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A B S T R A C T   
Bridge structures undergo continuous degradation due to traffic loading and 
environmental exposure, necessitating the development of practical methods 
to monitor changes in their dynamic response. This study examines the use of 
a low-cost MEMS accelerometer for identifying dominant modal frequency 
bands (natural-frequency candidates) of an operational short-span bridge 
under ambient excitation. An ADXL345 sensor, integrated with an Arduino-
based data acquisition system and a MATLAB interface, was used to record tri-
axial vibration signals at three locations on the Jembatan Jalan Gelatik in 
Samarinda during both daytime and late-afternoon traffic conditions. The 
time-domain signals were processed using Welch’s averaged windowed Fast 
Fourier Transform, followed by Konno–Ohmachi smoothing to clarify local 
spectral peaks. The analysis was intentionally limited to frequencies below 20 
Hz, where global modes are expected, and the signal-to-noise ratio of the 
MEMS sensor is more reliable. Several consistent modal frequency bands were 
identified across measurement points, with dominant peaks observed 
between approximately 1.3–1.5 Hz, 2.1–2.7 Hz, 3.3–3.5 Hz, 5.0–6.8 Hz, 8.0–9.0 
Hz, and 14–18 Hz. These peaks were validated through spatial repeatability 
across measurement points and temporal repeatability across different traffic 
conditions (daytime and late afternoon). These results indicate that the 
combination of low-cost sensing and noise-robust spectral processing can 
extract stable modal information from ambient bridge vibrations, despite the 
limitations of single-sensor deployment and the absence of reference-grade 
instruments. The findings suggest that this approach offers a feasible 
preliminary method for vibration-based structural assessment and may serve 
as a foundation for further development toward more detailed modal 
characterization. 
 
 

1. Introduction  
Bridges are essential components of 

transportation infrastructure, yet their structural 
condition inevitably deteriorates over time. Their 
service life is progressively shortened by the 
combined effects of increasing traffic loads and 
aggressive environmental conditions. Heavy and 
frequent traffic accelerates material fatigue, cracking, 
and reduction in load-bearing capacity, particularly 
in reinforced and prestressed concrete bridges [1], 
[2], [3]. Environmental factors, such as freeze–thaw 
cycles, moisture, rainfall, extreme temperatures, and 
chloride exposure in coastal regions or de-icing salt 
applications, further exacerbate reinforcement 
corrosion and concrete degradation [4], [5]. The 
interaction between traffic-induced fatigue and 
corrosion can reduce the expected lifespan of bridges 
by up to 70% in high-traffic areas exposed to 
aggressive climates [6], [7], [8]. These conditions 
underscore the importance of continuous monitoring 
to ensure safety and extend the lifespan of 
infrastructure services. 

Monitoring a bridge’s natural frequency is an 
effective and widely adopted method for evaluating 
its structural integrity. The natural frequency acts as 
a dynamic “fingerprint,” and minor variations can 
indicate the presence of damage, degradation, or 
changes in boundary conditions. Because natural 
frequency is governed by structural stiffness and 
mass, a loss of stiffness arising from cracking, 
corrosion, or foundation scouring results in a 
measurable decrease in frequency [9], [10], [11]. 
Numerous laboratories, numerical, and field studies 
have demonstrated that reductions in natural 
frequency are reliable indicators of stiffness loss 
across concrete, steel, and historical bridge typologies 
[12], [13]. Continuous frequency monitoring is also 
crucial in mitigating the risk of resonance. Resonance 
between a bridge’s natural frequency and dynamic 
excitations from pedestrians, traffic, trains, wind, or 
seismic activity can produce excessive vibrations that 
accelerate structural deterioration and, in severe 
cases, lead to collapse [14], [15], [16]. 

Structural Health Monitoring (SHM) has emerged 
as the standard approach for identifying such changes, 
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and conventional SHM deployments rely heavily on 
high-precision piezoelectric and force-balance 
accelerometers. Although highly accurate, these 
systems incur substantial limitations. First, high-
grade accelerometers and their associated 
acquisition hardware are expensive and labor-
intensive to install, which restricts large-scale 
deployment to flagship infrastructure with significant 
funding [17], [18]. Second, wired configurations are 
challenging to scale into dense sensing networks due 
to the complexity of cabling and maintenance 
demands [19]. Third, traditional sensors typically 
consume considerable power and require frequent 
maintenance, which limits their suitability for long-
term, real-time monitoring [17]. As a result, 
continuous SHM has so far been limited to a small 
proportion of major bridges, while smaller and older 
bridges, which are often the most vulnerable, remain 
largely unmonitored. This situation creates a 
compelling need for low-cost and scalable 
alternatives. 

Recent advancements in Micro-Electro-
Mechanical Systems (MEMS) sensing technology, 
including the ADXL345 accelerometer, offer 
promising opportunities due to their compact size, 
low power consumption, and low cost. Despite these 
advantages, MEMS sensors exhibit a relatively high 
noise floor and lower sensitivity, which makes the 
extraction of true vibration signatures considerably 
more challenging compared to precision-grade 
accelerometers [20], [21].  

Quantitatively, this limitation has been reported 
in multiple comparative studies. Feriadi et al. 
evaluated vibration measurements using the 
ADXL345 against a piezoelectric accelerometer 
(Vibroport 80) and found that ADXL345 consistently 
produced slightly higher acceleration amplitudes by 
approximately 3% (0.03–0.04 m/s2) under various 
test conditions [22]. Hu et al. benchmarked a MEMS 
seismic sensor against a high-precision force-balance 
accelerometer (BL-03) and reported substantially 
lower self-noise for the force-balance unit, with an 
RMS noise of only 0.00088 cm/s2 within the 0.1–20 
Hz bandwidth [23]. Moreover, recent SHM-oriented 
sensor evaluations indicate that the noise density of 
low-cost MEMS accelerometers (typically hundreds 

of 𝜇𝑔/√Hz) is orders of magnitude higher than the 
reference level required for SHM-grade 

accelerometers (often < 1 𝜇𝑔/√Hz), which may mask 
small-amplitude vibrations under low excitation. 
Nevertheless, Ribeiro et al. showed that despite 
higher noise levels, MEMS-based frequency estimates 
can still agree with professional piezoelectric 
instrumentation with frequency errors below 
approximately 1% when appropriate spectral 
processing techniques are applied [20]. 

Standard Fast Fourier Transform (FFT) 
techniques often struggle to distinguish between 
structural modal peaks, spectral leakage, and 
stochastic noise, particularly under ambient 
excitation conditions typical of operational bridges 
[24], [25]. Previous studies have introduced 
alternative modal identification approaches, such as 
robust time-domain parameter identification [26], 
Experimental Modal Analysis [27], and Power 
Spectral Density estimation using Welch’s method 
[20]. More recent work has investigated hybrid 
techniques that integrate FFT, PSD, and Stochastic 

Subspace Identification [28]. However, the 
combination of Welch’s Averaged Windowed FFT 
with Konno–Ohmachi smoothing, specifically 
targeted at improving modal peak stability from 
MEMS-based measurements, has not yet been 
systematically investigated for natural frequency 
extraction in bridges. 

To address this gap, the present study implements 
a signal-processing workflow that integrates Welch’s 
Averaged Windowed FFT with Konno–Ohmachi 
smoothing. The Averaged Windowed FFT method 
reduces the variance of spectral estimation by 
segmenting the signal into overlapping windows and 
averaging their periodograms, which improves peak 
consistency under noisy conditions [29], [30]. 
Konno–Ohmachi smoothing is then applied to 
suppress high-frequency fluctuations while 
preserving the sharpness and amplitude of genuine 
low-frequency structural modes, resulting in 
improved modal interpretability using low-
sensitivity sensors [31], [32], [33]. To ensure reliable 
acquisition of time-domain vibration data prior to 
spectral processing, a custom MATLAB Graphical 
User Interface (GUI) was developed to facilitate 
communication between the ADXL345 accelerometer 
and an Arduino Uno microcontroller. The GUI enables 
configuration of sampling parameters, real-time 
visualization, and automated storage of analog 
voltage data for subsequent frequency analysis. 

This research presents the design and validation 
of a low-cost, high-reliability SHM system capable of 
reliably identifying dominant natural-frequency 
candidates (modal frequency bands) in operational 
civil infrastructure, particularly bridges. The 
proposed system integrates MEMS accelerometers 
with a microcontroller-based acquisition platform 
and a dedicated MATLAB-based GUI. The spectral 
analysis workflow, which combines the Averaged 
Windowed FFT method and the Konno–Ohmachi 
smoothing technique, is designed to overcome the 
primary limitations of MEMS-based vibration 
measurements. The overall objective of the system is 
to enable scalable, affordable, and reliable vibration-
based monitoring for transportation infrastructure 
with constrained maintenance budgets. 
 
2. Method  
2.1. System Overview 

The proposed system is designed to perform 
vibration-based monitoring of bridge structures with 
the objective of identifying their natural frequencies 
using a low-cost sensing platform. The overall 
architecture follows an acquisition–processing 
workflow that transforms ambient structural 
vibration into natural frequency information. The 
workflow is illustrated in Figure 1 (System 
Workflow), which consists of four primary stages: (i) 
vibration sensing, (ii) data acquisition, (iii) signal 
processing, and (iv) frequency extraction. 

In the first stage, ambient vibrations on the bridge 
surface are measured using an ADXL345 MEMS 
accelerometer positioned at selected locations along 
the span. The accelerometer transduces structural 
vibration into electrical signals corresponding to tri-
axial acceleration. In the second stage, the Arduino 
Uno microcontroller serves as the data acquisition 
unit, digitizing the accelerometer output and 
transmitting the time-domain vibration data to a host 
computer via serial communication. This embedded 
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sensing and acquisition configuration enables 
compact field deployment as a low-cost alternative 
for bridge vibration measurements. Previous studies 
have reported that ADXL345-based sensing nodes 
can provide sufficiently reliable vibration 
measurements for SHM applications when proper 
calibration and acquisition procedures are applied 
[34], [35], [36]. 
 

 
Fig. 1: System workflow 

 
The third stage of the workflow occurs within the 

software environment through a custom MATLAB-
based Graphical User Interface (GUI). The GUI allows 
the operator to configure sampling parameters, 
initiate and terminate data logging, visualize real-
time acceleration input, and store the raw signal for 
further analysis. The final stage of the workflow is the 
signal processing chain, where the recorded 
acceleration data are converted into the frequency 
domain using a hybrid spectral method consisting of 
Welch’s averaged windowed FFT , followed by 
Konno–Ohmachi smoothing [30], [31]. This 
combination is designed to improve the stability of 
modal peak identification when using low-sensitivity 
MEMS sensors under ambient excitation. 

 
2.2. Hardware Design 

The hardware platform consists of the ADXL345 
MEMS accelerometer, an Arduino Uno 
microcontroller, and an independent power module. 
The complete arrangement is illustrated in Figure 2, 
showing the communication pathway between the 
sensing module, acquisition unit, and host computer. 
This configuration is designed to provide a compact 
and low-cost solution for in-service bridge vibration 
monitoring. 
 

 

Fig. 2: Hardware design 
 

The ADXL345 is selected due to its suitability for 
detecting low-amplitude vibrations. It is a tri-axial 
MEMS accelerometer with a configurable full-scale 
measurement range of ±2 g to ±16 g and a resolution 
of up to 13 bits, enabling reliable capture of ambient 
vibration responses [37], [38], [39]. The sensor 
communicates with the Arduino Uno via the I²C 

interface [40], [41], and the microcontroller streams 
the digitized acceleration samples to the host 
computer through a serial link. The sampling rate is 
controlled by MATLAB GUI during the acquisition 
phase to maintain synchronized logging across all 
three axes. 

For field deployment, the ADXL345 module is 
attached directly to the bridge deck using high-
strength adhesive tape, providing sufficient contact 
for vibration transfer without requiring permanent 
modification to the structure. A portable 5 V power 
bank supplies both the accelerometer and the 
microcontroller, enabling untethered operation and 
eliminating the need for on-site electrical 
infrastructure. This hardware arrangement is 
designed for practical vibration measurements on 
operational bridges with low implementation cost. 
 
2.3. Data Acquisition System 

A custom MATLAB Graphical User Interface (GUI) 
was developed to facilitate the acquisition of 
vibration data from the ADXL345 accelerometer 
through the Arduino Uno microcontroller. The GUI 
provides the operator with essential controls for 
configuring sampling parameters, specifying 
measurement duration, and initializing 
communication with the acquisition unit. The 
complete layout of the GUI is shown in Figure 3. 

 
Fig. 3: Layout of the GUI 

 
Once the measurement session begins, the GUI 

receives tri-axial acceleration samples from the 
Arduino via serial communication. A real-time plot of 
the incoming signal is displayed to allow on-site 
verification of sensor response and signal quality 
prior to data storage. 

The ADXL345 data stream was acquired at a 
nominal sampling frequency of 100 Hz. The sampling 
interval was implemented in the Arduino acquisition 
loop using a 10 ms delay between successive samples, 
while the ADXL345 output configuration follows the 
default setting of the Adafruit ADXL345 library (ODR 
= 100 Hz). With this configuration, the Nyquist 
frequency is 50 Hz, which is sufficient for the present 
study that restricts frequency-domain analysis to 
below 20 Hz. Serial transmission between Arduino 
and MATLAB was performed at a baud rate of 9600 
bps, and each sample was transmitted as three 
floating-point acceleration values (X, Y, Z) separated 
by delimiters. It is noted that the use of a low baud 
rate may introduce buffering-related latency during 
continuous tri-axial streaming at the nominal 
sampling rate. Nevertheless, since the analysis 
focuses on recurring dominant frequency bands 
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below 20 Hz extracted from long-duration recordings, 
the potential influence of occasional latency on peak-
band identification is expected to be limited. 

At the end of each acquisition run, the collected 
acceleration data are automatically saved in text 
format, preserving the raw time-domain signal 
required for subsequent spectral analysis. The use of 
a dedicated GUI eliminates manual configuration 
steps and supports fast, repeatable measurements 
during field testing, making the system practical for 
routine monitoring of in-service bridges. 
 
2.4. Experimental Setup 

Field measurements were conducted on Jembatan 
Jalan Gelatik, Samarinda, to obtain vibration data 
under real operational conditions. The bridge 
remained open to traffic during testing to ensure that 
the recorded signals reflected its natural dynamic 
response. The ADXL345 accelerometer was attached 
directly to the bridge deck using adhesive material 
tape, allowing temporary and non-destructive 
installation. 

Three measurement points were selected along 
the span, as illustrated in Figure 4, which presents a 
Google Earth Map overlay indicating the exact sensor 
positions. Sensor locations were selected to capture 
the spatial repeatability of dominant modal 
frequency bands along the span. Points 1 and 3 were 
positioned near both bridge ends (not directly on the 
support bearings), while Point 2 was located at mid-
span. Although vibration amplitudes are generally 
higher near mid-span for bending-dominated modes, 
end locations remain useful to confirm whether 
dominant spectral peaks are repeatable across the 
span, supporting the spatial consistency validation 
adopted in this study. The accelerometer orientation 
was kept consistent across all measurements: the Z-
axis was aligned vertically to capture the dominant 
bridge vibration component, and the X- and Y-axes 
recorded horizontal responses. At each location, data 
were recorded for 15 minutes at a sampling rate of 
100 Hz. 
 

 

Fig. 4: Measurement points on Jembatan Jalan Gelatik, 
Samarinda (Source: Google Earth) 

To assess the response of the structure under 
different excitation levels, measurements were taken 
under high-traffic conditions during the daytime and 
low-traffic conditions in the late afternoon. In this 
study, the term ambient vibration refers to 
operational excitation acting on the bridge, primarily 
induced by passing vehicles and other environmental 
disturbances. Since this excitation is not controlled 
and its force time-history is not directly measured, 
the measurement follows an output-only approach 
commonly used in Operational Modal Analysis 
(OMA). The recorded acceleration signals therefore 

represent the structural response output, while the 
ambient traffic excitation functions as an unknown 
input. Natural frequencies are subsequently 
identified from dominant recurring peaks in the 
response spectrum [42], [43]. During each recording 
session, the MATLAB GUI displayed the incoming 
acceleration signal in real time to verify signal quality 
prior to data storage. After each session, the raw 
time-domain acceleration signals were saved in text 
format for subsequent spectral analysis. 
 
2.5. Signal Processing Pipeline 

The vibration signals recorded from the ADXL345 
accelerometer were processed using a three-stage 
workflow consisting of preprocessing, Averaged 
Windowed Fast Fourier Transform (FFT), and 
Konno–Ohmachi smoothing. The overall workflow is 
illustrated in Figure 5, which presents the complete 
sequence from raw acceleration input to the final 
extraction of dominant modal frequencies. 
 

 

Fig. 5: Signal processing workflow 

Let x[n] denote the discrete acceleration signal of 
length N samples. During preprocessing, each time 
series was trimmed to remove initial transients 
caused by sensor handling and then equalized in 
duration to ensure consistency across all 
measurement points and traffic conditions. No 
filtering was applied to maintain the integrity of low-
amplitude modal components that may be relevant to 
bridge dynamics. 

In the second stage, the trimmed signal was 
divided into K overlapping windows, each containing 
L samples. Each segment xk[n] was multiplied by a 
cosine-tapered window function w[n]  and 
transformed to the frequency domain using the 
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Fourier Transform (FT). The magnitude spectrum 
Xk(f) for each window was calculated as [30]: 
 

Xk(f) = |∑xk[n]w[n]e−j2πfn/L

L−1

n=0

| (1) 

 

The magnitude spectra from all windows were then 
averaged to produce a noise-reduced and more 
stable representation of the frequency response [30]. 
 

Xavg(f) =
1

K
∑Xk(f)

K

k=1

 (2) 

 

Averaging across the windowed FFTs reduces 
random spectral fluctuations and improves the 
visibility of modal peaks compared with a single FFT 
[30], [44]. 
 In the final stage, the averaged spectrum was 
processed using Konno–Ohmachi logarithmic 
smoothing to enhance the interpretability of the 
dominant modal frequencies. The smoothed 
spectrum S(f) was computed as [31]: 
 

S(f) =
∑ Xavg(fi)W(f, fi)

M
i=1

∑ W(f, fi)
M
i=1

 (3) 

 

where the smoothing kernel W(f, fi) is defined as 
 

W(f, fi) =

[
 
 
 
 sin (b log10 (

f
fi
))

b log10 (
f
fi
)

]
 
 
 
 
4

 (4) 

 

In this formulation, fi  denotes the i -th discrete 
frequency bin of the averaged magnitude spectrum 
and M  denotes the total number of frequency bins 
[31]. The parameter b  controls the strength of 
smoothing. Large values of b  retain sharp modal 
peaks, whereas small values result in heavier 
smoothing [45]. The logarithmic structure of the 
kernel preserves the shape and amplitude of 
dominant modal peaks, particularly in the low-
frequency region associated with fundamental bridge 
modes, while attenuating high-frequency 
fluctuations caused by transient traffic events and 
sensor noise. 

Natural frequencies were extracted by selecting 
dominant peaks in the smoothed spectrum. A modal 
candidate was accepted only if it appeared 
consistently across all sensing locations and under 
both traffic conditions, ensuring that noise artefacts 
were not misinterpreted as structural vibration 
modes. 
 
2.6. Validation Strategy 

The validation process examined whether the 
proposed low-cost monitoring system can extract 
natural frequencies reliably under real traffic 
conditions. Since no high-precision reference sensor 
was available for comparison, validation focused on 
assessing the internal consistency of the spectral 
results. 

Validation was performed using two criteria 
applied exclusively to the Z-axis, which dominates 
the vertical vibration response of short- and medium-
span bridges. First, spatial consistency was evaluated 
by comparing the smoothed spectra from the three 

sensor locations. A frequency peak was accepted as a 
modal-frequency candidate only when it appeared 
consistently at both ends of the bridge (Points 1 and 
3) and at the mid-span (Point 2), even if peak 
amplitudes differed. This criterion is consistent with 
output-only Operational Modal Analysis (OMA) using 
peak-based identification (peak picking), where 
natural frequencies are estimated from recurring 
dominant peaks in vibration spectra under ambient 
excitation [46]. Second, temporal consistency was 
verified by comparing results from high-traffic 
(daytime) and low-traffic (late afternoon) 
measurements. A modal peak was considered valid 
only when its frequency remained stable across both 
excitation levels. Only frequency peaks satisfying 
both spatial and temporal consistency were 
interpreted as dominant modal frequency bands 
(estimated natural frequencies) of the bridge under 
ambient excitation. 
 
3. Result and Discussion 
3.1. Time-Domain Acceleration Responses 

Figures 6, 7, and 8 present the Z-axis acceleration 
signals recorded at Points 1, 2, and 3 under daytime 
(high-traffic) and late-afternoon (low-traffic) 
conditions. The signals are dominated by a nearly 
constant offset that corresponds to the static gravity 
component of the MEMS accelerometer. The dynamic 
bridge response appears as small fluctuations 
superimposed on this offset. 
 

 
Fig. 6: Recorded signals at point 1 

 
Fig. 7: Recorded signals at point 2 

At Point 1, the daytime signal shows relatively 
small variations around the mean level, whereas the 
afternoon record contains several stronger transient 
fluctuations. At Point 2, the opposite behaviour is 
observed: the daytime signal exhibits higher variance 
across the full duration, while the afternoon record is 
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closer to a steady baseline. At Point 3, both daytime 
and afternoon signals show clearly visible vibration 
content throughout the measurement period. To 
provide quantitative support for the time-domain 
response, RMS and variance were computed for the Z-
axis acceleration after removing the DC component 
associated with gravity, and the results are 
summarized in Table 1. Across all datasets, RMS 
values range from 0.058 to 0.268 m/s², with 
variances ranging from 0.0034 to 0.072 (m/s²)². 
These non-zero metrics confirm that the recorded 
signals contain measurable dynamic vibration 
components under both traffic conditions. Therefore, 
the time-domain responses provide sufficient 
dynamic information for subsequent frequency-
domain analysis and dominant peak identification, 
despite the limited sensitivity of the low-cost MEMS 
accelerometer. 

 
Fig. 8: Recorded signals at point 3 

 
Table 1: RMS and variance for the Z-axis acceleration 

Dataset 
RMS 

(m/s²) 
Variance 
((m/s²)²) 

Point 1 - Daytime 0.26845 0.072067 
Point 1 - Afternoon 0.068486 0.0046904 
Point 2 – Daytime 0.058113 0.0033771 
Point 2 – Afternoon 0.077858 0.0060619 
Point 3 – Daytime 0.06024 0.0036289 
Point 3 - Afternoon 0.064756 0.0041935 

 
3.2. Frequency-Domain Analysis and 
Identification of Natural Frequencies 

The averaged and smoothed spectra obtained 
from the Z-axis acceleration measurements at Points 
1, 2, and 3 are presented in Figures 9, 10, and 11. Each 
figure contains two spectral curves corresponding to 
daytime and late-afternoon measurements, with local 
maxima annotated separately for each condition. 
Although the exact peak amplitudes and some of the 
peak positions differ between the two traffic 
conditions, the same frequency bands consistently 
contain dominant peaks across all measurement 
locations. his suggests that variations in traffic 
excitation mainly influence spectral magnitude, while 
the dominant modal frequency bands remain 
relatively stable across the measurement conditions. 
This trend is consistent with observations commonly 
reported in ambient vibration modal identification 
studies [13], [47], [48]. 

It should be noted that the spectra presented in 
Figures 9–11 correspond to processed results after 
FFT averaging and Konno–Ohmachi smoothing. 
These processing steps were necessary because the 

raw ambient vibration recordings were affected by 
practical field challenges, including uncontrolled 
traffic excitation, variations in peak prominence 
across recordings, and the relatively high noise floor 
of the MEMS sensor. By stabilizing the spectral 
estimate and reducing high-frequency fluctuations, 
the adopted workflow improved the interpretability 
of modal peaks under operational conditions. 

At Point 1, the daytime spectrum shows peaks at 
approximately 0.80 Hz, 1.40 Hz, 2.70 Hz, 6.80 Hz, 
11.10 Hz, and 17.80 Hz. The late-afternoon recording 
produces peaks at 2.20 Hz, 3.10 Hz, 5.00 Hz, 9.00 Hz, 
and 18.70 Hz. While the values do not numerically 
coincide, many of these peaks occur within similar 
modal regions, particularly around 1–3 Hz, 5–7 Hz, 9–
12 Hz, and 17–19 Hz. These recurring bands suggest 
that Point 1 successfully captured a representative 
subset of the global vibration modes. 

 
Fig. 9: Final spectrum for point 1 

 
 

 
Fig. 10: Final spectrum for point 2 
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Fig. 11: Final spectrum for point 3 

 
At Point 2, the daytime spectrum contains peaks 

at 1.40 Hz, 3.30 Hz, 6.20 Hz, 8.10 Hz, 11.80 Hz, and 
17.50 Hz. The afternoon spectrum exhibits peaks 
near 2.10 Hz, 3.50 Hz, 5.70 Hz, 8.20 Hz, and 14.10 Hz. 
Compared with the daytime measurement, the late-
afternoon spectrum shows more clearly separated 
peaks and improved peak contrast, indicating that 
modal signatures are more distinctly resolved under 
lower and more intermittent traffic excitation. This 
observation is consistent with previous studies 
reporting that bending-related modal responses are 
often more observable around mid-span locations 
[49], [50], [51]. However, the degree of peak 
separation and prominence remains dependent on 
the variability and broadband characteristics of 
ambient traffic excitation, which can reduce spectral 
contrast during high-traffic conditions. The 
recurrence of peaks around 1–2 Hz, 3–4 Hz, 5–7 Hz, 
and approximately 8 Hz further reinforces the 
stability of these modes. 

At Point 3, the daytime spectrum exhibits peaks 
around 1.50 Hz, 2.10 Hz, 4.70 Hz, 8.80 Hz, and 16.10 
Hz, while the afternoon spectrum reveals peaks at 
approximately 1.10 Hz, 1.80 Hz, 3.50 Hz, and 14.90 Hz. 
The low-frequency range (1.10–1.50 Hz) is 
particularly well-defined at this location, which 
aligns with the expectation that sensor positions near 
the bridge ends are more sensitive to boundary-
condition influences, resulting in a stronger 
expression of the lower modes. 

Taken together, the three measurement locations 
exhibit a set of recurring modal regions despite 
variations in excitation amplitude and ambient noise. 
Based on spatial and temporal consistency, six 
dominant modal frequency bands were identified 
(presented in Table 2). These bands represent the 
natural frequencies most reliably observed across all 
spectra and form the basis for subsequent validation 
and interpretation of the bridge’s dynamic behavior. 

The modal frequency bands identified from the 
spectra show consistent structural responses across 
all three measurement points. The first two modes, 
located between 1.3–1.5 Hz and 2.1–2.7 Hz, appear in 
both daytime and afternoon measurements and 
represent the most stable features of the bridge’s 
vibration behavior. These frequencies fall within the 

range commonly reported for the fundamental 
vertical modes of short- to medium-span reinforced 
concrete bridges subjected to ambient traffic 
excitation [52], [53], [54]. The modes in the mid-
frequency range, specifically around 3.3–3.5 Hz and 
5.0–6.8 Hz, are visible across all locations, although 
their prominence varies depending on traffic 
conditions and sensor position. Higher-frequency 
peaks near 8–9 Hz and 14–18 Hz also appear 
consistently across the bridge, but with greater 
variation in amplitude, likely due to ambient noise 
and the reduced sensitivity of the MEMS sensor at 
higher frequencies. Despite these variations, the 
repeated appearance of the same frequency bands at 
different points and under different excitation levels 
indicates that they represent the dominant natural 
frequencies of the structure. This consistency 
suggests that the proposed system can support the 
identification of dominant modal frequency bands 
under low-amplitude ambient vibration. 

Table 2: Dominant Modal Frequency Bands Identified 
from All Measurement Points 

Mode 
Natural 

Frequency (Hz) 
Justification 

𝑓1 1.30–1.50 Hz  Present at Points 1, 2, and 3 
during both daytime and 
afternoon recordings. 

𝑓2 2.10–2.70 Hz Appears consistently in all 
locations with slight shifts 
due to ambient excitation 
variability. 

𝑓3 3.30–3.50 Hz Most clearly expressed at 
Point 2 (mid-span), 
indicating bending-mode 
sensitivity. 

𝑓4 5.00–6.80 Hz Detected at all points; 
amplitudes influenced by 
traffic conditions. 

𝑓5 8.00–9.00 Hz Recurring peak region 
associated with higher-
order bending or local deck 
effects. 

𝑓6 14.00–18.00 Hz Visible across all points, 
though with stronger 
expression at the ends 
(Points 1 and 3). 

 
3.3. Implications and Limitations 

The findings of this study demonstrate that a low-
cost MEMS-based system, when combined with FFT 
averaging and Konno–Ohmachi smoothing, is capable 
of consistently identifying natural frequency bands 
from ambient bridge vibrations. The recurring peaks 
observed across the three measurement points 
indicate that the signal-processing workflow is 
effective in stabilizing spectral features, even under 
low-amplitude excitation. These results demonstrate 
the potential of using accessible, low-cost 
instrumentation for preliminary vibration 
assessment in field settings where high-grade 
structural monitoring equipment may not be 
available. The integrated system, comprising an 
ADXL345 accelerometer, an Arduino data acquisition 
unit, and a MATLAB interface for signal processing, 
further demonstrates the feasibility of deploying 
compact and easily operated tools for practical bridge 
monitoring activities. 

To support the rigor of the extracted modal 
frequency bands, validation was performed using an 
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internal consistency approach. Specifically, dominant 
peaks were accepted only when they appeared 
consistently across the three measurement locations 
and remained within the same frequency bands 
under both daytime (high-traffic) and late-afternoon 
(low-traffic) conditions. Quantitative time-domain 
metrics (RMS and variance) of the Z-axis signals 
(Table 1) further confirm measurable dynamic 
vibration content in all recordings. Since no 
reference-grade accelerometers were available 
during field deployment, the assessment focuses on 
repeatability and internal consistency rather than 
absolute accuracy. 

Several limitations must be acknowledged. First, 
the analysis was intentionally restricted to 
frequencies below 20 Hz, since this range typically 
contains the dominant global vibration modes of 
short-span bridges and provides the most reliable 
information when using low-cost sensors. This 
methodological boundary helps reduce the influence 
of high-frequency noise, but also means that possible 
higher-order modes above 20 Hz were not 
investigated. Second, ambient traffic excitation 
introduces variability in spectral amplitudes, causing 
some peaks to appear more prominently in certain 
recordings than others. Third, the use of a single 
sensor at a time prevents simultaneous multi-point 
measurements, which limits the analysis to modal 
frequency identification rather than allowing 
estimation of complete mode shapes. Additionally, 
the study does not include comparison with 
reference-grade accelerometers, so the results 
represent internally consistent findings rather than 
externally validated modal parameters. 

Overall, the outcomes suggest that low-cost MEMS 
sensing, combined with noise-robust spectral 
analysis, can provide reliable estimates of dominant 
modal frequencies under operational conditions. 
Further work involving controlled excitation, multi-
sensor deployment, and higher-grade reference 
instrumentation would strengthen the system’s 
applicability for more detailed structural evaluation. 
 
4. Conclusion 

This study demonstrated that a low-cost vibration 
monitoring system, based on a MEMS ADXL345 
accelerometer, an Arduino acquisition platform, and 
an FFT-averaging spectral workflow with Konno–
Ohmachi smoothing, can identify the dominant modal 
frequency bands of an operational short-span bridge 
using ambient excitation. Field measurements at 
three locations on Jembatan Jalan Gelatik yielded 
repeatable frequency bands between approximately 
1.3 Hz and 18 Hz, indicating that the combined 
hardware and processing approach is capable of 
extracting stable modal information despite low-
amplitude vibrations and sensor noise. The analysis 
was intentionally limited to frequencies below 20 Hz, 
where global modes are expected, and the sensor’s 
signal-to-noise characteristics are more reliable. 
Although the method is limited to modal frequency 
identification and lacks simultaneous multi-point 
measurements or reference-grade validation, the 
results demonstrate that low-cost sensing, supported 
by noise-robust spectral analysis, can serve as an 
accessible starting point for preliminary structural 
vibration assessment. Future work may expand the 
system to include multi-sensor configurations, 
controlled excitation tests, and benchmarking against 
higher-grade accelerometers, enabling more detailed 
modal characterization. 
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