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Abstract—On-board electrical components can cause printed
circuit board (PCB) vibration, thus generating audio noise if the
electrical noise is in the audible frequency range. The electrical
component-induced vibration can be equated to an external force
applied to the PCB. This article presents a novel methodology to
extract the equivalent force of electrical components on a PCB to
study board vibration and potential acoustic noise problems. The
method is based on a combination of measurement and simulation,
wherein PCB vibration is used as the medium in the extraction
process. The methodology is validated by the correlation of PCB
vibration pattern, frequency, and amplitude with a known electro-
magnetic force applied to the PCB.

Index Terms—Electromagnetic force, force extraction meth-
odology, harmonic analysis, laser doppler vibrometer (LDV),
modal analysis, printed circuit board (PCB) vibration.

I. INTRODUCTION

W
ITH the development of electronic technology and the

increasing requirements for the stability of electronic

products, printed circuit boards (PCBs) have been well studied

in terms of electrical performance, including signal integrity,

power integrity, and electromagnetic compatibility (EMC).

Channel loss [1], crosstalk [2], [3], and impedance control [4]

are the three major areas associated with PCB signal integrity,

and the low impedance power distribution network (PDN) [5],

[6] is the main topic of PCB power integrity. Regarding elec-

tromagnetic compatibility analysis and modeling, equivalent

source model reconstruction is the most interesting subject for

far-field radiation emission prediction [7], [8] and near-field

coupling analysis such as radio frequency desense [9]. Beyond

electrical performance studies, the heat dissipation performance

of a PCB has been analyzed [10], and thermal-associated stress,

deformation, and thermal-force coupling have been studied [11].

Not only the electrical performance but also mechanical be-

havior should be considered. Unwanted board vibration causes
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Fig. 1. (a) PDN power rail noise caused electrical component vibration.
(b) Example of an electrical component–MLCC deformation and the equivalent
force caused PCB vibration.

fatigue damage to electrical systems and generates acoustic

noise if the vibration is in the audible frequency range. A prior

study [12] has described the analysis of PCB dynamic charac-

teristics subjected to vibration loadings under various clamping

conditions. The fatigue life of electronic equipment from the

board level under random vibration situations has also been

predicted [13] by considering the structure and external exci-

tation. PCB electrical behavior and mechanical behavior are not

independent of each other. The selection of the electrical com-

ponents and board layout design can also affect the mechanical

performance of PCBs. For example, the power supply noise can

be transferred to the mechanical moment on the electrical com-

ponents, such as multilayer ceramic capacitors (MLCCs), owing

to the piezoelectric effect, as shown in Fig. 1(a). If the noise

frequency is in the audible frequency range, the resultant PCB

vibration is likely to produce audio noise. When the noise fre-

quency is aligned with the PCB self-resonant frequency, and the

excitation source is located at the area with large self-resonance
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deformations, the PCB vibration velocity will be large and the

corresponding acoustic noise at that frequency will be hearable.

The magnitude of the acoustic noise is typically measured using

the sound pressure level (SPL) [14]. This acoustic noise can

degrade user experience with mobile devices, particularly in

products such as earbuds and smartphones. Other electronic

components, such as the inductors in dc–dc converters, can also

create vibration due to the magnetostrictive effect.

Electromagnetic field and force can be coupled together.

For example, when a current-carrying wire is placed within

a magnetic field, each of the moving charges experiences the

Lorentz force. In the cases stated in the previous paragraph,

when the electrical components such as the multilayer ceramic

capacitors and the inductors that have piezoelectric effect or

magnetostrictive effect are powered ON, the power noise will

cause the deformation of the components. Since the components

are soldered or mounted on the PCB, the interior deformation of

the electrical component will output force to the PCB through

the soldering pad or mounting fixture, which is described in

Fig. 1(b), and the equivalent force will cause the PCB to vibrate

and generate acoustic noise.

Quantification of the equivalent force generated by an elec-

trical component under a given voltage/current condition is

desirable. A PCB, loaded by components and mounted on a

supporting base, is a mechanical system with a characteristic

system response. The equivalent force from each component

can be regarded as a mechanical excitation. In most cases, the

force is sufficiently small, and the PCB mechanical system can

be regarded as linear. Therefore, harmonic analysis at each

frequency point can be performed to calculate the amplitude

of board vibration when multiple electrical components are

excited. This practice can be further extended to the optimization

of component placement, trace routing, and board fixture point

selection.

Quantitative studies of the equivalent mechanical force gen-

erated by on-board electrical components have rarely been

reported in the literature. Because the force from a vibrating

electrical component is weak and tiny, directly measuring (e.g.,

using an accelerometer) is very challenging and accuracy cannot

be guaranteed. Recently, a fully controllable electromagnetic

force has been proposed to mimic the mechanical behavior

of the on-PCB electrical component [15]. PCB vibrations are

effectively excited, and the same board behavior is observed

when an electrical component, e.g., MLCC, is excited. Thus,

the equivalent force of an electrical component on the PCB

can potentially be determined by matching the PCB vibration

amplitude caused by the electrical component and that excited

by a given mechanical force at each frequency.

Herein, a systematic and efficient methodology is proposed

for the first time to extract and characterize the equivalent

force generated by the electrical components on the PCB. This

methodology relies on the measurement, simulation, and de-

embedding of the PCB vibration velocity at the resonance fre-

quency after applying the external force. The proposed method-

ology was validated by using the electromagnetic force from

the coil–magnet system that can be obtained through direct

simulation, also extracted from the proposed force extraction

flow. The forces from the two methods matched well, with a

discrepancy of 11%, thus validated the force extraction method.

The basic theory for solving the vibration problem is de-

scribed in Section II. The on-PCB electrical component mechan-

ical force extraction methodology is presented in Section III.

In Section IV, the mechanical force extraction methodology is

validated by using a force produced according to the mutual

effect between a magnet and a coil with ac current. Conclusions

are discussed in Section V.

II. ANALYSIS OF PCB VIBRATION CAUSED BY ELECTRICAL

COMPONENTS

In this section, the mechanical behavior and equivalent force

of the electrical components on a PCB are identified. The fun-

damental theory of the PCB vibration problem is reviewed for

completeness.

A. Force From on-PCB Electrical Components

The equivalent force under study interacts with the board

platform rather than standing alone in the free status. The work

herein focuses on the situation in which the electrical component

is soldered on the PCB.

The equivalent force of a single electrical component is small

and cannot be directly measured by traditional force sensors,

e.g., accelerometers, with acceptable accuracy. Therefore, the

electrical component force extraction strategy relies on the PCB

vibration caused by the component, which can be measured

by a laser Doppler vibrometer (LDV) with an accuracy of

0.01 nm/s. As such, the problem of finding the force is converted

to the problem of measuring PCB vibration amplitude. Notably,

although the PCB is used as the medium for the equivalent

force extraction, the force is part of the electrical component

characteristics but not of the PCB.

B. General Equation of Motion

An external force loaded into a system will cause the system

vibration and deformation. The relationships among the system,

external force, and the effect of the force is expressed in (1)

by using the general equation of motion [16]. If a force {F (t)}
is loaded, it can be decomposed into three terms: the force for

inertia Finertia, equal to [M ]{ü}; the force for damping Fdamping,

which is written as [C]{u̇}; and the force for stiffness Fstiffness,

which is given by [K]{u}

[M ] {ü}+ [C] {u̇}+ [K] {u} = {F (t)} (1)

where

[M ] is the structural mass matrix;

[C] is the structural damping matrix;

[K] is the structural stiffness matrix;

{F} is the load vector;

{ü} is the nodal acceleration vector;

{u̇} is the nodal velocity vector;

{u} is the nodal displacement vector;

(t) is the time.
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With the above equation, the force can be calculated as fol-

lows: mass, damping, and stiffness can be obtained from the

design, whereas acceleration, velocity, and displacement can

be obtained from the LDV measurement. All the variables are

known, thus enabling the loaded force vector to be obtained with

this method.

C. PCB Self-Resonance

For a PCB with a regular shape, an analytical solution of the

vibration modes exists. In the following example, the PCB can be

regarded as a rectangular plate in thex− y plane. In a prior study

[17], another format of the out-of-plane displacement is given

when an external load is forced on the PCB. In the situation in

which no force is applied to the structure, the intrinsic vibration

can be solved with the following equation:

Eh3

12 (1− v2)

(

∂4ω

∂x4
+ 2

∂4ω

∂x2∂y2
+

∂4ω

∂y4

)

+ γ
∂2ω

∂t2
= 0 (2)

where E is Young’s modulus, v is Poisson’s ratio, h is the plate

thickness, t is time, and γ is the mass per unit area.

The modal solution of (2) for a rectangular plate with length

a and width b is given by (3) with ω(x, y, t) = φ(x, y)T (t), as

follows:
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a

)

sin

(

iπy

b

)

(3)

where i and j are modal indices denoting the number of half

waves in the mode shape along the x and y coordinates, re-

spectively. The corresponding natural frequency is expressed as

follows:

fij =
1

2π

[

(

iπ

a

)2

+

(

jπ

b

)2
]
√

Eh3

12γ (1− v2)
. (4)

The modal solutions including the mode pattern and the res-

onance frequency are critical for identifying the PCB vibration.

For example, for a four-layer PCB with eight fixing holes, when

the left top and right bottom corner of the board is fixed, the PCB

self-resonance mode deformations without any excitations are

shown in Fig. 2. For different boundary conditions, the mode

pattern and resonance frequencies can differ.

In the following sections, the PCB vibration velocity am-

plitude is measured and simulated in the frequency and space

domains. From the frequency perspective, focusing on narrow

bands around each resonant frequency of the PCB is reasonable,

because vibration at resonance has a larger amplitude and a

more distinguished pattern than that at other frequencies. From

the space perspective, the PCB vibration can vary among lo-

cations for each resonance mode. At each resonant frequency,

because the vibration velocity is the first-order derivative of

the deformation with respect to time, the larger deformation

means the larger vibration velocity at that location. Therefore,

based on the deformation patterns, locations with large vibration

amplitude can be selected as sample points for the purpose of

force extraction.

Fig. 2. Focused mode deformation pattern examples of a PCB with the
boundary condition of two fixed points at the left top and right bottom corner.

Fig. 3. Half-power method for damping ratio calculation.

D. Damping Ratio

In a real system, friction will damp the system vibration and

dissipate energy. The system oscillation after a disturbance is

described by using the quantity of damping ratio. The damping

ratio must be considered in the structure simulation to correctly

mimic the vibration of the system.

The system damping ratio can be obtained through many

methods. In a prior study [18], a frequency domain interpolation

method for the estimation of the damping ratio, which is nec-

essary for structure dynamic analysis, has been presented. The

two conventional techniques—the random decrement method

and the half-power method—have been described and compared

[19]. The efficiency and accuracy of the methods have been

verified. Because the methodology proposed herein focuses on

the behavior of the system resonance frequencies, the half-power

method given in (5) and shown in Fig. 3 is used for estimating
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Fig. 4. Extraction methodology for the force caused by electrical component
vibration.

damping, on the basis of finding the bandwidth of each mode

γ =
∆ω

2ωr

(5)

where ∆ω is the absolute bandwidth of the resonant response at

the amplitude of 0.707 vmax and ωr is the resonance frequency.

III. ELECTRICAL COMPONENT MECHANICAL FORCE

EXTRACTION METHODOLOGY

This section introduces a novel mechanical force extraction

methodology that relies on measurement and simulation. This

hybrid method was inspired by prior studies [20], [21] reporting

the simulation and measurement methodology for the PCB

vibration, and a study [22] proposing an automatic simulation

flow. The PCB vibration velocity caused by the mechanical force

is the critical quantity to be measured and compared with the

simulation. The force extraction methodology is shown in Fig. 4.

The procedures of the methodology are described in detail

below.

A. Measurement Process

The input and process of the measurement is as follows.

1) The device under test (DUT), which is the input of the

measurement, is the PCB with a given boundary condition

and the component under test with the given electrical

input as the excitation.

2) The LDV is used to measure the board vibration caused

by component deformation and vibration.

3) Three quantities are measured in this process:

a) The mode resonance frequency of the PCB, used to

verify whether the simulation model is accurate

b) The damping ratio, obtained from the measurement

using the half-power method in (5) and used in the

simulation to mimic the actual behavior of the PCB.

c) The PCB vibration velocities at the mode resonance

frequencies.

B. Simulation Process

The input and process of the simulation is as follows.

1) The input of the simulation process is a simulation model

converted from the PCB board file. The simulation tool

used in this process is Ansys Mechanical.

2) The material properties of the PCB model are defined

on the basis of the real design. Boundary conditions are

also defined to be consistent with the measurement setup.

The mesh settings including the mesh type and mesh

size to achieve the convergence of the mode resonance

frequencies that will be obtained in the next step.

3) Modal analysis is first performed to obtain the PCB mode

resonance frequencies. The frequencies and the mode pat-

tern are compared with the measurements to demonstrate

the accuracy of the model.

4) The damping ratio extracted from the measurement for

different frequencies is defined in the simulation setup.

The unit force of 1 µN is applied to the PCB model at

the same location of the vibrated electrical component

on the measurement DUT to perform harmonic response

analysis.

5) The output of the harmonic response analysis is the board

vibration velocity at different resonant frequencies.

C. De-Embedding Process

Two velocities, one from the measurement and caused by the

electrical component vibration, and the other from the simu-

lation and caused by the applied unit force, can be obtained

after completion of the above steps. If the two forces from

different sources are applied at the same location with the

same amplitude and injection angle, the resultant PCB vibration

velocity will have the same pattern and amplitude. The PCB

vibration velocity is obtained through the test-vehicle PCB, but

the force that causes the PCB vibration is independent of the PCB

and only related to the nature of the electrical component itself

and the electrical excitation. The process of extracting the force

generated by the electrical component is essentially a process

of removing the influence of the test-vehicle PCB embedded in

the measured and simulated vibration velocity. Also, because

the equivalent force is small and the system is linear, the PCB

vibration velocity is proportional to the magnitude of the force

applied. So, the equivalent force Feq extracted through the ve-

locity de-embedding is basically to find the ratio of the measured

velocity over the simulated velocity in the following:

Feq =
vm

vs
× Funit (6)

where vm is the measured PCB vibration velocity excited by the

electrical component with a given input at the observation point,

vs is the simulated PCB vibration velocity excited by the unit

force at the same location, and Funit is the unit force applied in

the simulation.
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Fig. 5. Overview of the measurement setup.

The force profile for the target electrical component in a

wide frequency range can be obtained by repeating the above

process for different resonance frequencies. For the case of

multiple electrical components mounted on the PCB, instead

of extracting their equivalent force all together, the equivalent

force of each component one can be extracted individually, and

the linear system superposition law can be used to calculate the

board vibration as an entire system. Another advantage of this

methodology is that arbitrary combination of source magnitude

and phase can be done in post-processing stage.

IV. VALIDATION OF THE FORCE EXTRACTION METHODOLOGY

To validate the force extraction methodology, an electromag-

netic force from paper [15] whose value is controllable and

knowable was used to test its accuracy. The measurement and

simulation setups described below were used to validate the

proposed force extraction methodology.

A. Measurements

The real measurement setup for the PCB vibration measure-

ment is shown in Fig. 5. The LDV was controlled by the control

module for laser positioning and signal input. The DUT was

placed on the isolation table within the range of the laser point to

isolate the vibration from the floor. Electrical input for the DUT,

including the PCB and the on-PCB electrical components, such

as capacitors, was from the system signal generator built in the

LDV control module.

The DUT for the validation is the medium PCB with a size

of 40 mm × 57 mm that is shown in Fig. 6(a). The contained

multiple power domains, and several capacitor soldering pads

were connected to different power domains. Capacitors can be

soldered on the pads, and the external force used for validation

can also be applied to the same location of the capacitor. The

test-vehicle PCB used for extracting the force was a commonly

used four-layer PCB with simple structure and FR-4 material.

Simpler PCB structure had smaller influence on the process of

force extraction, because the structure was easy to model in the

simulation. Thus, higher accuracy of the extracted force could

be achieved. Furthermore, the PCB in this study was carefully

selected to generate appropriate resonance frequencies and mode

Fig. 6. Validation PCB with the electrical source of the mechanical force.
(a) Top view of the measurement setup, showing the location of the applied
force. (b) Side view schematic of the component arrangement.

patterns. With the given PCB size, the resonance frequencies

of the first several modes of the test-vehicle PCB covered the

targeted acoustic frequency range (300–3200 Hz).

The side view of the DUT layout is given to provide details of

the component arrangement. As shown in Fig. 6(b), a capacitor

in 0805 package size was soldered on the pads at the lower

left corner of the PCB with no power input to the corresponding

power rail. Therefore, the capacitor did not have moment caused

by the piezoelectric effect. Apart from the pressure caused by the

mass of the capacitor, the capacitor did not exert additional force

on the PCB. A magnet with similar cross-sectional size of the

capacitor was glued to the top surface of the capacitor. A coil was

placed under the PCB at the platform where the PCB was fixed,

and the centers of the coil and the magnet were well aligned

vertically. A constant ac current with 2 mA amplitude was input

to the coil for the frequency range from 300 to 3200 Hz, causing

the PCB to vibrate following the same frequency. The external

force to the system used for the methodology validation was

from the mutual effect between the coil and magnet. Because

the centers of the two components were aligned, the loaded

electromagnetic force to the PCB system was in the vertical

direction only. A total of eight mounting holes were designed

for fixing the PCB with screws. In this example, two holes at the

left top and right bottom corners were used for screw installation

as the fixed boundary condition. The location of the excitation

and the fixed boundary conditions were limited by the size of the

coil. Also, a location where it is easy to excite the PCB vibration

is selected.
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Fig. 7. Schematic of the observation points to decrease measurement error.

TABLE I
PCB SELF-RESONANCE FREQUENCY (HZ) COMPARISON FOR THE

TWO-FIXED-POINT BOUNDARY CONDITION

In the measurement, 20 averages were used to average out the

run-to-run variations in measurement. The frequency step was

set to 0.25 Hz to capture the velocity point at the resonance as

accurately as possible. On the basis of the dimensions of the

board. Within the frequency range of interest, five resonance

modes shown in Fig. 2 were investigated.

The six points on the PCB at different locations, as shown in

Fig. 7, were selected as sample points to observe the resonance

frequency, the damping ratio, and the board vibration velocity

at the all the focused resonance modes. As presented in Fig. 2,

the PCB vibration pattern and velocity at different locations

and different frequencies varied. It is desirable to choose those

with large vibration amplitude to make sure higher SNR and

better measurement accuracy. However, for different modes,

the location with maximum vibration varies. Capturing the

maximum-vibration locations helps to improve accuracy but

is also time-consuming considering the size of the test PCB.

Besides, it is not easy to locate the maximum-vibration locations

of all resonance frequencies. Due to the inevitable measurement

uncertainty, maximum-vibration locations in the actual measure-

ment may not be perfectly aligned with the simulation. As a

practical strategy, six points where the vibration at each mode

is not particularly small were selected. Given the limitations of

measurement accuracy, the results measured at the observation

points might have uncertainties. By taking the average of the

resonance frequency and the damping ratio, the uncertainty from

the observation locations was effectively decreased.

The resonance frequencies shown in Table I were obtained

from the velocity response curve and the measured board defor-

mation pattern in Fig. 8, which is a criterion for the accuracy of

the simulation model. From (5), the damping ratios for the six

selected observation points were extracted for the first five mode

resonance frequencies. The damping ratio for the PCB, deter-

mined by averaging the damping ratios from the six observation

Fig. 8. Measured mode patterns of a PCB with the boundary condition of two
fixed points at the left top and right bottom corner.

Fig. 9. PCB damping ratio after averaging all observation points for each
mode.

points, is shown in Fig. 9. With 2 mA amplitude ac input current

to the coil at each frequency, the board vibration velocities at

the six observation points were also measured. The measured

PCB vibration velocity response at the six observation points

are shown in Fig. 10 as an example. The numbers noted in the

figure are the vibration velocities at the resonance frequencies.

A total of six velocity response curves from the six observation

points were obtained for the focused modes, which were used

in the de-embedding process.

B. Simulation

The simulation model was built in Ansys Mechanical by

importing the PCB design file. To simplify the problem, each
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Fig. 10. Measured PCB vibration velocity at the observation point 1–6. The
vibration is excited by the electromagnetic force from the coil-magnet system.

signal layer was considered a solid plane with a material formed

by a mixture of copper and dielectric material in different ratios,

to account for different trace routing situations. The material

properties for the equivalent mass density, the coefficient of ther-

mal expansion (CTExy for in-plane and CTEz for out-of-plane),

and Young’s modulus (Exy for in-plane and Ez for out-of-plane)

were extracted from the PCB design file in Ansys Sherlock.

Fig. 11. Details of (a) PCB stack-up material and thickness and (b) PCB layer
properties.

Fig. 12. Simulation model with the same boundary condition and observation
points as in the measurement.

The units for the three properties are g/cm3, 10−6/°C, and MPa,

respectively. The details can be found in Fig. 11.

In the simulation model, on the top left and bottom right

corners at the locations of the fixing hole, the circles with the

same radius as the screws used in the measurement were set as

boundary conditions, as shown in Fig. 12.

The mode resonance frequencies served as one of the crite-

ria to verify the accuracy of the simulation model. From the

modal analysis, the simulated PCB self-resonance frequencies

are given in Table I. A good correlation verified the model’s

accuracy. As stated before, the PCB vibration deformation pat-

tern is another criterion. From the corresponding measured and

simulated patterns in Figs. 2 and 8, the location of the maximum

and minimum deformation, as well as the transition rate achieved

consistency. The absolute amplitude of the deformation may not

match, because Fig. 8 patterns were excited by the electrical

component’s force to the PCB in the measurement while Fig. 2

were the self-resonance modes from the simulation thus absolute

amplitude was not meaningful.
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TABLE II
COIL–MAGNET GENERATED ELECTROMAGNETIC FORCE (µN) EXTRACTED

FROM OBSERVATION POINTS

Harmonic response analysis was then performed. Damping

ratios for different frequencies were defined in the simulation

setting first. The six observation points selected in the measure-

ment were also positioned in the simulation model by using

imprinted shapes. A unit force of 1µN was applied at the contact

surface between the bottom of the capacitor and the board, to

represent the force generated by the magnet and coil to the

PCB. The contact region was set the same as the 0805 capacitor

cross-section size.

The output of the harmonic response analysis was the vibra-

tion velocities at the defined observation points that were set

at the same location as the measurement. The simulated PCB

vibration velocity response at the six observation points is shown

in Fig. 13. The numbers noted in the figure are the vibration

velocities at the resonance frequencies. A total of six velocity

response curves from the six observation points were obtained

for the focused modes, which were used as the input for the

de-embedding process in the next step.

The system was assumed to be linear, with an external force

in the µN range. Consequently, the simulated velocity was

proportional to the applied force, and the simulation results with

unit force can be used for the de-embedding to obtain the actual

force applied to the system.

C. Velocity De-Embedding

The velocity de-embedding is conducted by taking the ratio of

the measured velocity excited by the force to be determined and

the simulated velocity excited by the 1 µN force. In Table II, the

forces generated by the coil–magnet system at all the observation

points for the focused modes are listed.

Some variations were observed for the extracted force caused

by the measurement uncertainties described before. After the

average force at the six observation points was determined, the

variation was effectively removed, so that the extracted force

was smooth within the frequency range of interest. The extracted

force generated by the coil and magnet with 2 mA input current

is shown in Table II and Fig. 14 in blue circles. The averaged

force among all the modes is shown in Fig. 14 in blue dashed

line.

D. Force Validation

To validate the force extracted by using the proposed method-

ology, the magnet–coil force was directly simulated in Maxwell

Fig. 13. Simulated PCB vibration velocity at the observation point 1–6. The
vibration is excited by the 1 µN force.

2-D, according to the geometry of the setup. The model was built

for half of the cross-section through the center in the x–z plane

in Fig. 15(a) and the Maxwell 2-D simulation model is shown in

Fig. 15(b). The z-axis represented the center of the coil–magnet

system. The center of the magnet and coil was aligned. The

magnet was above the coil with the same distance as that in the

measurement setup. The number of turns in the upper and lower

half of the coil is different and was captured in the model. Current

was set to inject into each turn of the coil. The coil input current

remained at 2 mA for all frequencies as the measurement, which
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Fig. 14. Comparison between coil–magnet force extracted from the proposed
methodology and the simulation.

Fig. 15. (a) Coil–magnet system cross-sectional schematic in x–z plane.
(b) Maxwell 2-D simulation model for coil–magnet force extraction.

ideally excited the coil–magnet system for a constant Lorentz

force.

The simulated force for the coil–magnet system was ap-

proximately 2.4 µN as shown in Fig. 14 as the red solid line.

The averaged force extracted using the proposed methodol-

ogy is shown as the blue dashed line. Through comparison

of the force extracted using the proposed methodology and

the force simulated directly according to the setup, a good

correlation was obtained, thereby validating the force extraction

methodology.

E. Error Analysis

The discrepancy between the force from the direct simulation

and the force extracted by using the proposed flow was 11%, thus

indicating a reasonably good match. The errors might have been

due to discrepancies between the measurement and simulation

setups. For example, a dummy capacitor was placed on the

soldering pad between the magnet and the PCB for mechanical

support and connection. The mass of the capacitor and the

magnet was not included in the simulation due to lightweight.

The capacitor might not have been soldered perfectly parallel

to the PCB plane, thus causing the oblique of the magnet.

Moreover, the centers of the magnet and the coil could not be

fully aligned. Therefore, the electromagnetic force acting on the

PCB might have had a horizontal component. Force loss might

have occurred in transfer from the magnet to the board. Addi-

tionally, PCB resonance was used for force extraction. How-

ever, resonance characteristics were difficult to fully capture in

the simulation. For example, at each resonance frequency, the

damping factor calculated from the measurement was applied

to the simulation. Any discrepancy between measurement and

simulation could propagate and develop to different extents at

different resonant frequencies.

V. CONCLUSION

A novel mechanical force extraction methodology for electri-

cal components on PCBs, based on measurement and simulation,

is presented herein. The most critical quantity in this process

is the PCB vibration at self-resonance frequencies excited by

the mechanical force. PCB vibration velocity de-embedding

enabled force extraction excluding the test-vehicle effect. An

electromagnetic force generated by the mutual effect of a coil

and magnet was used for validation of the methodology. The

force used for validation was simulated according to the mea-

surement setup and extracted with the proposed methodology.

A good correlation between the simulated and extracted force

was achieved, with a difference of 11%. The proposed method

enables the quantification of the effects of an electrical compo-

nent, such as an MLCC (“singing” capacitor), on the mechanical

performance (vibration) of a PCB.

This method can be directly applied to extract the force

induced by electrical components such as an MLCC, and to build

the force profile and library, for the system vibration and SPL

prediction and correlation. Furthermore, future research may

focus on the development of the electrical input and mechanical

output transfer function for a given electrical component.
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