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Abstract— A cyclic fabrication system (CFS) is a network of
materials, tools, and manufacturing processes that can produce
all or most of its constituent components. This paper proposes
an architecture for a robotic CFS based on modular components.
The proposed system is intended to self-replicate via producing
necessary components for replica devices. Some design challenges
unique to self-replicating machines are discussed. Results from
several proof-of-principle experiments are presented, including
a manipulator designed to handle and assemble modules of the
same type it is constructed from, a DC brush motor fabricated
largely from raw materials, and basic manufacturing tools made
with a simple CFS.

I. I NTRODUCTION
In the most general terms, we are interested in “making
machines that make others of their kind” [1]. This topic,
first formally introduced by von Neumann and Burks [2] has
seen sporadic interest over ensuing decades with a recent
increase in research activity. Applications of self-replicating
machines have been proposed ranging from space exploration
[3] [4], construction of solar power arrays [5], desktop rapid
manufacturing [6] [7] [8], and nanotechnology. Reviews of
much of this research are presented in [9] [10].
For the purpose of discussion it is helpful to classify the process of “making” into “assembly” and “fabrication”. Assembly
involves the formation of kinematic constraints between prefabricated components (e.g. nuts and bolts, keyways, snapconnectors, magnetic latches), while fabrication involves forming useful components from raw materials via changes in
molecular structure (e.g. casting, welding, soldering, gluing,
cutting, bending). Most recent research falls nicely into one
category or the other. In the assembly category, researchers
have demonstrated general processes of shape change through
reconfiguration [11] [12] [13], stochastic assembly of random
components [14] [15], prototype assembly systems for MEMS
[16], and self-replication through centrally directed assembly
of modular robots [17] [18] [19]. Within fabrication, two
groups are developing desktop printers with the potential to
replicate their constituent components [6] [7], and other groups
are using rapid manufacturing machines to produce fully
formed robotic devices [20] [21]. Research on self-assembly
of meso-scale mechanical components falls at the boundary
between fabrication and assembly [22]. There is ongoing
activity in the simulation of self-replicating machines, using

Fig. 1. Schematic representation of assembly during self-replication. Prefabricated components are stacked in a known arrangement. The task of the
mobile manipulator is to extend the structural lattice and assemble a new
manipulator from the stacked components.

both cellular automata [23] and physics based simulations
[24] [25]. There is also work on theoretical aspects of selfreplicating machines [26] [27] [28].
This paper proposes an architecture for a selfreconfigurable, self-replicating manufacturing system based
on a set of “universal” electro-mechanical components.
Section II discusses some of the challenges that generally
arise in self-replicating machine design. Section III illustrates
one particular approach to the problem and presents a
conceptual vision for what a completed solution would
look like. Section IV presents results from several proof-ofprinciple experiments performed to verify elements of the
overall system design.
II. P ROBLEM F ORMALIZATION
While the topics of robot assembly planning and automated
manufacturing are well-studied, there are certain complications
introduced when a robot must build a replica of itself. The
common theme across these complications is that the robot

Fig. 2. Schematic representation of fabrication. A robot manipulator equipped
with material deposition/removal nozzles fabricates components from a source
of raw materials. Fabricated components are then made available to the
assembly system.

and the thing it builds cannot be “decoupled”. In industrial
practice, a product may be designed to suit the capabilities
of a certain robot, or a robot may be modified to perform a
specialized task. In the case of self-replication, the robot and
the product cannot be independently modified - a change to
one necessitates a change to the other. This section discusses
some of these complications as they arise in assembly and
fabrication processes in machine self-replication.
A. Assembly
A schematic of the assembly process is shown in Figure
1. A mobile manipulator has access to a set of prefabricated
components arranged in known configurations. The task of
the robot is to obtain components and assemble them into a
duplicate robot. The robot begins by constructing an extension
to the platform, and then assembles a duplicate manipulator
in the new space.
1) Workspace: The assembly robot must be able to build a
device as large as itself. For each component in the robot, there
must be a collision-free path between the part storage location
and the part’s destination on a growing replica. Numerous
approaches have been reported for dealing with the workspace
problem. For example, [19] and [29] actuate the partiallyconstructed replica during assembly so that the original machine may access necessary areas. In contrast [17] and [18]
use mobile manipulators operating in an environment common
to original and replica. The environment guides the original
robot around the growing replica, effectively increasing the
workspace.
2) Assembly Error Tolerance: A physical robot manipulator
will have some error in the position of the end-effector, due
to imperfections in measurement and manufacturing. For a
single link, this positioning error can be represented as a
probability density function ρ(g) on the group of rigid-body
transformations g ∈ SE(3). A pdf for the entire manipulator,
representing positional uncertainty of the end-effector, can
be generated by “concatenating” the error distributions of
individual links, using convolutions of the form [30]
Z
ρ12 (g) = (ρ1 ∗ ρ2 )(g) =
ρ1 (h)ρ2 (h−1 ◦ g)dh.
G

The allowable assembly tolerance between two mechanical
parts can be represented as a function α(g) on g ∈ SE(3).

Fig. 3. Concept of a large-scale automated cyclic fabrication system. Mobile
3-axis manipulators operate on a structural grid, fabricating components from
raw materials and then adding them to the grid and building additional
machines.

This function varies between 0 and 1 and represents the
likelihood of a successful connection when the two components are placed with relative configuration g. The overall
likelihood that a given manipulator can successfully assemble
two components is given by the integral
Z
γ=
α(g)ρ(g)dg.
G

An important design goal is to maximize γ.
Intuitively, it is good for the manipulator to have a tight
distribution, the optimal being the delta function ρ(g) =
δ(g). It is also desirable for the mechanical parts to tolerate
large relative displacements. One measure of the uncertainty
tolerance in the relative part configurations is parts entropy
[31]
Z
ᾱ(g) log ᾱ(g)dg,

S=−

G

where ᾱ(g) indicates α(g) normalized to a pdf. A large S
corresponds to a greater tolerance of uncertainty and is hence
desirable. Note that ρ(g) is conditioned on design parameters
of the parts themselves, which can be represented as a vector
a, and on the arrangement of parts in the manipulator, which
can be represented as a vector of parameters b. The assembly
tolerance function α(g) is itself a function of the part parameters a. The dependence of γ on a and b can be written as
Z
α(g, a)ρ(g | a, b)dg.
γ(a, b) =
G

This illustrates the “coupling” between the robot and what it
builds, as both ρ and α depend on the same parameter vector
a. Challenges arise because changing a to induce a desirable
change in α can induce undesirable changes in ρ, resulting in
minimal or detrimental impact to the overall function γ, which
is what should actually be maximized.
The set of components described in Section IV-A are designed largely by engineering intuition. However, this formalism provides a way to approach the design process in a more
systematic way. A topic of current study is the quantification

of ρ(g | a, b), α(g, a), and γ(a, b), using data collected over
many assembly trials with various part designs.
3) Connector Mechanism Design: Connector design is a
challenging problem in all types of reconfigurable modular
robot systems. A standard connection mechanism must be
devised that provides mechanical strength and electrical interconnection between modules. Additionally, the connector
usually also functions as a “handle” so that modules may
be grasped and manipulated using a standard end-effector.
It is important to keep the connector as simple as possible,
because the connector must be built by other parts of a selfreplicating system. A more complex connector may solve
certain assembly problems, but it introduces other problems
during the fabrication steps.
B. Fabrication
A schematic representation of fabrication is shown in Figure
2. The fabricating machine takes some form of refined raw
materials as input (blocks, liquid resins, etc) and produces
finished components as output.
1) Selection of Materials and Processes: Materials and
processes must be carefully chosen so that the system can
fabricate its constituent components. In industrial practice,
cutting tools (for example) can be produced on special purpose
machines able to form hard materials. Hardened tools are then
used to form more generic products from softer materials. In
order to “close the loop” in self-replication, some process must
be selected in which machines made of soft materials can form
hardened cutting tools.
2) Force and Temperature Limitations: Fabrication processes often require the use of large forces and temperatures,
in turn requiring heavy, high-precision machinery. In general,
it is desirable to select manufacturing processes that use forces
and temperatures that are as low as possible, as this simplifies
the associated machinery, which of course must be built by
some part of the self-replicating system.
3) Component Sub-assembly: Ideally the fabricating robot
could simply print entire functional components to be used in
assembly. However in many cases it is necessary for several
fabricated components to be sub-assembled into a component
suitable for use by the assembly system.
4) Resolution Limitations: The problem of resolution is
somewhat analogous to the assembly tolerance problem (Section II-A.2). The components produced by the fabricating
system must be functional even though they are produced to
rather crude tolerances. Because the system self-replicates, the
range of acceptable part tolerances must be the same for both
the fabricating machine and the products it fabricates.
5) Generational Error Correction: Generational error correction really applies to the entire system. We place it in the
fabrication category because it is assumed that given suitably
fabricated components, the assembly error tolerance built-in to
the modules allows the assembly system to produce functional
robots at some guaranteed success rate. Only a few studies
have looked at this topic [27]. It is clear that some type of error
correction must be built in to the fabrication system to avoid

Fig. 4. Materials, tools, and manufacturing processes comprise a cyclic
fabrication system. Raw materials are shown in ellipses, products are shown
in boxes, and processes are indicated by labeled arrows.

accumulation of errors over successive replications. This could
be performed by some intergenerational calibration methods,
or by calibration to some external standard.
III. C ONCEPT OVERVIEW
The model system we use for inspiration is something most
engineers are familiar with: LEGOTM . Modern LEGOs can be
made into many kinds of robots and automated devices. They
are mentioned by name in some of the early papers on modular
robotics [32]. Several LEGO systems have been demonstrated
that assemble simple devices also made from LEGOs [33]
[34]. It is a much harder task to build a LEGO machine that
can fabricate LEGO blocks. To state the goal of this work in
simple terms, we seek to build a set of “LEGO-like” blocks,
such that a machine made from them can 1) assemble complex
devices from similar blocks, and 2) produce new blocks from
a stock of raw materials. Ultimately, a fabricating machine
built from this set of blocks should be able to fabricate all the
essential components in the set, including sensors, actuators,
and control devices.
A. Lattice Architecture
Figure 3 shows a concept of how the fabrication system
might be implemented. Multiple mobile manipulator robots
are installed on a structural grid. Each robot is based on
a standardized 3-axis Cartesian manipulator with a general
purpose end effector. An external system provides power
and control. Tasks are classified into fabrication, mid-level
component assembly, and large-scale structural assembly. The
fabrication sub-system obtains raw materials from reservoirs
and produces basic parts. These parts are then assembled into
larger components by the mid-level assembly robot. The largescale assembly robot assembles components into new devices
(e.g. new robots and new areas of structural lattice).
The system as a whole can self-replicate through a gradual
process of growth. An initial system with a given lattice
structure and a certain number of robots replicates by increasing the lattice size and doubling the number of robots.
Manufacturing output is not limited to strict replication; the
system can grow and reconfigure in a flexible manner. For
example, the large-scale assembly robots can also reconfigure

Fig. 5. Individual cast plastic parts are combined into mid-level components,
which are assembled into larger structures.

their working envelope by adding and removing components
in the structural grid. Depending on the application, the useful
output of the system may be some product made by the robots
(gears, motors, etc.), or it may be the structural grid itself. For
example, some proposed applications of modular robots call
for a large reconfigurable lattice [35]. A large lattice composed
primarily of passive components, but reconfigured by a small
number of active robots moving within the lattice, might be
a feasible alternative to reconfigurable lattices in which every
element is an active modular robot.
B. Cyclic Fabrication Systems
A cyclic fabrication system (CFS) is a network of materials,
tools, and manufacturing processes that can produce all or
most of its constituent components. It is cyclic in the way
the game “rock-paper-scissors” is cyclic: tools, materials, and
fabrication processes are chosen such that one process creates
tools used in the next process, which is used in the next, and
so on until a final process produces tools needed to perform
the initial process. Complex CFSs have been proposed in the
context of self-replicating machines. Processes for producing
machine components from lunar soil are proposed in [3] and
[4]. A cyclic process for separating common terrestrial soil into
useful materials is proposed in [36]. A comparatively simple
system is outlined in [37] based on UV-catalyzed polymer
resin.
A proposed cyclic fabrication system is shown in Figure
4, based on polyurethane and silicone resins, wax, lowtemperature-melting alloys, and solutions of metal salts. The
primary benefit of these materials is that they are readily
available and fairly safe and easy to work with in a small
laboratory environment. They also serve as proxy materials
for performing proof-of-principle experiments that can later
be extended to materials that are harder to work with. The
processes used in the system are conventional machining
and assembly operations, casting, hot wax vacuuming, and
electroforming.
The polyurethane resin is a two-part liquid formulation.
Upon mixing, the liquid polyurethane hardens within minutes
into a machineable plastic with good mechanical properties.
Solid polyurethane can form a wide range of components
including gears, bushings, springs, and structural members.
The wax has a low melting point, is dimensionally stable
and easily machined. The key features of these materials
are that the polyurethane in liquid form can easily be cast

Fig. 6. The base component has four tapered compression pins, two threaded
tension pins, and two captured-nut fasteners. A common end-effector is used
to grasp components, and tighten/untighten them from an assembly.

in wax molds, while the wax can easily be machined by
solid polyurethane tools. Master patterns made from wax can
be used to form polyurethane and silicone molds, which in
turn can be used to cast metal parts from low-temperature
melting alloys. The resultant metal parts may be used directly
in machines or as conductive mandrels for electroforming.
Copper, nickel, and many other metals can be electroformed
over a mandrel made of low-temperature melting alloy. The
alloy can then be removed from the metal part by melting
and reused. Copper can form electrical contacts, motor coils,
conductive traces, and nozzles for material deposition/removal.
Nickel may be used in magnetic circuits and in resistive
heaters.
IV. E XPERIMENTS
A. Modular Components and Assembly Robot
This Section presents a “universal” set of electromechanical
modules. Design goals for the modules are: versatility and
usefulness in assembly, ease of assembly, ease of fabrication
using CFS processes, tolerance to misalignment during assembly, and strong, reversible intermodule connections. The
modular components are based on an earlier design [29]. The
components are made of polyurethane. Each of the castings
that make up a component are designed to be produced in
a single-piece wax or silicone mold with minimal undercuts.
This greatly simplifies the design and fabrication of the mold,
simplifies the demolding process, and eliminates difficulties
that arise with removing sprues and flash. However, the
exposed top surface of a part cast in a single-piece mold
is not suitable for precise assembly. This problem can be
solved by combining multiple parts with adhesive, so that
precise dimensions between critical surfaces are maintained.
With these components it is primarily achieved through the use
of pins and plates. Each plate contains four compression pins,
two tension pins, and two captured nuts. The compression pins
are tapered and mate with tapered holes in other plates, while
the tension pins mate with captured nuts.
A minimum connection between two components consists
of a tension pin connected to a nut, in between two compression pins. This form of mechanical connection was chosen
over other methods (magnets, snap-fittings, etc) because of its
high strength and ease of reversibility. When a new component
is placed on a growing assembly the tapered mating surfaces
engage, locating the component. The captured nuts are then
tightened onto the mating tension pins, providing a solid

Fig. 8.

Fig. 7. A 3-axis manipulator performing a simple assembly task; (2) - X
axis, (3) - Y axis, (4) - Z axis, (5) - end-effector. Three separate components
(1) are initially placed on the assembly station (6). The robot assembles the
three components and removes them from the assembly station (7).

mechanical connection between the new component and the
assembly. Example assemblies shown in Figure 5 include
a structural platform and a linear motion slide. Variations
on these components can form other mechanisms, including
revolute joints, gear trains, 3-axis manipulators. The threaded
fasteners provide a reversible assembly mechanism, so that an
existing structure may be disassembled and its parts reused
in a new structure. Additional small holes in the plates are
accommodations for future electrical connectors.
A single end-effector is used for grasping components and
to tighten and un-tighten the threaded fasteners (see Figure 6).
The end-effector consists of a spring loaded tool-piece with
a slot and internal thread. For grasping a part, the internal
thread of the tool mates with the threaded tension pin on a
component. After a component is placed, the tool is unscrewed
from the tension pin and placed on the component’s capturednut fastener. The slot on the tool-piece self aligns with the
fastener and tightens or loosens it in the manner of socket and
nut. Apart from the spring and motor, the entire end-effector
assembly is built from polyurethane components.
A 3-axis Cartesian manipulator was constructed from about
80 modular components. The manipulator is driven by seven
small gearmotors (Solarbotics GM2). Two motors drive each
of the axes in parallel, and the seventh is used to drive the

Diagram of motor construction.

end-effector. Low resolution optical encoders are used on
one motor on each axis for position feedback. Resolution
is approximately 1 count per mm. Power is supplied to
the motors through ordinary hookup wire. The manipulator
is controlled by a simple microcontroller (PIC16F690). The
controller simply follows a sequence of position commands,
driving each axis independently for a predetermined number
of encoder counts. Due to the high tolerance for misalignment
of the parts, even this crude form of control is able to
automatically assemble components.
Figure 7 shows two snapshots in a test assembly sequence
of the 3-axis manipulator. Three unassembled components are
placed (unconnected) on an assembly station in front of the
manipulator. The robot then retrieves each of the outside parts
and assembles them in sequence to the center component.
After the three parts are connected together, the robot lifts
the assembly and removes it from the station. This is a simple
example that demonstrates the feasibility of using machines
made from these components to perform assembly tasks.
B. Actuator Production
This section describes a permanent magnet axial-gap
Lorenz-force motor, fabricated almost entirely using techniques from the cyclic fabrication system described in Section
III-B. Motors of this general design are well known, including
“printed coil” motors used in many applications. The challenge
here is to build such a motor using the constrained set of
materials, tools, and methods that comprise the cyclic fabrication system. The Fab@home group has demonstrated printing
of batteries, circuit elements, and actuators using variations
on rapid manufacturing processes [38]. The Reprap group
has demonstrated formation of circuit wiring by extruding
metal into plastic parts [39] [40]. Inspired by their success,
we designed a metal extruding mechanism with the intention
of installing it on a 3-axis manipulator similar to the one in
Section IV-A. The extruder consists of a heated copper nozzle
and a motorized syringe pump (see Figure 9). A heated cup is
used in conjunction with the nozzle device. Thermostat control
of the heated nozzle and cup was performed with Reprap
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Fig. 9. Heated copper nozzle for extrusion of low-melting alloy into plastic
parts.

electronics. The cup contains a small amount of molten metal,
which is retrieved by the nozzle using the syringe pump. The
nozzle is moved to a plastic part, where the molten metal is
then pumped out into channels in the part.
1) Method of Construction: The main components of the
motor are illustrated in Figures 8 and 11. The motor consists
of 15 cast plastic parts - 6 coil plates, 7 magnet disks, 1 commutator shaft, 1 base plate (Smooth-On Smooth-Cast 300), 4
cast metal commutator rings (Cerroshield alloy, melting point
95 C, McMaster P/N 8921K23), 8 metal brushes (brass strip),
6 magnetic yoke pieces (mild steel strips), and 42 NdFeB
magnets (1/2” diameter by 1/8” thick, Digikey P/N 496-1002ND). The part masters were fabricated using conventional
machining and laser cutting, and the plastic and cast-metal
parts were produced manually from silicone molds. To form
the magnet disks, magnets were positioned in a disk mold
with a plastic fixture. The fixture was then removed and liquid
resin cast around the magnets to embed them in the final part.
Wiring channels were cast in place as part of the coil plates and
base plate. These channels were manually filled with molten
Cerroshield using the heated nozzle device. During assembly,
the base plate was clamped to a hot plate and coil plates with
filled channels were then lowered into place onto the base
plate.
2) Motor Performance: The motor can operate as a stepper
motor, DC brush motor, or generator. When configured as
a DC brush motor, the commutator excites the coils with
a quadrature square wave. The steady-state behavior of the
motor in DC operation can be described using a simple model
[41]
τ = kM i − τf ,
i=

V − kM ω
,
R

where τf is a constant torque representing sliding friction,
V is constant DC voltage applied to the motor terminals,
R is lumped resistance of the motor windings, brushes, and
commutator. The model is valid for i > τf /kM . For this
simple motor, the characteristic we are most interested in is
mechanical output power. The maximum power output in DC
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Fig. 10. Motor back-emf measured at each coil circuit. Data shown is for
one revolution, ω = 27rad/s.

motor configuration is given by

2
τf R
1
V −
.
Pmax =
4R
kM
The motor constant was measured by recording the voltage
generated by the coils while the motor shaft was spun at
constant speed. Figure 10 shows the voltage output of each
phase in the motor over a single revolution. The measured
data yields a motor constant of kM = 0.00325 (in units of V s
or N m/A).
The motor was tested in DC brush configuration and
operated continuously for several minutes. At a terminal
voltage of 6V it drew about 7.5A and had a no load speed
of approximately 400rpm(42rad/s). The winding resistance
was estimated to be R = 0.78Ω, the friction torque τf =
0.024N m, and the maximum available power output Pmax =
6mW . When compared with the commercial motor used in
the assembly robot in Section IV-A, which has a power output
of about 100mW at 6V , it is clear there is much room for
improvement in the motor design.
Assembly of the motor relies extensively on human intervention, so this experiment should be regarded as a proof-ofprinciple that a subset of the CFS (Figure 4) can build working
actuators. Topics of current study related to this experiment
are 1) incorporating the metal-deposition nozzle into a Reprap
machine to print entire coil plates, 2) construction of a motor
assembly machine using the modular electro-mechanical components, and 3) increasing power output and eliminating need
for permanent magnets.
C. Fabrication Tool Production
Figure 13 illustrates a closed manufacturing process for
replicating polyurethane cutting tools, which is a subset of
the CFS shown in Figure 4. Three types of cutting tool
are necessary for the process: a standard endmill, a tapered
endmill, and a lathe cutting tool. The process begins with bulk
wax material, which is turned and faced into two cylinders
using lathe operations. One cylinder receives a conical bore

Fig. 12. Clockwise from top left: wax mold, polyurethane part; polyurethane
mold, wax and low-melt alloy parts; wax master, polyurethane mold, Cerroshield alloy mandrel, electroformed copper nozzle; wax mold, polyurethane
lathe tool; silicone molds and polyurethane end-mills.

Fig. 11. A DC brush motor fabricated using materials and processes from
the cyclic fabrication system. For size reference, the base plate is about 12cm
square.

and the other a tapered surface. Flutes (cutting surfaces) are
cut in the cylinders using milling operations. This results in a
wax “master pattern” replica of a standard and tapered endmill.
Additional milling operations generate parts for a wax mold
container. The master pattern together with the mold container
form a pattern from which silicone molds can be cast. The
silicone molds contain a negative replica of the wax masters
in which polyurethane parts can be cast. The process for
replicating lathe cutting tools is simpler - a negative pattern can
be machined directly into a wax block using a polyurethane
milling tool. This process was verified by using a manually
operated milling base (Sherline) to replicate polyurethane
cutting tools. An additional subset of the CFS was tested
by producing a copper nozzle similar to the one used in
the assembly of Figure 9. Results are shown in Figure 12.
Materials used in the experiments are: wax (melting point 68C,
McMaster P/N 93955K77), polyurethane resin (Smooth-On
Smooth-Cast 300), silicone elastomer resin (Smooth-On MoldMax 20), Cerroshield alloy (melting point 95C, McMaster P/N
8921K23), and aqueous copper sulfate solution.
V. C ONCLUSION
We have proposed an architecture for a modular robotic
system that implements a cyclic fabrication system. The system is intended for use as a general-purpose manufacturing
system, with the special feature that it can self-reconfigure
and self-replicate. Some of the unique problems encountered
in design of self-replicating machines were addressed. All of
these problems arise due to the coupling between robot and
what it makes - the robot cannot be designed independently
of its “product”.
Several proof-of-principle experiments supported the feasibility of the cyclic fabrication system. A primary factor
in selecting the processes for the CFS is ease of use in

Fig. 13.

Process flowchart for replicating cutting tools.

the laboratory. While the exact processes chosen may not
be practical for making machines that operate in the “realworld” we argue that the results are useful for several reasons.
First, the processes investigated serve as proxies for industrial
processes. Design principles uncovered during investigation
may be applied to more common methods of manufacturing,
for example machineable ceramics and aluminum casting
might be used in place of wax and Cerroshield with minor
modifications to the basic design of the production cycle.
Second, the products generated by the production system as-is
may be useful in certain applications, just as the objects built

by commercial rapid prototyping devices have found use in
certain applications, despite a limited selection of materials to
work with.
Finally, the most exciting application for a compact automated production system may be for building things small. Silicone elastomer casting and electroforming are routinely used
in microfabrication. The physicist Richard Feynman famously
suggested using a remotely operated machining system to
replicate itself in incrementally smaller and smaller iterations.
Admittedly, he called the idea “one weird possibility” and “a
very long and very difficult program” [42], but perhaps it may
not be so weird or so difficult if approached in the right way.
Topics for future research include: quantifying assembly
tolerance functions, incorporating electrical conductors into
the modular components, designing new robot assemblies
with increased workspace, automating the motor fabrication
process, and designing new actuators with improved power
output.
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