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Microwire influence the mechanical behaviors of microstructures. It hinders MEMS functions, degrades

MEMS devices
Disturbance force
Adhesive force
Surface force
Contact force

reliability, and acts as a disturbance. Since MEMS functions based on microstructure mechanical
behaviors, therefore, their quantification in microstructures is vital. However, the direct quan-
tification is costly, difficult, and requires a controlled environment and unique experimental
setups. Analytical assessment is also complex because of multi-physics involvement, nonlinearity
of forces, and a lack of suitable mathematical models. Numerical analysis of microstructures is
performed in the absence of all disturbance forces, whereas their influences cannot be eliminated
during the experiment. This study aims to quantify the sum of disturbance forces in a microwire
for the push-pull sliding motion against two opposite microprobes from the difference between
experimental and numerical study and incorporating adhesive and electrostatic forces from
literature for a single microprobe. The effect of the nonlinearity of surface forces is counted by
iterating the initial difference of forces for which the numerically predicted contact force matches
the experimental one. The sum of surface and external disturbance forces in the microwire is
estimated to be 0.295 pN, including external disturbances of 0.177 pN. The predicted adhesive,
electrostatic, and the sum of van der Waals, capillary, and hydrogen bonding forces are 0.118034,
0.02014, and 0.097894 uN, respectively. This study will help in quantifying disturbance forces in
microstructures, like microbars, microrods, microplates, etc., and the appropriate design of MEMS
devices.

1. Introduction

MEMS devices, whose sizes range from 1 to 100 pm, are widely employed in the robotics, electronics, communication, defense, and
automotive industries, among other areas [1]. Miniature-scaled MEMS sensors are also used in the medical field to monitor brain
activity, respiratory organs, developing drugs, blood vessels, vital sign detection [2], and robotic surgery [3,4]. Besides, some mi-
crostructures, such as micro-cantilevers, are used to manipulate micro-objects, embryos, tissues, and biological cells in medical
research [5]. Furthermore, MEMS inertia sensors, such as inertial measurement units (IMU), accelerometers, and gyroscopes, are used
in UAVs and airplanes for fault diagnosis (FD) and detection and improving reliability [6,7]. Therefore, reliability, precise and on-time
response, and fatigue life of MEMS sensors and microstructures are vital for their application in medical and other crucial fields.
Microstructures, such as wires, bars, spheres, membranes, beams, gears, springs, channels, rollers, spirals, coils, diaphragms, plates,
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etc., are used in MEMS sensors [8-13]. For sensing and actuating, at least one mechanical characteristic of microstructures, such as
deformation, twisting, deflection, rotation, sliding motion, carrying loads, etc., is employed in MEMS sensors [5,8,11,14]. Hence, the
appropriate mechanical behavior of microstructures is essential for the precise function and endurance of MEMS sensors. However,
microstructures have high aspect and surface-to-volume ratios [15,16], miniscule size [17], and infinitesimal mechanical stiffness
[18]. As a result, various surface forces, such as van der Waals, electrostatic, hydrogen bonding, Casimir forces, covalent bonds,
dipole-dipole interactions, capillary condensation, asperity nano-welding, etc. [5], impact the microstructure’s mechanical [19,20]
and micro-contact behaviors [11,21]. Therefore, these surface forces act as hinders or disturbances of MEMS function and reliability.
When a microstructure touches another one, the surface forces, external disturbances, and applied mechanical force or field interplay
at contact surfaces [22,23]. As a result, they cannot detach because of their infinitesimal mechanical stiffness [15,24], even in the
absence of externally applied force or field. If the sum of the surface forces and external disturbance exceeds the elastic restoring force,
microstructures also adhere together [15,18], and it leads to stiction and dysfunction of MEMS devices [23,25]. Primarily, electro-
static, hydrogen bonding, capillary, and van der Waals forces cause adhesion in microstructures [23,24,26], which affect micro-
structure contact behavior and promote stiction. Besides, dipole-dipole interactions, covalent bonds, Casimir forces, capillary
condensation, and asperity nano-welding [23], if any, play roles in adhesion [18,27,28]. However, their effect is insignificant and
negligible.

MEMS sensors function based on the Lorentz force, which is developed from the interaction of electric current and magnetic fields
[29]. One or more fields, such as electrostatic, piezoelectric effect, thermal load or gradient, and electric and magnetic fields, are used
to actuate MEMS sensors [24,30]. Therefore, due to the Eddy current, Hall, and Seebeck effects, a third field or force develops [31]
within microstructures or MEMS sensors in the presence of any one of these fields, such as temperature gradient (VT), magnetic field
(B), and electric field (E) [32]. This third force or field acts as a hindrance and interferes with the microstructure’s mechanical
behavior. It affects the response and reliability of MEMS sensors, even if only one force or field is used for actuating or sensing. The
remaining or undesirable forces work as disturbances of MEMS sensors. For example, if a microstructure is exposed to a temperature
gradient (VT) and a magnetic field (B) concurrently at right angles, an electric field (E) will develop in the third direction [33]. To
evaluate the microstructure behavior, reliability, and response of MEMS sensors precisely, the prediction of disturbance forces is vital.
Without identifying, controlling, and quantifying disturbance forces, the appropriate design of MEMS sensors and manipulation of
micro-objects, such as biological cells, tissues, embryos, etc., cannot be achieved. This study aims to quantify the disturbance forces
arising from external sources or fields in a microwire for push-pull sliding motion against two opposite microprobes.

MEMS technology is a fascinating topic among researchers and has grown rapidly [34,35]. However, due to the micro-scaled size,
heterogeneity, and non-linearity of surface forces, there is a lack of suitable analytical methods and techniques to quantify disturbance
forces in microstructures [19,36]. Besides, MEMS sensors and components are diverse and have broad applications and functions [36,
37]. It is challenging to associate and quantify disturbance forces in microstructures [38] and requires multi-disciplinary skills to
comprehend [34,36,37]. Furthermore, the intricacy of surface physicochemical processes [19,39], tribological effects at micro-scales
[22,28,40], non-standard boundary conditions, non-linearity, electro-mechanical coupling, heterogeneous integration, and
non-homogeneity [36,38] intricate the mathematical modeling and analytical technique [19] to quantify disturbance forces in mi-
crostructures. Therefore, the analytical assessment is complex because of multi-physics involvement and a lack of suitable mathe-
matical models. In contrast, the direct quantification of disturbance forces in microstructures is also complicated since it requires a
controlled environment, unique and costly experimental setups, as well as remarkable skills and efforts due to their minuscule size.
However, numerical analysis of microstructure is performed in the absence of all disturbance forces, whereas their influences cannot
be eliminated during the experimental study. Therefore, the sum of all disturbance forces in the microstructure can be quantified
indirectly from the difference between experimental and numerically evaluated contact forces under the identical scenario. This novel
perception is exploited in this study to assess the disturbance forces in a microwire for push-pull sliding motion against two opposite
microprobes without using force sensors.

Some studies have reported suppression, rejection, and control of disturbance forces in microstructures. Deng et al. [41] examined
the disturbance suppression in MEMS inertia sensors. Dong and Edwards [42] investigated the disturbance rejection of electrostatically
actuated MEMS sensors. Liu et al. [43] examined the static and dynamic instability of the MEMS cantilever system exposed to weak and
robust disturbances. Zheng et al. [44] studied the disturbance rejection control in MEMS gyroscopes. Qiao et al. [45] investigated the
reliability of electrostatically actuated MEMS resonators exposed to random mass disturbances. Rahman and Akanda [32] investigated
minimizing surface driving and disturbance forces in microstructures. Still, there is a shortfall of studies regarding quantifying
disturbance forces in microstructures. In this study, the sum of disturbance forces in a sliding microwire is quantified indirectly for
sliding motion against two opposite microprobes by comparing the numerical analysis with the experimental study. The methodology
presented in this study can be used to compute disturbance forces in other microstructures, such as microplates, microrods, microbars,
etc. It will aid in designing MEMS sensors and manipulating micro-objects with higher accuracy and reliability.

2. Methodology
2.1. Geometry and micro-contact arrangement

The analytical assessment of disturbance force in microstructures is complex due to the lack of suitable mathematical models [36,
38]. Experimental quantification is also difficult and costly. Besides, due to the ambiguity of the type and initiation time of external

fields or forces, the analytical prediction becomes more complex. Numerical investigations are performed without the presence of
disturbance forces. Therefore, the sum of all disturbance forces in the microstructure can be predicted indirectly by comparing the
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experimental and numerically evaluated contact or surface forces. The micro-contact arrangement, as shown in Fig. 1, is used in this
study to quantify the sum of all disturbance forces in a microwire. The micro-contact arrangement includes a platinum microwire, two
tungsten microprobes, and a Double Beam Cantilever (DBC), which is kept identical to the available experimental study [11].

The platinum microwire of 65 pm length and 0.625 pm diameter is supported between two opposite tungsten microprobes of 5.0
pm diameter by frictional contacts, as shown in Fig. 1. One end of the microwire is bonded to the tip of the Double Beam Cantilever
(DBC) by joule heating. The DBC is used to manipulate the microwire along the longitudinal direction by applying displacement at the
end ‘B’ of the DBC, which developed push and pull sliding motions to the microwire due to the stiffness of the DBC. It is made of
structural steel. The length and stiffness of the DBC are 22.75 pm and 1.10 pN/um, respectively. The distance between microprobes is
10 pm, and the length of the microwire extended portion is 5.0 pm.

2.2. Analysis strategy

The contact force between tungsten microprobes and the platinum microwire is 0.8217 pN, which is evaluated experimentally by
Akanda et al. [11] for the pull-push sliding motion of the microwire and using the identical arrangement of Fig. 1. In the study of
Rahman and Akanda [1], the contact force at both microprobes is quantified numerically for the same scenario, load, boundary
conditions, and material of the experimental study [11]. It is found to be 0.5713 pN by taking the sum of tangential contact forces at
two microprobes. The experimental [11] and numerically [1] evaluated contact forces in the microwire are shown in Fig. 2.

The difference in contact force between the experimental observation [11] and numerical study [1] is found to be 0.25037 pN,
which is considered an apparent reference of the sum of all disturbance forces acting from surface and external fields or forces to the
microwire. The effect of the nonlinearity of contact forces is incorporated by varying the initial difference of forces through iteration
until the numerically evaluated contact force matches the experimental one. The microwire’s external disturbance forces are quan-
tified by synthesizing the results of this investigation as well as available experimental [11] and numerical studies [1,23].

2.3. Numerical modeling

The identical configuration of platinum microwire, microprobes, and Double Beam Cantilever (DBC), as shown in Fig. 3 [1], is
modeled in the numerical analysis tool ANSYS Workbench. An additional force, ‘F’, is applied at the right end of the microwire and in
the opposite direction of the sliding motion, which represents the sum of all disturbance forces in the microwire. Though disturbance
force acts over the entire surface of the microwire in real situations, in this study, it is applied at the free end of the microwire for
suitable convergence of the FEA.

In numerical analysis, the farthest microprobe is constrained as a fixed support and referred to as a ‘Fixed Probe’. Another one,
referred to as a ‘Load Probe’, is displaced only along the lateral direction of the microwire [1]. The end ‘B’ of the DBC is only able to
move along the axial direction of the microwire [1]. Displacement applied at the end ‘B’ of the DBC will develop axial force in the
microwire and generate push-pull sliding motion in the microwire against two opposite microprobes, where it experienced resistive
friction force. Since it is a contact problem, the solution of the nonlinear contact problem is achieved by solving the following nonlinear
governing equation using the numerical analysis tool ANSYS Workbench [46].

{F} = [K{U}) +s({u}p) —s {uh{U}

where, [K] = Global stiffness matrix, {U} = Displacement vector, and {F} = Input force vector, S = Stress stiffening matrix, and S’ =
Spin softening matrix.

Microwire bonded to DBC Microprobe 3 %
/ <==>

Microwire

Double Beam Platinum £ % SREGpEaDS
Cantilever (DBC) / Tungsten

Structural Steel
L=22.75pum
K=1.10 uN/pm

D =0.625 pm
L=65um

D= 0.50 pm

<F=>

Fig. 1. Micro-contact arrangement of microwire, microprobes, and DBC.
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Fig. 2. Difference between experimental and numerically evaluated contact forces.
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Fig. 3. Geometric configuration used in numerical analysis [1].

2.4. Boundary conditions

In this study, boundary conditions, load, meshing, time steps of the analysis, and sliding velocity of the microwire are kept the same
as in the numerical analysis available in the study of Rahman and Akanda [1]. The boundary conditions employed in this study are
depicted in Fig. 4 from the reader’s point of view. The corresponding displacement of the Load Probe, end ‘B’ of the Double Beam
Cantilever (DBC), and the direction of the external force ‘F’ are shown in Table 1. The force ‘F’ is applied at the right end of the
microwire and opposite to its axial motion (Fig. 4). The end ‘B’ of the DBC is only allowed to be displaced along the longitudinal
direction (along Z-axis) and the Load Probe only along the lateral direction (along X-axis) of the microwire [1]. The Fixed Probe is
constrained as a fixed support (Fig. 4) [1].

Material properties and geometry are also retained, identical to the available experimental [11] and numerical [1] studies. The
displacement applied at the end ‘B’ of the DBC and Load Probe, the magnitude and direction of disturbance forces ‘F’, which is varied
gradually in the iteration, are shown in Fig. 5.

The displacement of 1.101 pm is applied to the Load Probe along the lateral direction of the microwire from 0 to 0.75 s, and it
remains in the displaced position during the whole time period (Table 1). Then, the displacement of 5.0 pm is employed at the end ‘B’
of the DBC from 1.0 to 3.0 s (V = 2.5 pm/s) while pushing forward motion of the microwire, and it is pulling backwards to the initial
position form from 4.0 to 6.0 s (V = 2.5 pm/s) [1], as shown in Fig. 5(a) and Table 1. During the pushing forward and pulling
backwards of the microwire, the total disturbance force ‘F’ is applied at the end of the microwire and in the opposite direction of the
sliding motion, as shown in Fig. 5(b) and Table 1. It is varied from the initial or reference value of F = 0.25037 uN until the numerically
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Table 1
Displacement of Load Probe, End B of DBC, and direction of force ‘F’.
Steps Time (s) Load Probe Fix Probe End B (DBC) F (uN)
No. (0-6.98 s) Disp. (X, Y, Z) Disp. (X, Y, Z) Disp. (X, Y, Z) X, Y,7)
1 0-0.75s (1.101 pm, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, -F)
2 0.75-1.0s (1.101 pm, 0, 0) (0, 0, 0) (0, 0, 0) (0, 0, -F)
3 1.0-3.0s (1.101 pm, 0, 0) (0, 0, 0) (0, 0, 5.0 pm) 0, 0, -F)
4 3.0-4.0s (1.101 pm, 0, 0) (0, 0, 0) (0, 0, 5.0 pm) (0,0, F)
5 4.0-6.0s (1.101 pm, 0, 0) (0, 0, 0) (0,0,0) 0,0, F)
6 6.0-6.98 s (1.101 pm, 0, 0) 0, 0, 0) (0, 0, 0) (0,0, F)
6 04 0.35
= . P 0.295
_ 57 Pushing forward Pulling backward & Fullingbackward l Z o ozsezy 0265 % bl
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Fig. 5. (a) Displacement applied at the end ‘B’ of the DBC and Load Probe [1,11], (b) Direction of ‘F’ during sliding motion of microwire, and (c)
Magnitude of ‘F’ varied to match numerically predicted contact force to the available experimental study.
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Fig. 6. (a) Meshing of Microwire, DBC and Probes, and (b) Mesh convergence [1].
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evaluated contact force becomes equal to the experimentally evaluated contact force of 0.8217 pN [11], as shown in Fig. 5(c).

2.5. Meshing

Solution time, convergence, and precision of the numerical analysis stand on the element type and mesh density. In this study, the
double beam cantilever (DBC), microprobes, and microwire are meshed using higher-order solid elements as per the study of Rahman
and Akanda [1]. The 52202 elements employed in the meshing include hexahedrons, tetrahedral, pyramid, and wedge elements, as
shown in Fig. 6(a). The contact surfaces are meshed with CONTA 175, CONTA 174, and TARGE 170 contact elements. The mesh
convergence is accomplished through variation of the number of elements over maximum contact stress in the microwire, as shown in
Fig. 6(b). It is achieved by reducing the element size or increasing the element number in the model successively until the maximum
contact stress in the microwire becomes independent of the mesh density [1]. The maximum contact stress in the microwire becomes
almost constant between element numbers 52,202 and 64,115 (Fig. 6(b)). However, this study uses the model with 52,202 element
numbers to reduce the run time.

2.6. Setting of nonlinear analysis

This study uses the FEA tool ANSYS Workbench to solve the contact analysis between the microwire and microprobes. It evaluates
the contact force in the microwire for push-pull sliding motion against two microprobes. The contact behavior of microstructure is
erratic, unanticipated, and challenging to solve [47]. Furthermore, contact analysis is extremely nonlinear and difficult to converge [1,
48]. The contact bodies may be pierced or detached from one another without distributing loads and converging the solution, which
depends on the load, boundary conditions, surface, and contact type, as well as time steps and sub-steps [23]. For convenient
convergence of nonlinear contact problems, each time step is split into a number of sub-steps for applying load gradually, and the
whole loading period is split into a number of time steps [1,49]. In this study, the whole loading period, 0-6.98 s, is split into six-time
steps (Table 1), and each time step is split into 340 initial, 210 minimum, and 680 maximum sub-steps according to the numerical
study of Rahman and Akanda [1]. To accelerate the convergence of the contact solution, the direct or sparse solver is used with the
large deflection option kept on.

3. Results and discussion

This study aims to predict the external and surface disturbance forces in the microwire for push-pull sliding motion against two
opposite microprobes. Quantifying disturbance forces in microstructures is vital to ensuring MEMS’s reliability, fatigue life, and
suitable functionality. Since it works based on the mechanical behavior of the microstructure. However, their analytical evaluation is
difficult due to the lack of suitable mathematical models, and experimental evaluation is also costly due to its tiny size and nonlinearity
of forces. Since it requires distinct skills and expensive and unique experimental setups. Hence, this study synthesizes available

0.9
el 0.8196
0.7889 0.7948 0.803
0.8 4
0.7 4
Z. 0.6
=
N’
5]
g 05
=]
=
£ 04 ~
: % g g 2 5 =
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=" L | - . Il I I
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Fig. 7. Sum of all disturbance forces ‘F’ in the microwire evaluated by numerical analysis.
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experimental [11] and numerical studies [1] to assess the external and surface disturbances in the microwire without using force
sensors or experimental setups. Besides, the nonlinearity of disturbances is also incorporated in the analysis by iterations. The result is
validated by comparing the contact force and stick-slip behavior with the available experimental study [11], as well as by investigating
the acceptable deformation and contact behavior of the microwire. It is a novel method and can be used to quantify disturbance forces
in other sliding microstructures, such as microplates, microrods, microbars, etc.

3.1. Quantification of total disturbance force

The magnitude of total disturbance forces ‘F’ is varied from 0.25037 pN by 0.10 pN increment in the numerical analysis, as shown in
Fig. 7, until the magnitude of contact force in the microwire becomes very close or equal to the experimental contact force of 0.8217 pN
[11]. The magnitude of contact force and corresponding contact behavior of the microwire are shown in Figs. 7 and 8, respectively.

The pattern of the contact behavior curves of the microwire for the variation disturbance force ‘F’ (shown in Fig. 8) is found to be
similar to the experimental study [11] as well as to the numerical study [1]. The sum of all disturbance forces in the microwire is
predicted as F = 0.295 pN by numerical analysis, for which the contact force is predicted as 0.8196 pN, since it becomes very close to
the experimental contact force of 0.8217 uN [11] (Figs. 7 and 8). The difference of contact forces is AF = 0.0021 pN, and 99.74 %
precision is achieved in the numerical analysis with respect to the experimental prediction. The error or uncertainty of the numerical
analysis is only 0.26 %, which shows very good agreement between experimental and numerical studies. For ‘F = 0’, the difference
between the experimental and numerically predicted contact force is 0.25037 pN. Due to the non-linearity, the sum of all disturbance
forces is quantified to 0.295 pN, which is increased by 0.04463 pN (17.43 %) from the reference or apparent sum of disturbance forces
(0.25037 pN). It justifies the accomplishment of the numerical analysis since surface forces arising from external sources/fields and
contact behavior are nonlinear. The maximum contact pressure in the microwire and at the location of the Load Probe is found to be
434.43 MPa for the sum of all disturbance forces or total disturbances, Fp = 0.295 pN, as shown in Fig. 9. It is found to be lower than the
yield strength of the platinum microwire (cy = 630 MPa [11]), which specifies the suitability of this study.

Total disturbance force, Fp = 0.297 pN, which is 51.64 % of the externally applied or numerically evaluated contact force (0.5713
pN) and 36.14 % of the experimentally predicted contact force (0.8217 pN). Therefore, the effect of disturbance forces in the
microstructure cannot be discarded for proper functions of MEMS and microstructures, and its quantification is essential.

3.2. Quantification of external disturbance force

The disturbance force active on the microwire from external sources or fields is quantified by the synthesized results of the current
study and numerical studies available in the literature [1,23]. The electrostatic and adhesive forces are assessed as 0.059017 pN and
0.01007 pN, respectively, for the single contact between the microprobe and microwire by Rahman and Akanda [23]. In this study, the
microwire slides across two microprobes and maintains contact during the push-pull sliding motion. Therefore, the adhesive and
electrostatic forces in the microwire will be double those of the single contact.

For double contacts,

Fgiee =0.01007 x 2 = 0.02014 uN

Fadgne =0.059017 x 2 = 0.118034 uN

1.0

0.8

0.6

0.4
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Time (Sec.)
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Fig. 8. Magnitude of contact force and contact behavior of the microwire for variations of sum of all disturbance forces 'F’.
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Fig. 9. Location and magnitude of maximum contact pressure in the microwire.

Where, Fg. and Fag4, denote the electrostatic and adhesive force in the microwire, respectively.

The sum of all disturbance forces, or total disturbance forces, in the microwire for double contact Fp, = 0.295 uN (Figs. 6 and 7),
which arises from the external disturbances and also from the surface forces, such as adhesion [15,36]. Therefore, the sum of the
disturbance forces arising from all external sources or fields can be determined from the following relationship [15,36].

Fp =Fadne + Fex_disto
Fg_diso =Fp — Fagne = (0.295—0.118) uN = 0.177 uN

where, Fr_gss is the external disturbance active in the microwire.

In addition, van der Waals, electrostatic, capillary, and hydrogen bonding are the leading contributors to the adhesion of micro-
structures [24,26]. Therefore, the sum of the van der Waals, capillary, and hydrogen bonding forces or surface disturbance forces in the
microwire is predicted from the following relationship, in which the effect of covalent bonds, Casimir forces, asperity nano-welding,
and dipole-dipole interactions, if any, is considered to be insignificant and negligible [24,26]. [24,26].

Fyana + Frlec + FHydr + FCapi = Fadhe

Where , Fygnd, Friyar, and Feqp; represent the van der Waals, hydrogen bonding, and capillary forces in the microstructure, respectively.
Fyana + Fuyar + Feapi = Fadhe — Friee = (0.118034 — 0.02014) uN = 0.097894 uN

The sum of the three surface forces contributing to adhesion in the microwire is predicted to be 0.097894 uN. This study revealed
that the external disturbance developed in the microwire from the different external fields/forces is 0.177 pN, which is higher than the
adhesive force of 0.118 pN and 59.6 % of the total disturbance (0.297 pN). The external disturbances are developed due to the
interaction of temperature, magnetic and electric fields, damping, and also force developed by the eddy current, Hall, and Seebeck
effects. The proper function and reliability of the MEMS cannot be achieved without considering the effect of the external disturbance
in microstructures. Besides, the sum of the van der Waals, capillary, and hydrogen bonding forces or surface disturbance forces in the
microwire is 0.097894 puN, which is also dominant than the electrostatic force of 0.02014 pN and contributes adhesion in the
microstructure. The electrostatic force causes structural and pull-in instability, unusual deformation, and effects dynamic attributes of
microstructures [23]. The surface forces, such as capillary, hydrogen bonding, and van der Waals, cause adhesion and stiction and lead
to dysfunction of MEMS [24,26]. Therefore, their quantification is essential for the appropriate design of MEMS devices. However, the

A: Static Structural
Total Deformation
Type: Total Deformation
Unit: pm

Time: 6.98
10/5/2024 10:23 AM

1.765 Max
1.5689
1.3728
1.1767
0.98055
0.78444
0.58833
0.39222
0.19611

0 Min

25.00 50.00(um)

12.50 37.50

Fig. 10. Deformation of microwire with disturbance force "F’.
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direct measurement of surface and external disturbances is expensive and requires unique experimental setup and skills because of
microscale size and tribology effects; in contrast, analytical prediction is also complex due to the nonlinearities, nonideal conditions,
electro-mechanical coupling, and lack of suitable mathematical models [23,38]. This study explores a novel process of evaluating
disturbances in the microstructure by synthesized experimental and numerical study and without using force sensors.

3.3. Validation

The deformation and contact behavior of the microwire are found to be consistent with the contact behavior without applying the
total disturbance force ‘F’ at the free end of the microwire, which is presented in the study of Rahman and Akanda [1] and shown in
Fig. 10. The maximum lateral deflection with disturbance force F = 0.295 puN is found to be 1.765 pm, whereas it is found 1.6063 pm
[1]in without applying disturbance force. It indicates the appropriateness and accuracy of this study. Since the unusual deformation or
out-of-plane bending is not observed in the microwire due to the applied force, ‘F = 0.295 pN’ at the free end, it is also supported by the
column buckling analysis of the extended portion of the microwire.

The extended portion of microwire (5.0 pm) is subject to a maximum compressive force of 0.295 uN and supported at the ‘Load
Probe’ by the resistive contact force. It is ensured that the applied force does not exceed the critical load of the fixed-free end column of
length 5.0 pm.

Microwire dia.,d = 0.625 ym, Length, L = 5.0 ym, End

1
condition, C = p (fixed — free)

I L
Radius of gyration, p = \/I;: 1.563 x 1077 m, Slenderness ratio, <;}> =32

Yied strength, 6, = 630 MPa, Modulus of elasticity, E = 1.76 x 10° MPa [11, 23]

Critical slenderness ratio, (ﬁ) = ,/2”52—;” = 37 and (ﬁ) < <f)> . Johnson equation of column [50], P, = A|o, —
cr cr

2
(2_ 5) é] — 122N

The force applied at the free end of the microwire is much less than the critical buckling load of 122 pN. Therefore, unusual
deformation is not observed in the extended portion of the microwire, which also supports the appropriateness of this study.

The stick and slip motions of the microwire during pushing forward and pulling backwards are also compared with the available
experimental study [11] for validation of the numerical analysis. The intensity of stick and slip motion is found less in the numerical
analysis than in the experimental study, as shown in Fig. 11(a—-d). It happened since the numerical investigation was accomplished
without the presence of any disturbance force. However, the experimental study is done in the presence of all disturbance forces. It
revealed the appropriateness and validity of the numerical analysis.

4. Conclusions

The disturbance forces in microstructures play crucial roles in the functionality, trustworthiness, and endurance of MEMS sensors
and devices. They are used to monitor brain activity, respiratory organs, developing drugs, blood vessels, vital sign detection, robotic
surgery, and other crucial fields, such as automobiles, defenses, communication, GPS, etc. Besides, some microstructures, such as
micro-cantilevers, are used to manipulate micro-objects, biological cells, tissues, and embryos in medical research. Therefore,
quantification of disturbances in microstructures is vital. In this study, the total amount of disturbance, including the surface and
external disturbance in a platinum microwire, is quantified through the synthesized experimental and numerically predicted contact
force. The sum of total disturbances in the platinum microwire is predicted to be 0.295 uN, which includes disturbances from surface
forces and also forces arising from external sources or fields. The disturbance from external fields or sources is quantified to be 0.177
pN and from surface or adhesive force is 0.118034 pN. The electrostatic force is assessed to be 0.02014 pN. Also, the sum of van der
Waals, capillary, and hydrogen bonding is predicted to be 0.097894 uN. This study also revealed that, besides adhesive force, the force
arising from external fields or sources has a significant effect on the contact and mechanical behavior of microstructures. Its effects
cannot be ignored during the evaluation of the mechanical behavior of microstructures and the design of MEMS sensors and devices. In
this study, disturbance forces in the microwire are quantified without using force sensors and costly experimental setups. The method
presented in this study can be employed to quantify disturbance forces in different microstructures, such as microbars, microplates,
microrods, etc., and also evaluate the effects of disturbance forces on micro-contact behavior. Ultimately, it will aid in assessing the
functionality, dependability, and endurance of MEMS sensors and microstructures more precisely and in reliable manipulation of
micro-objects, such as biological cells, tissues, embryos, etc. Furthermore, this study opens the scope of investigating the effects of
temperature, size, shape, and material on the contact behavior, friction, and disturbance force of the microstructure.
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Fig. 11. Stick and slip sliding motion of microwire in (a) Experimental study, (b) Numerical analysis, (c) Magnified view of stick and slip motion
during pushing forward, and (d) During pulling backward in numerical analysis.
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Nomenclature:

[K] Global stiffness matrix

MEMS  Micro Electro-Mechanical Systems
{U} Displacement vector

{F} Input force vector

S Stress stiffening matrix

S Spin softening matrix

\Y Velocity

10



F. Rahman and M.A.S. Akanda Heliyon 11 (2025) e41990

Fp Total disturbance force
Frlec Electrostatic force
Fadne Adhesive force
Fg 4y External disturbance
Fyand van der Waals
Fryar Hydrogen bonding
Feapi Capillary force
P, Critical load of column
A Cross section of microwire
DBC Double Beam Cantilever
k Stiffness of DBC
P Critical load in column
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