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END EFFECTOR FOR NANO MANUFACTURING

FIELD
[0001] The present disclosure relates generally to micro/nano
manipulation and, more particularly, to a micro pneumatic end-effector for

micro/nano manipulation.

BACKGROUND

[0002] In the nano environment, manufacturing processes which are
capable of efficiently assembling nano devices have been studied and
investigated by many researchers in the field. The assembly of nano devices
involves the movement of nano parts to arbitrary positions (and orientations) and
the suitable forces have to be applied to these nano parts/objects. Transporting
microfluids and releasing the micro/nano parts/objects precisely at the final
position is also very critical. .

[0003] For macro object/parts, this problem is already solved by
mechanical clamps using friction forces or geometrically constraining grippers to
hold and move the relatively heavy objects. For small objects, sticking effect
becomes more dominant. Compared to the adhesion and electrostatic forces, the
weight and inertia of the particle can be neglected because they scale with the
cube of the size.

[o004] In designing micro/nano tools such as the gripper and end-
effector, several major issues must be addressed. First, the operating target is
fragile and can easily be destroyed. Therefore, the force acting on the micro/nano
tool must be meticulously controlled to effectively hold the target. Unlike macro
objects that can be released by their self-gravitation, micro/nano objects need to
be released by an active force as the negative pressure vanished. This makes it
important that a micro/nano tool exeris an appropriate amount of force on a
micro/nano target. Second, the structure of the micro/nano tool must be simple
and compact because of small operation workspace. Finally, the micro/nano tool
should be easily mounted on the micro/nano robot for microassembly, microfluidic
handling/droplet, manufacturing of nano devices, and micro/nano manipulation. In
addition, micro/nano tools are very delicate, hence they have to be replaced
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frequently. As a result of this, efficiency during microassembly, microfluidic
handling/droplet, handling of nano devices, and micro/nano manipulation is greatly

reduced. For this reason, micro/nano tools have to be simple and cheap.

[0005] In micro/nano fluidic handling/droplet, the transport of small
amounts of fluids must be controlled with a view to automated drug dosage. The
right amount of the fluid must be precisely dropped/released at the desired
location/place. Moving fluid through a device or channel, regardless of the
application, requires a means of generating flow. Many methods have been
presented in recent years including micromechanical, electrowetting,
thermocapillary pumping, and electro-osmotic flow. However, none of these
methods have feedback. To realize the maximum benefit of micro/nano fluidic
devices, it will be necessary to generate flow using devices that are integrated with
sensing and feedback.

[0006] The statements in this section merely provide background
information related to the present disclosure and may not constitute prior art.

SUMMARY

[0007] An end-effector is provided for use on a micro/nano
manipulation device. The end-effector is comprised of: a micropump fluidly
coupled to a microtube; a piezoelectric sensing structure disposed in the
microtube; and a processing circuit electrically coupled to the sensing structure
for determining the force of the microfluidic flowing through the microtube.

[0008] Further areas of applicability will become apparent from the
description provided herein. It should be understood that the description and
specific examples are intended for purposes of illustration only and are not
intended to limit the scope of the present disclosure.

DRAWINGS
[0009] Figure 1 is a diagram illustrating capillary rise due to surface
tension;
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[0010] Figure 2 is a diagram illustrating the viscous flow in a horizontal,v
circular tube;

[0011] Figure 3 is a diagram depicting an exemplary design for a
microfluidic end-effector system;

[0012] Figure 4 is a diagram depicting a sensing beam affixed on both
ends to the inner surface of the sensing buffer;

[0013] Figure 5 is a schematic of an exemplary processing circuit for
interfacing with the for sensor of the end-effector;

[0014] Figure 6 is a diagram depicting another exemplary sensing
beam affixed only on one end to the inner surface of the sensing buffer;

[0015] Figures 7A-7F are diagrams illustrating other exemplary
configurations for the sensing structure of the end-effector;

[0016] Figure 8 is a block diagram depicting an experimental
implementation setup for nano manufacturing;

[0017] Figures 9A and 9B are diagrams illustrating the relationship
between volume flow rate and differential pressure for water and acetone,
respectively;

[0018] Figures 10A and 10B are three-dimensional plots illustrating the
relationship between volume flow rate, radius of the microtube, and pressure
differential for water and acetone, respectively;

[0019] Figures 11A and 11B are diagrams illustrating the results of
surface tension calibration for water and acetone, respectively;

[0020] Figure 12 is a graph illustrating the frequency response of the
force sensor to the force signal;

[0021] Figure 13 is a diagram showing the regions in an electrode
where a carbon nanotube was dropped using the experimental setup;

[0022] Figures 14A-14F are diagrams depicting a procedure for
manufacturing nano devices; and

[0023] Figures 15A-15D are diagrams showing the experimental
results verifying the performance of the pneumatic end-effector system.

[0024] The drawings described herein are for illustration purposes only
and are not intended to limit the scope of the present disclosure in any way.
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DETAILED DESCRIPTION

[0025] Surface tension is a property of liquids arising from un-
balanced molecular cohesive forces at or near the surface. As a result of
which the surface tends to contract and exhibit properties resembling those of a
stretched elastic membrane. lts effects arise from interactions of layers of
adsorbed moisture on the two surfaces. Surface tension produces several
observable phenomena. The rise of a liquid in a capillary is as a result of
surface tension. The force that results from the surface tension is known as
capillary force. Figure 1 illustrates capillary rise due to surface tension in which
the end of the capillary tube of radius r, is immersed in liquid. For sufficiently
small capillaries, a substantial rise of liquid to height h in the capillary is
observed because of the force exerted on the liquid due to surface tension. This
force is known as the capillary force, Feap. Equilibrium occurs when the force of
gravity balances the capillary force. The balanced point can be used as a

means to measure the surface tension and can be described by
y (2mmr) = ph(mr)g (1)

where y is the surface tension of the liquid, ris the radius of the capillary, his

the capillary rise, p is the density of the liquid, and g is the acceleration due to
gravity. The expression for the surface tension is obtained by rearranging
equation (1) as

1
y = -Z‘PQ"h (2)

[0026] As shown in Figure 1, the surface of the capillary is not
perfectly flat. Instead it curves up, sometimes down at the wall to form a
meniscus as illustrated in the inset in Figure 1. Taking into account that the
material in this region also contributes to the force of gravity, equation (2) (the

surface tension) can be expressed as
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_1 r
r=3 pgr(h+3) (3)

[0027] Surface tension will always exist whenever there is a density
discontinuity as; for example, between water and air or water and oil. The
magnitude of the surface tension will depend upon the nature of both
substances-liquid and liquid or liquid and gas. In general, surface tension is a
function of temperature and pressure.

[0028] For a hydrophilic sphere with a diameter d close to a plane,
the capillary force F.qpcan be written as:

where y is the surface tension of the liquid. Calibration results of surface

tension for water and acetone are presented below.

[0029] - Measuring fluid flow is one of the most important aspects of
process control. In this disclosure, accurate flow measurement is critical to
determine the pneumatic control of the end-effector. Two of the important flow
measurements are the flow speed and flow rate. Usually, flow is generally
measured inferentially by measuring velocity (flow speed) through a known area.
The Navier-Stokes equations are the basic differential equations describing the
flow of incompressible Newtonian fluids. Detail derivation of Navier-Stokes
equations can be found in Bruce R. Munson et al., Fundamentals of Fluid
Mechanics, John Wiley and Sons, Inc., New York.

[0030] The best known exact solutions to Navier-Stokes equations
is for steady, incompressible, laminar flow through a straight circular tube of
constant cross section. This type of flow is generally known as Poisetille flow.
Considering the flow through a horizontal circular tube of radius R as shown in
Figure 2. Because of the cylindrical geometry, it is convenient to use cylindrical
coordinates. Assume the flow is parallel to the walls, so that

v,=0, and vy =0 (5)
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from a continuity equat'ion [11,

aVz
0z

=0 (6)

Also, for steady, asymmetric flow, v, is not a function of tor 8, so the velocity,

v, is only a function of the radial position within the tube. Thatis

Under the conditions described above, the Navier-Stokes equations reduce to
the following:
g O (8)
pgsing — i 0 (
1 9)
—pgeost — —@ =1
b, 10 o

2 THL U N0
By integrating equation (8) and (9), we get the following

p=polrsnd) + ) )

Equation (11) indicates that the pressure is hydrostatically distributed at any

particular cross section, and the z component of the pressure gradient 3p/9z is

not a function of ror 4.

[0031] Continually, after integrating equation (10), and using the

fact that $p/9z is a constant, the equation of motion in the z direction as

illustrated in Figure 2 is obtained as

1, = i(%

P2 -
z 4# ) + eitn‘(?) + €

0z (12)

[0032] Since we want v, to be finite at the center of the tube (r=0),
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it follows that ¢1=0, hence ¢, can be expressed as

s
dp Oz (13)
[0033] The volume flow rate through the circular tube is given by

5 where A is the area of the circular tube and v is the flow velocity.

[0034] Sequentially, the volume flow rate through the differential
area is given by

dQ, = v(2rrr)dr (15)

Combining equations (13) and (12), and substituting into equation (15), then
10  integrating over the radius of the tube, the expression for volume flow rate as a

function of pressure difference is given as

_ wRiAp

Q Bpl

(16)

where u is the viscosity of the liquid, / is the length over pressure difference
(pressure drop) along the tube. Simulation results are presented below to
15  validate Poiseuille's Law.

[0035] Figure 3 shows an exemplary design for a microfluidic end-
effector system 10. The end-effector 10 is comprised of a micropump 12, an
inflow micro tube 14, a micro-drag force sensor 16, and a micro tip 18. The
micropump is fluidly coupled to one end of the microtube. When voltage is

20 applied to the micropump, the distal end of the microtube can generate a
microsuction or pressure force due to the vacuum or pressure action provided
by the micropump. An exemplary micropump operates at a maximum vacuum
of 51.5 x 10° N/m? and maximum continuous pressure of 40 x 10> N/m?. The
flow rate of the micropump may be between 4.1667 pm%s and 7.5 ym%s. An

25 exemplary microtube is commercially available from KNF Neuberger Inc.
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[0036] The microtube is very lightweight, semi-flexible, and is used
for a variety of laboratory applications. The micro tube is preferably heat

resistant to 500 °C continuous. In addition, it is highly valued for its toughness

and insulating qualities as well as high dielectric strength over a wide range of
frequencies. Most importantly, the micro tube is non-absorbent to water and
unaffected by acids and alkalis. In an exemplary embodiment, microtube is
made of a polytetrafluoroethylene (PTFE) material and having an inner diameter
of 254 ym. It is understood that microtubes having different dimensions and/or
made of different materials are also within the scope of this disclosure.

[0037] A force sensor made of a piezoelectric material is disposed
in the microtube. More specifically, the microtube provides a sensing cavity 19
(i.e., buffer) having a cross-sectional area larger than the cross-sectional area of
the remainder of the tube. The force sensor is a thin beam affixed to an inner
surface of the sensing cavity and extending into the sensing cavity. In some
instances, the beam will extend substantially across the sensing cavity as shown
in Figure 3. In this way, the force sensor is able to detect the force acting
thereupon.  The detected microforce is in turn related to the micro
suction/pressure acting at an end of the microtube distal from the micropump. A

sensing model for the end-effector system is further developed below.

[0038] Figure 4 illustrates a sensing beam affixed on both ends to
the inner surface of the sensing buffer. Due to the high sensitivity of
polyvinylidene fluoride (PVDF) material, the sensing beam employs a two-layer
composite structure having a PVDF layer and a polyester layer. It is envisioned
that other types of piezoelectrical materials may be employed as well as other
plastic materials with the property of high elasticity. The deformation of the
sensor beam is caused by the flow stream acting at the whole beam in the
sensing buffer. The resulting deformation can also be equivalently made by a
drag force (suction/pressure) acting at the middle of the double-end fixed beam
strip(s) in the sensing buffer.

[0039] Following the geometry characteristic of the PVDF strip,
since the beam is much wider and longer than the thickness, the strain along the



10

15

20

WO 2007/014095 PCT/US2006/028540

width of the beam can be assumed to be zero. With the above descriptions,
based on piezoelectric transverse effect, the unit piezoelectric equation is:
(without considering the inverse piezoelectric affection and pyroelectric effects):

Ds(r,t) =du0«(r,1) (17)

where D3 (r, t) is the normal electric displacement of PVDF film, 0 < r< L. ds
is the transverse piezoelectric coefficient and os(r, ) denotes the unit stress on
the PVDF strip along the length.

[0040] The surface area polarization gives a charge Qs (t) across
the PVDF sensing surface area Sa (L x W):

Welt) = f Da(r,t)dSa

= F - d L
jSA Lia (e, B elerddy (18)
[0041] Using the mechanics of materials for beam, as shown in
Figure 4, the unit stress on the surface of the half PVDF sensing beam can be
obtained if the external force f.(t) acts at the middle of the beam in the sensing
buffer.

aza)s (r,1)

O-s(r,t) =—ckp arz

(19)

According to Figure 4, notice that we omit the effect of thin electrode layers at
the top and bottom surfaces of PVDF layer. c is the distance between the
middle of the PVDF sensing layer and the neutral axis c, of the beam. w; (r, )
is the elastic deflection of the flexible composite beam caused by the micro
force f.(t) at the middle of the beam.

[0042] Since the bending charge is the same along the width of
PVDF (s,=0), we can rewrite equation (18) as:
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L
Qut) = / daycro(r, ) Welp
j (r1)
_ o rfwa(nt) g
= —elydy W—3 (20)
[0043] Sequentially, a simplified and effective equivalent circuit

model of a capacitor Cp can be used to represent the model of the PVDF
sensing layer. The output voltage V; (f) of the PVDF sensing layer caused by
the micro force can be described by

Os(2)
Vi(t) ==——= 21
@ . (21)
[0044] By Laplace transformation, the electrical open-circuit trans-

fer function of the PVDF sensing layer is given as:

Os(s)
Vs = 22
(s) C, (22)
'[0045] To find the dynamic relationship between the sensing output

Vs and the micro suction/pressure force A acting at the middle of the beam, first
describe a dynamic model of the flexible PVDF sensor beam based on the
partial differential equation. Here, the PDE describing the elastic deflection of
the flexible PVDF sensor is a Bernoulli-Euler equation as follows:

Fuglnt)  Bwent) L

FI S + PAW = fult)ifr - ?j)

(23)

where E, I, L and p represent the Young's modulus, inertia moment, length of
beam and linear mass density of the beam. f(t) is the external
suction/pressure force acting at the middle of the beam, which can be detected

by the PVDF sensing strip. o (.) denotes the Dirac delta function.

10
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[0046] The boundary conditions for the above equation are:
w0ty =0 (24)
duw2(0,1)

A2 — ) 25
El— 5 0 (25)
welL,t) =0 (26)
ALY _ g (27)

[0047] By using the modal analysis method, we assume that the

deformation of the beam has infinite shape modes, then the deflection ws (r, t)

can be expressed as an infinite series in the following form :

@x(rt) = 3 Bi)an(t) -

where ®;(r) are the eigenfunction satisfying the ordinary differential equation
and gs(t) are the modal displacements caused by the micro force. Then the

deflection mode shapes are assumed to be:

B () = Oy sinfogr) + Cocoslogr
- ', A

+Czsinh{a;r) + Cycoshiour)  (og)

Substituting the above equations (28) and (29) into the boundary conditions
(24)~ (27), we found a; is the infinite set of eigenvalues yielded by

CLgL = ¥m i = 1;‘ ES., v (30)

and also, the natural frequencies w; of the sensor beam correspond to the a; by

i = (in)? f El
wy = (i) \I MpAL*‘

[0048] In order to determine the dynamics of the system, we use

(31)

Lagrange's equation of motion by

11
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EE’(E&A- - Esp‘) . &(ESL _Esy) — Q
it 8"19?2 8@31“ b

(32)

Here, Escis the kinetic energy Esp represents the potential energy and Q;is the

generalized nonconservative forces related to the external micro force. They
are

L
By = % / We(r, )2 pddr (33)
i
" L
Ep=1 /' EL" (r, £2dr (34)
’ (35)

Q: = fBE)

where a prime indicates the derivative with respect to position and a dot
denotes the derivative with respect to time.

[0049] Using the Lagrange's equation of motion (32) and (31), we
have the differential equation corresponding to each shape mode of the sensor
beam to be

Elotqe(t) + pAdul(t) = f (ili@«a(%)

(36)

Then by the Laplace transformation of the above equation, the dynamic
relationship between the modal displacements gs(s) and the external micro
force is given as ‘

geil 8] = —— g
[0050] Based on equations (20) and (22), since ws(r, S) =

o d . A
2 i {I"i(”)%(sj, by Laplace transform of equation (20), Qs(s) can be
represented as

12
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Qula) = —cByds Wi, (r,s) |5

= —cBpdatW Y [&;(L) - &;(0)]ga(s)
=1

(38)

Substituting equation (38) into equation (22), then we have

Vafs) = Cs Y [,{L) — B;(0)]gss(s)
=1 (39)

Where Cs = M

P

[0051] Subsequently, by combining equations (37) and (39), we
have the dynamic sensing model, which denotes the dynamic relationship
between the output voltage Vs of PVDF sensing beam and the external micro
suction/pressure force f. at the middle of the beam in the sensing buffer as

follows:
L‘x B,(0)]8:(%)
o(8) Z{ Al 8 4 w?) }
251 (40)
[0052] To achieve the sensing volitage Vs, the PVDF sensing beam

is interfaced with a processing circuit as shown in Figure 5. In particular,
sensing beam is interfaced though an interface circuit 50 to an analog/digital
input/output board PCI-DAS4020/12 residing in a personal computer. Briefly,
the interface circuit 50 is comprised of a differential buffer 52, a differential
amplifier circuit 53, and an active notch and low-pass filters 54. The buffer
circuit 52 is constructed using the ultralow input bias current operational
amplifier AD549 with a high input impedance Ry, = 1013 and low bias current
150 fa. Notice that Rz = R4 and Ry = Ra.  The amplifier circuit 53 is used to
buffer the open circuit voltage V; of the sensing beam, and can convert the

13
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high impedence signal generated by the PVDF sensing beam o a low
impedence voltage suitable for convenient coupling to the acquisition board.
The circuit output Vs is an amplified and filtered approximation of the voltage
Vs and can be sampled by the acquisition board to the PC. To further remove
the 60Hz noise from the data acquisition system, a zero phase notch filter is
added in the data collection system. It is envisioned that other type of interface
circuits may be employed.

[0053] Finally, by considering the whole sensing system, the global
transfer function is

' ' L
Ve _ oD 201G
fe(s) = PA(s® + @?)
(41)
where C =£§-LMCE__, Based on this dynamic equation, we can obtain the
* R, 1+sR,C
1 S, Cp

micro drag force f, by measuring the output voltage Vs, of the sensing beam
when the initial values of f.(f,)and Vs(t,)are known.

[0054] In addition, the drag force achieved from equation (41) is
the suction/pressure force in the sensing buffer. In order to get the
suction/pressure force or flow rate at the end of the microtube, assume the air
pressure P caused by the pump is the same in the tube end and in the sensing
buffer. Then by the equation

P P
fs—;i—g: fc‘—ﬂc (42)

Rearranging equation (42) and solving for the suction/pressure force fs at the
free tube end (end-effector), we have

14
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A
f s = f o
As (43)

where As is the cross section area of the inner tube end and A is the cross
section area of the sensing buffer. Equation (43) can be used for detecting the
suction/pressure force at the tube end (end-effector). Given the force at the
end of the tube, a closed-loop control system can be implemented for
controlling the fluid force generated by the micropump and thus the force at the
end of the microtube.

[0055] Measuring fluid flow is one of the most important aspects of
process control. In this invention, accurate flow measurement is critical to
determine the pneumatic conirol of the end-effector. Two of the important flow
measurements is the flow speed and flow rate. Usually, flow is generally
measured inferentially by measuring velocity through a known area. With this
indirect method the flow measured is the volume flow rate, Q,, stated in its
simplest terms:

Q = A (44)
Where A is the cross sectional area of the pipe/buffer. V is the flow speed. For
our invention, we assume the density of flow in the system is constant, then from
Equation of Continuity:

Qy = A1V =AoVz (45)
[t demonstrates for steady, uniform flow, a decrease in pipe/buffer diameter
results in an increase on flow rate.

Since the sensing buffer is closely connected with two same-size tiny
tubes, the PVDF beam in the middle of the buffer will serve as an in-buffer target
flow meter when the equivalent drag force f; is achieved. The obtained drag
force by the PVDF sensing beam is reasonably assumed to be proportional to
the volume or mass flow through the buffer, then we have the following
relationship between the force f; and flow speed vy, in the sensing buffer

Vb2
fs =("2_J p:CdAb (46)

15
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where py is fluid density, Cq4 represents the friction coefficient of the impacting
beam area
A, = LxW. The above equation indicates the sensing beam can measure the
flow rate in the sensing buffer either. By the continuity law, we have

Qy = Acvp = AsV; (47)
Subsequently, the relationship between the measured drag force f, and the flow
speed v;in the tube can be obtained as

f =(A‘j2 [V—J psCils (48)

A 2

The above equations and relationships are essentially necessary for achieving
accurate flow speed and flow rate in the applications of precise micro-
dispensing, drug delivery, droplet control, diluter etc. by a micro/nano
manipulation system.

[0056]  Figure 6 illustrates another exemplary sensing beam which is
only affixed on one end to the inner surface of the sensing buffer. A dynamic
sensing model for this sensing beam may be derived in a similar manner as
described above. Moreover, it is contemplated that the sensing structure may be
comprised of multiple sensing beams or sensing arrays. A few exemplary
configurations are further shown in Figures 7A-7F. Likewise, a dynamic sensing
model may be derived for each of these sensing structures in the manner
described above. Other configurations are also within the broader aspects of
this disclosure. v

[0057] Figure 8 depicts an experimental implementation setup for a
micro/nano manipulation system. The manipulation system is generally
comprises of a pneumatic end-effector constructed in the manner described
above and coupled to a movable member (e.g., a robot). The processing circuit
for the force sensor is in data communication with a microcontroller which is in
turn able to control the fluid force generated by the micropump based on the fluid
force measured by the force sensor. The microcontroller is able to determine the
fluid force and/or flow rate at the end of the microtube in accordance with the
dynamic sensing models described above and adjust the fluid force generated
by the micropump accordingly.
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[0058] In this exemplary implementation, the system is used to
precisely drop carbon nanotube(s) between two electrodes on an infrared sensor
chip. In order to achieve the bidirectional (sucking/droplet) flow, the micro
pump is interfaced with a current driver. The current driver is a SN754410
quadruple high current half-H driver. It is designed to provide bidirectional drive
currents up to 1A at voltages up to 36V. The current driver is designed for
operation from -40 °C to 85 °C. By using this current driver, we do not have to
reverse the polarity of the micro pump during experiment for either sucking or
releasing/droplet.

[0059] To validate Poiseuille's law, a simulation was done using
the parameters of the DC micro-diaphragm pump. The maximum volume flow
rate of the micropump is between 4.1667um?%s and 7.5um%s. Based on this
information and using Poiseuille's law, equation (16), we can get the
relationship between volume flow rate and differential pressure as illustrated in
Figures 9A and 9B. As shown, there is a linear relationship between volume
flow rate and differential pressure. Figures 10A and 10B show a 3D plot
showing the relationship between volume flow rate, radius of tube and pressure
difference. This simulation was done using the parameters of two liquids,
water and acetone. The viscosity of water is 890 x 10"°Ns/m? and acetone is
300 x 10°°Ns/m?. In the simulation, the pressure differential length, /, in
equation (18) is 1 x 10°m.

[0060] In order to achieve accurate experimental results, surface
tension calibration was done on both liquids. Figure 11 shows the results of
surface tension calibration. Figure 11A illustrates the surface tension for water
at 28 °C; whereas, Figure 11B illustrates acetone at 29 °C. The experimental
tests were conducted on a micro robotic system at stable room temperature
and controlled by a PC-based control system. For this experiment, the sensing
structure of the end-effector is as described above in relation to Figures 3 and

4. The sensor beam has the following dimensions and parameters: L =

0.0212m, W= 0.004m, h =28um (PVDF film), Cp = 0.90 x 10°F, E = 2 x

10°N/m?, p = 1.911 x 10°Kg/m?. Lastly, to reduce the vibrations from the
environment, an active vibration isolated table is used during the experiment.
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The resolution of the sensor is in the range of sub-uN. The output dynamic
range of the sensor is 84.3 dB.

[0061] Figure 12 shows the experimental frequency response of
the PVDF micro-drag force sensor to the force signal. The force signal is
generated by micropump. The experiment was conducted three times and the
results verify that the micro-drag force PVDF sensing is repeatable. The
results indicate that the micro-drag force PVDF sensor has fast response to
the suction/pressure force caused by the pump voltage and demonstrates the
proportional relationship between the force signal frequency and the applied
voltage to pump.

[0062] The experimental trial to drop carbon nanotube(s) between
two electrodes is shown in the table below.

Trials |1 2 3 4 5 6 7 8 9 1011 1213 14

Regionfx 1 1 2 3 2 1 3 3 x 2 1 x 2

The experiment was conducted 14 times. The x in the table signifies no CNT
was dropped between the electrodes for that particular trial. Figure 13 shows
the regions in the electrode where CNT was dropped using the new pneumatic
end effector on the infrared sensor chip. Regions 1, 2, and 3 have diameters
2.31um, 3.58um, and 4.77um, respectively. Using the new pneumatic end
effector, carbon nanotube(s) were successfully dropped between the

electrodes 11 times. The experimental time is also very short.

[0063] Figure 14 depicts the procedure used for the handling of
nano devices such as carbon nanotube(s). It is important to know that the
handling procedure is automatic, and the software used is written in visual C++.
The tip has an internal diameter (ID) of 20um. In Figurei4, (a) is the initial
position of the tip, (b) is when the tip automatically moves to the handling
position on the infrared sensor chip as shown in Figure 8, (c) is when the CNT
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mixed with acetone is in process of being dropped between the electrode , (d)
shows the CNT on the tip of the micro tip, (e) shows when the CNT is dropped

on the electrode gap, and (f) is when the micro tip automatically comes back to
the starting position.

[0064] Figure 15 shows the experimental result verifying the
performance of the new pneumatic end effector system for microfluidic
handling and handling of nano devices. The pneumatic end effector is used to
precisely drop carbon nanotube(s) between two electrode layers on an infrared
sensor chip. In Figures 15A, 15C, and 15D, the gap between the electrode is
2.43um, and the gap between the electrode in Figure 15B is 1.88um. The
success rate of this experiment was estimated to be 79%.

[0065] This disclosure presents the development of a pneumatic end
effector technology with in-situ PVDF beam force sensing for micro robotic
manipulators. This end effector is used for micro/nano manipulation and
microassembly, and has potential application for MEMS/NEMS assembly,
biomanipulation, blowing or delivering microfluid drops and drug delivery. The
dynamic microsuction force sensing model is developed based on a beam fixed
at both ends. However, similar models can be developed for other beam
configurations. Experimental test results verify the feasibility of the developed
pneumatic end effector. Ultimately, the technology will provide a critical and
major step towards the development of automated delivering of micro fluid drops
and enhance micro/nano manipulation and the assembling of micro/nano
devices. 4
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CLAIMS
What is claimed is:

1. An end-effector for use on a micro/nano manipulation device,

comprising:

a micropump fluidly coupled to a microtube and operable to pump
a fluid through the microtube;

a sensing structure made of a piezoelectric material and disposed
in the microtube; and

a processing circuit electrically coupled to the sensing structure
and operable to determine the force or flow rate of the fluid flowing through the
microtube.

2. The end-effector of Claim 1 wherein the microtube includes a
sensing cavity having a cross-sectional area substantially larger than a cross-
sectional area of a remainder of the microtube such that the sensing structure is
disposed within tHe sensing cavity.

3. The end-effector of Claim 2 wherein the sensing structure is a thin
beam affixed to an inner surface of the sensing cavity and extending into the
sensing cavity.

4. The end-effector of Claim 1 wherein the sensing structure is made
of a polyvinylidene fluoride material.

5. The end-effector of Claim 1 wherein the sensing structure is a
composite beam comprised of polyvinylidene fluoride material and polyester

material or other plastic materials with the property of high elasticity.

6. The end-effector of Claim 3 wherein the sensing structure is affixed

only on one side to the sensing cavity such that a voltage, Vs(s), output by the
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sensing structure correlates to a force, f.(s), exerted on the sensing structure as
follows:

GZ{@(L ),

d-—-l LLJ )

where ®;(r) are the eigenfunction satisfying the ordinary differential equation, a
prime of ®;(r) indicates a derivative with respect to position, L is the length of
the beam, p is a linear density of the beam, A is the cross sectional area of the
beam and w; are natural frequencies of the beam.

7. The end-effector of Claim 1 wherein the processing circuit is further
operable to determine a flow rate of the fluid in the microtube.

8. The end-effector of Claim 1 wherein the processing circuit is further
operable to determine a flow rate of the fluid at an end of the microtube distal
from the micropump.

9. The end-effector of Claim 1 wherein the microtube having an inner
diameter of approximately 254 um.

10. A method for performing a micro/nano manipulation using a
pneumatic end effector, comprising:
generating a micro force using a micropump disposed on an end-
effector;
measuring the micro force using a sensing structure made of a
piezoelectric material disposed in a flow path of the micropump; and
controlling the micro force generated by the micropump based in
part on the measured micro force.

11, The method of Claim 10 wherein measuring the microforce further
comprises correlating a voltage associated with the piezoelectric material to a
force acting upon the sensing structure.
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12 The method of Claim 10 further comprises fluidly coupling a
microtube to the micropump and disposing the sensing structure within the
microtube.

13.  The method of Claim 10 wherein the sensing structure is made of a
polyvinylidene fluoride material.

14.  The method of Claim 10 further comprises moving a micro/nano
object with the end-effect by generating a suction force with the micropump.

15.  The method of Claim 11 further comprises releasing the
micro/nano object from the end-effector by generating a blow force with the
micropump.

16. A micro/nano manipulation system, comprising:

a pneumatic end effector coupled to a movable member, the end-
effector including

a micropump fluidly coupled to a microtube and operable to
generate a fluid force at an open end of the microtube;

a sensing structure disposed in the microtube and operable to
measure a fluid force acting thereupon; and

a sensing circuit electrically coupled to the sensing structure and
operable to output the measured fluid force; and

a controller in data communication with the sensing circuit and the
micropump, the controller operable to control the fluid force generated by the
micropump based on the measured fluid force.

17. The micro/nano manipulation system of Claim 16 wherein the
microtube includes a sensing cavity having a cross-sectional area substantially
larger than a cross-sectional area of a remainder of the microtube such that the
sensing structure is disposed within the sensing ciavity.
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18. The micro/nano manipulation system of Claim 17 wherein the
sensing structure is a thin beam affixed to an inner surface of the sensing cavity
and extending into the sensing cavity.

19. The micro/nano manipulation system of Claim 16 wherein the
sensing structure is made of a polyvinylidene fluoride material.

20. The micro/nano manipulation system of Claim 16 wherein the
sensing structure is affixed only on one side to the sensing cavity such that a
voltage, Vs(s), output by the sensing structure correlates to a force, fo(s), exerted
on the sensing structure as follows

Vils) _ 7{ B, (L) - &(0)]&:(%) }
fele) pae pA(a? +wd)

Where ®;(r) are the eigenfunction satisfying the ordinary differential equation, a
prime of ®;(r) indicates a derivative with respect to position, L is the length of
the beam, p is a linear density of the beam, A is the cross sectional area of the
beam and o; are natural frequencies of the beam.

21. The micro/nano manipulation system of Claim 16 is a closed
loop control enabled system.
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