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Microrobots for 
Micrometer-Size Objects in 

Aqueous Media: Potential Tools 
for Single-Cell Manipulation 

Edwin W. H. Jager,* Olle Inganas, lngemar Lundstrom 

Conducting polymers are excellent materials for actuators that are operated in 
aqueous media. Microactuators based on polypyrrole-gold bilayers enable large 
movement of structures attached to  these actuators and are of particular 
interest for the manipulation of biological objects, such as single cells. A 
fabrication method for creating individually addressable and controllable poly- 
pyrrole-gold microactuators was developed. With these individually controlled 
microactuators, a micrometer-size manipulator, or microrobotic arm, was fab- 
ricated. This microrobotic arm can pick up, lift,move, and place micrometer-size 
objects within an area of about 250 micrometers by 100 micrometers, making 
the microrobot an excellent tool for single-cell manipulation. 

The development of tools for the manipulation 
of single cells is of major importance for the 
rapidly growing area of genomics and proteom- 
ics, particularly in massively parallel single-cell 
manipulation and characterization. Actuators 
for the positioning and moving of objects such 
as cells must be compatible with the living 
conditions for cells. Optical tweezers fulfill 
some of these criteria, but they are not suited to 
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massively parallel characterization; field cages 
(I) offer both possibilities. Here, we demon- 
strate an alternative in the form of a microro- 
botic arm operating in an aqueous environment, 
with dimensions suitable and scalable for the 
manipulation of cells. Our microfabricated de- 
vices are built on conjugated polymers used as 
the active element of a bending bilayer, which 
generates large-amplitude motion. Patterning of 
active and passive elements defines the geom- 
etry of a microrobot, whose individual bending 
beams are addressed separately and are there- 
fore capable of more complex motions. We 
demonstrate the gripping and positioning of 
100-pm objects with this microrobotic arm. 
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The term "microrobot" is often used for 
centimeter-size miniature robots built by con- 
ventional methods. combined with micro-
electronics for control. In our view, microro- 
bots are millimeter and submillimeter devices 
with individual parts of micrometer size built 
by micromachining technology. Parts for 
such microrobots include hollow triangular 
robot links made of polycrystalline silicon 
(polysilicon) (2), in which systems of rods 
and levers are used to rotate the links out of 
plane of a substrate; wings for artificial flying 
insects based on polysilicon plates attached to 
polyimide hinges (3); and polysilicon micro- 
grippers (4). An example of a complete mi- 
crorobot is the walking silicon microrobot 
(5). The actuation here is based on the ther- 
mal expansion of polyimide deposited in V-
shaped grooves etched in silicon with inte- 
grated heaters. However, none of these oper- 
ate in water, and they would not be suitable as 
microactuators for the manipulation of cells. 

Conducting polymers like polypyrrole 
(PPy) and polyaniline are excellent materials 
for actuators. Both macro- (6-10) and micro- 
actuators (11-14) based on these materials have 
been presented in the literature. These actuators 
are based on the reversible volume change of 
the conducting polymers upon oxidation and 
reduction. For the microactuators, we normally 
use PPy@BS) (polypyrrole doped with dode- 
cyl benzene sulfonate ions) in a bilayer config- 
uration with Au acting as both a structural layer 
and an electrode. When we apply a negative 
potential on the Au (- 1 V versus AgIAgCl), 
we reduce the PPy to its neutral state [PPyO 
(Na+DBSP)]. To maintain charge neutrality, 

www.sciencernag.org SCIENCE VOL 288 30 JUNE 2000 	 2335 

mailto:edjag@ifm.liu.se


cations diffuse into the PPy from an ion source 
or sink (in our case, a NaDBS electrolyte solu- 
tion), and the material swells. When we apply a 
positive potential ( 2 0  V), we oxidize the PPy 
[PPy+@BS-)I. The cations now move out of 
the PPy back into the electrolyte, and the ma- 
terial shrinks. If we combine PPy in a bilayer 
configuration with Au (which does not change 
volume because of the applied potentials), the 
swelling and shrinking of the polymer results in 
a bending motion. 

We have previously presented microactua- 
tors, also named "micromuscles," based on the 
PPy(DBS)/Au bilayer system. The microactua- 
tors were used to lift plates and to open and 
close boxes (12). The latter devices had three 
consecutive P P y h  hinges in a row, which 
were operated simultaneously. However, a ro- 
botic arm needs individually addressable joints, 
which required some modifications of the pre- 
vious design. F i t ,  we needed an insulating 
substrate. We chose to use a thermally oxidized 
Si wafer. The individual controllability also re- 
quires separate Au electrodes for each joint. The 
electrodes are mechanically connected through 
rigid parts made of benzocyclobutene PCB) 

Fig. 1. A schematic 
drawing of the process 
steps for fabricating 
the microrobotic arms 
(in this case, an arm 
with three fingers). (A) 
Deposition and pat- 
terning of the sacrifi- 
cial Ti layer. (8) Depo- 
sition of the structural 
Au layer and etching 
of the isolating slits. 
(C) Patterning of the 
BCB rigid elements. 
(D) Electrodeposition 
of PPy. (E) Etching of 
the final robot and 
electrode structure, re- 
moval of the sacrifi- 
cial layer. Each micro- 
actuator is 100 pm by 
50 pm. The total 
length of the robot is 
670 pm, and the 
width at the base is 
either 170 or 240 pm 
(depending on the 
wire width, which was 
either 10 or 20 pm, 
respectively). 
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(Cyclotene 4024-40, Dow Chemical, Midland, 
Michigan). This causes BCB to be in contact 
with the substrate, and therefore, we cannot use 
the differential adhesion method (15). This 
method is based on the poor adhesion of Au on 
Si, but as BCB, which adheres well on Si, comes 
into contact with Si, the structures will stick to 
the substrate and release will be impossible. 
Therefore, we used a sacrificial layer. 
Our robot arms consist of an elbow, a wrist, 

and a hand with fingers. The joints are mechan- 
ically connected by stiff elements of BCB. The 
wrist and elbow joints consist of two PPylAu 
microactuators, each placed symmetrically 
around the upgoing electrical wires. We made 
two designs: one in which these two actuators 
are elec&cally connected to the same contact 
pad and one in which they have separate con- 
tact pads and thus can be separately addressed. 
We fabricated robots with varying numbers 
(two to four) and layout of the fingers, 10- or 
20-pm wires, and fingers with and without 
rigid elements at the end. 

A thermally evaporated, 500 to 700 A Ti 
layer on an oxidized Si wafer was used as a 
sacrificial layer. We patterned this layer by 

Crogs section at a-a 
I SQHT~ BCB. PP, 

using standard photolithographic techniques 
(Fig. 1A). Onto this layer, a 30 A Cr adhesion 
layer and a structural layer of 1300 to 2100 
Au were thermally evaporated. Next, slits were 
etched into the Cr/Au (Fig. 1B). These slits 
separated the electrodeslactuators. We only 
etched the slits and not the complete electrodel 
actuator layout because we wanted to keep the 
Au layer intact as long as possible. With the Au 
layer still intact at the PPy deposition step, we 
were able to grow PPy on all actuators simul- 
taneously. Hereafter, we deposited the 2.1-~m 
BCB layer by photopolymerization. The BCB 
forms the rigid parts and connects the individ- 
ual actuators (Fig. 1C). A 0.9- to 1.5-pm layer 
of PPy was electropolymerized from a 0.1 M 
NaDBS and 0.1 M pyrrole monomer solution at 
a voltage of 0.55 V versus Ag/AgCl. Before the 
deposition, the Au was masked with photoresist 
to pattern the PPy. The PPy grew on the parts of 
the Au that were not covered with photoresist. 
The result after the photoresist was removed is 
shown in Fig. ID. 

Next, the robots were released. A photore- 
sist pattern with the layout of the robots, 
electrical wiring, and contact pads was de- 
posited. We gave the resist a hard bake for 20 
min at llO°C. The resist pattern was 5 pm 
longer and wider than the PPy structures to 
protect the PPy from the Au, Cr, and Ti 
etchants. We etched the Au and Cr and under- 
etched the sacrificial Ti layer. Finally, we 
removed the photoresist with ethanol, and the 
robots were released, ready to be activated. 

In the present layout, 140 microrobots were 
fabricated simultaneously on a quarter of a 10- 
cm Si wafer. After fabrication. we diced the 
wafer. A dice with a few robots was submerged 
in 0.1 M NaDBS electrolyte. We used an Au 
wire as a counter electrode and an Ag/AgCI 
electrode as a reference. All potentials men- 
tioned are versus Ag/AgCl. We contacted the 
actuators using Au-coated probe tips (Karl 
Suss, Munich, Germany). To electrochemically 
control the microactuators, we used a custom- 
modified potentiostat, AutoLab PGSTATlO 
(EcoChemie, Utrecht, Netherlands), with five 
extra working electrodes, giving us a total of 
six individually controlled working elec- 
trodes versus one counter electrode and one 
reference. The movement of the microrobot 
was recorded with a long working distance 
microscope and a video camera connected to 
a recorder. Pictures were taken using a frame 
grabber. 

We started to activate the robots by running 
cyclic voltammetry (a triangular wave poten- 
tial) on all joints simultaneously. We ran 5 to 10 
cycles from 0 to - 1.0 V at 100 mV/s to activate 
the PPy/Au bilayers to their maximum range. 
Hereafter, we individually controlled the actua- 
tors. By applying a voltage V between 0.2 and 
- 1.0 V, we could control the bending of each 
joint at any angle. For instance, to grab a glass 
bead (as shown in Fig. 2B),.we applied 0.2 V at 
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the elbow joint and -0.7 V at the wrist joint our microrobots are most interesting for op- invasive surgery. A small robot put on a 
and fingers. We also applied a constant poten- erations in biological fluids. In medicine, the catheter would increase the range of the sur- 
tial at some microactuators and a variable po- robot could be used as a tool for minimal geon. Other applications of these microrobots 
tential (&g cyclic voltamrnehy) at the oth- 
ers. For instance, we lifted the arm perpendic- 
ular to the surface (V,,,,,, = -0.4 V, -90° 
bent; V-,, = -0.7 V, -0° straight) and then 
opened and closed the fingers cyclically (16). 

A sequence of pictures (Fig. 2) shows the 
lifting and displacement of a 100-ym glass 
bead (16). First, we moved the arm with 
opened fingers on top of the glass bead. Then, 
we closed the fingers to grab the glass bead, 
lifted it from the surface, moved the arm 
completely perpendicular to the surface (shown 
in gray), and then positioned the hand at the 
base of the robot arm. Here, we opened the 
fingers to release the bead and retracted the 
arm completely. The bead had been moved 
over a distance of 200 to 250 ym. 

The robot arm with five contact pads also 
gave us individual control over the left and 
right actuator in the wrist and elbow joints. 
When we set a different potential to the left 
and right actuator, bending one and stretching 
the other, we achieved a minor sideways 
bending or rotation of -20° of the arm, 
which further increased the operation range 
of the arm (16). 

To further demonstrate the capabilities of 
the robot arm, we constructed tracks of poly- 
urethane using MIMIC (micromolding in 
capillaries) (1 7) to simulate a conveyor belt 
system. We made a poly(dimethylsi1oxane) 
(PDMS) (Sylgard, 184, Dow Coming, Mid- 
land, Michigan) mold from a master template 
made of the thick film photoresist SU-8. We 
then aligned the PDMS mold between the 
robot and the contact pads, with the tracks 
perpendicular to the electrical wiring. Next, 
we poured polyurethane prepolymer at one 
side of the mold and let the channels (10 to 1 1 
mm long) fill by capillary action. We cured 
the polyurethane with ultraviolet light, peeled 
off the mold, and gave the polyurethane a 
short second cure. The result was a track 
system formed by 20-ym-high by 20-ym- 
wide polyurethane ribbons, 60 ym apart. We 
have also used thin freestanding PDMS 
films to fabricate the tracks. Although it is 
faster to make the tracks out of thin PDMS 
films, the alignment is more troublesome. 

We placed a 100-ym glass bead at track 
number 4. Using the robot arm, we then 
moved it sequentially all over the tracks, from 
track 4 to 2, to 1, and to 3 and from the tracks 
to the base of the robot (Fig. 3) (16). In 
between, the bead was lifted from the sub- 
strate when we retracted the arm (Fig. 3D). 
The distance between the tracks was 60 ym, 
and the total displacement of the bead was 
270 ym. 

The PPyIAu micromuscles can be operat- 
ed in salt solutions, blood plasma, urine, and 
cell culture medium; therefore, we think that 

Fig. 2. (A through D) A sequence of pictures (left) showing the grabbing and lifting of a 100-pm 
glass bead and schematic drawings of the motion (right). In this case, the arm has three fingers, 
placed at 120° from each other. The pictures do not illustrate the fact that the bead is actually 
lifted from the surface before it is placed at the base of the robot arm. We have illustrated this in 
gray in the second sketch to the right. A film showing the full movement can be seen online (76). 

Fig. 3. (A through F) Picture sequence of moving a 100-pm'glass bead over a polyurethane track 
system (16). The distance between two tracks is 60 pm. We picked up the glass bead and moved 
it from track 4 to 2, to 1, and to 3, and finally to the base of the robot outside of the tracks. The 
total maximum displacement of the glass bead was -270 pm. In this case, the robot had three 
fingers placed at 90° from each other. In (D), the robot arm is fully retracted with the glass bead 
held in its fingers. (G) Schematic of the experimental layout. 
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include the "lab-on-a-chip" concept. The ro- 
hots could be used for multistation single-cell 
diagnostics. The robot arm could arrest bio- 
logical entities (single cells, bacteria, multi- 
cellular organisms, etc,) from a sample and 
then transfer them sequentially to different 
measurement stations of a multisensor area, 
as demonstrated by the transfer of the glass 
bead over the tracks. An array of standing 
microrobots, whose fingers are treated with 
adhesion molecules, could be used to select 
given cells or bacteria in a sample and then 
transfer them to the multisensor area. The test- 
ing could also be done by small additional 
structures on the microrobot itself, such as extra 
electrodes for electrical measurements. The 
electrodes could also be located on the chip 
itself, for example, in microvials, which also 
enable single-cell chemical modifications. 

A nonbiomedical application for microro- 
bots is the assembly of microstructures in a 
so-called "factory on a desk." The microrobot 
could be used to assemble other microstruc- 
tures. Most of this is still done manually, 
which is cumbersome, time-consuming, and 
expensive. Small micromachined conveyors 
for this purpose have already been demon- 
strated (18, 19). An advantage of assembly in 
water could be the reduction of gravitational 
forces and slow diffusion constants of the 
objects to assemble. The robot could assist 
the self-assembly (20). 

Design for the manipulation of cells will 
require choosing the proper dimensions of the 
microrobot. The simple scalability of the pre- 
sented robots-they can easily be reduced in 
lateral dimension by one order of magni- 
tude-is an important advantage. Also, our 
microactuators can be seen as active hinges, 
where only one electrical contact is needed 
per element, reducing the amount of dead 
area on the chip. This leads to the possibility 
of a large number of parallel-operated micro- 
robots on a small area for the simultaneous 
handling of a large number of cells. Electro- 
statically operated microactuators require a 
considerable area for ingenious but complex 
systems using comb drive actuators and push 
or pull rods to rotate a plate out of the surface 
plane. To extend the range of the robot, some 
modifications of the present design should be 
made, like adding a rotating base. Using on- 
chip counter and working electrodes (21) would 
truly integrate the robot into a microelectrome- 
chanical system. The operation of such devices 
may enable new methods in biotechnology. 
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Fractional Quantum Hall Effect 
in Organic Molecular 

Semiconductors 
J. H. Schon, Ch. Kloc, B. Batlogg 

High-quality crystals of the organic molecular semiconductors tetracene and 
pentacene were used t o  prepare metal-insulator-semiconductor (MIS) struc- 
tures exhibiting hole and electron mobilities exceeding lo4square centimeters 
per volt per second. The carrier concentration in  the channel region of these 
ambipolar field-effect devices was controlled by the applied gate voltage. 
Well-defined Shubnikov-de Haas oscillations and quantized Hall plateaus were 
observed for two-dimensional carrier densities in  the range of lo1' per square 
centimeter. Fractional quantum Hall states were observed in  tetracene crystals 
at temperatures as high as -2 kelvin. 

The quantum Hall effect (QHE) (I), in which 
the Hall resistance R,, of a quasi-two-dimen- 
sional (2D) electron or hole gas becomes 
quantized with values R, = h/e2j (where h is 
Planck's constant, e is the electron charge, 
and j is an integer), has been observed in 
a variety of inorganic semiconductors, such 
as Si, GaAs, InAs, and InP. At higher mag- 
netic fields, fractional quantum Hall states 
where j is not an integer have also been 
observed (2). A QHE-like state was also seen 
in organic materials such as Bechgaard salts 
(TMTSF),X (where TMTSF is tetramethyl 
tetraselenafulvalene and X = ClO,, ReO,, or 
PF,) (3-5). However, in these materials the 
QHE is related to a series of field-induced 
spin density wave transitions (5) to states 
with filled Landau bands (6). We report on 
the observation of the integer and fractional 
QHE in a 2D electron and hole gas in the 
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organic semiconductors tetracene and penta- 
cene. This was achieved in a 2D electron-hole 
system generated in a single crystal-based 
MIS device. 

Pentacene and tetracene single crystals 
were grown from the vapor phase in a stream 
of flowing gas (7, 8).  The resulting high- 
quality single crystals support ambipolar (i.e., 
electron and hole) transport (9). Thermally 
evaporated gold films provide ohmic contacts 
for holes as well as electrons. Because these 
crystals are of high resistivity (>lo1, 
ohm-cm), the charge carriers must be injected 
in a field-effect transistor geometry, in which 
an A1,0, layer (capacitance -130 nF cmp2) 
serves as the gate dielectric. A thin gold layer 
is deposited as the gate electrode on top of the 
structure. We can then produce a 2D electron 
or hole gas, respectively, in the channel re- 
gion of an organic field-effect transistor (lo), 
with the carrier density controlled by the gate 
bias. 

The charge transport properties in these 
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