for evaluation the 

response time, which can be further assessed at higher load. 

Moreover, it is advisable to evaluate the effect of 

environmental exposure on the readability of the measurement 

under actual dynamic load. It can be taken for future work to 

obtain the most advance compressive sensor housing for WIM 

applications. 
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