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oes biology have lessons to teach microelectronics about
design and fabrication? Microelectronic devices are currently fabricated by using processes that are intrinsically
two-dimensional, and the interconnectivity required in complex systems is achieved by stacking and connecting planar
layers of circuits (1–3). Biological structures arise by constrained self-assembly, and are usually three-dimensional (3D)
(4). We have previously demonstrated that it is possible to
generate elementary 3D electrical networks by self-assembly
of identical components, in a process analogous to molecular
crystallization (5). The networks formed in this way have
translational symmetry, and may be relevant to the design of
microelectronic systems with high symmetry (e.g., memory or
display); they are not appropriate for more complex systems
such as microprocessors, which are asymmetrical in their
structure, with different regions carrying out different functions (6). Here we report constrained self-assembly of a linear
chain of structurally and functionally distinct microelectronic
elements into a multidomain electronic device with asymmetrical structure and connectivity. This process is modeled on a
ubiquitous biological process—the folding of a polypeptide
chain into a globular protein. Our proof-of-concept demonstration of biomimetic self-assembly illustrates a strategy for
fabricating 3D asymmetrical microelectronic devices. This
strategy does not (yet) provide the basis for a practical method
of building devices, but it does establish that concepts for the
generation of 3D structure can be abstracted from biology and
used to generate component-level microelectronic systems.
Protein folding is a complex process, with formation of
secondary and tertiary structure proceeding at the same time (7).
In the simplest description, the primary, linear amino acid
sequence organizes into several secondary-structural motifs
(e.g., ␣-helices, ␤-sheets), connected by short loop regions (8, 9).
These secondary structural motifs fold into one or several
compact domains, and form a 3D structure. In some proteins, the
domains have distinct functions, e.g., membrane insertion (9),
ligand binding (10), and catalysis (11). The device discussed in
this work was modeled on an abstraction of a three-domain
protein, formed by folding of a string of secondary structural
elements. The device was built of two linear chains of 5 triangular
prisms (each with a face of ⬇5 mm), connected with a spacer;
these prisms serve as analogues of secondary structural elements
in proteins (Fig. 1A). Patterns of solder, in the form of wires and
dots intended to realize electrical connections on and between
the prisms, were fabricated separately by using principles of
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design that have been described (5) (Fig. 1 B and C), functionalized with appropriate electronic devices [complementary
metal oxide semiconductor inverters and flip-flops, chip capacitor, resistors, and light-emitting diodes (LEDs)], and glued to
the faces of the prisms. The solder patterns provided the
information necessary for the self-assembly of the system; they
were designed to give stable connections between the prisms only
when all of the solder dots on the face of one prism were correctly
aligned with the solder dots on the face of the next (12). We used
identical pattern of solder dots for the 10 prisms. Only four of the
five dots in the pattern shown in Fig. 1B carried specific electrical
function in the system (e.g., driving voltage, ground); the additional central dot served to facilitate the correct alignment of the
patterns during the assembly. All five dots of the pattern shown
in Fig. 1C carried electrical functions (e.g., driving voltage,
ground, clock signal).
Connections between the prisms in the two pentameric strings
consisted of short, flexible copper wires; their lengths limited the
maximum separation between adjacent prisms. The two pentamers were connected by using longer, stiffer copper wires (Fig.
1 D and E); these wires separated the two pentameric sequences
during the assembly. The flexible wire linkers mimic the loop
regions that connect secondary structural elements; the stiff
copper wires provide an analogue of structural domains in
proteins that connect the functionally important domains (e.g.,
the trimeric coiled-coil in hemagglutinins; ref. 13). The linear
chain was suspended in an isodense aqueous solution of KBr (pH
3–4, Fig. 1E), and heated to a temperature above the melting
point of the solder (60°C). On rotation of the vessel containing
the suspended structure (approximate rotation rate, 35 rpm; ref.
14), the prisms collided under the influence of fluid shear.
Capillary interactions between the drops of molten solder caused
self-assembly (15, 16); these interactions are analogous to the
hydrophobic interactions between secondary structural motifs in
proteins (17). The positions of the rigid and the flexible connecting wires favor collisions between adjacent prisms, and guide
their self-assembly. This constraint mimics the entropic restrictions imposed on the folding of proteins. The initially linear
sequence folded, as designed, into an asymmetrical structure
consisting of two distinct pentameric domains, one circular (C)
and one linear (L), separated by the structurally rigid wire
domain (S) (Fig. 1 F and G). The folding of the two pentameric
domains proceeded independently. The C domain contained all
of the prisms bearing inverter gates; the L domain included the
prisms carrying D-type flip-flops. The solder drops, when cooled
and solidified, bridged the units and provided both electrical
connectivity and mechanical stability. The pattern of solder dots,
together with the initial sequence and relative orientation of the
prisms in each pentamer, determined the structure of each
domain.
Fig. 2A shows the circuit diagram of the device when fully
self-assembled. The inverters in the C domain formed a ring
oscillator; the flip-flops in the L domain formed a shift register.
Abbreviations: 3D, three-dimensional; LED, light-emitting diode.
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This paper introduces a biomimetic strategy for the fabrication of
asymmetrical, three-dimensional electronic devices modeled on
the folding of a chain of polypeptide structural motifs into a
globular protein. Millimeter-size polyhedra—patterned with logic
devices, wires, and solder dots—were connected in a linear string
by using flexible wire. On self-assembly, the string folded spontaneously into two domains: one functioned as a ring oscillator,
and the other one as a shift register. This example demonstrates
that biomimetic principles of design and self-organization can be
applied to generate multifunctional electronic systems of complex,
three-dimensional architecture.
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Fig. 1. Design and fabrication of the asymmetrical electronic device. (A) Schematic representation of a triangular prism, the basic unit in the assembly. The
prisms were cast in polydimethylsiloxane (PDMS) molds using photocurable polyurethane (J-91, Summers Optical, Fort Washington, PA). (B and C) The solder
pattern of contact pads, dots, and wires used for the ring oscillator and the shift register, respectively. A mirror image of the pattern shown in C was used on
every second piece in the shift register; this pattern positioned the copper wires connecting input and output of neighboring pieces without crossing above the
LEDs, for easier observation. The functions of different parts of the pattern are indicated in color: red, driving voltage; blue, ground; green, clock signal; black,
data line. Single inverter gates (SN74AHC1G04, Texas Instruments, Dallas), chip resistors (R1 ⫽ 100 k⍀, R2 ⫽ 1 M⍀, Skywell, Walnut Creek, CA), a capacitor (C1 ⫽
22 F, Skywell), D-type flip-flops (NC7SZ175, TinyLogic, Fairchild Semiconductor, South Portland, ME), and LEDs (BL-HS136, American Bright Optoelectronics,
Brea, CA), all shown in gray, were soldered onto the patterns contact pads manually. The Clear input of all flip-flops was permanently kept at a High logic level,
and only the D-input of the flip-flops was used. The patterns were glued onto the prisms and connected with copper linkers, as depicted in D. Insulated Cu wire
(diameter 76 m, length 10 mm, California Fine Wire, Grover Beach, CA) was used to connect the prisms. Thicker wire (diameter 127 m, length 40 mm) connected
the two flexible pentamers. (E) Photograph of the structure before folding. (F) Schematic drawing of the folded structure, consisting of a circular (C), structural
(S), and a linear (L) domain. (G) Photographs of the structure after folding. (Scale bars, 1 mm.)

A ring oscillator containing only high-speed inverters would have
an output frequency in the MHz range. To slow this frequency
sufficiently for it to be observable by eye as changes in the LEDs
states, we shifted the oscillator output down to 0.192 Hz by
incorporating two chip resistors and a capacitor into the oscillator domain (18). The parallel connections between the logic
elements within each domain formed during self-assembly by the
fusion of solder drops; the copper wires connecting the prisms
carried both the serial input兾output connections within and
between the domains, and the parallel connection between the
domains.
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After self-assembly, the device was connected to an external
voltage source. Data input (D) to the flip-flops was provided by
a function generator as a square wave with an amplitude ⫹0.6 V,
offset by ⫹0.3 V, and with a frequency in the range 0.05–1 Hz.
The square wave output of the ring oscillator provided a clock
signal (Clk) for the shift register. Fig. 2 B–D illustrates the
operation of the assembled, clocked shift register. Input data
were transferred to the output (Q) only at the moment of
Low-to-High clock transition. Because the LEDs were connected between the driving voltage and the output of each
flip-flop, they reflected the changes in the output values of the
Boncheva et al.

flip-flops. The LEDs illuminated when the output value was low,
i.e., when a Low-to-High clock transition coincided with a Low
(⫹0.3V) D input. A LED remained lit until the next Low-toHigh clock transition coincided with a High (⫹0.9V) D input.
The data input to the shift register were stored in, and shifted
from left to right along, the register sequence bit by bit. As each
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Fig. 2. Operation of the self-assembled electronic device. (A) Circuit diagram
of the clocked shift register. The color coding of the electrical connections is
as in Fig. 1. The photographs in B–D were taken at intervals of 5.2 s, corresponding to three consecutive clock pulses. The binary numbers stored in the
shift register between the clock pulses are visualized by the LEDs, and are
indicated on each photograph. Logic level 1 is coded by unlit LEDs, and logic
level 0 is given by lit LEDs. The arrows in B indicate the connections made after
the self-assembly—to an external voltage source, and to the function
generator.

flip-flop can store only one bit, the shift register shown here
functions as a 5-bit memory device (19).
The device used in this work to illustrate the strategy of
constrained, biomimetic self-assembly of an asymmetrical electronic system comprised a ring oscillator and a shift register. We
chose these two elements because they are among the most
important and widely used elements in microelectronic systems
(20). The classes of logic elements that can be incorporated into
self-assembling strings are, however, limited neither to these
devices nor to the present example.
The design and assembly of the electronic device mimicked
two characteristics of proteins. First, it is an asymmetrical
structure that forms by constrained self-assembly from a linear
precursor. Second, it localizes different functions in separate
structural domains. These characteristics are common in complex proteins—immunoglobulins, integrins, cell-surface receptors, complement (4)—and are also the key elements in
building complex functionality into microdevices by using this
strategy. Our initial demonstration suggests many other biological mechanisms—templating (21, 22), molecular recognition (23, 24), hierarchical self-assembly (25, 26), multivalency
(27)—to guide biomimetic self-assembly in microelectronic
systems.
We believe that the concept of biomimetic self-assembly will
be applicable to a range of complex, 3D structures. The most
serious current limitation to this method is practical: we now
use tedious, manual methods to fabricate the small components—appropriately modified for self-assembly and functionalized with complementary metal oxide semiconductor
devices—and to connect them into linear, f lexible strings.
More efficient methods to fabricate the linear precursors must
be developed; choosing optimum sizes and complexities for the
components they incorporate are also key issues. The production of appropriate components, alone and in connected
strings, will require development of new methods for parallel
microfabrication. To achieve a high volumetric density of
functional components in the final, self-assembled system, the
components must be also smaller than those used in the
present example— optimally, we believe, ⬍10 m—with wires
of a few-micrometer diameter (28). Methods for fabricating
these systems will, we suggest, begin with folding (29, 30),
or self-assembly of planar components on 3D scaffolds (31).
We believe that when the problem of design and fabrication
of components is solved, biomimetic self-assembly will become an approach to 3D microsystems worth substantial
development.
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