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(54) Title: FOLDABLE MACHINES

(57) Abstract: Methods to systematize the development of machines using inexpensive, fast, and convenient fabrication processes
are disclosed. In an embodiment, a folding pattern and corresponding circuit design can provide the blueprints for fabrication. The
folding pattern may be provided (e.g. laser machined) on a flat sheet of substrate material, such as a polymer. The circuit pattern may
be generated by etching or applying (e.g. sputtering) a copper foil layer onto the substrate. Circuit components and actuators may
then be added at specified locations. The flat substrate may then be folded along the predefined locations to form the final machine.

The machine may operate autonomously to perform a task.
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BACKGROUND

{00011 The creation of new machines requires significant development time,
financial resources, and technical expertise. While & wealth of tools exist for many
robot development steps, there is not & single end-to-end process which begins
with a novice pser specifying a desived task and resplting in & fully functional robot
able to perform that task,

[GG02] An altermnative o traditional machine design and fabrication may be
referred to as “printable” andfor “foldable™ machines. Such designg may utilize
tools which are readily available, inexpensive to operate, and reguire minimal
technical knowledge by a user,

RUEIE Ar an iHlustrative example, assume a home owner neads 3 machine to
explore sreas of his basement in order 1o detect carbon monoxide and radon, The
machine may be required o traverse a clutiored environme, carry a sensor, and
report back o the user. Using traditional desipn and fabrication technigues to
oreate such a machine may be time conswmning and inconventent for the vser,
However, if the tser uses g foldable machine described below, the user may feed
specifications to a foldable machine compiler, which chooses notional designs
from a prepopulated database, refines goometries based npon the task o be
performed, and produces detatled design and program files, The machine may then
be fabricated from the design and progeam files, and the vser may collect the
machine and place it into operation,

{00047 {n another example, & costom gripper may be desived for an electronics
assembly ne. The gripper could, for example, be utilized by a pick and place
machine, The assembly Hne manager can specify traits of the part such as the mass
and approximate geometry. These specifications may be provided to the foldable
machine comptiler and fabrication process to produce a custom gripper to meet the

task needs.

SUMMARY

TO005] Methods to systematize the development of machines nsing inexpensive,

fast, and convenient fabrication processes are disclosed. In an embodiment, 3
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Hbrary of physical modules and their corresponding theoretical models are used.
{One advantage of such methods s that the designs can be re-used based on a set of
task criteria and custom parameters 1o fune the maching for use in a particniar task,
The resulting custornized dosign, which may includs a folding pattemn and
corresponding oircudt design, can provide the blueprints for fabrication. The
folding pattern may be provided {e.g. laser machined) on a flal sheet of substrate
material, such as a polymer. The circuit pattern may be generated by efching or
appiving {o.g sputtering) a copper foil layer onto the substrate. Circuit components
and actuators may then be added at specifiad locations. The flat substrate may then
be folded along the predefined locations to fonm the fnal machine.

[0006]  In an embodiment, & method for fabricating a machine comprises: (a}
providing a folding pattern on at least one surface of a substrate | (b} forming one
ot more conductive signal paths directly on at least one surface of the substrate; (2}
disposing clrouit components divectly on one or more surfaces of said substrate
such that the civeudt components are divectly electrically coupled to the conductive
signal paths thereby forming one or more electrical cirowis; and () Bolding the
substrate, according to the folding pattern, such that the substrate i3 folded into the
machine wherein the machine is provided having moving parts confrolied by the
glectrical ciroutis,

{8007 (ine or more of the following feshures may be fncluded:

{0008} The method may include (¢} defining a sot of machine parameters which
define a machine for accomplishing a task: () storing the set of machine
parameters as 2 machine model in 2 computer storage; and {g) adapting the
machine mode! according to user specifications;

{00091 The folding pattern may be defined by the machine model.

REREH Maodifying the substrate may comprise modifving s sobstrate into a shape
defined by the machine model.

[odt Yy Modifving a substrate may comprise modifying a substantially fiat
suhstrate.

F0012]  Providing a folding pattern on at least one surface of a substrate may
comprise machining the folding patten on the substrate using a planar
manufacturing process. The plavar manufacturing process may be: & stamping

process, an oiching process, a laser machining process, and/or & punching process.

o
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the substrate.

{00157 The substrate may be a polymer subsirate and may have o thickness of
abowt § mils to about 10 oils,

fo01s] Modifving the substantially fat substrate can inclads cutting the shape
from a plece of stock substrate.

oo In ancther embodiment, g method for fabricating & machine comprises:
machining a folding pattern into a substrate that defines locations for folding the
subsivate: creating civenit traces on a surface of the substeate; adding civenit
components and actuators, coupled to the circuit traces, at specified locations on
the substrate; and Holding the sobsirate at the defined locations to provide & three-
dimensional machine having movable portions that are controlisd by the circait
components and actuators.

10018} One or more of the following features may be included:

RESAR Creating the cironit traces may include creating cironit trages that cross the
defined locations for folding.

(06201 Folding the substrate may include flding the circuit traces that cross the
defined locations for folding.

10021 in ancther smbodiment, 2 method of manufacturing & robot using a two-
dimensional {2-D) fabrication processes comprises: {a} defining a phwality of
madels, each of the models representative of a physical machine and each of the
models having a cot-out shape and a folding pattern provided as part thereofl (b}
selecting ons or more models based upon g task to be porformed; (¢} modifying the
one or more selected models based upon one or more customization parameters o
provide a custom set of one or more maodels for performing the task; {dproviding
the folding patters on to a surface of a substrate; and (e} providing an electrical
cireuit directly on & Hret sueface of the subsirate, the electrical cireudt comprising
conductive signal paths and at least one actuator coupled to at least one of the
conductive signal paths and said substrate such that the substrate is responsive 0
the actuator,

JO022] Ome or move of the fbllowing features may be included:

3
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106231 The method may include storing at least one model of the plurality of
models in a database; and receiving the customization parametors from a sst of
user-defined parameters,

{Ga240 The substrate may include a conductor disposed on at least one surface
thereof and providing the clreuit on the substrate comprises: imaging a clrowt
pattern on the conductor of the subsirate; masking the imaged circuit pattern on the
conductor; and etching the conductor to provids the civout,

100257 Providing the circutt on the subsirete may comprise: imaging & cirout!
pattern on the substrate; and providing a conductive material on a first swrface of
the subsirate to form the cireutt.

[D026] In another embodiment, @ method for fabricating a machine comprises: (3}
providing a folding patiern on af least one surface of a substrate; (b} creating
slectrical civouits divectly on at least one surface of the substrate; and {¢) folding
the substrate, according to the folding patfern, such that the substrate is folded into
the machine wherein the machine fs provided having moving parts controlled by
the alectrical cirouits.

(00271 In another smbodiment, & machine comprises: {a) a subsivate folded along a
folding pattorn disposed on at least one surface thereof to provide the maching; (b}
one or more conductive signal paths disposed diveotly on af least one surface of
said substirate; and () one or more electrical cireuit components disposed divectly
on at least one surface of satd substrate such that said one or more electrical chrouwit
components ave electrically coupled fo at least some of said one or more
conductive signal paths fo thus form one or more electrical clreuits and wherein the
maching is provided having moving parts controlled by at least some of said one or
more clecirical cirouils.

[O028] Ome or more of the following features may be included:

{00287 The machine may be autonomously functioning.

100301 At least some of the one or more conductive signal paths disposed divectly
ot at least one surface of said substrate correspond o a oircuit pattern etched on a
copper foil layer disposed on said substrate.

{00311 The subsirate may be a polymer subsirate.

{00321 The substrate may have a thickness in the range of about of about S mils o

ahout 10 mils,
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for cutting & tevaplate out of & sheet of substrate material, a circuit pattem for
creating and populating a cirouit on the template, andfor a folding pattern thet can
be appHed to the template in order to form the template info the final machine.

RUIRNY Laser cutlers, lamination, and PCB-like component aszemnbly Hllowed by a
final assembly that folds the substrate into its final form may be wtilized. This so-
called printable approach may allow for rapid development of low-cost meachines
using 4 general process that links specifications to prototypes, withowt requiring -
depth technical knowledge from the end wser. The manufacturing process may
inchude at least the following: (1) modeling of the machine; {2) parameter
instantiation sccording to user specifications, .e. modification of the model in
order to ailor the machine to a particular task; (3) printed body tabrication; {4}
printed electronios on the 2D body; (8} population of electronic components on the
hody, and (6) assembly of the 3D machine using folding. The resulting machines
may be relatively Hght-weight {o.g. about 3 g} and rmay functon as aufonomons,
programmable machines or robots. In an embodiment, & foldable machine may be
fabricated in less than one day, less than § hours, less than four hours, less than two
hougs, less than one hour, or in any appropriate amount of tme,

(00467 In an embodiment, the foldable machine compiler may operate similasly to
programming language compilers that break down high-level specifications inlo
functional component detatls, The foldable machine compiler may be able to
choose from a large database of foldable machines snd components, which may be
pre-popidated in the database by expert users.

(00471 BODY TEMPLATE

(00487 Reforring to FEG 1, & template 100 for forming a machines is shown. In an
ambodiment, the template 100 may be formed from, e.g. cut out of] a stock sheet of
substrate. The spbstrate can be made of any appropriate material including plastics,
celhulose, amalgam, or any other type of material that can be cut to form s template
100. For example, the subsirate may be polyetherctherketone (PHEK) having a
width of about 8.125 mm, § mils, or any other appropriate width.

{00491 In an embodiment, the substrate material may be sufficiently foldable or
flexibie so that the template 100 can be folded info the shape or body of 2 machine,

and so that parts or features of the body can move, bend, flox, and actuate as

o
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desived. The material may also be sufficiently stiff so that the machine can hold its
shape and perform tasks (e.g. carrying  load) once folded into a Snal form.

RESSTH! FIG. 1 fustrates & template 100 that has been cut from a stock sheet. Inan
embodinent, the stock sheet can be etched, cut, andior perforsted so that a border
102 of the terplate 100 is formed. During the procsss, the stock sheet can be ol
5o that unmecessary material (Le. subsirate material that is not part of the template)
can be removed, leaving only the teraplate 180 behind,

(00511 The template may also inclode vardous cutouts, such as culout 104 and hole
106, These cutouts and holes may be used for varicus purposes, For sxample,
cutout 104 may be designed fo accept a {ab, such as tab 108, during Hlding, When
the tab 108 is inserted into the cutowt 144, 1t may provide siability and structurs to
the body of the machine once the substrate Is folded. As snother example, the hole
106 may provide a portion of the body with additional fexibility. For example, the
hole 106 may be placed at a movable joint. Having hole 106 at the joint location
may allow the joint to move more fresly once the body is folded fnto its final form.

(0032 The {emplate may include additional holes (not shown) that can be used o
accept through-hole electronic components, such as through hole chips, resistors,
capacitors, ste. These additional holes may also be used to accept or mount
elactromechanical actators that can allow the maching, once assembled in a final
form, o move,

(837 The template 100 may also include various fold lines 110, These fold Hnes
may define a folding pattern for the teraplate 100 In other words, once the
semplate is olded according to the fold lnes 11, the template may be formed inlo
the body of a machine,

[054] The fold lines 110 may, in an embodiment, be perforated lines {Le. a series
of small holes) in the template 100, The size of the holes and the distance betwesn
the holes may vary based vpon the spplication. If the fold lines 110 are perforated,
the lines may be folded in sither direction. For example, ifthe fold line 1215 2
perforated line, the square structwrel 14 may be folded up and over the remaindery
of the template 100, or may be folded down and under the remainder of the
ternplate 100 with egual ease.

[O055] In another embodiment, the fold lnes 110 may be etched into the temyplate

100, In other words, the fold lines 110 may be out partway into the {emplate 100

5
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without cutting all the way through the template 100, Wihe fold lines 110 are
etched, it may be casier to fold along the fold Hnes 100 in ope direction. Thevetore,
i an embodiment, etched fold Hoes 100 can be used to define a divection in which
the template should be blded. For example, i the fold line 112 s eiched fnto the
top of the template 100, then i wmay be easier o fold the square structive 114 wp
and over the remainder of the template 100, On the other hand, if the fold lne 112
is stched into the bottom of the template 100, then it may be easier o fold the
square structure 114 down and under the remainder of the tomplate 100 These
etched fold Hnes can help guide a user as to which way the template 100 should be
- folded.

{0058] In an embodiment, the template 100 may be machined from a substrate
material, For example, the raw substrate material may be exposed to a laser cufting
tool, or any other type of tool, that can cut the template 100 out from the raw
subsirate material. The cutling tool may also cut out cutouts such as cutout 14 and
cut out holes such as hole 106, The autting fool may also perforate or etch fold
lines in the template 100, such as fold line 116,

ToGsT] in operation, the culting tool may receive a cotting patters from a foldable
machine database that defines the template and s features, as will be discussed
balow. The culting tool may then avtomatically cut and eich the template 100 fom
the stock substrate material,

NS CIRCUITRY

{00397 Onee the template has been formed, g cirouit may be printed and popudated
on the template. Referring to FIGE, 2A-2F, a process for printing a populating
civouitry onto the template 100 is shown, As shown, in FIGS 24 and 2B, a printed
cireuit mask on a copper foil 202 and/or 204 may be defined. The masks 282 and
204 may define cirouit traces 203 that will be formed on the template 100, The foll
202 and/or 204 may then be applied to the template, and the excess copper (.e. the
copper not covered by the mask material} may be chemically etched away, leaving
the cireuit traces defined by the mask behind as shown in FIG, 20 and FIG. 30,
The masking and eiching process is s subiractive process (1.e a process that
removes material by etching) and can be used to create conductive traces and

planes on the template 100, The cirenit can be printed with a solid ink printer and
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the material can be siched away using a chemioal etching process, such as a ferric-
chioride etch.

{0060 In an embodiment, an additive process can alse be used to create
conductive traces and planes. For example, processes known in the art that sputter
or add conductive material to the template in desived locations can be used to
create the cirouit traces and planes.

(0061 n some instances, the conductive traces and planes may cross over the fold
Hues 110 so that, when the template 100 is folded, the conductive traces and planes
are also folded. Accordingly, a conductive material {e.g. a copper foil or the like}
that is resistant o folding can be used so that the traces do not break when the
template 100 is folded into its Hnal frm,

(0062} Once the conductive traces are formed, the clronit can be populated with
slectronic components as shown in FIG. 2 and 2F. As shown, surface mount
components such as chip 206, resistor 208, or voltage regulator 210 can be
mounted on the template 100, In an embodiment, a pick and place machine can
place the components, then a soldering process {e.g. wave soldering and the like}
can solder the components onto the surface of the temaplate 100, Other processes
can also he used place and solder the components, such as manual placing and
soldering. or other autornated mamsfacturing processes thet place and solder
glectronde componants.

(00631 As shown in FIG, 2F, components such as a potentiometer 212 and an
actugtor {shown as a8 motor 214} can alse be added to the template 100, These
components can also be soldered in place, or can be mounted in place with sarews,
tacks, adhesive, or any other method of rounting. Although not shown, through
hole components can also be added and soldered o the template 10,

{00647  FINAL ASSEMEBLY

LRS! Reforring now to FIG. 3, a final assembly of & foldable machine 300 is
shown. Afler the circaitry has been populated, the two-dimensional template 100
can be folded slong the fold Hnes 110 to form a three-dimensional body 302 of the
machine 300, As shown, the template 100 of FXG. 1 can be folded to form a six-
legged crawler machine 300, The cirenitry 304 may control the movement of the

crawler machine 300, and moay be able to move the legs (e.g. leg 308} of the
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crawler machine 300 so that the crawler machine 300 propels iself forward or
hackward, turns in place, andfor steers and turns as desired,

{60681 In an embodiment, the orcudtry 304 can include a processor {eg. a
microprocessor or the like}, a volatile or non-volatile memory, and computer
readable instructions stored in the mermory which, when executed by the processar,
cause the machine 300 to perform functions such as walking, taking sensor
readings, ofo.

100871 The crawler machine 300 can also include linear actustors 308 for moving
the legs 306 back and forth. In an ervbodiment, these linear actuators may be wire
that is coiled sronnd the shafl of 2 motor so that the motor, when sctivated, can
pull on the leg 306, In another embodiment, these linear actuators may be NiTi
SMA coil springs that ave actusted by a phase iransition based on temperature. In
other words, when the Hinear actuator s heated, i may rotract, By providing an
electrical current through the actuator 308, the actuator 308 may heat up and
vetract, thus pulling the leg 386. »

{306%] As shown, each leg 306 may have two actuators 308 connected so that the
feg 306 can be pulled forward, when one actuator 308 s retracted, and backward,
when the other actuator 308 is retracied. The civcoitry 304 can conirol the actuators
IR attached to cach leg 306 so that the crawler machine 308 can move.

0691 Although the cireuitry 304 s shown on the outslde surface of the crawler
machine 300, the circuilry 304 can alternatively or additionally be located on an
inside surface of the crawler machine 300, Also, although the crawler machine is
shown with reference to a penny 319, the crawler machine 300 {or other foldable
machines) can be produced fn any desived size.

100791 Reforring now to FIQ. 4, diagrams of the final sssembly of a crawler
machine 300 are shown to illustrate articulation and movement of the legs 306, As
shown in diagram 400, the actuators 308 can pull the legs 306 forward and
backward to allow the crawler machine 300 to move. The legs can be moved
individually or simulianecusly. Depending upon the sequence of leg movement,
the crawler machine 300 can move forward, backward, or can turn. For example, if
the legs on only one side of the erawler machine 300 ave actuated, the crawler
machine 300 may move in an arc. Altematively, if the legs 306 on one side of the

crawler machine 300 are actuated in a forward pattern, and the lege 306 on an

i
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opposing side of the crawler machine 300 are actuated in & reverse palem, the
crawler machine 300 may spin so that it is felng a new direction.

[0071]  As shown by the images in FIG. 4, the crawler mackine 300 can also climb
over ohstacles,

To072] Referring to FIG. § and FIGS, §A-8C, an additional embodiment of a
foldable mackine for gripping ohjects is shown, A template 300 may be cut from
stock substrate material in a similar manuer to the process deseribed above. The
template 500 may include clrcuitry 502 that can be printed and populated on the
surface of the template 300, as deseribed sbove. However, the temoplate 500 may
have a shape and folding pattern designed to form a gripping tool, rather than 2
crawier machine.

{0073} FIGS 6A-6C are perspective views that (Hustrate the final assembly of the
gripping tool. As shown, the gripping tool 600 has pincers 602 that oan be opened
and closed by circuitry 804, The pincers 600 can be used 1o grasp objects and may
be useful, for example, to grab objects that are dangerous to touch, such as hot or
seidic obiects. The gripping tool 800 may also be ysefid to grab hard-to-reach
objects where & human hand cannot reach, and may also be useful as 2 tool for
manufactoring, For sxample, the gripping tool 600 could be installed in g plok and
place machine where it is used to select and place electronio components oo 8
privded civeuit board.

0074]  MODELING

{00751 In various embodiments, methods of fabricating machines by printing
and/or folding procssses may utilize a database of system componends such as
actuators, sensors, processors, materialy, final assembliey, folding palterns, cotout
patterns, substrates, and user-specified constraints. The database can mclude
parameterized expert-designed components {e.g. a crawler machine body shape
with a varigble number of legs, a leg with varigble size, ete.}. Each component
within the database may be represented by a class wheve some of its properties can
vary. The physical characteristics of each component {e.g., its mechanical
properties, weight, and power consumption} can be determined and included in the
class. The database can be updated as users design and fabricate new robots,

30761 A modeling engine may be associated with each component in the

database. This engine can be used to select the approximate desived parameters that

i1
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match the user specification. Por example, the modeling engine can be wsed to
select materials and/or patierns to create a crawler machine having 6 logs capable
of carrying a radon sensor and covering a 200 m2 space within 24 howes,

107 In an embodiment, the database may inchude a library of models that
provide fundamental robotic capabilities such as locomotion or manipulation. In an
embodiment, the lbrary can be stored in a datsbase,

TO078] Turning to FIG. 7, a block diagram of a computer architecture 700 for
storing a library of models is shown. In an embodiment, a computer 702 {or a
serios of compuiers conpecied by a network) inchudes a processor or sevies of
processors 704 and & volatile or nonevolatile memory or sevies of memories706.
Computer readable instructions stored o the memory 704 may be execnted by the
processor 702,

REER The computer 702 may alse include a database or series of databases 708
that can be stored on a hard drive or other storage device. The database 708 may be
any database, relational or otherwise, known in the art that can store data such as
model data for foldable machines.

{B0R4] The models sometimes include engineering trade-offs betwesn system
specifications that may be different for every application. Using a model database
808, & user can request a design that meets high-level specifications without
requiring a detailed techunical design. A high-level specification may include
information such as: “a crawling robot to map radon {evels in & basement.”

(00811 Referring now to FIG. 8, a diagram of 8 model 800 is shown. Inan
smbodiment, the model 800 may be represented by data stored in the database 707,
The data may represent a patiern, such as that shown in FIG. §, that represents a
model of a foldable machine and can be used to fabricate the folded machine. The
model 800 may include borders, cutouts, shapes, cireuit locations, elromt
components, folding patterns, or any other information that can be used to define 8
foldable machine.

[O082] FABRICATION PROCESS

(00831 o an ebodiment, a process for fabricating a foldable machine includes
storing models for folding machines in a database. A user may then specify high

lovel goals to be achieved, such as “detect radon gas in a basement.” The database
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may then select a model that can be fabricated into 2 fldable machine to perform
the task.

100841 In certain circumsiances, the model can be modified based on specific task
needs. For example, a user can specify the weight of a radon detector to be camried
by the machine, the size of the baserment o be traversed, the height of obstacles
that the machine must walk over, ete. These requirements can be used to modify
the model prior to fabrication. For example, if the basoment o be traversed is
large, the model may be modified to include a power soures (0.8, battery} that has
encugh stored power so that the foldable machine can traverse the largs bagerment.
As another exarople, if the radon detector has a particolar weight, the moedel can be
modified so that the material andfor the folding pattern used is sufficiently strong
o carry the radon detector.

[ODRS] Once the model is chosen, the model may be fod info a cuiting tool, such as
an automated laser cuting machine, which will cut a template for the machine out
of a stock sheet of material, Holes, folding patterns, and other features can also be
cut into the tomplate.

HERUY A circuit can then be formed on one or mors surfaces of the template,
through a subtractive or additive process, as descrtbed sbove. Cirenit components
and actuators can be populated and mounted on the template to complete the
cireutt,

[GOBTY Onece popuisted, the tomplate can be folded into the Snal form of the
foldable machine. The final form can be a two- or three-dimnensional achine
tailoved to perform the specific task identified by the user. After the machine is
folded, additional electrical components can be added to the wachine needed or
desired. The machine can then be put nlo use to complete the specified task,

[0O88] Having described varicus smbodiments, which serve fo dlusirate various
coneepts, structures and technigques, which are the subject of this patent, it will now
become apparent to thoze of ordinary skill in the art that other embodiveents
incorporating these concepts, stroctures and techutigues may be nsed. Accordingly,
the scope of the patent should not be limited o the described embodiments but
rather should be Hmited only by the spirit and scope of the following claims.

{008H What is cleimed is:

13
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CLAIMS

i. A method for fabricating a maching, the methed comprising:

(&)  providing a folding pattem on af least one surface of & substrate

by forming one or more conductive signal paths divectly on at least one surface of the
subsirate;

{c} disposing cirenit components directly on one or more surfaves of said substrate
such that the cirouit coraponents are directly clectrically coupled to the conductive signal
paths thereby forming one or more electrical circuits; and

(@ folding the substrate, acoording to the folding pattern, such that the substrate i
folded into the machine whereln the maching is provided having moving parts controlled

by the electrical circuits.

2. The method of claim 1 further comprising:

{e} defining g set of machine parameters which define a machine for accomplishing a

task:
{f} storing the set of roachine parameters as & machine model in a computer storage]
and

{2} adapting the machine model according to user specifications;

3. The method of claim 2 wherein the folding pattern is defined by the machine
maodel.
4, The method of claim 3 wherein modifiing s subsirate comprises modifving &

substrate into a shape defined by the machine model.

5 The method of claim 4 wherein modifying a substrate comprises modifying a

ot

substantially flat substirate.

14
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& The method of claim 1 wherein the machine is astonomeusty functioning,
o The method of claim 1 wherein forming one or more conductive signal paths

directly on at least one surface of the substrate comprises etehing a cirouit patlern on g

gopper foil laver disposed on the substrate,
1. The method of claim | whereln the substrate is a polymer substrate.

i1, The method of claim 1 wherein the substrate has a thickness of sbout S mils {0

about 10 mils.

12, The method of claim § wherein modifving the substantially flat substrate includes

cutiing the shape from g plece of stock substrate.

13, A method for fabricating 1 machine, the methad comprising:

machining a folding pattern into 3 substrate that defines locations for Hlding the
substrate;
creating cireudt traces on a surface of the substrate;
adding circoif components and actuators, coupled to the ciroudt traces, af specified
locations on the subsirate; and
folding the substrate at the defined locations {0 provide a tiree-dimensional machine

having movable portions that are controlied by the civeuit components and actuators.

14,  The method of ¢laim 13 whereln oreating the circuit traces includes creating ciroudt

traces that cross the defined locations for folding.

15, The method of claim 14 wherein folding the substrate includes folding the cirouit

traces that cross the defined locations for folding.

s
2y
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16, A method of manufacturing a robot using a two~dimensional (2-1) fabrication
processes, the method comprising:

{a} defining 2 plwrality of models, sach of the models representative of 8 phvsical
machine and each of the models having a cut-out shape and a folding pattern provided as
part thereof)

{b) selecting one or more models based upon g task to be parformed;

{c} modifying the one or more selected models based upon one or more customization
parameters fo provide a enstom set of one or more rodels for performing the task; and

{dy  providing the folding pattern on to a surfacs of a substrate; and

{e) providing an elsctrical clrewtt directly on a fivst surface of the subsirate, the
clectrical cireuit comprizing conductive signal paths and at least one actuator coupled to at
least one of the conductive signal paths and said substrate such that the substrate is

respotisive o the scluator,

17, The method of claim 16 further comprising:
storing at least one mode] of the plurality of models in & database; and

receiving the customization parameters from a set of vser-defived parametors.

18, The method of claim 16 wherein the subsirate has 8 conductor digposed on at least
one surface thereot and providing the cirendt on the substrate comprises:

imaging a circuit patiern on the conductor of the substrale;

masking the imaged circuit palfern on the conduetor; and

etching the conductor to provide the cireuit,

19, The method of claim 16 wherein providing the clrawit on the substrate comprises:
imaging a circuit pattern on the substrate;

providing a conductive material on & first surface of the substrate to form the clreuit.
20, A mcthod for fubricating a maching, the method comprising:

{a} providing a folding pattern on at least one surface of a substrate |

(b oreating electrical clrouits divectly on at least one surface of the substrate; and

is
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21 A machine comprising:

{8} a substrate folded along a folding pattern disposed on at least one sueface thereof
to provide the maching;

{b) one or more conductive signal paths disposed divectly on at least one surface of
said subsirate; and

{c} one or more electrical cireudt components disposed divectly on at least one surface
of said substrate such that said one or more slectrical circuit components are elecirically
coupled to at least some of said one or more conductive signal paths to thus form one or
more electrical cirouits and whersin the machine is provided having moving parts

controtied by at least some of sald one or more electrical circuits.
22, The machine of claim 21 wherein said machine s awtonomously functioning.
23, The machine of claim 21 wherein at least some of the one or more conductive

signal paths disposed directly on at lsast one swrface of said substrate corresponds to a

oircuit pattern stchad on a copper foil layor disposed on said substrate.

24, The machine of claim 21 wherein said substrate is 8 polymer substrate,
25, The machine of claim 21 wherein said substrate has 2 thickoess in the range of

about of abowt 5 mils to about 10 mils,
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