
Citation: Otic, C.J.C.; Yonemura, S.

Thermally Induced Knudsen Forces

for Contactless Manipulation of a

Micro-Object. Micromachines 2022, 13,

1092. https://doi.org/10.3390/

mi13071092

Academic Editor: Stéphane Colin

Received: 16 June 2022

Accepted: 8 July 2022

Published: 10 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

micromachines

Article

Thermally Induced Knudsen Forces for Contactless
Manipulation of a Micro-Object
Clint John Cortes Otic 1,* and Shigeru Yonemura 2,*

1 Department of Finemechanics, Graduate School of Engineering, Tohoku University, 6-6 Aramaki Aza Aoba,
Aoba-ku, Sendai 980-8579, Japan

2 Department of Mechanical Engineering, College of Engineering, Chubu University, 1200 Matsumoto-cho,
Kasugai 487-8501, Japan

* Correspondence: otic.clint.john.cortes.t1@dc.tohoku.ac.jp (C.J.C.O.); yonemura@isc.chubu.ac.jp (S.Y.)

Abstract: In this paper, we propose that thermally induced Knudsen forces in a rarefied gas can be
exploited to achieve a tweezer-like mechanism that can be used to trap and grasp a micro-object
without physical contact. Using the direct simulation Monte Carlo (DSMC) method, we showed
that the proposed mechanism is achieved when a heated thin plate, mounted perpendicularly on a
flat substrate, is placed close to a colder object; in this case, a beam. This mechanism is mainly due
to the pressure differences induced by the thermal edge flows at the corners of the beam and the
thermal edge flow at the tip of the thin plate. Specifically, the pressure on the top surface of the beam
is smaller than that on its bottom surface when the thin plate is above the beam, while the pressure
on the right side of the beam is smaller than that on its left side when the thin plate is located near
the right side of the beam. These differences in pressure generate a force, which attracts the beam to
the plate horizontally and vertically. Furthermore, this phenomenon is enhanced when the height of
the beam is shorter, such that the horizontal and vertical net forces, which attract the beam to the
plate, become stronger. The mechanism proposed here was also found to depend significantly on
the height of the beam, the temperature difference between the thin plate and the beam, and the
Knudsen number.

Keywords: micro/nano-scale flows; micro actuators; MEMS; direct simulation Monte Carlo (DSMC)
method; computational fluid dynamics; rarefied gas; hydrodynamic trap

1. Introduction

In rarefied gas conditions, such as that in micro/nano-scale flows, an object placed
close to a structure of a different temperature and receives a force [1]. This phenomenon
is caused by temperature inhomogeneities in the gas at conditions where the Knudsen
number, defined as the ratio of the mean free path for gas molecules to the characteristic
length of the flow, is non-zero [2]. The class of forces induced in this phenomenon is called
as Knudsen force. Recent advances in micro-electromechanical systems (MEMS) made it
possible to fabricate micro/nano-devices that can exploit the Knudsen forces for specific
applications [1–10]. Such technologies include microstructure actuation [5,6], gas sens-
ing [7–9], atomic force microscopy [1,4], and high-precision force measurements [3], among
others. In addition to experimental [2,10] and theoretical approaches [1,11–13], numerical
approaches have also been used to study the Knudsen forces [7,10,14–17]. Computational
studies are particularly significant to reproduce the thermally induced flow field in complex
systems that is difficult to observe experimentally. The studies of [1,2,10,15–18] started
from a relatively simple configuration; specifically, a microbeam was placed close to a
flat plate. For this configuration, Nabeth et al. [15] and Zhu and Ye [16] provided their
explanations for the mechanism of the Knudsen force. Specifically, the latter pointed out
that the Knudsen force is caused mainly by the thermally induced flows in the bulk region
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of the gas, and that the configuration of the physical domain has a significant influence on
the magnitude and direction of the Knudsen force. Therefore, the configuration can be ma-
nipulated with a desired application in mind, such as two beams of different temperatures
placed close to each other to be used for gas sensor mechanism [5–7,9] and a heated object
placed eccentrically inside a closed system to be used for rotational mechanism [12,13].
Furthermore, simple geometrical modifications in the actuator mechanism have shown
better performance than conventional ones [19].

The above studies [1–19] proved that thermally induced Knudsen forces can displace
an object without physical contact and any moving parts. This displacement is usually re-
pulsive, such as a heated cantilever being deflected away from a colder flat substrate [1,2,8].
However, by reversing the temperature gradient, i.e., when a cold cantilever is placed
close to a heated flat substrate, the direction of the generated force is reversed (attractive
force) [4]. In this case, the thermally induced Knudsen force can displace the object closer
to the substrate. Furthermore, if the substrate has a microstructure, the tangential Knudsen
force will be induced on the object and can induce the self-propulsion of the object [11,14].
Combining these two ideas, it may be possible to use the thermally induced Knudsen forces
to capture or manipulate an object without contact. Specifically, the usual configuration
where a beam is placed close to a flat substrate can be modified to achieve a mechanism
that can trap and manipulate a micro-object in a gas.

Contactless trapping and manipulating a micro-object suspended in a liquid has
been extensively studied in microfluidics [20–33]. For example, optical trapping uses a
laser beam as a tweezer-like mechanism, which can trap and directly manipulate micro-
objects [20–22]. On the other hand, for objects that are sensitive to heat, such as biological
cells, hydrodynamic trapping is another method where flow field is induced to trap and
manipulate suspended micro-objects [23–26]. Alternatively, both mechanisms can also
be employed together. For example, an optically trapped micro-rotor can induce highly
localized flow fields that can be used to indirectly manipulate micro-objects [27]. Another
example is the use of optical gradient and thermophoretic forces to trap targets to a focal
spot [28,29]. However, these mechanisms have been limited to liquid conditions. Optical
trapping of a micro-object is typically more complicated in gas than in water [30,31], while
aerodynamic-based traps [32,33] have shown that artificially induced air flows can trap and
manipulate objects similar to hydrodynamic traps. However, such systems use jets of air,
and in those systems, high-precision manipulation of a micro-object is difficult to achieve.

In this study, we take advantage of the thermally induced Knudsen force appearing
uniquely in micro/nano-scale flows to propose a simple configuration of a tweezer-like
mechanism, which can be used to trap and manipulate a micro-object in a gas. Specifically,
we demonstrate that when a thin plate is perpendicularly mounted on a heated substrate
and placed close to a colder beam (micro-object of interest), a force is generated on the
beam and attracts the beam to the thin plate horizontally and vertically. Therefore, in this
configuration, the thin plate acts like tweezers that can trap and manipulate the beam.
Using the direct simulation Monte Carlo (DSMC) method, we reproduce the flow and study
the Knudsen force induced on the beam. The effect of different parameters on the Knudsen
force is also investigated in this paper.

2. Methodology

Let us consider the space between two horizontal infinitely wide flat substrates, which
are filled with air. In this study, the function of tweezers is represented by a thin plate
mounted perpendicularly on the upper substrate facing downward, and below the thin
plate is the object to be grasped which is represented by a beam suspended in air, as shown
in Figure 1. The two substrates and the thin plate are heated at a temperature Tsub = 500 K,
while the object, i.e., the beam, is set at a room temperature Tobj = 300 K. Here, the width
and the height of the beam are w and h, respectively, and its top surface is separated
downward from the bottom surface of the flat upper substrate by a gap distance, gtot, as
shown in Figure 1. Moreover, the thin plate is a protrusion of length lpro from the substrate
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and is deviated rightward from the center of the beam by a distance of ldev. Therefore,
the gap distance between the tip of the thin plate and the top surface of the beam, gtip,
is given by gtip = gtot − lpro. Although the local flow field near the thin plate will be
largely influenced by the size of the minimum gap gtip, the global flow field around the
object will be determined by the size of the gap distance between the beam and the flat
upper substrate, gtot. Therefore, in this study, the total gap distance, gtot, is considered as
the characteristic length of the flow, which is used to calculate the Knudsen number, as
mentioned later.
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Figure 1. Schematic of the computational domain.

Here, the x axis is set rightward and the y axis is set upward such that x = 0 is
colinear with the center of the beam, and such that y = 0 is on the bottom surface of the
upper substrate, i.e., the uppermost boundary. Furthermore, the computational domain
is considered to be periodic in the −x and +x directions, and the bottommost boundary
is considered to be a surface of the lower substrate. As shown in Figure 1, the distances
between the left side of the computational domain and the left side of the beam and between
the right side of the computational domain and the right side of the beam are both Lside.
The distance between the bottom surface of the beam and the bottommost boundary is Lbot.

In this study, air is used as the working gas. Although air is composed of molecules of
different species, it is assumed here that air molecules are represented by imaginary hard-
sphere molecules [34] with a mass m = 4.80967× 10−26 kg. Note that, by using hard-sphere
molecules of constant diameter instead of realistic air molecules, the discussion in this study
can also be applied to other gases without being limited to air, provided that the Knudsen
number is the same [14]. From the reference temperature at Tref =

(
Tsub + Tobj

)
/2 = 400 K,

the equivalent viscosity is µref = 2.301328× 10−5 Pa · s [35,36]. From the relation
µref = 0.499mnrefCrefλref and the mean free path for gas molecules given by
λref = 1/

√
2nrefπd2

m, the diameter of the imaginary hard-sphere molecules is obtained and
set at dm = 0.356 nm, where Cref is the average thermal speed of molecules and given by
Cref =

√
8kBTref/πm, kB is the Boltzmann constant given by kB = 1.380649× 10−23 J/K,

and Tref is the number density of molecules at the reference temperature Tref and the refer-
ence pressure pref and given by nref = pref/kBTref, and the reference pressure pref is set at
the standard pressure pref = 1 atm. Using the above relation, for dm = 0.356 nm, the corre-
sponding mean free path is λref = 96.79697 · · · nm, and the mean free time, τref = λref/Cref,
is τref = 1.790101× 10−10 s. As mentioned above, in this study, the length gtot is considered
as the characteristic length, such that the Knudsen number, Kn = λref/gtot. Furthermore,
the reference lengths for the computational domain shown in Figure 1 are set relative to the
reference mean free path λref, as tabulated in Table 1. Note that here, the Knudsen number
is set at Kn = 0.2, i.e., the length gtot is set at 5λref.
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Table 1. Reference lengths for the physical domain.

Parameter Symbol Value

Beam width w 8λref
Beam height h 2λref

Length of protrusion lpro 4λref
Tip to beam distance gtip λref

Total gap gtot 5λref
Deviation of plate from center ldev 2λref

Distance of side boundaries Lside 20λref
Distance of bottommost

boundary Lbot 20λref

In this study, the focus is on non-continuum flow conditions, i.e., micro/nano-scale
flows and, hence, the Navier–Stokes equation is not applicable. Here, the direct simulation
Monte Carlo (DSMC) method [37,38] was used to simulate the flow. The DSMC method
has already been used in several studies for the Knudsen forces on microbeams [7,16,17].
In the DSMC method, the motion of sample molecules, which are considered as a statistical
representation of the real molecules, is simulated and tracked. Since the Knudsen force in a
steady state is of interest in this study, macroscopic properties are then taken as the time
average of the sampled molecular velocities. Free motions and intermolecular collisions
are decoupled over a very small time step. In this study, the maximum collision number
method [39,40] is used to treat intermolecular collisions. For details on the maximum
collision number method used here, the reader is directed to ref. [14]. For simplicity, a
surface accommodation coefficient of unity is assumed here, and the diffuse reflection
model [34] is used for molecule–wall collisions. The DSMC method used in this study is
described in the flow chart shown in Figure 2.
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The physical domain in Figure 1 was divided into DSMC cells with uniform cell sizes
∆x and ∆y set smaller than the mean free path λref. For all the cases considered in this
study, a cell size of ∆x = ∆y = λref/4 is used. Furthermore, the time step for the DSMC
simulation was also set smaller than the mean free time τref. For all the cases considered
in this study, a time step of ∆t = 0.08τref is used. This chosen time step ensures that not
only is it smaller than the mean free time, but also, no molecule can cross two cells within
one time step. Moreover, sample molecules were initialized in each DSMC cell at a number
of 30 for the standard cell size of ∆x× ∆y. The macroscopic flow properties are obtained
by sampling the molecular velocities. For details on the calculation of the macroscopic
properties, such as the number density n, the flow velocity v, and temperature T, in each
DSMC cell, the reader is directed to ref. [14]. Of particular interest in this study is the force
acting over the surfaces of the beam. The local surface force, Fi,l , per unit area is given by:

Fi,l

∆Sl
=

Wf
∆Sl(tend − tstart)

Nwall−coll,l

∑
q=1

m
[(

ξq
)

i −
(
ξq
)′

i

]
(1)
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Here, Wf is the number of real molecules represented by one sample molecule and Fi,l
is the ith component of the surface force exerted on the lth surface element with a width ∆Sl
of the surface of the beam. In the present study, two-dimensional flow field is considered.
Nevertheless, it means not that the thickness of the flow field is zero but that the flow field
does not change in the z direction, which is normal to the xy plane. Thus, the thickness of
the flow field in the z direction is regarded as unity. The same is true for the DSMC cell
size. Using the volume of a DSMC cell with unit thickness, the factor Wf was obtained by
dividing the expected number of real molecules within the DSMC cell in the initial state
by the number of initial sample molecules. Thus, the width ∆Sl represents the area of the
lth surface element. While Nwall−coll,l is the number of sample molecules colliding onto
the lth surface element during the sampling term from t = tstart to t = tend, ξq and ξ′q are
the pre-collision and post-collision velocities of the qth sample molecule in terms of the
order of wall–molecule collision occurring in the sampling term. The net force, Fi, is then
obtained by integrating the local surface force per unit area Fi,l/∆Sl in Equation (1) over
the surface of the object.

3. Results and Discussion
3.1. Evaluation of the Proposed Device Compared to the Case of No Thin Plate

Let us first consider the case when there is no thin plate mounted on the substrate at
the uppermost boundary. Figure 3a,b show the temperature and pressure distributions
with the flow distribution obtained in the DSMC simulation for such a case, and Figure 4a
shows the flow and pressure distributions near the beam for the same case. Note that the
pressure is normalized by pave, which is the pressure spatially averaged in the whole region
of the gas. In the present DSMC simulation, the gas pressure in the cell j is obtained by
pj = njkBTj, where Tj is the temperature of gas in the cell j, nj is the number density of
gas molecules in the cell j and given by nj = Nj/Vj, Nj is the number of real molecules in
the cell j, and Vj is the volume of the cell j. Here, the spatially averaged pressure pave is
defined as pave = (∑j Vj pj)/(∑j Vj), where ∑j represents the summation over all the DSMC
cells. Since we define the spatially averaged number density and the spatially averaged
temperature as nave = (∑j Nj)/(∑j Vj) and Tave = (∑j NjTj)/(∑j Nj), respectively, the
relation pave = navekBTave is satisfied. In the present simulations, the spatially averaged
number density will not differ from the initial value, i.e., the setting value, because the
number of real molecules will not vary during the simulations, and, hence, nave is constant
and common for all the considered cases. Therefore, the spatially averaged pressure pave is
proportional to the spatially averaged temperature Tave. On the other hand, the spatially
averaged temperature Tave is determined as a result of DSMC simulation and depends on
the ratio of the area of hot surface to the area of the cold surface. Since this ratio depends
on the cases, the resultant spatially averaged temperature varies depending on the cases.
Due to the variation in Tave, the spatially averaged pressure pave also varies depending on
the cases. Under the condition where the surrounding pressures are different among the
cases, the pressure and the stress cannot be properly compared among the cases by using
their absolute values. In order to avoid this problem, in the present study, we compare the
pressure and the stress normalized by the spatially averaged pressure pave instead of their
absolute values.
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Figure 3. (a) Flow and temperature distribution and (b) pressure distribution, when the beam is
placed close to a heated flat substrate, at Kn = 0.2.

According to Sone, Y [41], in the case when an object of uniform temperature with
sharp edges is immersed in a gas with a different temperature, the temperature field
induced around the edges of the object drives a flow from a colder region to a hotter region
near the edges. This flow is called thermal edge flow. The thermal edge flow should be
considered as a pumping mechanism rather than a usual flow. For example, the driving
mechanism of a pump using a thermal edge flow was proposed [42]. In the present study,
the thermal edge flows are induced near the beam corners in the directions from the central
region of each surface of the beam to the corners. Since the thermal edge flows play a role
as pump, these flows move gas molecules away from the corners. As a result, low pressure
is induced around the beam, as shown in Figure 3b. The low-pressure area on the bottom
surface of the beam, which is induced by the thermal edge flow, sucks in gas from the wide
bulk region of the gas below the beam due to the induced pressure difference; thus, the
strong upward flow from the bulk to the beam is induced. This upward-pressure-driven
flow supplies molecules to the low-pressure area on the bottom surface of the beam. In
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other words, this pressure-driven flow compensates the decrease in molecules in the central
region of the bottom surface of the beam in such a manner that the supply of molecules is
balanced with the removal of molecules due to the thermal edge flows in the steady state.
Due to this compensation of the decrease in molecules by the upward-pressure-driven flow,
the low pressure induced by the thermal edge flow is partly cancelled out, but remains in
the central region of the bottom surface of the beam in the steady state, as shown in Figures
3b and 4a. This is because if the low pressure is fully canceled out, the pressure-driven flow
will disappear, and the thermal edge flow will pump out molecules from the considered
region again and, hence, the flow cannot become steady.
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The same is true for the low-pressure area on the top surface of the beam. The low-
pressure region on the top surface of the beam sucks in gas from the narrow region of the
gas above the beam. Thus, the downward-pressure-driven flow from the narrow region to
the beam is induced. However, this downward flow to the top surface of the beam is much
weaker than the upward flow to the bottom surface of the beam. The reason for the weaker
downward flow is because the low-pressure area on the top surface can gather only a fewer
number of molecules because of a smaller space between the beam and the upper substrate
compared with the low-pressure area on the bottom surface. The decrease in the number of
molecules near the bottom surface is more efficiently compensated by the strong upward
molecular flow than that near the top surface. This causes relatively high pressure on the
bottom surface compared with that on the top surface, as shown in Figures 3b and 4a. This
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pressure difference can be seen in the stress distribution exerted on the beam surface shown
in Figure 4b.

After the upward-pressure-driven flow impinges on the bottom surface of the beam,
it is directed sideways. As a result, it forms two vortices of opposite rotation, such that
it satisfies the equation of continuity. However, the formation of two vortices seen here
can be considered to be caused by the limited region of the computational domain in the
present study. If the domain is large enough, i.e., if the lower substrate and the periodic
boundaries on the right and left sides are far enough from the beam, it can result in just
a jet of gas impinging on a plate, which is converted into two opposing flows along the
plate. In the same manner, two opposing vortices are induced also near the top surface of
the beam, although they are much weaker than those appearing near the bottom surface.
This is because the downward-pressure-driven flow to the top surface of the beam is
much weaker than the upward-pressure-driven flow to the bottom surface of the beam, as
mentioned above.

Let us now consider the case when a thin plate is mounted on a flat substrate.
Figure 5a,b show the temperature and pressure distributions with the flow distribution ob-
tained from DSMC for such a case, and Figure 6a shows the flow and pressure distributions
near the beam for the same case. In this case, except the region near the right side of the top
surface of the beam, the obtained flow field is similar to the case of no thin plate, while the
right vortex near the top surface of the beam naturally disappears because it is obstructed
by the thin plate. Since the thin plate is hotter than the surrounding gas, a thermal edge
flow is induced along the plate from the gap region between its tip and the top surface of
the beam towards its root. Thus, similar to the thermal edge flow appearing around the
corners of the beam, the thermal edge flow appearing around the edge of the thin plate
acts like a pump that sucks in gas from the region near the top surface of the beam. This
results in a reduction in pressure on the top surface of the beam located near the thin plate,
as seen in Figure 6a. As a result, this increases the pressure difference between the bottom
and top surfaces of the beam. Furthermore, since this hot thin plate is located near the right
top corner of the cold beam, the temperature gradient near the right top corner is increased,
as seen in Figure 5a. Due to this, the upward thermal edge flow along the right side of
the beam is enhanced, as seen in Figures 5a and 6a. This enhanced thermal edge flow
along the right side of the beam carries molecules out of the region on the right side and,
hence, induces the reduction in pressure on the right side of the beam, as seen in Figure 6a,
whereas the normalized pressure on the left side is the same as that for the case of no plate
shown in Figure 4a. In the case of no thin plate, the pressures on the right and left sides
are the same because of symmetry in the field and, hence, no horizontal force appears.
On the other hand, in the case when the thin plate is mounted and deviated rightward
from the center of the beam, a rightward force is induced by the above-mentioned pressure
difference appearing on the right and left sides of the beam.

Usually, in a gas, absolute values for the normal components of stress are much larger
than those of its tangential components. This is because the normal component of stress
includes the contribution of ambient pressure. If we draw a figure of stress exerted on the
beam surface, such as Figure 4b, using the absolute stresses exerted on it, the tangential
components of stresses are not visible since their absolute values are much smaller than
those of normal components. Nevertheless, in general, if we integrate a surface force due
to ambient pressure or some other constant pressure over a surface of an object, the net
force exerted on the object due to such pressure is zero. Therefore, the contribution of
ambient pressure or some other constant pressure can be excluded when we discuss the
net force exerted on the object. Considering this fact, it is convenient for us to subtract
some constant pressure comparable to ambient pressure from the normal components of
the local stress when we discuss the net force exerted on the beam. Due to this subtraction,
the magnitudes of the normal components of stress can be expressed in the same order as
those of the tangential components of stress. Here, firstly, we calculate the average pressure
exerted on the beam surface, psurface, which is obtained by averaging a pressure obtained
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by Equation (1) over the beam surface, and then divide this superficially averaged pressure
psurface by the spatially averaged pressure pave. Then, we subtract the obtained value from
the normal component of the stress obtained by Equation (1), which is also normalized by
pave. Thus, we obtain local stresses relative to the superficially averaged pressure psurface
exerted on the beam surface as follows:

Normalized modified normal stress =
normal stress

pave
−

psurface
pave

(2)

Normalized modified tangential stress =
tangential stress

pave
(3)

Here, in order to differentiate the thus-obtained stress from absolute pressure or
absolute stress, we call it “modified stress”, of which the concept is similar to “gauge
pressure”. Furthermore, note that in the present study, “normal stress” is reckoned as
positive when it corresponds to a state of compression.
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Figure 5. (a) Flow and temperature distribution and (b) pressure distribution, when the beam is
placed close to a heated thin plate mounted on a substrate, at Kn = 0.2.
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Figure 6. (a) Pressure and flow distributions around the beam and (b) stress distributions on the
beam surfaces, when the beam is placed close to a heated thin plate mounted on a substrate, at
Kn = 0.2.

Figure 4b shows the distribution of the modified stress exerted on the beam surface in
the case of no thin plate. In this case, the ratio psurface/pave was 0.9813. Here, the normal
component of normalized modified stress has a value in the range −2× 10−2 to 2× 10−2 as
shown in Figure 4b. In the case of negative value, the modified stress is drawn as if it pulls
the beam outward like a tension in Figure 4b. However, the magnitudes of normalized
modified stresses are much smaller than the subtracted normalized pressure of 0.9813.
Therefore, the tensile stresses in Figure 4b should not be considered real tension. Actually,
they represent a positive but low pressure, less than 0.9813 pave. On the other hand, the
compressive stresses in Figure 4b represent a positive pressure higher than 0.9813 pave. In
Figure 6b, we show the stress distribution such as Figure 4b for different case, where the
same subtracted value as that for the case of no thin plate in Figure 4b, i.e., 0.9813, was used.
The same process is done for the stress distributions like Figure 4b presented in Sections 3.2
and 3.3. In Figure 4b, we chose the superficially averaged pressure, psurface, as a subtracted
pressure to visualize the effective force due to stress on the beam. However, for the purpose
of examining the net force on the beam, we can choose subtracted pressure flexibly, in a
way that is convenient for us. Therefore, here, we choose the same subtracted normalized
pressure of 0.9813 for all the cases. Thanks to this choice, we can directly compare the
normalized modified stress over all the cases.

In the case when there is no thin plate mounted on the substrate, as shown in Figure 4b,
the stresses are symmetric in the x-direction; hence, zero net force in the x-direction can be
obtained. However, the magnitude of the pressure exerted on the bottom surface of the
beam is slightly larger than that exerted on the top surface of the beam; hence, a non-zero
net force is directed upward in the y-direction. This pressure difference can be seen also in
the pressure distribution in Figures 3b and 4a, as mentioned above.



Micromachines 2022, 13, 1092 11 of 20

On the other hand, in the case when a thin plate is mounted on the substrate, as shown
in Figure 6b, the stresses are non-uniform and asymmetric horizontally and vertically.
Specifically, as mentioned in the discussion for Figure 6a, the stresses on the left and right
sides of the beam are unequal, which result in a non-zero net force directed rightward.
Furthermore, the presence of the thin plate causes an increase in the difference between the
normal stresses exerted on the bottom and top surfaces of the beam, as mentioned above;
hence, a stronger net force directed upward is obtained. Particularly, the upward force is
stronger in the vicinity of the thin plate compared to the case of no thin plate shown in
Figure 4b. Here, note that the upward pulling force drawn in the vicinity of the thin plate
represents not a real tension but a positive pressure, significantly smaller than the other
parts of the beam surface, as mentioned above. These non-zero net forces are caused by
the pressure differences on the surfaces of the beam, whose mechanism is described in the
fifth paragraph of this section. The results show here that by mounting a thin plate on a flat
substrate, a force that attracts the beam to the plate horizontally and vertically is induced.

3.2. Effect of the Position of the Thin Plate

Next, let us consider how the position of the thin plate relative to the beam affects the
stress and the resultant net force exerted on the beam, by adjusting the deviation distance,
ldev, while keeping all other parameters constant. Figure 7a–d show the stress distributions
on the beam surface for such cases. Figure 8 shows the dependencies of the resultant net
rightward and upward forces, Fx and Fy, exerted on the beam on the deviation distance,
ldev. Here, the rightward and upward forces, Fx and Fy, are normalized by the forces
exerted on the left side and the bottom surface due to the spatially averaged pressure pave,
i.e., pave × h and pave × w, respectively.

Consider the case of no thin plate shown in Figure 4b as a reference case. By mounting
a thin plate on the substrate just above the center of the beam, as shown in Figure 7a, the
high pressure on the central region of the top surface of the beam shown in Figure 4b is
weakened, while the stresses exerted on the other surfaces are almost the same as those
of the case of no thin plate. This results in the strong upward net force, as shown in
Figure 8a. This net upward force is 0.009-times as strong as the force due to the spatially
average pressure pave. In the case when the system is in the atmospheric air condition, a
lift force of about 900 Pa can be obtained. Assuming that the beam is of silicon material
(2329 kg/m3 [36]), this lift force is equivalent to the force that levitates the beam with a
height of 40 mm.

As the position of the thin plate is moved rightward away from the center of the beam,
the region on the top surface of the beam where the pressure is reduced by the upward
thermal edge flow towards the thin plate moves rightwards together with the position of
the thin plate, as shown in Figures 6b and 7a–d. Since the region of pressure reduction is
gradually deviated from the center of the beam as the thin plate moves rightward from
the center of the beam, the net upward force decreases with increasing ldev, as shown in
Figure 8a. Note that even in the case of no thin plate, the net upward force is non-zero.
It is indicated by a horizontal solid line in Figure 8a. In Figure 8a, the position of the
edge of the beam, x = 0.5w, i.e., x = 4λref, is also indicated by the vertical solid line. By
mounting a thin plate on the flat substrate, the net upward force is enhanced, as shown in
Figure 8a. However, this is only true up to the point when the position of the thin plate is
at ldev = 0.75w from the center of the beam, where the net upward force approaches that
of the case of no thin plate. Note that in the case of ldev = 0.75w, the thin plate is located
outside the region above the beam, i.e., −0.5w ≤ x ≤ 0.5w.
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Figure 8. Net (a) upward and (b) rightward forces exerted on the beam for different deviation
distances, ldev, at Kn = 0.2.

Simultaneously, as the thin plate is moved towards the edge of the beam from its
center, the pressure on the right side of the beam is gradually reduced, as shown in
Figures 6b and 7a–c. As a result, the net rightward force appears and increases with increas-
ing ldev, up to the edge of the beam, i.e., 0 < ldev ≤ 0.5w, as shown in Figure 8b. Similarly
to Figure 8a, the position of the edge of the beam, x = 0.5w, is indicated in Figure 8b. The
net rightward force obtained when the thin plate is located at the right edge of the beam is
0.0045-times as strong as the force due to the spatially average pressure pave. In the case
when the system is in the atmospheric air condition, a rightward force of about 450 Pa
can be obtained. Assuming that the beam is of silicon material, this force is equivalent
to the force that accelerates the beam with a width of 20 mm rightward with the earth’s
gravitational acceleration. However, when the position of the thin plate is moved further
away from the edge of the beam, the reduction in pressure on the right side of the beam
is decreased, as shown in Figure 7d. As a result, the net rightward force decreases as the
thin plate is moved further away from the edge of the beam, i.e., ldev > 0.5w, as shown in
Figure 8b.

Nevertheless, the results here show that in a range of 0 < ldev ≤ 0.75w, the net
force is always directed upward and rightward, i.e., it always attracts the beam to the
plate horizontally and vertically. Therefore, by using these thermally induced forces, the
mechanism where the thin plate acts like tweezers that can trap the beam is obtained.

3.3. Effect of the Beam Height

Next, let us investigate the effect of the height of the beam, h, on the stress and the
resultant net force exerted on the beam, by adjusting the beam height, h, while keeping all
other parameters constant. For such cases, Figures 9a and 10a show the flow and pressure
distributions near the beam, and Figures 9b and 10b show the stress distributions on the
beam surface. Figure 11 shows the dependencies of the resultant net rightward and upward
forces, Fx and Fy, exerted on the beam on the height. Here, similar to what was shown in
Sections 3.1 and 3.2, the rightward and upward forces, Fx and Fy, are normalized by the
forces exerted on the left side and the bottom surface due to the spatially averaged pressure
pave, i.e., pave × h and pave × w, respectively.
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Consider the case shown in Figure 6, where h = 0.25w and ldev = 0.25w, as the
reference case. Firstly, let us compare the case when the beam height is decreased to
h = 0.125 w as shown in Figure 9, with the reference case. By decreasing the beam height,
the thermal edge flows around the corners of the beam become stronger and the pressure
on the top surface of the beam is decreased, as shown in Figure 9a, compared to Figure 6a.
However, the high pressure on the central region of the bottom surface of the beam is
almost the same as that of the reference case. As a result, the pressure difference between
the bottom and top surfaces of the beam is increased, as seen in Figure 6a,b and Figure 9a,b.
Therefore, a stronger upward net force is generated, as shown in Figure 11a. Simultaneously,
as the beam height is decreased, the pressures on both the right side and the left side of the
beam are reduced, as shown in Figures 6a and 9a. Although the pressure is decreased on
both sides, the pressure reduction on the right side is slightly greater than that on the left
side, as shown in Figure 6a,b and Figure 9a,b. Therefore, a stronger rightward net force is
generated, as shown in Figure 11b.

Secondly, let us compare the case when the beam height is changed to h = 0.375w, with
the reference case. By increasing the beam height, as shown in Figure 10a, the thermal edge
flows around the corners of the beam become weaker and the reduction in the pressure
on the top surface of the beam is decreased compared to Figure 6a. However, the high
pressure on the central region of the bottom surface of the beam remains almost the same
as that of the reference case. As a result, the pressure difference between the bottom and
top surfaces of the beam is decreased, as seen in Figure 6a,b and Figure 10a,b. Therefore,
upward net force is weakened, as shown in Figure 11a. Simultaneously, as the beam height
is increased, the reductions in the pressures on both the right side and the left side of the
beam are decreased, as shown in Figures 6a and 10a. The decrease in the reductions in
the pressures on both sides indicates that the pressures on both sides become closer to the
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average pressure and, hence, the pressure difference between both sides becomes smaller.
Therefore, a rightward net force is still generated, but weaker, as shown in Figure 11b. The
results presented here and in the previous paragraph show that for a shorter beam height,
the net upward and rightward forces are stronger.
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3.4. Effect of Lower Temperature Differences

So far, only a temperature difference of 200 K has been considered. Now, let us consider
the effect of using temperature differences lower than 200 K between the heated substrate
(thin plate) and the colder object (beam), i.e., Tsub − Tobj, on the net forces. Figure 12 shows
the distribution of the resultant net rightward and upward forces, Fx and Fy, exerted on the
beam, for various temperature differences less than and equal to 200 K at Kn = 0.2. Here,
the temperature difference Tsub − Tobj is changed while the middle value

(
Tsub + Tobj

)
/2

is kept at 400 K. Similar to what was described in Sections 3.2 and 3.3, the rightward
and upward forces, Fx and Fy, are normalized by the forces exerted on the left side and
the bottom surface due to the spatially averaged pressure pave, i.e., pave × h and pave × w,
respectively. It can be seen from Figure 12 that as the temperature difference is decreased
from 200 K, both the net upward and rightward forces decrease. Specifically, both the net
upward and rightward forces are proportional to the temperature difference, and both
vanish in the case of no temperature difference, i.e., Tsub = Tobj. As discussed in previous
sections, the reduction in pressure around the surface of the beam is due to the thermal
edge pump effect. A low-temperature difference means that the strength of the thermal
edge flows is weak. This results in smaller reductions in pressure around the beam and,
hence, weaker net upward and rightward forces. In the case of the minimum temperature
difference considered here at 25 K, under the atmospheric air condition, a lift force of about
100 Pa and a rightward force of about 20 Pa can be obtained. Assuming that the beam of
silicon material of the density of 2329 kg/m3, this lift force is equivalent to the force that
levitates the beam with a height of 4 mm, and the rightward force is equivalent to the force
that accelerates the beam with a width of 0.8 mm rightward with the Earth’s gravitational
acceleration. Thus, the obtained force for low-temperature differences is still large enough
to move a small object less than 1 mm. Therefore, even at the low temperature difference of
25 K, the mechanism proposed in this paper can still be achieved.
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(

Tsub + Tobj

)
/2 = 400 K.

3.5. Effect of Knudsen Number

Up to this point, only a Knudsen number of Kn = 0.2 was considered. Now, let us
consider the effect of different Knudsen number cases on the net forces. Figure 13 shows
the resultant net rightward and upward forces, Fx and Fy, exerted on the beam, for various
Knudsen numbers. Here, the Knudsen number is adjusted by adjusting all the lengths of
the setup considered here while keeping the gas mean free path λref constant, i.e., keeping
the reference gas pressure pref constant. For example, the total gap distance gtot is adjusted
as gtot = λref/Kn. Similar to what was described in Sections 3.2–3.4, the rightward and
upward forces, Fx and Fy, are normalized by the forces exerted on the left side and the
bottom surface due to the spatially averaged pressure pave, i.e., pave × h and pave × w,
respectively. It can be seen from Figure 13 that the net upward force and the net rightward
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force are both maximum around Kn ≈ 0.2, which is used as the reference Kn throughout
this study, and both become small at low Knudsen numbers Kn < 0.05 and high Knudsen
numbers Kn > 1. Note that the Knudsen number here is evaluated based on the total gap
distance, gtot, such that Kn = λref/gtot.
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As discussed in previous sections, the reduction in pressure around the surface of
the beam is due to the thermal edge pump effect. Specifically, the low-pressure region
on the top surface of the beam is increased by the thermal edge flow induced on the tip
of the thin plate. Therefore, considering the local Knudsen number between the tip of
the thin plate and the top surface of the beam, i.e., Kntip = λref/gtip, is significant when
discussing the effect of the Knudsen number on the net forces. Note that Kntip = 5Kn since
gtip = gtot/5. Using Kntip, we can restate the above-mentioned knowledge as follows: the
net upward force and the net rightward force are both maximum around Kntip ≈ 1 and
both become small at low Knudsen numbers Kntip < 0.25 and high Knudsen numbers
Kntip > 5. This means that the thermally induced forces, which attract the beam to the thin
plate horizontally and vertically, are optimum when the distance between the beam and
the thin plate is in the order of one mean free path, as what is used throughout this study.

3.6. Summary of the Mechanism

Finally, we can summarize the mechanism of the generation of Knudsen forces for the
configuration proposed here, and how it can be exploited to trap and manipulate a micro-
object (beam). In the vicinity of the corners of the isothermal beam, the isothermal surfaces
in the gas are largely curved to surround the sharp corners. Such a temperature distribution
gives rise to thermal edge flows that result in the thermal edge pump phenomenon. This
pumping effect moves molecules away from the region around the beam surfaces and then
generates low-pressure regions around the beam surfaces. As a result, pressure-driven
flows appear to compensate the decrease in molecules in the low-pressure regions, as
illustrated in Figure 14a. The low-pressure region on the top surface of the beam is more
weakly compensated than the low-pressure region on the bottom surface of the beam, since
only a smaller number of molecules can be gathered in the narrow space between the top
surface of the beam and the upper substrate than the wider space between the bottom
surface of the beam and the lower substrate. This results in lower pressure on the top
surface of the beam than that on the bottom surface of the beam. This pressure difference
results in a net upward force, as illustrated in Figure 14a.
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When a thin plate is mounted perpendicularly on the flat substrate, the thermal edge
pump phenomenon is enhanced by the additional thermal edge flow at the tip of the thin
plate. This additional pumping effect enhances the pressure reduction on the top surface
of the beam, as illustrated in Figure 14b. Furthermore, if the thin plate deviates from the
center of the beam, i.e., it is closer to the right edge of the beam, the pressure reduction
on the right side of the beam is enhanced, as illustrated in Figure 14b. Meanwhile, the
pressures at the bottom surface and left side of the beam are unaffected, whether there is
a thin plate or not. In this case, a pressure difference between the left and right sides of
the beam is generated, and the pressure difference between the top and bottom surfaces
of the beam is increased, as illustrated in Figure 14b. This results in a net rightward force
and a stronger net upward force. Therefore, using the induced Knudsen forces here, the
thin plate acts as a tweezer-like mechanism that can trap and manipulate the beam (micro-
object) without contact. Note that as the Knudsen force depends on factors, such as the
temperature difference, the Knudsen number, and the shape of the configuration, e.g., the
geometry of micro-object; the strength and behavior of the phenomenon discussed here
also depends on such factors.
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4. Conclusions

In this study, we propose that the phenomenon of thermally induced Knudsen forces
can be exploited to manipulate a micro-object. Specifically, a concept of a tweezer-like
mechanism that can trap and grasp a micro-object without contact was presented. Using
the DSMC method, it was demonstrated that the proposed mechanism is achieved when a
heated thin plate mounted perpendicularly on a flat substrate is placed close to a micro-
object, which, in this case, is a beam. The driving mechanism is mainly due to the pressure
differences induced by the thermal edge flows at the corners of the beam and the thermal
edge flow at the tip of the thin plate. These flows act like pumps that move gas molecules
from the colder regions to the hotter regions around the edges. When the thin plate is
above the beam, the pressure on the top surface of the beam is lower than that on its bottom
surface. Furthermore, when the thin plate is located away from the center of the beam
and is near the right side of the beam, the pressure on the right side of the beam is lower
than that on its left side. Due to these pressure differences between the top and bottom
surfaces and between the left and right sides of the beam, a force that attracts the beam
to the plate horizontally and vertically is induced. On the other hand, in the case when
the height of the beam is shorter, this phenomenon is enhanced, such that a stronger net
upward and rightward force is induced. Furthermore, both the net upward and rightward
forces were found to be proportional to the temperature difference, and both vanish in the
case of no temperature difference. However, even at the low-temperature difference of 25 K,
the obtained force is still large enough to move a small object less than 1 mm and, hence,
the mechanism proposed in this paper can still be achieved. Moreover, we also found that
these thermally induced Knudsen forces are optimum when the distance between the beam
and the thin plate is in the order of one mean free path. In this study, we focused on a beam
as the micro-object of interest. Whether the mechanism proposed here also applies to other
shapes, such as a sphere, remains in question and will be a subject of future research.
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