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Abstract: Vacuum microgrippers are devices used to handle and manipulate small objects. Despite
their simple working principle and low cost, they show low efficiency in detaching performance,
especially when the object to be grasped is very small. In this work, a particular design for vacuum
microgrippers with an incorporated automatic release tool is considered. The final goal of this study
was to present a numerical model that can supply reliable estimates of the aerodynamic force acting
on the release tool and of the air flow rate inside the gripper as a function of geometric parameters
and the outlet pressure value. A complete CFD analysis of a simplified model of the device is
presented. Grid independence analysis was also performed to define a suitable grid and guarantee a
good trade-off between accuracy and computing time. According to Design of Experiments (DOE)
techniques, 81 simulations were performed, changing the values of the outlet pressure (p2), the body
inner diameter (D), the lateral holes’ diameter (d) and the releasing mass length (L). Every design
variable could assume three different values. Linear regression, based on the least square method,
was employed to determine mass flow rate and lifting force empirical correlations.

Keywords: vacuum microgripper; CFD analysis; impinging jet; annular jet; axially symmetric
back-facing step; empirical correlations

1. Introduction

Since the early 2000s, the exponential growth of micro-electromechanical systems
(MEMS) has been made possible by increasingly low production costs, which paved the way
for the design of small devices that are able to manipulate and assemble very small objects
(at the micro and nanoscale range) with speed and precision, called microgrippers. The use
of microgrippers has rapidly extended to other sectors—for example, biotechnology [1]
and microsurgery [2]. The different kinds of microgrippers used in micromanipulation
exploit the same gripping strategies already employed for years in macromanipulation. In
the field of macromanipulation, which involves handling objects larger in size (greater than
1 µm), mechanical grippers are widely used. In these devices, the lifting force on the object
can be applied using jaws (impactive gripper) [3] or penetrating and deforming the surface
of the object (ingressive gripper) [4]. The use of mechanical grippers in microhandling has
proved challenging: it is difficult to scale down the kinematics used to move jaws or gripper
arms and to achieve consistent acceptable mechanical performance [5,6]. According to
the specific application, so-called astrictive microgrippers are more suitable and offer the
best gripping performance. They can use both contact and contactless techniques based
on different actuation principles: magnetic fields [7], electrostatic forces [8] and vacuum
suction [9]. Among these, vacuum microgrippers have become widespread in the electronic
industry due to a simple working principle and low cost, coupled with fast and effective
handling. However, as contact grippers, they have to overcome non-negligible adhesion
forces between the gripper, and the handled object that, at this sort of range, can prevent
the release of the object. Different strategies have been proposed to overcome this issue
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and to assist with the object detachment. So-called passive release strategies aim to reduce
the forces acting at the microscale: coating the gripper surface with a conductive layer
connected to the ground to reduce the electrostatic force [8] is an example. Active release
strategies provide supplementary forces to overcome adhesion, such as vibration [10],
positive pressure pulse [9] or electric fields [11]. The goal of this paper is to present the CFD
analysis of vacuum microgrippers with an integrated automatic detaching tool (releasing
mass) [12]. Simulations have been performed for 27 different gripper configurations, which
were defined according to Design of Experiments (DOE) techniques. The values of three
geometrical gripper parameters were changed in the simulations. Since each configuration
was investigated for three outlet pressure values, 81 CFD simulations were carried out.
CFD results were analyzed in order to find out how gripper geometry affects the gripping
performance. Empirical correlations based on numerical results are proposed to predict the
air mass flow rate inside the gripper and the aerodynamic force exerted on the releasing
mass. The correlations should speed up the design phase.

2. Material and Methods
2.1. Vacuum Microgripper and Its Working Principle

Classic vacuum microgrippers consist of two parts: a hollow body and a thin cannula
(Figure 1).

The three manipulation tasks (grasping, handling, releasing) are carried out through a
simple working principle.

When a pressure difference, ∆p, between the inflow section and the volume inside the
gripper is created by a vacuum pump connected to the gripper, airflow is forced through
the cannula and inside the device, generating a suction force that picks up the object
(grasping phase) (Figure 1b).

Figure 1. Off (a), grasping (b), handling (c) and releasing (d) manipulation phases of a classic
vacuum microgripper.

When the object sticks against the cannula end (handling phase) (Figure 1c), the
gripper must provide a continuous handling force (FH) that, according to Equation (1), must
be sufficiently high to overcome the weight force (mg) minus the adhesion forces (FAD):

FH = ∆pA0 ≥ mg − FAD (1)

where A0 is the cannula’s cross-sectional area, m the object mass and g the
gravitational acceleration.

The releasing phase begins when ∆p = 0. However, the weight force is not often
enough to strip off the object due to high adhesion forces (i.e., Van der Waals, electrostatic,
surface tension) acting between the grasped object and the cannula’s surface (Figure 1d).
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When the objects to manipulate are very small in size (less than 10 µm), the importance
of adhesion forces (proportional to the object surface) arises and can be dominant over
gravitational and inertial forces (proportional to the object volume) (Figure 2).

Figure 2. Orders of magnitude of gravitational, electrostatic, Van der Waals and tension forces vs.
object size [13].

In order to overcome this issue, some authors [12] patented a different kind of vacuum
microgripper, equipped with an automatic release tool. A releasing mass (in red in Figure 3),
combined with a thin needle, is inserted inside the gripper body and can move up and
down in the axial direction. A mechanical stop (not shown in figure) limits the vertical
displacement of the releasing mass. In addition, two lateral holes are provided on the
lateral gripper body surface to enhance airflow inside the device and to allow the releasing
mass to be lifted also during the handling phase.

Figure 3. Off (a), grasping (b), handling (c) and releasing (d) manipulation phases of the studied
vacuum microgripper. Forces acting on the grasped object and the releasing mass during the handling
phase (e).

The aerodynamic force (FM) acting on the releasing mass during the device operation
(grasping and handling phase) (Figure 3b,c) is the sum of two contributions, according to
the following equation:

FM = FP + FV (2)
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The pressure force (FP) is generated by the difference between the average pressure
acting on the upstream (psx) and the downstream (pdx) base of the releasing mass (Ac) and
is defined as

FP ∼= (psx − pdx)Ac (3)

The viscous force (FV) is generated by shear stresses (τw) acting on the releasing mass
lateral surface (AL) in the annulus region, and is defined as

FV =
∫

AL

τwdA (4)

When the pressure difference is removed, i.e., ∆p = 0, the releasing mass moves
downward and helps with object detachment (see Figure 3d). As shown in [14], this
integrated release tool significantly improves the device’s release effectiveness. Greater
values of the releasing tool mass (M) allow one to overcome high adhesive forces, especially
for small objects, according to the following equation:

(m + M)g > FAD (5)

The value of M must be carefully chosen (see Figure 3e) as follows:

M ≤ FM
g

(6)

to ensure that FM is sufficiently high to correctly lift the releasing tool and guarantee proper
device operation. The value of FM is closely related to the air flow field that develops inside
the gripper, which in turn, is strictly affected by the device geometry. To find out how the
geometry influences FM, a complete CFD analysis was performed on a simplified gripper
model, described in the next section.

2.2. Simplified Gripper Model

Figure 4 shows all the physical and geometrical quantities considered in this study.

Figure 4. Nomenclature for the study of grippers.
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The total air mass flow rate through the device (ṁ2) is given by the sum of two
contributions: the air flow through the cannula (ṁ0) and the incoming air from the lateral
holes (ṁ1).

ṁ2 = ṁ0 + 2ṁ1 (7)

However, it is reasonable to expect that the air flow through the cannula (ṁ0) is
negligible, i.e., ṁ2 ≈ 2ṁ1, since the cannula’s inner diameter (d0) is significantly smaller
than the side holes’ diameter (d). Neglecting the air flow (ṁ0) does not significantly affect
the total flow rate through the device (ṁ2), nor the aerodynamic force on the releasing mass
(FM), nor the flow fields inside the gripper. This was confirmed by the numerical results
obtained in a previous work [15]. Therefore, the computational model used for the CFD
analysis takes into consideration only the gripper body, according to the simplified scheme
in Figure 5.

Figure 5. The simplified gripper model for CFD analysis.

Taking advantage of the symmetry with respect to the xz plane in Figure 5, only 3D
simulations of half microgrippers have been performed.

2.3. Design Parameters

Four factors, including both flow and geometrical parameters, have been considered
to perform a sensitivity analysis: the pressure difference across the microgrippers ∆p, the
lateral hole inner diameter (d), the releasing mass length (L) and the microgrippers’ body
inner diameter (D). The other geometric quantities (l1 = 3.25 mm, l2 = 2.1 mm, l3 = 10 mm,
D1 = 2.6 mm) shown in Figure 5 have been kept constant. A classic full factorial DOE
design was adopted and three levels were chosen for each factor. Convenient numerical
values have been established for each level in accordance with the size of the device inside
a region of interest, as shown in Table 1.

Table 1. Factors and levels for the DOE analysis.

Main Factor Low Middle High

d [mm] 0.59 0.69 0.77
L [mm] 16.2 24.2 32.2
D [mm] 3.2 3.4 3.6
∆p [kPa] 10 20 30

Twenty-seven geometric configurations, obtained from all possible combinations of
geometric parameters’ values shown in Table 1, were tested. Each configuration was
studied for the three chosen values of ∆p = 10, 20, and 30 kPa: 81 CFD simulations
were performed.
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2.4. CFD Analysis

Numerical analysis of the simplified model of the gripper was performed using
the open source CFD toolbox OpenFOAM [16]. The RANS approach coupled with the
SST k-ω turbulence model has been used to compute the flow-field. The choice of the
turbulence model was motivated by its common use in many aerodynamical applications,
its robustness and its low computational cost [17]. However, recent studies demonstrated
that this model leads to erroneous predictions for complicated flows with streamline
curvature, sharp edges, inhomogeneties and flow separation [18,19]. This predictive
discrepancy acted as a source of uncertainty in the final results of this investigation. The
steady-state solver rhoSimpleFoam based on the SIMPLE algorithm was first considered,
but some convergence problems suggested the use of a pseudo-transient method. The
rhoPimpleFoam solver, based on the PIMPLE algorithm, was adopted eventually. The steady
state solution was obtained while increasing the Courant Friedrichs–Lewy number (CFL)
value, and the corresponding time step, to make the temporal derivative negligible. In
particular, the minimum (and initial) CFL was set to one, and the maximum CFL was set
to 50.

In addition to the residuals’ value, another criterion was defined to check the con-
vergence of the solution. In fact, even if the residuals’ value reduced by four order of
magnitude, the solution was still oscillating. An algorithm written in Python [20] was
integrated into the CFD code to check at runtime for a stop condition.

The algorithm operates on successive time intervals ∆ti = 2 · 10−3 s according to the
following steps:

1. For each i-th time interval ∆ti, it computes the average values of mass flow rate (ṁi)
and aerodynamic force (Fmi).

2. Then, it computes the levels of relative change for mass flow rate and
aerodynamic force.

∆ṁi =
ṁi − ṁi−1

ṁi−1
(8)

∆FMi =
FM − FMi−1

FMi−1
(9)

3. It stops the simulation when both ∆ṁi and ∆FMi fall below a prescribed threshold
(i.e., 3·10−4) for the first time.

The convective terms of velocity and energy were discretized with a second-order
upwind scheme, and for the diffusive terms a linear second-order bounded central scheme
was used. The gradient term was evaluated using a center differencing method and the
first order upwind scheme approximated the turbulent quantities.

At the inlet section, total initial temperature (T01 = 293.15 K), total pressure (p01 = 100 kPa)
and turbulence intensity (Tu1 = 1%) were imposed, and static pressure (p2) was prescribed at
the outlet section. The inflow velocity vector was prescribed to be normal to the inlet patch.

The mesh quality affects the accuracy of the results obtained from CFD simulations.
A hybrid mesh was employed to discretize the computational domain. It consisted of
prismatic elements near the walls and tetrahedra elsewhere. The near wall region, com-
pared to a previous study [21], was extended to improve capture of the boundary layer. A
non-dimensional distance y+ ≈ 1 was considered for cells near the walls, because of choice
not to use the wall functions. Figure 6 shows the detail of the surface mesh in the front
chamber zone.

To find out the optimal mesh density, a grid independence analysis was carried out
on one gripper geometry (d = 0.77 mm, L = 24.2 mm, D = 3.4 mm), which from now
on will be called “reference geometry,” using three different grid resolutions: coarse
(0.308 × 106 cells), medium (0.679 × 106 cells) and fine (1.58 × 106 cells). The meshes
were characterized by a different spacing of the elements adjacent to the walls (y1) and on
the model surface. However, the number of the layers (nL) in the boundary layer region
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was modified to guarantee approximately the same boundary layer thickness (yBL) (see
Table 2).

Figure 6. Detail of the surface mesh near the front chamber.

Table 2. Characteristics of grids.

Grid Density Elements y1 [mm] yBL [mm] nL

Coarse 0.308 × 106 1 × 10−5 1.64 × 10−4 8
Medium 0.679 × 106 5 × 10−6 1.30 × 10−4 10
Fine 1.58 × 106 2.5 × 10−6 1 × 10−4 12

Figure 7a,b shows the mass flow rate (ṁ) and the aerodynamic force (FM), computed
using the coarse, medium and fine meshes, respectively. Small differences could be ob-
served between medium and fine meshes for the mass flow rate, and the aerodynamic
force did not show a clear grid convergence. However, the difference in the predicted force
between medium and fine meshes was below 2%, which can be considered acceptable for
this type of study. As a consequence, the medium mesh was used for all computations
shown in the following.
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(ṁ

)
[k

g/
s]

(a)

0 0.5 1 1.5 2

6.2

6.4

6.6

6.8

×10−3

6.6× 10−3

6.71× 10−3

6.84× 10−3

Mesh elements (in million)

A
er
o
d
y
n
am

ic
fo
rc
e
(F

M
)
[N

]

(b)
Figure 7. Grid independence analysis: (a) mass flow rate; (b) total axial force.

3. Results

In this section, the results of the simulations are compared and discussed. In the
first subsection, based on the simulations’ results, flow characteristics inside the gripper,
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including fluid dynamics structures, pressure and velocity distributions are analyzed. Then,
trends of mass flow rate and lifting force in terms of geometrical modification are presented
to investigate how geometry affects gripper performance. Eventually, empirical correlations
to predict both mass flow rate and lifting force are presented in the last subsection.

3.1. Fluid Dynamics Phenomena

Despite the simple geometry of the gripper, the flow structure that develops is rather
complex due to the superposition and the interactions among several elementary flows.

Patterns reported here for the reference geometry were observed in most of the
computations. For the sake of simplicity, the gripper’s inner volume was divided into four
regions (front chamber, jet, annular and terminal region), as shown in Figure 8.

Figure 8. Gripper body subregions.

The airflow forced inside the gripper through the lateral hole impinges normally
on the releasing mass wall, reaching a peak in static pressure (stagnation point). The jet
velocity increases with the imposed negative pressure (∆p) with a maximum Mach number
of 0.78 (for ∆p = 30 kPa and d = 0.77 mm): flow is subsonic in all geometrical configurations
taken into account. Due to the jet impingement on the releasing mass wall, several vortical
structures arise in the region nearby the lateral hole, developing along circumferential
direction and tending to disappear downstream in the annular region (see Figure 9).

Figure 9. Vortices around the releasing mass surface in the first part of the annular region visualized
by velocity streamlines (d = 0.77 mm, L = 32.2 mm, D = 3.6 mm).

Figure 10 shows vortex structures development at the cross-section perpendicular to
the gripper axis and passing through lateral jet axis (z2) for three different gripper geome-
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tries. Vortices are symmetric with respect to the lateral jet axis, showing different shapes
depending on gripper body diameter value (D). A smaller gripper body diameter indeed
reduces the distance between lateral inlet and the impinging wall surface, influencing the
vortices’ spatial distribution and the tendency of the flow to stay attached to the cylindrical
wall. Other parameters (d, L, p2) do not have such an influence on that.

Figure 10. Vortical structures and velocity contours at plane (z = z2) for different gripper body
diameter values (D) (d = 0.77 mm, L = 32.2 mm, p2 = 90 kPa).

Figure 11a shows the development of the average value of the static pressure, averaged
over the cross-section, along the axis of the gripper. Immediately upstream of the jet, a
negative pressure peak can be noted between the front chamber end (z1) and the lateral jet
axis (z2) as a result of the vortex structure previously discussed (see Figure 11b).

0 0.2 0.4 0.6 0.8 1
8.9

8.95

9

9.05

9.1

9.15
×104

Axial dimensionless length(z/Ltot)

A
ve
ra
ge

st
at
ic

p
re
ss
u
re

[P
a]

z1 z2
z3 z4

(a)

(b)
Figure 11. Pressure averaged over section z (constant), plotted against z/Ltot (a). Velocity streamlines
and average pressure in front chamber and jet region (b).

The flow entering the front chamber slows down until it almost stops and the pressure
stabilizes at a uniform value. In the annular region, except for the first part where the flow
is still affected by the vortices associated with the jet, the transverse velocity components
(Ux,Uy) tend to zero, while average average axial velocity component (Uz) increases and
become dominant (see Figure 12). The flow accelerates in the axial direction: due to the
pressure drop in the annulus, density falls sufficient quickly so that fluid velocity must rise
to maintain a constant mass flow rate. The lower the outlet pressure value (p2), the greater
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the density fall in annular region, and as a consequence, the higher the increase of velocity
in axial direction (see Figure 13).
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Figure 12. Velocity components averaged over section z (constant), plotted against z/Ltot

[d = 0.77 mm, L = 32.2 mm, D = 3.6 mm, p2 = 90 kPa].
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Figure 13. Velocity components averaged over section z (constant), plotted versus z/Ltot

(d = 0.77 mm, L = 32.2 mm, D = 3.2 mm, p2 = 70 kPa).

The flow at the end of the annulus region (z4) detaches, creating a recirculation bubble
whose length increases for lower outlet pressure. Moreover, a secondary recirculation
region can be recognized close to the lateral wall due to the adverse pressure gradient
occurring in the downstream region. In fact, the lowest pressure is localized just after the
base of the releasing mass (see Figure 14), and a zone of diffusion is required to recover
the outlet pressure. Due to the abrupt increase in the cross-sectional area, occurring
while passing from the annular to the terminal region, the velocity decreases and pressure
regaining occurs.
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Figure 14. Velocity streamlines and pressure contours in the gripper terminal region at different
outlet pressures (d = 0.77 mm, L = 32.2 mm, D = 3.6 mm).

3.2. Data Analysis

The purpose of this section is to illustrate the effects of the parameters d, L, D and p2
on the values of mass flow rate (ṁ) and total force on the releasing mass (FM).

For a fixed geometry, decreasing outlet pressure (p2) increments ṁ and FM (see
Figure 15). The incrementation of FM can be ascribed to both pressure and viscosity
components. Indeed, decreasing the outlet pressure, a lower pressure is expected also
at the base of the releasing mass (near the outflow). Moreover the viscous component
increases due to the higher shear stress acting on the releasing mass lateral surface.
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Figure 15. Dependence on imposed negative pressure: axial pressure force (top left), viscous force (bottom left) and mass
flow rate (right).
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For a fixed outlet pressure, increasing the lateral hole diameter (d) provides higher
mass flow rate (ṁ) and lifting force (FM) on the releasing mass. The value of L slightly
affects mass flow rate, while it influences the viscous part of the lifting force. It is interesting
to note how the lifting force (FM) is strongly related to D value (see Figure 16a,b). A larger
annulus area reduces shear stress on the lateral surface, and consequentially, viscous force
(FV) acting on the releasing mass wall decreases.
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(b)
Figure 16. Dependence on gripper body diameter (D): (a) axial pressure force; (b) axial viscous force.

Similarly, pressure force (FP) increases as D decreases. Since the pressure force acting
on the releasing mass is related to the pressure difference acting on its two bases, (psx and
pdx) a possible explanation for FP trend can be found out by looking at the pressure drop
in the different regions of the gripper. As can be seen from Figure 17, the pressure in the
front chamber is approximately constant and equal to the pressure acting on the upstream
releasing mass base (psx). Considering Figure 17 where average static pressure on cross-
sections versus dimensionless axial direction (z/Ltot) is plotted, the pressure difference
acting on the releasing mass (psx – pdx) can be written as:

psx − pdx = ∆pj + ∆pAN (10)

where ∆pj = psx − p(z3) is the pressure difference between the front chamber and the end
of the jet region, and ∆pAN is the pressure difference in the annular region.

Figure 17. Average static pressure in the axial direction.
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The pressure drop (∆pj ) is controlled by the lateral impinging jet: when the distance
between the releasing mass surface and the lateral inlet is smaller, as happens for smaller
values of D, the distribution of the mean static pressure on the impinging surface, which
typically has a Gaussian shape, exhibits higher peak pressure. As a result, higher pressure
drop is expected between the front chamber and the end of the jet region. Despite the mass
flow rate decreasing for decreasing D, the pressure drop in the annulus region increases, as
shown in Figure 18.
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Figure 18. Average static pressure in the axial direction for different D values (d = 0.77 mm,
L = 32.2 mm, ∆p = 90 kPa).

This behavior can be justified as follows. Assuming that the flow in annulus can be
approximated as one-dimensional (average average axial velocity uz is dominant), the
momentum conservation equation reads:

ṁ duz = −AANdp − τwPdz (11)

where AAN = π D2−D1
2

4 is the cross-sectional area, P = π(D + D1) is the wetted perimeter
and τw is the wall shear stress in the annulus region. By further rearranging Equation (11)
results in:

dp
dz

= − ṁ
AAN

duz

dz
− 4τw

D − D1
(12)

Since ṁ = ρuz AAN is uniform along the annulus, it holds true that

ρ
duz

dz
= − ṁ

AAN

1
ρ

dρ

dz
, (13)

whereas the order of magnitude of the shear stress τw can be estimated as

τw = µ
uz

D − D1
= ν

ṁ
AAN(D − D1)

(14)

Equation (12) can be rewritten as

dp
dz

=

(
ṁ

ρAAN

)2 dρ

dz
− 4ν

ṁ
AAN(D − D1)2 (15)
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Equation (15) integrated along the annular region yields the pressure drop in the
annulus (∆pAN): ∫ z4

z3

dp
dz

dz (16)

Since ṁ depends almost linearly on D, as will be shown in Section 3.3 underneath,
and the area of the annulus AAN is proportional to the square of D, the ratio ṁ

AAN
increases

as D decreases. Therefore, both terms on the right-hand side of Equation (15) increase for
decreasing D.

3.3. Empirical Correlations

A power law model was chosen to express the dependence of mass flow rate (ṁ),
pressure force (FP) and viscous force (FV) on the geometrical factors (d, L, D) and the
prescribed pressure (∆p):

f = A ∏
j

xj
αj + ε (17)

where f is the dependent variable we want to model (often called response), xj are the
independent variables (often-called predictors), αj are the model exponents and ε is the
model error. Even if a power law model is quite simple and cannot describe non-monotonic
dependence on geometric factors and ∆p, on limited ranges of variables, as the ones
investigated in our study, they represent numerical data quite well. By log transforming
both sides of Equation (17), it is possible to obtain a linear form (Equation (18)) that can be
studied using a multiple linear regression approach.

log f = log A + ∑
j

αjlogxj + log ε (18)

According to Equation (18), the following three power law models were assumed:

logṁ = a0 + a1 logd + a2 logL + a3 logD + a4 log∆p + ε̃ṁ, (19)

logFP = b0 + b1 logd + b2 logL + b3 logD + b4 log∆p + ε̃FM , (20)

logFV = c0 + c1 logd + c2 logL + c3 logD + c4 log∆p + ε̃FV , (21)

Instead of searching only one correlation for the aerodynamic force FM, pressure and
viscous force values were modeled separately. The reason for this choice is to be found in
the fact that FP and FV are related to distinct physical phenomena, and it therefore seems
more appropriate to search for distinct correlations. For each response, the ordinary least
square method (OLS) [22] was applied to identify the values of the model coefficients
(aj, bj, cj) that minimize the model error (ε̃). Moreover, significance analysis was performed
to identify variables that are not statistically relevant to predicting the response. For this
purpose, a statistical hypothesis test was used:

H0 : αj = 0 (22)

The null hypothesis (H0) means that the generic model coefficient αj is equal to zero
and the associated variable xj does not affect the response. However, even if a variable xj
has no influence on the response (null hypothesis is true), there is a probability, expressed
by the p-value, that the OLS method applied to the available sample data provides a
coefficient αj significantly higher than zero. So the smaller the p-value, the stronger the
evidence that the associate variable represents a meaningful addition to the model.

A backward elimination approach [22] was employed to define the model. It starts
from all potential predictors in the regression model and at each step removes the predictor
with higher p-value, if greater than the chosen significance level, set to 0.05 [23].

This continues until all variables left in the model are significant.
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The following empirical correlations were identified:

ṁ = 9.88 × 10−6(d)1.9578(L)−0.0141(D)1.0428(∆p)0.4371, (23)

FP = 114.27 (d)3.1780(L)0.3896(D)−10.21(∆p)0.9545, (24)

FV = 3.85 × 10−2 (d)2.3213(L)0.5931(D)−5.52(∆p)0.8655. (25)

Tables 3–5 show the output of the significance analysis that has been used to define
the empirical correlations.

Table 3. Model coefficient and significance analysis: mass flow rate.

Associated Variable p-Value Model Coefficients

Intercept <2 × 10−6 9.88 × 10−6

d <2 × 10−6 1.9578
L 0.00454 −0.0141
D <2 × 10−6 1.0428
∆p <2 × 10−6 0.4371

Table 4. Model coefficient and significance analysis: pressure force.

Associated Variable p-Value Model Coefficients

Intercept <2× 10−6 114.2668
d <2 × 10−6 3.1780
L <2 × 10−6 0.3896
D <2 × 10−6 −10.2100
∆p <2 × 10−6 0.9545

Table 5. Model coefficient and significance analysis: viscous force.

Associated Variable p-Value Model Coefficients

Intercept <2 × 10−6 3.85 ×10−2

d <2 × 10−6 2.3213
L <2 × 10−6 0.5931
D <2 × 10−6 −5.5231
∆p < 2× 10−6 0.8655

Figures 19–21 compare the mass flow rate (ṁ), the pressure force (FP) and the viscous
force (FV), as computed in CFD simulations and the prediction empirical models. All
models achieved good agreement with CFD data with an average error below 10% for the
mass flow rate and 11% for force values.
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Figure 19. Mass flow rate empirical model: CFD simulations versus empirical model.
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Figure 20. Pressure force empirical model: CFD simulations versus empirical model.
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Figure 21. Viscous force empirical model: CFD simulations versus empirical model.
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4. Conclusions

In this paper, the fluid dynamics of vacuum microgrippers with an integrated releasing
tool were numerically investigated. The aim was to analyze how gripper geometry and
negative pressure affect the mass flow rate inside the device (ṁ) and the aerodynamic force
on the releasing tool (FM), which both have a key role in providing proper design of the
gripper. The three empirical correlations proposed to foresee ṁ and the two contributions
of FM (i.e., pressure force FP and viscous force FV) showed good agreement (average error
less than 10%) with the CFD results and could represent a useful tool with which to perform
preliminary design of a device to comply with the required manipulation performance.
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