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Abstract. Mining sensors work in harsh environments and are subject to complex vibrations. Its
internal structure is prone to strength failure or fatigue damage. This paper focuses on the
structural design of the front discharge and receiver housing inside the electromagnetic imaging
sensor for coal-rock demarcation detection. Static analysis, modal analysis, and random vibration
simulation were performed using ANSY'S Workbench software to verify its reliability and strength
in mining. In the static analysis, the thickness of the designed housing is 2 mm. The maximum
equivalent elastic strain after applying a pressure of 0.5 MPa to the housing is 0.133 %, much less
than the criterion of material fracture strain. This proves that it has excellent strength properties
and will not experience strength failure. Modal analysis shows that the first-order intrinsic
frequency of the housing is 3298.7 Hz. It is much higher than the vibration frequency in the actual
working environment, which can effectively avoid resonance and improve the reliability of the
structure. Random vibration simulation results show that the housing's maximum equivalent force
and displacement are within the safe range, and the impact on the structural performance is
negligible. These results provide a theoretical basis for the optimal design of the sensor housing
and its application in complex vibration environments.

Keywords: coal-rock demarcation detection, electromagnetic imaging sensor, static analysis,
modal analysis, random vibration, finite element analysis, Ansys workbench, stress-strain.

1. Introduction

In recent years, with economic growth, the demand for mineral resources has increased
dramatically. Therefore, it is crucial to monitor the operation of mining equipment to quickly
recognize fault information and take effective countermeasures [1]. Under the general trend of
intelligent development of coal mines, mining sensor technology has been rapidly promoted and
improved. Among the many sensor types, coal-rock demarcation electromagnetic imaging sensors
can provide high-precision imaging detection of coal-rock interfaces. This is crucial for the
intelligent control of equipment operation and environmental safety warning during coal mining.
Electromagnetic imaging technology can effectively recognize the coal-rock interface. It can
enhance the safety and efficiency of coal mining. However, mining sensors operate in generally
harsh environments. It is significantly affected by mechanical vibration. The structural design and
performance analysis of sensors are still the focus of current research. Wang et al. [2] proposed a
design process to obtain a highly rigid structure quickly and efficiently. The process simulates the
optimal structural design of a CNC grinding machine based on the finite element method and
sensor technology. The Taguchi experimental method and displacement sensor experiment
verified the process. Li et al. [3] investigated the influence of the cavity morphology on the
performance of vibration sensing. They compared the frequency response of microbubble cavity
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structures with different parameters. The sensor is designed based on the microbubble method F-
P structure. It is suitable for real-time monitoring of static pressure and dynamic vibration in
complex environments such as narrow spaces. Guangiang Cao et al. [4] explored the method of
coal gangue identification based on vibration signal acquisition. They designed a corresponding
vibration sensor. The sensor can accurately collect vibration signals in a vibration environment.
Li et al. [5] introduced a new type of non-contact friction electric vibration sensor. It has a helical
floating electrode structure. The sensor can work effectively in a wide frequency range of
1-1000 Hz. Its non-contact design and integrated structure enable it to maintain stable performance
after 300,000 cycles. This shows excellent durability. Xiaodong Wang [6] found that the
frequency response performance of vibration sensor housings made of metallic materials is better
than that of non-metallic materials. The finding was based on comparative frequency response
simulation using ANSYS Workbench. For the same outer diameter and total weight, the higher
the height of the housing, the lower the frequency response performance. Wu et al. [7] proposed
a fiber-optic invasion and vibration detection system. It can work stably and efficiently, and
perform security monitoring tasks even in severe working environments.

In this paper, we use ANSYS Workbench software to perform static and modal analyses on
the internal front discharge and receiver housing of an electromagnetic imaging sensor. This
ensures the strength and reliability of the structural design. Additionally, we carry out spectral
analysis under random vibration. This helps us study the stress and displacement responses in the
frequency domain when the housing is under vibration excitation.

2. Finite element analysis
2.1. Theory of finite element analysis

Finite Element Analysis (FEA) is a numerical computational method used to analyze complex
structures or objects. It works by dividing complex geometries into simple units and then
analyzing these units. It is usually used to predict the behavioral pattern of the whole structure
under different loading conditions [8]. The core equation of finite element analysis is as follows:

F=K-u e)

Among them, K is the overall stiffness matrix, u is the node displacement vector, and F is the
node force vector. Solving this equation can obtain the node displacement, and then other physical
quantities such as strain and stress can be calculated [9]. The first step in finite element analysis
is pre-processing. Pre-processing consists of the following steps:

1) Problem definition. Before analyzing using FEA methods, the object of analysis needs to
be clarified to identify the specific characteristics.

2) Modeling. After clarifying the characteristics of the analytical object, it is necessary to
establish a geometric model of the object. Within a certain margin of error, the object can be
simplified.

3) Unit selection and meshing. Select the appropriate unit to model, and determine the number,
quality, type, etc., of the grid.

4) Boundary condition definition. Boundary conditions are the interaction relationship
between the model and the actual environment, and it is important to define the boundary
conditions correctly.

Solving and post-processing are carried out after the completion of pre-processing. Solving
refers to the corresponding numerical calculations by computer and outputting the calculation
results. Post-processing is the process of processing the output of a computer to get the
presentation you need [10].
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2.2. Pre-processing

An electromagnetic imaging sensor front discharge and receiver housing was designed. When
modeling with SolidWorks software, the finite element model needs to match the purpose of the
analysis and the performance of the computer. To ensure the quality of meshing and improve the
efficiency of subsequent analysis, the actual model should be moderately simplified. In this model,
the threaded hole is simplified to a round hole. Its finite element model is shown in Fig. 1,
including the left side plate, right side plate, and shell. According to the constructed model, its
length is 60 mm, its width is 48 mm, and its height is 25 mm.

Fig. 1. Physical model

To meet the stringent requirements of sensor structural performance in the harsh underground
mining environment, the material selection for this housing was the result of comprehensive
consideration from multiple perspectives. Copper was ultimately selected. This decision was
based on a comprehensive evaluation of its mechanical properties, environmental adaptability,
and functional performance. Compared to aluminum alloys (such as 6061), copper may not have
advantages in terms of density and cost, but its exceptional electromagnetic shielding performance
is crucial for ensuring the signal quality and interference resistance of the internal electromagnetic
imaging unit. This characteristic is not present in aluminum alloys. Compared to stainless steel
(such as 304), copper has lower yield strength. However, its superior ductility facilitates the
processing and forming of complex cavity structures, and its corrosion resistance is sufficient to
withstand the humid and corrosive conditions underground. Additionally, copper’s excellent
thermal conductivity aids in dissipating heat generated during prolonged sensor operation,
enhancing thermal stability. Therefore, while ensuring structural strength meets design
requirements, copper offers the optimal balance of electrical compatibility, environmental
durability, and manufacturability. The parameters of copper materials are shown in Table 1.

Table 1. Material physical parameter
Material | Young’s modulus / GPa | Poisson’s ratio / p | Yield strength / MPa
Copper 115 0.34 120

Finite element static analysis is carried out using ANSYS Workbench software. After the
material properties are set, meshing is performed. Mesh delineation techniques include a variety
of techniques, this paper selects the multi-area mesh delineation. From the principle of operation,
it is clear that in practical applications, the bottom plate of the housing is fixed with other
mechanisms, so the bottom plate in the model should be set up with fixed constraints.

2.3. Design and optimization of housing thickness

The working environment under the mine is complicated and changeable. The housing will be
affected by various shocks and vibrations in such an environment. This puts severe requirements
on its structural performance. For the analysis of the overall stress strength, the stresses and strains
due to the application of loads need to be considered. When analyzing the mechanical properties
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of the housing, we first focus on the influence of the key factor of housing thickness on its stress
distribution. Choosing the proper thickness plays a significant role in enhancing the performance
of the structure. In this section, three types of housing with different thicknesses of 1.2 mm, 2 mm,
and 2.5 mm are designed.

Long et al. [11] designed a composite material sensor housing for mining applications. During
static analysis, a pressure of 0.5 MPa was applied to the shell and its inner wall. Results indicate
that this housing meets the operational requirements for harsh underground environments in both
metallic and non-metallic mines. Similarly, we applied a 0.5 MPa pressure load perpendicular to
the inner wall and employed static calculations to determine the resulting equivalent stress.

As shown in Fig. 2(a), when the thickness of the housing is 1.2 mm, the maximum equivalent
force generated by applying a load of 0.5 MPa is 216.31 MPa. This value far exceeds the yield
strength of the material itself, which is 120 MPa. It indicates that under this thickness condition,
the housing is extremely prone to plastic deformation or even destruction during use. From the
specific location of stress distribution, the maximum stress is mainly concentrated at the upper
surface edge of the housing. It is the weak link of the whole structure. At the same time, the center
area of the housing also shows a more obvious stress concentration phenomenon. And this stress
concentration state will gradually transition to the surrounding region, forming a gradient of stress
distribution. However, unlike the upper surface and the center region, the stress gradient in the
side region of the chassis is relatively gentle, and the stress change is smooth. This may be related
to the geometry of the sides and the way the stresses are applied.
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Fig. 2. The equivalent stress distribution of housing with different thicknesses
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As shown in Fig. 2(b), when the thickness of the chassis increases to 2 mm, the stress
distribution changes significantly. At this time, the location of the maximum stress shifted to the
prongs of the openings on the left side of the housing. This indicates that the geometry at the
corners has a dominant effect on the stress distribution under the new thickness condition.
Compared with the case of 1.2 mm thickness in Fig. 2(a), the peak stress has been significantly
reduced. It is only 110.44 MPa, a value that is already below the yield strength of the material.
This indicates that the load-carrying capacity of the housing has been significantly improved in
the 2 mm thickness condition. It can maintain a better structural stability under a load of 0.5 MPa.
As shown in Fig. 2(c), when the thickness reaches 2.5 mm, the maximum stress of the chassis is
further reduced to 85.641 MPa. At this point, the stress distribution is approximately the same as
that in Fig. 2(b), but the overall stress level is lower. This indicates that the mechanical properties
of the housing are further optimized under the 2.5 mm thickness condition. It can better withstand
external loads and has higher structural stability.

Combining the results of the above analysis with the gradual increase in the thickness of the
housing, the maximum equivalent force generated by the housing under the load of 0.5 MPa shows
a trend of gradual decrease. This trend is of great significance for the design of the housing.
Considering that the yield strength of the material is 120 MPa, to ensure that the housing can work
safely and reliably in the actual use process, the thickness of the housing should be designed not
less than 2 mm. Therefore, in the subsequent analysis and research, we all take the 2 mm thickness
of the housing as the benchmark. Next, the mechanical properties and structural stability under
different working conditions will be discussed in depth. In this way, we can provide a more
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scientific and accurate basis for the optimized design and practical application of the housing.
2.4. Static analysis

Fig. 3 shows the deformation and strain cloud diagrams of the chassis under a 0.5 MPa load.
The maximum deformation is about 0.0923 mm. The deformation is mainly concentrated in the
center region of the upper surface. This may be due to the fact that the load transfer path makes
the center region subject to a larger load. The minimum deformation occurs in the side and bottom
plate sections. This is because the bottom surface and the circular holes at the ends are fixed in the
working condition. This deformation data is small compared to the model data, and the effect is
negligible. The maximum equivalent elastic strain of the housing is only 0.133 % at a pressure of
0.5 MPa. It is much smaller than the fracture strain criterion of the material. Therefore, this
housing meets the strength requirements at 0.5 MPa pressure and will not experience strength
failure.
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Fig. 3. Deformation and strain of the housing under 0.5 MPa load
2.5. Impact load and thermal stress analysis

Actual mining environments are complex and variable, with sensor housings potentially
subjected to impact loads and thermal stresses. Impact loads primarily refer to mechanical shocks
experienced during sensor transportation, installation, and operation. In accordance with GB/T
2423.5-2019, a 50 g/11 ms half-sine impact condition is added. Thermal stress primarily refers to
internal stresses caused by uneven expansion and contraction of the housing due to environmental
temperature changes or heat generated by the sensor itself. In accordance with
GB/T 2423.22-2012, a cyclic thermal stress analysis at —20 to 40 °C is added.

Fig. 4 shows the actual response of the sensor housing under a 50 g/11 ms half-sine shock load.
The maximum deformation was only 0.187 millimeters. The housing maintains structural integrity
during sudden high-intensity impacts, preventing interference or collision with internal
components. This effectively avoids sensor malfunction caused by deformation. The maximum
equivalent stress reached 6.13 MPa, well below the yield strength of the copper material. The
housing remains entirely within the elastic deformation range during sudden acceleration impacts,
fully recovering its original shape after unloading without permanent deformation or damage.
Stress concentration zones occur at mounting holes and structural transitions. These areas warrant
particular attention in practical applications. However, current stress levels remain entirely within
safe limits. This impact resistance fully ensures sensor reliability during sudden shocks
encountered in transportation, installation, or operation, making it particularly suitable for
industrial vibration environments.

Fig. 5 illustrates the thermal response of the sensor housing under temperature cycling
conditions ranging from —20 °C to 40 °C. The maximum thermal deformation measured was
0.254 mm. The housing maintains dimensional stability throughout temperature variations. No
seal failure or loosening of fasteners occurs due to thermal expansion and contraction, ensuring
the protective performance of the housing. The maximum thermal stress reached 5.78 MPa,
significantly below the yield strength of the copper material. The housing exhibits no plastic
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deformation or cumulative damage during thermal cycling, maintaining long-term structural
integrity. Thermal stress distribution remains relatively uniform with no significant localized
stress concentrations. This indicates a well-designed thermal structure that prevents cracking or
seal failure caused by excessive temperature gradients. Such thermal performance ensures reliable
sensor operation under varying temperatures, providing a stable protective environment for
internal sensitive components.
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Fig. 4. Deformation and strain under impact loading
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Fig. 5. Deformation and strain under thermal stress
2.6. Modal analysis

Modal analysis is a basic method of dynamics analysis that determines the vibration pattern
and the intrinsic frequency of a device in a constrained state. In a vibration environment,
mechanical devices vibrating at a resonant frequency can cause serious damage. This can be
avoided by modal analysis. At the same time, the response of the structure to different sizes of
loads can also be derived from modal analysis. In practical engineering applications, modal
analysis provides critical data support for the optimal design of mechanical structures. It helps
engineers to build more reliable and efficient equipment. In addition, modal analysis has a wide
range of applications in vibration analysis. Usually, before random vibration analysis, modal
analysis is performed first to ensure the accuracy and effectiveness of the subsequent analysis
[12-13]. The first ten orders of modal analysis of the intrinsic frequency are shown in Table 2, and
the first four orders of the vibration pattern cloud diagram are shown in Fig. 6.

The model explored in this paper has a small size and compact structure. Its inherent frequency
is relatively large. The first-order intrinsic frequency reaches 3298.7 Hz. In the actual working
environment, the vibration frequency is much smaller than the intrinsic frequency of this structure.
So this structure can be used in the actual vibration working condition [14].

As in Fig. 6(a), the vibration frequency is the first-order intrinsic frequency. The extrusion
deformation occurs along the Z-axis direction. When the vibration frequency is the second-order
intrinsic frequency, the deformation direction is still mainly in the Z-axis direction. However, the
left side is a concave deformation, and the right side is a convex deformation. In Fig. 6(b), the
vibration frequency is the third-order intrinsic frequency. The structure is bent along the XOY
plane at about 15° and has an extension in all directions. When the vibration frequency is the
fourth-order intrinsic frequency, the upper surface deformation is not much different from the
second-order. However, the deformation position was changed. It was extruded inward along the
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XO0Z plane. According to the vibration pattern cloud diagram, the upper surface of the housing is
a high-risk area where rupture may occur. From the perspective of structural optimization, this
part can be strengthened.

Table 2. Modal order and natural frequency

Mode order | Natural frequency (Hz)
1 3298.7

6011.4

6807.5

7530.8

9436.2

10051
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b) Third-order and fourth-order
Fig. 6. The first four natural frequency modes of the front receiver housing
of the electromagnetic imaging sensor

The modal analysis results presented in this paper are derived from numerical simulations. The
accuracy of these results must be validated through experimental modal analysis. Future validation
may involve constructing a physical prototype consistent with the simulation model. Testing can
employ single-point excitation and multi-point pickup methods, utilizing hammering or sine
sweep frequency techniques to obtain the structure's frequency response function. This approach
identifies the first few experimental modal parameters. Comparing experimental and simulation
results, followed by model refinement, can significantly enhance the simulation model's
credibility.

Additionally, this study does not account for structural damping. Damping is a critical factor
in suppressing resonance responses. For such welded/bolted metal structures, the damping ratio {
typically ranges between 0.5 % and 2 %. According to vibration theory, the dynamic response of
a structure at resonance points is amplified by approximately 1/(2¢). With { =1 %, the
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amplification factor can reach 50 times. This implies that if excitation frequency drifts toward
3298.7 Hz due to equipment wear or operational changes, this minimal damping value cannot
effectively suppress the substantial resonance response. Consequently, structural fatigue or
functional failure of internal components remains possible. In future optimizations, damping will
be treated as a critical variable. More advanced analysis methods, such as harmonic response
analysis based on modal superposition theory and transient dynamics analysis, can be employed.
The Rayleigh damping model should also be incorporated. By setting mass damping coefficients
and stiffness damping coefficients, the dynamic characteristics of the structure in the resonance
zone can be predicted more accurately. Additionally, adding constraint layer damping materials
or optimizing connection methods can actively enhance the structural damping level.

3. Random vibration analysis and fatigue calculation

From the point of view of the way the excitation is applied, excitations can be divided into two
categories: regular excitations and random excitations. Regularized excitation can be described in
terms of a deterministic function of time or time and space. This excitation is known and
predictable. Vibrations under such excitation are regular vibrations. Random excitation cannot be
described by a deterministic function of time or time and space, and the instantaneous value of the
excitation cannot be predicted in advance [15-16]. The mode of vibration that is given a random
excitation is called Random vibration. The dynamic equation of a multi-degree-of-freedom system
under random loads is as follows [17]:

[M]X + [C]X + [K]X = F(b), )

where [M], [C], and [K] are respectively the mass matrix, damping matrix, and stiffness matrix of
the system; X, X, X represent the acceleration, velocity, and displacement of the unit nodes
respectively; F(t) is the incentive.
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Fig. 7. PSD spectrum curve of machine vibration

Random vibration is caused by the uncertainty and irregularity of the excitation applied from
outside, which results in a random vibration response of the system or structure. In general
engineering problems, vibration has such characteristics. Due to the long excitation time of
random vibration, the time-domain random loads are generally transformed [18]. Random
vibration is used to simulate the environmental stresses so that the life and reliability of the
structure can be checked. The excitation applied by random vibration is named as power spectral
density, which is a statistical method. In this section, random vibration tests are performed on the
internal housing of an electromagnetic imaging sensor based on the random vibration module in
ANSYS Workbench. The stress and displacement responses generated under frequency domain
excitation signals are investigated.

The power spectral density (PSD) magnitude is shown in Fig. 7.
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Fig. 8. Housing equivalent stress distribution

As in Fig. 8, random vibration excitation is applied to the housing along the horizontal and
vertical directions. The equivalent stress distribution of the housing can be obtained.

According to Fig. 8(a), the maximum equivalent force value is 2.537x10° N/m? after applying
excitation to the housing along the horizontal direction. It is much less than the yield strength of
the material. The maximum stress value occurs at the bottom corners and side round holes due to
the geometrical discontinuities at these places. Usually, abrupt changes in geometry lead to a
significant increase in stresses in localized areas. These areas are prone to stress peaks even when
the overall stress is not extreme. Fig. 8(b) shows that the maximum equivalent stress value of the
chassis after being excited by random vibration in the vertical direction is 8.707x10° N/m?. This
stress peak occurs inside the left side plate of the housing. However, from the figure, we can see
the stress distribution on the outer surface. According to the basic principle of stress propagation,
the stress propagation path should run from the high stress point to the low stress point. In this
model, it is reflected as the propagation from the center and edge of the top surface to the
surroundings. This propagation trend reflects the redistribution of stresses within the stressed
structure. The high stress region will gradually propagate the stress to the surrounding low stress
region by deforming the material. Comparing the two figures, it can be seen that the total stress
distribution in the horizontal direction under vibration excitation is smaller than the total stress
distribution in the vertical direction. This is because in the horizontal direction, the overall degree
of freedom of the housing is lower, the deformation that occurs is smaller, so the overall stress
distribution is also smaller [19-20].
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a) Horizontal direction b) Vertical direction
Fig. 9. Housing equivalent displacement distribution

As in Fig. 9, random vibration excitation is applied to the housing along the horizontal and
vertical directions, respectively. The equivalent displacement results in the horizontal and vertical
directions are obtained.

As shown in Fig. 9(a), after applying vibration excitation in the horizontal direction, the
gradient distribution of the equivalent displacement of the housing has a symmetric trend about
the center point. The main displacements occurred at the four corners of the upper surface. It
decreases and then increases along the loading direction of horizontal excitation. The maximum
displacement response of the structure is 13.896 nm. According to Fig. 9(b), after applying the
vibration excitation in the vertical direction, the center region of the housing becomes the sensitive
part of the displacement. The maximum displacement is 688.97 nm. Considering the displacement
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response generated by random vibration in the horizontal and vertical directions at the same time,
they are all within the safe range compared to the overall size of the structure. From the point of
view of practical engineering applications, these displacement responses are completely
negligible. This means that the housing can maintain good stability and reliability. Its normal
function and performance will not be significantly affected by these displacements.
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Fig. 10. Life and damage estimation

Fig. 10(a) shows the fatigue life distribution of the housing under random vibration loading.
The life values span over 20 orders of magnitude, indicating significant variation in vibration
fatigue resistance across different structural regions. Areas with long fatigue life are widely
distributed across the main walls and base sections of the housing. In these regions, the stress
levels remain well below the fatigue limit. Therefore, vibration-induced failure is highly unlikely
throughout the entire product service life. These results fully validate the robustness and reliability
of the main shell design. Even under stringent random vibration testing, the minimum life value
far exceeds the required cycle count for most practical applications. In summary, the fatigue life
distribution demonstrates the outstanding vibration fatigue resistance of the shell design.
Fig. 10(b) presents the damage distribution based on the Miner linear cumulative damage rule. All
damage values are significantly less than 1. This outcome provides key insight into the structural
safety prediction. According to Miner’s rule, fatigue failure occurs when the cumulative damage
reaches 1. The very low damage values observed across the housing confirm its structural integrity
and strong adaptability to random vibration conditions. This ensures long-term stability and
measurement accuracy for the internal precision components under dynamic loading. The damage
contour plot supports the conclusions drawn from the life distribution, offering a more intuitive
visualization of the design safety margin.

4. Discussions
4.1. Multi-parameter optimization of the housing

We optimized the shell thickness in Section 2.3. Beyond that, other geometric parameters such
as fillets and ribs also significantly impact structural performance. Therefore, this section provides
a detailed discussion of these two factors, offering valuable insights for sensor housing design.
The housing was modified with fillets and rib reinforcement, with the results shown in Fig. 11.
Subsequently, stress and strain analysis were performed on the optimized housing, yielding the
results depicted in Figs. 12 and 13.

Fig. 12 shows the deformation and strain contours of the housing with fillets. Compared to
Fig. 3, the maximum deformation of the housing decreases from 0.092318 mm to 0.08617 mm
under identical loading conditions, representing a reduction of approximately 6.7 %. This
improvement is primarily attributed to the influence of geometry on stress distribution. Sharp-
edged geometries are prone to significant stress concentration at corners, which increases local
strain and leads to greater overall deformation. In contrast, the use of fillets provides a smooth
geometric transition that effectively disperses stress, thereby enhancing the overall stiffness and
deformation resistance of the structure. Furthermore, the maximum equivalent stress of the
housing decreases markedly from 110.44 MPa to 82.127 MPa, a reduction of about 25.6 %.
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Meanwhile, the stress distribution becomes more uniform, with a noticeable reduction in the size
of high-stress regions. The smooth transition introduced by the fillet alters the force flow path,
allowing stress to be distributed more evenly over a broader area. This results in a significant
decrease in peak stress, thereby improving the load-bearing efficiency and fatigue life of the
structure.

a) Fillet b) Rib reinforcements
Fig. 11. Methods for optimizing the housing

82.127 Max

0.08617 Max

0.076596 73.002

0.067021 63.877

0.057447

0.047872 54.751

0.038298 45.626

0.028723

0.019149 36.501

0.0095745 27.376

0 Min 18.25
9.1252
6.4647e-6 Min

0.07642 Max
0.067929
0.059438
0.050947
0.042455

Fig. 12. Deformation and strain after fillet
0.033964
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223.67
19571
167.75
139.79
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0.016982 55.916

0.0084911 27.958
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Fig. 13. Deformation and strain after adding ribs

Fig. 13 presents the deformation and strain contours of the housing after the addition of four
ribs. Compared with Fig. 3, the maximum total deformation decreases from 0.092318 mm to
0.07642 mm, a reduction of about 17.2 %. The ribs act as internal reinforcement elements that
enhance the bending and compressive stiffness of the structure. This strengthening effect helps to
suppress overall deformation under pressure and leads to a more uniform deformation distribution.
Furthermore, the ribs improve the transfer and distribution of localized concentrated loads over a
larger area of the structure, which increases structural stability and load-bearing efficiency. In
comparison with Fig. 2, the stress distribution becomes more uniform in general. However,
pronounced stress concentrations occur at the junction points where the ribs connect to the inner
wall of the housing. At the same time, stress levels in most other regions are reduced relative to
the design without ribs. This redistribution of stress is characteristic of stiffened structures. The
design improves overall structural stiffness and reduces average stress across large areas, though
it increases stress locally. In conclusion, while the addition of ribs improves global mechanical
performance and reduces stress across much of the housing, it also introduces localized stress
concentrations. Future research could explore the use of fillet transitions to mitigate stress peaks,
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thereby achieving a better balance between overall reinforcement and local durability.
4.2. Structural optimization and practical application recommendations

Based on the previous simulation results, the sensor housing shows areas of high stress and
potential vibration risks under extreme working conditions. To further improve its reliability in
practical applications, several optimizations can be implemented. First, high-risk regions on the
top surface identified through modal analysis can be reinforced with local stiffening ribs or
thickened to enhance stiffness and resistance to deformation. Second, sharp corners and the
circular holes on the side edges, where stress concentration occurs, should be redesigned with
smoother geometric transitions. Using larger fillet radii can help prevent fatigue cracks caused by
stress concentration. Considering the complex downhole vibration environment and possible
frequency drift, a layer of damping material can be applied to the inner wall or connection
interfaces to improve the overall structural damping performance. Furthermore, based on earlier
analysis of fillet and rib optimization, it is recommended to combine both larger fillets and
reinforcing ribs in the actual design. However, while enhancing stiffness, care must be taken to
mitigate local stress concentrations at the rib roots. Through these improvements, the long-term
stability and measurement accuracy of the electromagnetic imaging sensor housing under intense
vibration and impact conditions will be significantly enhanced. This will allow the device to better
meet the rigorous demands of intelligent mining operations.

5. Conclusions

In this paper, the static analysis, modal analysis, and random vibration simulation of the front
discharge and receiver housing inside the coal-rock demarcation electromagnetic imaging sensor
were carried out by ANSYS Workbench software. The thickness of the housing is designed to be
2 mm through static analysis. A pressure of 0.5 MPa is applied to the housing, and the result shows
that the maximum equivalent elastic strain is only 0.133 %. This figure is much less than the
material strain-at-break criterion, indicating that the housing has good strength properties under
mine service conditions. There will be no strength failure phenomenon. Modal analysis results
show that the first-order intrinsic frequency of the housing is 3298.7 Hz. It is much higher than
the vibration frequency in the actual working environment. It shows that the structure can
effectively avoid resonance in the actual vibration conditions and has high reliability. Meanwhile,
based on the results of modal analysis, the upper surface of the housing can be strengthened from
the perspective of structural optimization. After applying random vibration excitation, the
maximum equivalent force and displacement of the housing are within the safe range, and the
effect on the structure is negligible.
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