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Abstract

When parts to be handled are less than one mul-
limeter in size, adhesive forces between gripper and ob-
ject can be significant compared to gravitational forces.
These adhesive forces arise primarily from surface ten-
sion, Van der Waals, and electrostatic attractions and
can be a fundamental limitation to part handling in
a gas environment. While it is possible to fabricate
miniature versions of conventional robot grippers, for
example from polysilicon, it appears that it will be
difficult to overcome adhesion effects for the small-
est parts. Thus, manipulation of parts on the order
of 10 micron or smaller may best be done in a fluid
medium using techniques such as laser trapping, or di-
electrophoresis.

1 Adhesion Forces

A typical robotic manipulation scenario is the se-
quence of operations pick, transport, and place. For
parts with masses of several grams, the gravitational
force will usually dominate adhesive forces, and parts
will drop when the gripper opens. For parts with size
less than a millimeter (masses less than 107°Kg ), the
gravitational and inertial forces may become insignifi-
cant compared to adhesive forces, which are generally
proportional to surface area. When parts become very
small, adhesive forces can prevent release of the part
from the gripper. For example, a laser diode for an op-
tical disk may be only 300pum in size [Hara et al 1993].
Figure 1 illustrates some of the effects which can be
seen when attempting to manipulate micro parts. As
the gripper approaches the part, electrostatic attrac-
tion may cause the part to jump off the surface into
the gripper, with an orientation dependent on initial
charge distributions. When the part is placed to a
desired location, it may adhere better to the gripper
than the substrate, preventing accurate placement.
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Adhesion forces could be due to electrostatic, van
der Waals or surface tension. Electrostatic forces
arise from charge generation (triboelectrification) or
charge transfer during contact. Van der Waals forces
are due to instantaneous polarization of atoms and
molecules due to quantum mechanical effects [Is-
raelachvili, 1974]. Surface tension effects arise from
interactions of layers of adsorbed moisture on the two
surfaces. The goal of this paper is to survey causes of
adhesion, provide estimates on the magnitude of their
effect, and to survey methods for reducing the effect
of adhesive forces.

For a simple numerical example to get an idea of the
scale of the adhesion forces, consider the force between
a spherical object and a plane (such as one finger of the
gripper in Figure 2). The approximate force between
a charged sphere and a conducting plane is given by:
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where ¢ is charge, € is the permittivity of the dielectric,
and r is object radius. The assumed charge density
is approximately 1.6 x 1076Cm™2. It is interesting
to note that the contact of good insulators such as
smooth silica and mica can result in charge density up
to 1072C'm~? with pressures on the order of 10°Pa at
1pm distance [Horn and Smith 1992].

The van der Waals force for a sphere and plane is
given approximately by [Bowling, 1988] as:

hr

8m22’

dew = (2)
where h is the Lifshitz-van der Waals constant, and z is
the atomic separation between the surfaces. Of course,
this formula is assuming atomically smooth surfaces;
severe corrections need to be made for rough surfaces
as the van der Waals forces fall off very rapidly with
distance. For a rough estimate, we will assume a true
area of contact of 1% of apparent area, or estimated
force 1% of maximum predicted with smooth surfaces.
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Figure 1: Pick-move-place operation with micro-parts.
Due to sticking effects, parts may be attracted to the
gripper during the approach and release phase, caus-
ing inaccurate placement.

In a high humidity environment, or with hy-
drophilic surfaces, there may be a liquid film between
the spherical object and planar surface contributing a
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Figure 2: Micro-gripper holding spherical object.
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Figure 3: Gravitational, electric, van der Waals, and
surface tension forces. Attractive force between sphere
and plane.

large capillary force [Alley et al 1992]:

Y(costhy + cosfz)A
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where 7 is the surface tension (73mNm~? for water),
A is the shared area, d is the gap between surfaces,
and f,0, are the contact angles between the liquid
and the surfaces. Assuming hydrophilic surfaces and
a separation distance much smaller than the object
radius [Bowling, 1988; Torii et al 1994]:

Fiens = 4mry, 4)
where r is the object radius.

For a spherical part of silicon the gravitational force
is:

4
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where ps; = 2300Kgm~3 is the density of silicon.

Figure 3 shows the comparison of forces. For accu-
rate placement, adhesion forces should be an order
of magnitude less than gravitational forces. Capillary
forces dominate and must be prevented to allow accu-
rate placement. Van der waals forces can start to be
significant (with smooth surfaces) at about 100 pm
radius, and generated electric charges from contacts
could prevent dry manipulation of parts less than 10
pm in size.

While Figure 3 shows electrostatic to be the least
significant force except for gravity, it can be argued



that it is actually the most significant force for grasp-
ing and manipulation of 10um to lmm parts. First,
the van der Waals force is only significant for gaps less
than about 100nm [Scheeper et al 1992, Israelachvili,
1974]. Unless objects are very smooth, the effective
distance between the object and the gripper will be
large except at a few points of contact. Second, ac-
tual contact with a fluid layer needs to be made for
surface tension to be significant, and a dry or vacuum
environment could be used to eliminate surface tension
effects. Finally, the electrostatic forces can be active
over ranges of the order of the object radius. Sur-
face roughness is much less important for electrostatic
forces than for van der Waals.

1.1 Literature on Adhesion

The adhesion of particles to substrates has received
substantial study for problems such as particulate con-
tamination in semiconductor manufacturing [Bowling
1988; Hecht, 1990; Krupp, 1967; Zimon, 1969]. The
recent developments in micro-electro mechanical sys-
tems (MEMS) and disk drives have stimulated the
study of friction effects at the micro-scale. The normal
coulomb friction effects seen at the macro-scale are
quite different at the micro-scale, with large adhesive
components. Several studies have examined surfaces
using the atomic force micro scope [Torii et al 1994;
Kaneko 1991]. A common problem in MEMS devices
is that free standing micro-structures tend to stick to
the substrate after being released during processing.
The dominant mechanisms for sticking in these devices
(which are typically constructed as a cantilever plate
suspended 1 or 2 pm above the substrate) appears to
be surface tension pulling the plate down, followed by
van der Waals bonding. Recent papers have studied
this problem [Ando et al 1991] and proposed solution
methods of making the surfaces rough and hydropho-
bic [Legtenberg et al 1994; Alley et al 1991; Alley et
al 1992; Scheeper et al 1992].

2 Adhesion due to Electrostatic Forces

Ensuring that parts and grippers are electrically
neutral is difficult [Harper 1967]. Significant amounts
of charge may be generated by friction forces and dif-
ferences in contact potentials. While grounded con-
ductors will drain off charge, insulators can maintain
very high surface charge distributions. The local field
intensity near a surface charge distribution can be es-
timated using Gauss’s Law and Figure 4. Neglecting
any interior field, the boundary conditions give
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Figure 4: Field approximation near surface charge dis-
tribution.

where £ is the electric field, z is the surface normal,
and oy is the surface charge density Cm~2. The near
field approximation for a surface charge is then:
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The force per unit area for parallel plates is
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= =€ =
2 2¢,

where P is the pressure in Pascals.

At atmospheric pressure and centimeter size gaps,
the breakdown strength of air (about 3 x 10°Vm~1!
[Lowell and Rose-Innes 1980]) limits the maximum
charge density to about 3 x 107°C'm™~2, or peak pres-
sures of about 50 Pa. Let [ be the length of a side of
a cube of silicon. Then the smallest cube which will
not stick due to electrostatic force is:

0.2
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or about 2mm minimum size. Of course, a uniform
charge distribution over such a large area is unlikely,
although there could be local concentrations of charge
of such magnitude. However, at very small gaps of
the order of 1um (less than the mean free path of an
electron in air), fields two orders of magnitude higher
have been observed [Horn and Smith 1992].

2.1 Contact Electrification

When two materials with different contact poten-
tials are brought in contact, charge flows between
them to equalize this potential. For metal-metal con-
tact [Lowell and Rose-Innes, 1980; Krupp, 1967], a
rough approximation to the surface charge density is:

o, = €U (10)
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where U is the contact potential difference, which is
typically less than 0.5 V| and z, is the gap for tunnel-
ing, about 1 nm. Consider two metal spheres (insu-
lated from their surroundings) brought into contact,
then slowly separated. With a contact potential of 0.5



Materials charge density | electrostatic pressure condition ref.
in contact mCm™? Nm™?
Si05 — Al 2.0 2 x 10° 1mPa Ny [Lowell 1990]
80 nm S0,

soda glass - Al 0.13 10°
Si05-mica 5-20 1.4 x 108 Ny at STP | [Horn&Smith, 92]

to “atomically

20 x 108 smooth”

epoxy-Cu 0.04 100 10* Pa air | [Kwetkus et al 91]
glass-Au 4.2 10° air [Harper 67]
nylon-steel .0036 1 40-60% RH
polystyrene .0002 2x10°°

Table 1: Charge from contact electrification. Pressure is the effective pressure due to the generated charge.

V, the initial charge density according to eq.( 10) will
be about 4mCm~2, with field strength 5 x 103Vm~!.
For small gaps (order 1 nm), electron tunneling and
field emission [Lowell and Rose-Innes, 1980] will trans-
fer charge, and then for larger gaps (order lum) air
breakdown can occur. In laboratory experiments, con-
tact electrification has been shown to generate signif-
icant charge density, which could cause adhesion (see

Table 1).
2.2 Charge storage in dielectrics

In principle, using conductive grippers can reduce
static charging effects. However, the objects to be
handled, such as silicon parts, can be covered with
good insulator layers, such as native oxides. Up to 1
nm of native oxide is possible after several days in air
at room temperature Morita et al [1990]. This native
oxide is a very good insulator, and can withstand a
maximum field strength of up to 3 x 10°Vm=1 [Sze
1981]. This implies that significant amounts of charge
can be stored in the oxide. With the permittivity of
silicon € = 3.9¢,, peak pressures according to eq.( 8)
are on the order of 103 Pa. With a contact area of only
10(nm)?, this would be a force of 10 nN, enough to
support a 30 um cube against gravity.

Consider an initially charged object grasped as
shown in Figure 2, by a grounded gripper. In regions
where the two dielectrics are not in contact, charge
will be induced on the opposite surface. As suggested
in Figure 5, local regions of charge can remain in the
dielectric layer in spite of “intimate” contact between
two nominal conductors. The surface roughness can
prevent charge neutralization through intimate con-
tact of oppositely charged regions. The residual charge
can cause adhesion.

conductor

++ +

= - - dielectric
conductor

Figure 5: Physical model of contact with charge in
oxide layer.

It can be very difficult to remove stored charge in
a dielectric layer. Consider a simplistic model for the
electrical contact, with one capacitor representing the
air gap and a second capacitor in series representing
the dielectric layer as shown in Figure 6. It is apparent
that shorting the terminals will not instantaneously
remove charge from both capacitors, hence there will
be a residual attraction force between the gripper and
the object. The stored charge (and hence electric field)
decays as a first order exponential, with time constant:

(11)

where p is the resistivity of the dielectric. For Si0,
with resistivity p = 10*2Qm, dielectric thickness
10 nm, and air gap 20 nm, the time constant 7 is
about 40 seconds, significantly reducing cycle time.
Charge storage in dielectric layers may result in unde-
sired adhesions in electrostatic grippers [Nakasuji and
Shimuzu, 1992] and in electrostatic micro-actuators
where contact is made with an insulating layer [An-
derson and Colgate, 1991].

d
= ety

3 Conclusions

As we have seen, electrostatic, van der Waals, and
surface tension forces can be significant compared to
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Figure 6: Equivalent circuit model of contact. p is the
resisitivity of the dielectric.

the weight of small parts. Conventional assembly
methods such as pick-move-place do not scale well for
sub-millimeter parts. One possible attractive alterna-
tive 1s assembly while immersed in a fluid, which elimi-
nates electrostatic and surface tension effects [Yeh and
Smith 1994].

There are several design strategies which can be
used to reduce adhesive effects in micro-grippers. Fig-
ure 7 compares finger tip shapes. Clearly, the spherical
fingertip has reduced surface contact area and better
adhesive properties, unlike the micro-gripper shown in
Figure 8 which can be fabricated using planar surface
micro-machining.

Proper choice of gripper materials and geometry
can be used to reduce adhesion:

1. Minimize contact electrification by using materi-
als with a small contact potential difference for
the gripper and object.

2. Use conductive materials which don’t easily form
highly insulating native oxides

3. Gripper surfaces should be rough to minimize
contact area.

4. The high contact pressure from van der Waals and
electrostatic forces can cause local deformation at
the contact site [Bowling 1988]. This deformation
can increase the contact area and increase the net
adhesive force. Hard materials are preferable to
rubber or plastic.

5. A dry atmosphere can help to reduce surface ten-
sion effects. Surface tension can be used to help
parts adhere better to the target location than
the gripper.

As discrete parts are designed continually smaller to
make equipment smaller, more economical and higher
performance, there will be a greater need for under-
standing how to manipulate and assemble micro-parts.
Because of adhesive forces, grasping and particularly
ungrasping of these parts can be complicated. Good
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Figure 7: Comparison of finger types for grasping. A
spherical fingertip will minimize electrostatic and sur-
face tension forces, and can be roughened to minimize
van der Waals forces.
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Figure 8: Micro-gripper mechanism using polysilicon
hinge technology [Pister et al 1992]. The gripper is
about 200pm high and is externally actuated by ten-
don drive.



models of surfaces and the physics of contact will be
needed to implement reliable manipulation and assem-
bly systems.
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