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Abstract— A set of modular components is presented for use
in reconfigurable robots. The proposed architecture for large
systems built with these components is a number of active
mobile devices operating within a larger, passive structural
grid. The mobile devices and grid are constructed from the
same class of heterogeneous modular components. The compo-
nents themselves are designed for low-cost simple fabrication
methods. Results from some experimental demonstrations are
presented.

I. INTRODUCTION

The concept of machines that make machines has been

around the science (and science fiction) literature now for

more than half a century [1], [2], [3], [4], [5]. Our emphasis

in this paper is the design and demonstration of robots

constructed from a specific set of parts that is “complete”

or “closed” in the sense that multiple different kinds of

robots can be constructed from this set, and those robots

will have the ability to construct copies of themselves.

On the one hand, this goal is not as ambitious as von

Neumann’s “universal” constructor [5], but on the other hand,

we are designing physical prototypes that function in the

physical world, whereas no universal constructor has ever

been demonstrated. Therefore, this work can be viewed either

as a step toward realizing von Neumann’s vision [6], or

simply as a more modest engineering goal with potential

applications in the physical world - particularly in the field

of self-reconfigurable modular robotics (SRMR).

Some of the current “Grand Challenges” identified for

SRMR [7] include demonstrating systems with large num-

bers (≈ 1000) of modules, and reducing module size and

cost. Additionally, accessing and manipulating objects at

small length scales is a crucial challenge in the field of

micro robotics [8]. The modular component system presented

here may provide certain unique advantages for addressing

these challenges. Namely, the components’ simplicity and

ease of construction facilitates the low-cost production of

large numbers of modules, while the choice of materials and

manufacturing techniques are quite similar to those already

widely used in certain microfabrication processes [9].

Most state-of-the-art examples of SRMR [10], [11], [12],

[13], [14], [15], [16] are based on homogeneous modules,

each of which contain a full suite of sensors, actuators, power

source, and computing hardware. This approach has seen

remarkable progress and continues to be a very active area of

research. However, systems based on heterogeneous modules

have been proposed and built. There are several examples
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Fig. 1. The basic mechanical connection consists of a threaded fastener
centered between two conical pin-bushing pairs.

of SRMR in which active (complex) modules are combined

with passive (simple) components to perform locomotion

and reconfiguration. A bipartite SRMR composed of active

links and passive cubical modules is presented in [17]. A

similar system composed of active joints and passive truss

elements is described in [18]. A collective robot system is

proposed in [19] where locomotion and reconfiguration are

accomplished by the interaction of a swarm of simple active

robots contained within a passive membrane. Algorithms and

simulations are presented in [20] for a system composed of

passive blocks which are moved and connected by a smaller

number of active mobile robots. A similar architecture of

active robots and passive blocks was actually built and

demonstrated in [21].

A vision of SRMR based on our components most closely

matches the systems in [20], [21]. We propose that a large

grid be composed of simple, passive structural components.

Mobile devices, composed of other structural blocks includ-

ing some motorized components, operate within the grid.

The mobile devices are able to reconfigure the structural

grid, move components from place to place, and build other

mobile devices using parts of the grid as assembly stations.

In contrast to [20], [21] the mobile robots in our system are

themselves composed of the same components as the larger

structural lattice.

Fig. 2. Coordinate frame definition for 2D section of pin and bushing.
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II. COMPONENT DESIGN

The mechanical inspiration for our system is not

new: most engineers are already familiar with LEGOTM,

fischertechnikTMand other off-the-shelf building sets. LEGO

systems have been demonstrated that assemble simple de-

vices also made from LEGOs [22], [23], but it is a much

harder task to build a LEGO machine that can assemble

arbitrary structures. The component set has been designed

specifically to form general purpose constructing machines

that can assemble arbitrary structures given additional com-

ponents.

A. Assembly Error Tolerance

The building blocks (Figure 1) are designed so that when

picked and dropped into place, they will reliably form low-

error connections that can then be fastened using the rotary

end-effector described in Section II-E. The art of designing

automated assembly equipment is summarized in [24], and

prior work of Boothroyd and coworkers that have been

published over the past 40 years. Intuitively, we want the

conical pegs and holes in our blocks to have geometric

properties that will tolerate small errors in position and

orientation, so that when blocks are dropped, they will be

guaranteed to fall into place. In spirit, this is similar to the

philosophy behind the pioneering work of Erdmann, Mason,

Canny, Goldberg, and others on the use of minimal sensing

and using the information contained in the mechanics of

manipulation [25], [26], [27].

In a sense, the robot that we are presenting is one that

is “isentropic” in that it picks up blocks that are initially

stacked in an ordered lattice, and delivers and places the

blocks in locations where they settle with the same amount of

order that they started with. In this sense, the current work is

similar to that in [28], in contrast to the situations studied in

[29] where the environment (and initial arrangement of parts)

had some uncertainty, and the robot assembled a replica.

Fig. 3. Off-the-shelf 7-axis positioning stage instrumented for testing
assembly error tolerance.

In practice, even the isentropic approach must tolerate

small errors in the position of the manipulator end-effector

due to imperfections in measurement and manufacturing.

For a given commanded end-effector configuration g0, the

positioning error can be represented as a probability density

function ρg0
(g) on the group of rigid-body transformations

g, g0 ∈ SE(3) [30]. Further, the allowable assembly toler-

ance between two mechanical parts can be represented as a

function α(g). The function α(g) 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 an assembly process is successful for

a commanded end-effector configuration is

γg0
=

∫

G

α(g)ρg0
(g)dg.

This formalism provides a way to quantify the concept of

“assembly error tolerance” in order to maximize likelihood of

successful assembly operations. An ongoing topic of research

in our lab is measuring the functions ρg0
(g) and α(g). An

instrumented 7-axis positioning stage fitted with a rotary end-

effector (Section II-E) is under development for collecting

supporting data (see Figure 3).

Determining γ requires extensive experiments or high

fidelity simulations. The remainder of this section presents

an entropy heuristic based on part geometry that can provide

meaningful predictions about assembly error tolerance with-

out the need for extensive tests or simulations. The method

predicts error tolerance by quantifying the reduction in part

entropy that takes place as two components are assembled.

We hypothesize that a gradual transition from a large

to a small parts entropy corresponds to tolerance of large

misalignments, while a sharp transition corresponds to less

tolerant components. Certainly there are other factors that are

important in determining suitable connector geometries, such

as specificity (avoiding undesired connections), robustness,

and prevention of jamming, which the entropy heuristic does

not address. However, it provides useful information based

only on part geometry, and can potentially be combined with

other heuristics to help construct a systematic process for

designing and evaluating mechanical connection systems for

modular components.

Fig. 4. Comparison of intensity plots of V (x, y, θ) for different values of
y and tapered or straight pins. Dark areas indicate region of free motion.
Insets indicate degree of assembly by illustrating a single configuration at
(0, y, 0).
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A rigid component B, considered as a subset of points in

R
n, can be represented with a function

fB(x) =

{

1 for x ∈ B

0 for x /∈ B

with x ∈ R
n. Given two 2D rigid components represented

by f1 (the bushing) and f2 (the pin), the amount of over-

lap between the components can be written as a potential

function

V (x, y, θ) =

∫

R2

f1(x)f2(R
T (θ)(x − p))dx

where p = [x, y]T , and R(θ) ∈ SO(2) is a 2D rotation

matrix. As shown in Figure 2, the coordinate frames for

f1 and f2 are attached to the components such that they

are in the assembled configuration when the two frames

coincide. Assembly “progress” can be parameterized by the

y coordinate. Arbitray unassembled configurations initially

begin with a large value of y, which decreases to y =
0 for the final assembled state. This is an approximate

representation of the actual assembly procedure, where the y
coordinate is driven by a controlled mechanism, but there is

some uncertainty in x and θ which must be accommodated

by the passive alignment geometry of the pin and bushing.

Computationally efficient methods have recently been

presented for finding parts entropy in systems of multiple

3D bodies [31]. However, for an initial treatment of the

pin/bushing geometry, a naive brute force sampling of config-

uration space is used. The configuration of the moving pin is

parameterized by three coordinates (x, y, θ). The coordinates

x and θ are discretized with uniform spacing on bounded

intervals, e.g. x ∈ X = {x1, x2, ..., xNx
} with

xi = xmin + (i − 1)
xmax − xmin

Nx − 1
, i = 1, 2, ..., Nx.

A uniform spacing of the coordinates (x, y, θ) results in a

uniform sampling of SE(2). In general, e.g. for SE(3), this

is not the case and the coordinate spacing must be modified

accordingly to guarantee uniform sampling of C-space [32].

The collision-free region of C-space available to the pin

for a given value of y is represented by the set of discrete

(x, θ) coordinates for which V is less than or equal to some

threshold

C(y) = {(x, θ) : x ∈ X , θ ∈ Θ, V (x, y, θ) ≤ κ}

where typically κ = 0. As a measure of how C-space is

restricted during assembly, the joint entropy [33], [29], [31]

of x and θ, conditional on a given value of y, is defined

Hρ(y) = −
∑

x∈X

∑

θ∈Θ

ρ(x, θ|y) log2 ρ(x, θ|y). (1)

Note that Hρ(y) is a function of y, in contrast to conditional

entropy which is equivalent to the expectation Ey[Hρ(y)]
[34].

For a given value of y, all collision-free (x, θ) pairs are

assumed equally likely, so the probability mass function ρ is

ρ(x, θ|y) =

{ 1
|C(y)| for (x, θ) ∈ C(y)

0 for (x, θ) /∈ C(y)
(2)

where |C(y)| maps a real-valued y to a non-negative integer

on [0 .. NxNθ], and simply indicates the number of (x, θ)
pairs in the set C(y). Clearly, ρ(x, θ|y) is well-defined only

for y such that C(y) 6= ∅. For the probability mass function

in (2), Hρ(y) evaluates to

Hρ(y) = log2 |C(y)|. (3)

Hρ(y) tells us something about the assemblabilty of

parts. As an example, Hρ(y) is calculated for two different

part geometries: a conical pin/bushing and a straight-edge

pin/bushing. The components f1, f2 are represented with

99 × 79 pixel bitmap images. The collision threshold was

set to κ = 4 to neglect the “rough edge” collisions due to

image pixellation. Other parameters used were: Nx = 161,

xmax = 20 and xmin = −20 (pixels), Nθ = 361, θmax =
π/2 and θmin = −π/2 (radians).

Intuitively, it is understood that the difficult part of assem-

bling a straight pin in a straight hole is the initial alignment

of the pin with the hole. Similarly, assembly of a tapered

pin is easy because the conical surfaces gradually guide the

pieces together. This is evident in Figure 5 where the “knee”

(dashed line) at y ≈ 27 corresponds to the sharp reduction

in parts entropy that occurs as the straight pin is aligned

with the hole, while the conical pin shows a gradual entropy

reduction (solid line). This suggests a qualitative general

heuristic for designing and evaluating component geometries:

avoid sharp transitions in Hρ(y). One advantage of using this

method is that high-dimensional information from C-space

(such as that shown in Figure 4) is collapsed into a function

of a single variable, allowing direct comparisons between

different parts of complex geometry.

Fig. 5. Comparison of Hρ(y) for conical (solid line) and straight (dashed
line) pin/bushings. Assembly proceeds with decreasing y.

B. Fabrication

The components are made of polyurethane. Each of the

castings that make up a component are designed to be pro-

duced 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.

Master patterns are built manually by gluing together wax

and plastic components produced via conventional machin-

ing, laser cutting, or 3D printing. A silicone mold is made
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Fig. 6. Sub-components are cast in simple molds.

from the master patterns. Nearly all the molds are single-

piece open molds with no undercuts. Except for components

with screw-threads, none of the molds require undercuts. In

the case of parts with screw-threads, the flexibility of the

mold material allows a cast part to be removed from a mold

despite the undercuts formed by the threads.

A flat surface cannot easily be created on the free surface

of the mold (i.e. the face of the component exposed to the

air) because of bubbles and the meniscus formed at the

liquid-air interface. The components are designed so that

multiple pieces produced from single-part molds may be

assembled and bonded together to form components that

maintain critical dimensions and good surface quality on all

faces. This process is illustrated schematically in Figure 7.

Fig. 7. Raw castings are bonded together to form finished components.
Low-quality surfaces shown as shaded areas.

C. Mechanical Interconnection

Desirable characteristics in the interconnection mechanism

include tolerance to misalignment, strong reversible con-

nections, and ease of fabrication. Connectors utilizing self-

aligning surfaces combined with a locking mechanism have

been previously demonstrated, including devices based on

snap-fits [35], actuated latches [36], [37], and magnets [38].

We chose a mechanism based on screw-threads, as shown in

Figure 1. The conical pins allow for self-alignment during

assembly. The threaded fastener between the compressed

pins provides tension for a strong mechanical connection,

and additionally helps to pull misaligned modules together

during assembly. An important feature is that the connector

is entirely passive and does not require every module to be

equipped with an actuator.

Fig. 8. Small holes in the basic plate provide locations for specialized
sub-components.

D. Functional Features

Each module must have at least one connector of each type

(i.e. one with pins and one with bushings). The connectors

with pins are used as a standard handle so that compo-

nents may be easily handled by a common end-effector.

The presence of a bushing connector allows a module to

be added to an assembly. The basic structural component

consists of a plate with two pin connectors and two bushing

connectors. Having two of each connector style allows the

basic component to form trusses and columns.

The unit distance between centers for the large holes in the

plates is chosen as an integral number of pitch lengths of the

rack used for sliding motion. A standard size gear pitch was

chosen so that off-the-shelf components could be used when

building component masters. In this case, the gears are 24

pitch in English units (i.e. a gear with pitch diameter equal to

one inch has twenty-four teeth). The center-to-center distance

between plate holes is 1.047 inch, corresponding to 8 tooth-

lengths of a linear 24-pitch rack. For convenience the vertical

unit distance is also chosen to be 1.047 inch, although this

is easily changed by substituting pins of a different length.

The small holes in the plates have multiple functions.

Holes around the perimeter of the plate can be used to link

plates together using a smaller pinned component (Figure 8).

Vertical and horizontal sliding components are also added to

plates in this way. The holes are also intended to incorpo-

rate smaller castings with embedded electrical contacts and

wiring.

Fig. 9. Multiple components can be assembled into trusses and columns,
which in turn can be augmented with additional parts to form horizontal
and vertical tracks on which motorized components can move.

Multiple instances of the basic structural part can be

assembled into trusses and columns as shown in Figure 9.

Components in a truss can be augmented with horizontal

rack pieces, allowing a truss to function as a track on which

a motorized component can slide. Vertical tracks are made in

a similar way using additional sub-components (Figure 10).
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Fig. 10. Sub-components for building vertical sliding mechanisms.

E. Gripper Mechanism

A single end-effector is used for grasping components

and to tighten and un-tighten the threaded fasteners (see

Figure 11). 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 captured-nut fastener. The slot on the tool-piece

self aligns with the fastener and tightens or loosens it in the

manner of socket and nut. The grasper is composed of an

off-the-shelf gear motor, a metal spring, and 21 plastic cast

parts.

III. EXPERIMENTS

This section describes a system built to test the perfor-

mance of the component set in assembly tasks. The machine

is automatically controlled using a simple microcontroller

(PIC16F690). Motorized components all utilize the same

small, low-cost gearmotor (Solarbotics GM2). Low resolu-

tion optical encoders are used to provide a positioning ac-

curacy of about 1 encoder count per mm. Power and signals

are routed to each motor component using external cables

(not through wiring embedded within the components). The

controller follows a sequence of pre-determined position

commands, driving each axis independently until a certain

number of encoder counts is sensed.

A 3-axis Cartesian manipulator was constructed from

about 80 modular components (Figure 12). The base of

the manipulator consists of two parallel tracks, each with

a gear rack along the length of the track. A mobile cross-

slide sits across the tracks, itself containing another two

tracks orthogonal to the base. A second smaller cross-slide

sits atop this assembly, and carries a column of structural

components fitted with a vertical sliding mechanism. Two

vertical motorized assemblies move on either side of the

column. The end effector rides on a platform connected to

the vertical motor mechanisms. The manipulator is driven by

seven motors. Two motors drive each of the axes in parallel,

and the seventh is used to drive the end-effector. The task

this machine performs is to assemble three components on an

assembly station, then pick them up and move them off of the

station (see supplemental file moduleAssemblyDemo.wmv).

Fig. 11. A common grasper is used to manipulate, connect, and disconnect
modules from each other.

Fig. 12. A 3-axis Cartesian manipulator performs a demonstration task of
stacking three modules, then removing them from the assembly station.
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IV. CONCLUSION

We have designed and built a new set of mechanical

components specialized for building robots that assemble the

same type of components they are made from. The initial

motivation for this work is for self-replicating machines, but

the components can also be applied to self-reconfigurable

robotics. We have demonstrated that it is straightforward

to produce large numbers of modules, and that machines

built from them pass the rudimentary test of being able to

handle and assemble other modules under automatic control.

There is an obvious need to incorporate electrical contacts

and feedthroughs within the modules, while preserving their

low-cost and ease of fabrication. There is also a need

to develop a systematic lattice architecture in addition to

algorithmic methods for reconfiguring the lattice. While

this approach of heterogeneous “active robot” - “passive

lattice” lags behind the more developed systems composed

of homogeneous full-featured modules, we think that the

idea is worth investigating for future systems. Other ongoing

topics for future work include a rigorous investigation of

the assembly error tolerance functions ρg0
(g), α(g), γ, and

Hρ(y). In addition we are developing complementary design

heuristics to address other important aspects of assembly

such as specificity, robustness, friction, and dynamics.
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