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Abstract Hardware and software design and system
integration for an Intelligent Precision Jigging Robot
(IPJR), which allows high precision assembly using commodity parts and low-precision bonding, is described.
Preliminary 2D experiments that are motivated by the
problem of assembling space telescope optical benches
and very large manipulators on orbit using inexpensive,
stock hardware and low-precision welding are also described. An IPJR is a robot that acts as the precise
“jigging”, holding parts of a local structure assembly
site in place, while an external low precision assembly agent cuts and welds members. The prototype presented in this paper allows an assembly agent (for this
prototype, a human using only low precision tools), to
assemble a 2D truss made of wooden dowels to a precision on the order of millimeters over a span on the
order of meters. The analysis of the assembly error and
the results of building a square structure and a ring
structure are discussed. Options for future work, to extend the IPJR paradigm to building in 3D structures
at micron precision are also summarized.
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Fig. 1 Proposed 20m far-infrared precision segmented reflec-

tor [2, 3] with a truss-mounted primary mirror that must be
assembled on orbit. Intelligent Precision Jigging Robots may
be used to construct the optical bench truss with the high
level of precision necessary to accurately mount the mirror
segments. The secondary mirror may also serve as the mounting location of a central surveying station for monitoring the
assembly process.

from low precision components, is presented. IPJRs collaborate with external assembly agents by holding components precisely in place while they are welded by the
external agent [1]. This enables high precision and accuracy, despite using inexpensive stock components and
low precision external manipulation.
High-precision trusses provide high structural stability at relatively low weight, which makes them par-
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ticulary attractive for space applications. For example,
trusses can serve as optical benches for space telescopes,
support structures for space stations on orbit, or links
of long-reach manipulators that might be used for payload or asteroid retrieval. On earth, truss structures are
omnipresent in buildings, bridges and cranes.
1.1 Related work
Assembling structures in space [4], possibly even using
resources harvested from planets [5, 6], has the potential to overcome payload limitations of earth-launched
missions, thereby enabling the manufacturing of large
and scalable structures. In particular, space telescopes
that could be assembled on orbit are a high priority
for NASA [2, 3, 7–10], with proposed diameters of tens
of meters (Figure 1) up to hundreds of meters. In contrast, the James Webb Space Telescope, at 6.5m, may
be the largest telescope that can be launched preassembled. Telescope mirrors usually consist of multiple mirror elements that are mounted onto a truss that forms
a parabolic surface. The truss needs to be constructed
such that the mounting points for the mirrors follow the
desired parabolic curve precisely. How these mounting
points are connected, however, is less important, motivating the approach presented in this paper.
A truss structure also forms the backbone of the
large-scale Tendon Actuated Lightweight In-Space Manipulator (TALISMAN, Figure 2), composed of a linkage of square trusses controlled by tendon-based actuators. The proposed TALISMAN might be used to
capture errant artificial satellites, very small asteroids
or supply capsules. Launching the TALISMAN in a disassembled state will result in efficient launch packaging
as well as permit the distribution of materials among
multiple launches. The locations of the nodes in the
TALISMAN trusses need not be as precise as those on
optical benches; however, the large difference in element
lengths requires the jigging to have versatility, providing another motivation for the approach used in this
paper.
In previous work [11], the repeated assembly and
disassembly of an 8 m telescope mirror using an industrial manipulator arm and a rotating assembly platform was demonstrated. The structure achieved a precision of a few microns over the entire span of the mirror using precisely machined struts and nodes. While
this approach has worked in a laboratory environment
on the ground, it is considered impractical as it requires considerable launch mass, high precision on every
member, and is inflexible to unexpected environmental effects. Other successful robot assembly methods
have demonstrated robustness and inexpensive parts,

Fig. 2 The Tendon Actuated Lightweight In-Space Manipulator, a robotic arm on the order of 300m in length, is designed
with truss links 50m in length.

but are limited to low precision and (mostly) homogeneous simple parts. Recent robust and parallel assembly techniques include quadrotor teams that can assemble cubic truss structures [12], truss climbing and
assembling robots [13], termite-inspired swarm assembly robots [14, 15], and a robot team that can build
IKEA furniture in cluttered environments [16]. While
all of these robost approaches show promise, none currently bridge the gap between concept and practical
application.

1.2 Contribution of this paper
The intelligent precision jigging paradigm is a lightweight approach for high-precision assembly. By incorporating the precision requirement into a welding jigging device, truss parts can be drawn from a stockpile
of struts and nodes. External manipulators need not be
precise, thereby separating the requirements between
robots of different types and reducing the complexity of
each type of robot. IPJRs can compensate for various
problems in the assembly process, such as thermal expansion and, equipped with appropiate long-range sensors, error propagation. This system has the potential
to mitigate problems experienced in previous robotic
telescope assembly experiments, and lead to robused
precision assembly using parallel approaches.
This paper reports on the initial experiments using a simple two-dimensional IPJR prototype that validate the precision assembly of inexpensive materials.
The experiments also provide important lessons with
respect to the design of more precise IPJRs for assembly of three-dimensional structures. The prototype can
assemble a truss made of wooden dowel rods to an average accuracy of less than 1 mm for structures in which
struts range from 290–430 mm. The IPJR guides the
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Fig. 3 The IPJR triangle in right triangle configuration. The

controller is attached to the top-left edge, the button interface and LCD are attached to the bottom edge. The three
joints are printed parts. Also in the picture (clockwise from
top): the glue gun used to bond struts to nodes, nodes that
form the vertices of the triangular cells, struts that form the
edges of the triangular cells, and the low-precision cutting
tool used to cut the struts to approximately the correct size.
No other measurement, bonding, or cutting tools were used
in the construction of the structure.

assembly while forming the shapes of the constituent
cells. A human assembly agent substitutes for an external robot to cut and glue the pieces together. The
human agent does not require other precision instruments or knowledge of what is being built; he visually
estimates the strut lengths, fills the gaps with glue, and
repositions the IPJR following commands on its display.
This leads to a precise assembly that is accurate to the
margins of error of the IPJR’s sensors and actuators.

2 Intelligent Precision Jigging
In welding and other applications, a jig is the name for
a scaffolding device that holds parts as they are being
welded and ensures precision and repeatability. An “intelligent jig” is a jig with some amount of autonomy,
capable of sensing, actuation, computation, and communication. These capabilities are intended to make
the assembly task easier, faster, and more reliable. The
simplest intelligent jig is one that can set and detect its
own shape and alert the user when its requirements are
met.
Trusses are usually made of triangular cells, often
forming tetrahedra when embedded in three dimensions. Intelligent jigs to assemble these trusses should
ensure that each node is located and aligned properly
and that each strut, when welded, bears primarily an
axial load between nodes. A jig for an individual strut
should set the distance between the two nodes on either
end to a desired precision and hold the strut steadily
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Fig. 4 Distribution on length errors in a single actuator.

while the user welds the strut to both nodes. To form
triangular and tetrahedral cells, it is sufficient that a
group of connected intelligent jigs—using pin-joints in
2D and universal joints in 3D—set their edge lengths.
The angles between struts will default to the unique solutions for triangles and tetrahedra of specified lengths.
The user can reuse a triangular/tetrahedral group of intelligent jigs to assemble each cell independently, meaning that the complexity of the robot is independent of
the size of the structure.
The IPJR is an implementation of truss jigging that
assembles one cell at a time. Each jig is associated with
a strut in the cell. Three jigs can connect to make a
triangle, and six jigs to make a tetrahedron. They can
communicate with each other and the external assembly agents, enabling them to discover the status of each
other and coordinate the assembly process. In addition, several other tasks in the assembly process fall
under the purview of the IPJRs including; sequencing
assembly steps, determining and setting the lengths of
each edge for each cell, and detecting when each step is
complete (along with errors in each step). The external
agent, i.e., a human user or a robot, only needs to know
how to execute the orders given by the IPJRs.
In the future, IPJRs may also include additional
capabilities, such as holding and manipulating struts as
well as nodes, and being mobile, thereby serving both
as jig and assembly agent. The IPJR described in this
paper implements only the length-changing and lengthholding components, as well as communication between
each edge and the human assembly agent.

3 IPJR Prototype Hardware Design
The IPJR presented in this paper consists of a triangle
of three actuators and is designed for precise assembly
of wooden trusses. Figure 3 shows the IPJR prototype,
assembly tools, struts, and nodes. Wooden dowels, act-
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ing as struts, can be roughly cut and bound with glue
by a human user. This system permits the construction
of triangles with varying dimensions, and relies on an
external agent to handle the struts and provide mobility
to the jig.
The IPJR triangle’s actuation consists of three Firgelli
L16-140 150:1 -P actuators with built-in distance sensors in the form of potentiometers. This allows each jig
to change its length from roughly 287mm to 428mm.
The control hardware is an Arduino Mega 2560 with
an Adafruit motor shield, a 2 × 16 character LCD, and
five buttons. Each actuator potentiometer has a stated
accuracy of 0.5 mm. Potentiometer readings are converted to a 10 bit signal (1024 discrete values) using
the Arduino’s analog-digital converter. Both actuator
and joints have free play of about 1 mm, which are addressed by attaching compressive springs to each edge
and across the triangle span. The joints are labeled
A, B, C, and the edges are labeled AB, BC, CA. Each
joint has a 25.4 mm diameter cylindrical hole to align
with a node on the structure.
The distance potentiometers on each actuator were
calibrated by measuring the lengths for voltage levels
spaced at intervals of 128 levels, along with levels 1 and
1022 to compensate for nonlinearity at the extremes.
When calibrated, the minimum and maximum lengths
of the edges, center of joint to center of joint of the triangular IPJR, are respectively 287.0 mm and 428.0 mm.
This gives the IPJR triangle a maximum-to-minimum
edge ratio of 1.49, allowing the formation of right triangles with angles of 45◦ , 45◦ , and 90◦ . The springs reliably return the actuators to the expected voltage levels
after the application and release of external forces on
the IPJR triangle.
A Keyence IL-030 analog laser sensor and a Keyence
IL-1000 amplifier unit were used to characterize the accuracy and repeatability of the actuators. The IL-030
has an accuracy of 1 µm. The actuators were set to
a specific length L, the sensor was tared, the actuator
was a random distance in ±13 mm, then back to L, and
the offset was using the IL-030. The distribution of the
resulting error, denoted D, is shown in Figure 4, and
has standard deviation 0.066 mm.
3.1 IPJR Forward Kinematics
The IPJR’s geometry is uniquely defined by the position of its three node centers A = (x1 , y1 ), B = (x2 , y2 )
and C = (x3 , y3 ) in the plane, but has only three degrees of freedom, the length of the linear actuators
AB = l1 , BC = l2 and CA = l3 . A local coordinate system is introduced that has its origin at (x1 , y1 ) center
and its x-axis parallel to one of the IPJR’s legs (Figure
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Fig. 5 Coordinate system of a single IPJR. The global coordinate system is coincident with node A = (x1 = 0, y1 = 0)

of the first triangle being constructed.

5). This approach leaves three free parameters, as three
coordinates remain zero. For simplicity, the global coordinate system is defined to be incident with the local
coordinate system of the first triangle that the IPJR
constructs.
The IPJR’s local coordinates can be expressed as
x1 = 0

x2 = l1

l12 +l32 −l22
2l1

x3 =
r

y1 = 0

y2 = 0

y3 =

l32 −



l12 +l32 −l22
2l1

2

(1)

3.2 Assembly Error Analysis
The forward kinematics of the robot can also be used to
calculate the expected error for each node in the structure using the error propagation law. Assembly errors
arise from uncertainty in the jigging apparatus, which
are due to a series of factors: backlash in the actuators and the joints, precision of the potentiometer that
serves as linear position encoder, sensor noise in the
analog-digital converter and so on. The first node is defined as the origin, and the second one as resting on
the x-axis; the first three node positions are defined by
Equation 1.
For simplicity of an analysis, it is assumed errors
only depend on the actual lengths l1 , l2 and l3 of each
strut (from node center to node center) and Gaussian
distributed with variance σ12 , σ22 and σ32 , and a diagonal
covariance matrix Cl . Let l be the vector of lengths li ,
and x = f (l) the positions of the nodes as a function
of l, where the inverse f −1 (x) = l has the general form
lk = |{xi , yi }−{xj , yj }|. The representation of x = f (l)
blows up in term count, making it too cumbersome to
find an exact nonlinear error propagation law. Therefore, let Fl be the Jacobian matrix of f (l) around the
mean. The linearized covariance matrix Cx for x is:
Cx = Fl Cl FlT

(2)
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Fig. 6 A sample assembly sequence. Starting at top left with
an assembly plan (dotted lines) and going clockwise, the IPJR
triangle is placed at the site of the first intended triangle, the
struts are bonded, the IPJR pivots clockwise around B, the
second cell is bonded, the IPJR pivots clockwise around B
again, and the final cell is bonded.

where Fl is the Jacobian matrix of f (l). Cx is approximated through repeated trials in this document.
If the number of unknowns x is less than the number of known lengths l, an exact solution may not exist
for an arbitrary vector l. This issue can be seen in assembly steps that add struts to nodes that are already
fixed. Assuming a rigid structure, strut length is not
under control in these situations. Additionally, this is
equivalent to the problem of loop closure in simultaneous localization and mapping (SLAM) algorithms on
robots, and related methods can be used to refine the
variance of the truss estimate. In these simulations, the
size of x is equivalent to the size of l. The build sequence
of a structure modifies the structure of x = f (l). The
choice of an origin node and an x-axis node, plus the direction from which a new cell is added, will modify the
variances Cx . Build sequences can thus be optimized
to minimize the maximum node variance to meet the
goals of the assembly of a telescope optical bench, but
this is outside the scope of this paper.

Fig. 7 Assembly of a cell on the ring truss. Top left: after the

IPJR triangle sets its lengths, the agent sets it down on nodes.
Top right: the IPJR displays the lengths of the edges to be
glued in this step. Center left: the agent marks the location to
cut the strut. Center right: the agent cuts the strut. Bottom
left and right: the agent glues the strut to both nodes.

4 Assembly Sequence and Control

of each IPJR edge and the transition pivot direction
and joint from the previous cell. This information can
easily be generated from an assembly blueprint, e.g.,
using depth-first search on the graph. For the first cell,
the user places the IPJR triangle on three free nodes,
and bonds the struts. The user lifts the IPJR triangle off the structure and the IPJR triangle modifies its
edge lengths. Once the lengths are set, the user follows
the transition command, positions the new nodes, and
sets the IPJR triangle down onto the proper nodes. The
user then bonds the new struts. This process continues
until finished. For the initial prototype, the assembly
sequence for the test structures was preprogrammed.

The IPJR triangle is used to assemble trusses one triangle at a time such that each new cell is adjacent to
the previously built cell. Each triangle in a cell shares
an edge and two nodes; this allows the transition command to be simple: “pivot IPJR triangle {clockwise,
counterclockwise} around joint {A, B, C}”. The user
(or external robot) only needs to know how to follow
that command. Figure 6 shows a complete assembly
sequence for a simple structure.
The assembly sequence consists of a list of elements,
one element per triangle, that is assembled. For each triangle, the following information is needed: the lengths

Each assembly step consists of four substeps: lift
and hold, length change, pivot and place, and weld. The
lifting and holding is for safety: since each new triangle
shares a strut edge with the previously placed triangle,
but a different IPJR edge will rest over the common
edge, the acuation might damage the truss, the IPJR,
or both. The length change is thus done while airborne.
The pivot and place substep directs the user to rotate
the IPJR triangle around one of the two nodes shared
by the previous triangle and the next triangle. The weld
step directs the user to place the new struts beneath the
named IPJR edges. The sequence for the assembly of a
cell is shown in Figure 7.
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Many trusses can be assembled in which an adjacent
build site will always be available; however, for trusses
that require the IPJR to be moved to a different location of the truss to continue, the IPJR triangle will
need to backtrack over previous cells. This allows the
IPJR to tell the user only how to pivot, and eliminates
the need for structural labels.
The main loop handles the control and interaction
with the user. The computer maintains the step and
substep states. Buttons placed near the LCD are responsible for advancing or reversing the step and substep, since the IPJR triangle cannot detect when it has
been lifted, rotated, or set down. During the lift, pivot
and set, and bond stages, the LCD respectively will
display “Lift and hold”, “Pivot {CW, CCW } around
{A, B, C}”, and the list of which edges are to be bonded.
When bonding, the user cuts struts to length and bonds
using available means.
The control algorithm shown in Figure 8 moves each
actuator to the closest potentiometer voltage level as
determined by the calibration by moving quickly to the
setpoint and making adjustments as necessary in the
region. As the dynamic behavior of the actuator is negligible, a simple bang-bang controller with minor adjustments is sufficient to drive the actuator to a desired
set point. When a new command is given, the actuators
start at maximum speed. When the actuators are commanded to stop, they decelerate stochastically in time
and distance. To compensate, the controller includes a
margin around the desired setpoint in which the actuator is nudged around the setpoint at decreasing speeds
(minimum 1/3 the top speed). After the actuator is
stopped, it is commanded to move toward the reference. The slowdown was chosen empirically due to the
favorable convergence time. Without a margin, the actuators would oscillate around the reference point; and
with a larger margin, the actuator would move at minimum speed for a longer time. When the measured potentiometer level matches the desired voltage level, the
controller stops. The controller was verified by trial.
This controller typically requires less than 2 seconds
to converge after the initial approach, and never failed
to converge in any of the experiments. While this simple controller is sufficent for the experiments presented
here, convergence time can be further improved by designing an optimal controller, which is not in the scope
of this paper.
5 Experiment and Results
Three sets of experiments are presented: simulation results that illustrate error propagation for two extreme
cases, a linear truss and a ring; repeated assembly of a
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Fig. 8 For each cycle on the control hardware main loop, the

control algorithm is called for each of the three actuators. It
does nothing if the length is correct. In the event that the
motor is moving forward or backward, a check is made to
see if the position is in the margin around the setpoint. If
so, the actuator is slowed down and released. If the motor is
released, the actuator is either stopped, or currently slowing
down. In this case, nothing is done until the motor comes to
a rest. When resting, the motor is commanded to move in
the correct direction. This cycle repeats until the length is
correct.

simple, four-triangle square to study accuracy experimentally; and assembly of a single large ring-like truss.
Future work will explore external positioning and error
correction systems; in the experiments presented in this
paper, accuracy is influenced only by the IPJR.
5.1 Simulation results
To get a better understanding of how errors propagate during assembly, the construction of different truss
structures were simulated, modeling the edge length
and error distribution with values experimentally obtained from the IPJR, as shown in Figure 4. The simulation used the coordinate system as defined in Section 3.1. The simulation added one triangle at a time
with edge lengths randomly drawn from the distribution, D, plus the desired length.
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Fig. 10 Simulation of error propagation for a linear truss (a)
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Fig. 9 Linear structure of length n (a), and circular structure

(b).

and a circular truss (b). Shades correspond to the likelihood
of a specific configuration (dark most likely). Errors have been
amplified by a factor of ten for illustration purposes.
Average error HmmL
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A linear truss structure, as shown in Figure 9 (a),
was simulated first. The linear truss simulation is representative of a truss link on the TALISMAN in Figure 2. The ideal edge lengths were 350 mm, to which
random noise was added. The results of the simulation
were distributions of structures, whose average was the
ideal structure. For n = 4, the resulting structure distribution is shown in Figure 10 (a). The figure shows
the bottom node in a fixed position, whereas the other
nodes are distributed randomly, with darker shades indicating more likely positions. Note that the errors have
been amplified by a factor of 10 in order for the distribution to be visible. The simulation was repeated for
n ∈ {2, . . . , 100} and the average error of node 2n was
measured. The results are summarized in Figure 11.
For small structures (less than 2 m long, or n ≤ 3),
the average absolute error was less than 0.2 mm, giving
an average relative error of less than 0.01%. For larger
structures (between 50 m and 60 m, or 140 ≤ n ≤ 170),
the average absolute error was less than 3 cm, giving
an average relative error of less than 0.05%.
In order to show that it would be possible to close a
ring structure, assembly of the structure shown in Figure 9 (b) was simulated. If the accumulated error in the
position of the final node led to it being farther from
the initial node than the maximum extent of the actuators on the IPJR, then the IPJR could not act as a
jig to close the ring. Figure 10 (b) shows how the error could accumulate such that the final node is too far
from the initial nodes. Note that in order for the error
distribution to be visible in Figure 10, we had to exaggerate it by a factor of ten. Using the measured error
distribution on the actuators, the standard deviation
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Fig. 11 Average error in the position of the last node in a
linear structure x meters long.

of the length between the last node and the first was
determined to be 0.4 mm, well within the range of the
IPJR.

5.2 Wooden trusses: square and ring
Struts were cut from 12.7 mm square dowels and nodes
were constructed from 25.4 mm height segments of 50.8
mm, 31.75 mm, and 25.4 mm diameter cylinders respectively, forming a 76.2 mm stepped cone. Struts attach
to the bottom step, the IPJR triangle rests on the second step, and distance measurements are based on the
center of the top step. The topmost 25.4 mm cylinders
fit in the ring-like joints on the IPJR triangle. When
connecting struts to nodes, the struts are cut to length
and are glued to the tops of the bottom cylinder.
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Table 1 The measured length of each strut (mm), identi-

fied by the two nodes it connects, for each of the five tests.
Measurement errors greater than 0.5 mm (the potentiometer accuracy) are bold. The lone measurement lower than the
intended length is underlined.

(a)

(b)

Fig. 12 Schematic of a square truss (a) and image of a com-

Strut
01
02
03
04
12
23
34
41

Test 1
295
295.5

417.5
417.5

Test 2
295.5
295
295.5
295
417.5
417.5
417.5

Test 3
295
295
295
295
417.5
417.5
417.5

Test 4
295.5
295
295
294.5
417.5
417.5
417.5

418

419

418

418.5

296

295.5
418.5

Test 5
295.5
295.5
295
295
418

417.5
418.5
418

pleted square truss (b).
Number
25

20

15
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5

0.0

0.5

1.0

1.5
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Fig. 13 Histogram of the measured edge length errors for five

square truss assembly tests, in which the desired lengths are
295 mm and 417.2 mm. The mean error is 0.416 mm.

average error is 0.416 mm, with a standard deviation
of 0.459 mm. Most cases were within 0.5 mm desired
length: only 8 of the 40, including every edge 41, had a
greater error than the accuracy of the actuators’ potentiometers. Edge 34 on test 5 is longer than it should be
because the cut strut was slightly larger than the gap,
and exerted forces on either end after the glue dried.
Strut (4,1) was the final edge added, and it was the
only edge that had no free nodes. All five versions of
strut (4,1) were at least 1 mm longer than intended.
The positive length bias was a likely contributor: if all
edges are slightly larger by an additive constant, angles
will be slightly closer to 60 degrees. This would result
in the first three large angles to be slightly less than 90
degrees, and the final angle having to be larger, causing
the error increase.

5.2.1 Square
The square truss experiment was designed to test the
reliable assembly of a large square subdivided into four
right triangles. The design has five nodes: one at the
center, and four at the corners. There are eight struts:
four on the outside and four connecting the corners to
the middle, as shown in Figure 12. The interior nodeto-node distances should be 295 mm, and the exterior
node-to-node distances should be 417.2 mm.
The four-step assembly sequence was as follows: the
first cell requires joint A on node 0, B on 1, and C on 2.
Then the cell rotates counterclockwise around joint A
three times. The final cell only requires the placement
of the final outer strut. This experiment was performed
five times, and the distances between each node center
were measured to a precision of 0.5 mm.
The measured edge length errors are shown in Figure 13 and Table 5.2.1. Measurements were recorded
in increments of 0.5 mm; therefore, each measurement
is ± 0.25 mm. The tests required 15 min, 13 min, 10
min, 13 min, and 11 min respectively. The tests show
that the edges are longer than the nominal length. The

5.2.2 Ring Truss
Space telescope optical benches will not be composed of
equilateral triangles; the geometry will be mapped to fit
the surface of a parabola. The irregular ring truss test
reflects this mapping and demonstrates the versatility
of the robot. The truss, shown in Figure 9 (b), is formed
by starting with equilateral triangles that then are deformed such that the shortest struts, (0,1) and (0,5), are
near the minimum IPJR edge length, and the longest
strut, (3,12), is near the maximum IPJR edge length.
The structure is symmetrical around the axis defined by
nodes 0, 3, 6, and 12. The assembly sequence started
at triangle (0,6,7) and proceeded around the ring counterclockwise, ending with triangle (0,17,6). The pivot
for every transition was a joint on the inner ring; if two
joints were available, the one farther along the inner
ring in the counterclockwise direction was chosen.
The average edge length error was 0.508 mm, as
shown in Figure 14, and the standard deviation was
0.601 mm. Prior to adding the final two triangles, the
three unplaced edges (0,5), (0,17), and (6,17) were mea-
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Fig. 14 Histogram of measured length errors of the physical

experiment of the irregular ring truss. The mean error is 0.508
mm.

Fig. 15 Result of the ring truss assembly experiment.

sured, to calculate the overall error accumulation of the
structure. The resulting gap errors were 0.5 mm, 0.8
mm, and 1.4 mm. Since the largest of these is within
the range of other edge errors, no forces were required
to reduce the gap to an acceptable level for bonding.
Figure 15 shows the completed structure.

6 Discussion
All (4,1) struts in the square truss were at least 1 mm
longer than expected. The positive length bias shown in
both Figures 13 and 14 was a likely contributor: for any
triangle, if a constant is added to all three lengths, the
resultant angles will slightly bias toward 60◦ . A positive
length bias would result in the first three right angles
to be slightly less than 90 degrees, and the final angle
having to be larger to close the structure, causing the
increase.
On the ring truss, the wide range of errors on the
other edges indicate its large errors canceled out in the
accumulation. The one major anomaly was strut (4,13),
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which was off by about 2.3 mm; however, the assembly of the two triangles containing that strut proceeded
like every other. Its symmetric strut, (2,10), was off by
−0.5 mm.
Other errors in the calibration could have also contributed. IPJR edge BC was the only edge used for the
outer struts on the square truss, possibly leading to an
increased bias versus the case where the IPJR rotated
around the outer vertices. The calibration may have
been altered by the springs exerting different forces for
the right triangle, causing the error. The low precision
strut measurement device may have contributed. Errors
in calculating node centers could have occurred, which
were the basis for determining strut length. Finally, the
small number of tests and the free play between nodes
and struts could mean that these results are not indicative of the long term behavior, although both the
square truss and the ring truss demonstrate the positive
error bias. The size of the ring truss required that the
experiment be laid out over several laboratory tables,
whose surfaces were offset by a few millimeters.
The five square truss tests and the one ring truss
test were completed without having to induce stress
on the trusses to close the final cells. These tests gave
valuable insights on how to improve the IPJR. The calibration, performed only on near-equaliteral configurations represented by identical potentiometer voltages,
became incorrect by up to 0.3 mm when the IPJR was
irregular. This was not due to free play in the actuators, but was due to the potentiometers themselves
being affected by internal stress. This requires a calibration in the three-dimensional edge length space. The
precision and accuracy could be improved by choosing
a self-centering connection mechanism to connect the
IPJR with the nodes instead of the node-within-loop
configuration. Also, the potentiometer calibrations are
not independent in practice. Length changes on one
IPJR edge might induce subtle stresses that slightly
change the readings without noticeably changing the
actual edge length, leading to different offsets on the
potentiometer output as a function of the length of the
other actuators. The largest such error was 0.3 mm, and
is likely one of the largest sources of error in the experiments. Although this source of error was not modeled
in the simulations, it might be countered by performing
a multi-variate calibration that takes the overall state
of the system into account.
Building 3D structures will require a series of mechanical challenges to be overcome: first, each joint on
the IPJR must be a universal joint with three attachment points and an additional three edges, i.e., for constructing tetrahedral structures. Second, it requires a
node design that can be precisely positioned by the
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IPJR, yet not interfere with the IPJR actuation. Third,
unlike in 2D where the IPJR is congruent to the cell it
is constructing, the choice must be made on whether
the IPJRs should be inside the cell they are building,
or whether there can be a mixture of inner and outer
joints.
All structures presented can only be assembled in
one way when symmetry is considered. However, trusses
such as space telescope optical benches may have multiple build sequences, resulting in a wide range of maximum errors. Finding a method to minimize this error
is key to utilizing the IPJR paradigm.
To overcome the buildup of error as assembly progresses, a central surveying station may be used. This
enables global construction accuracy to be maintained.
Such a system may be mounted in the location of the
secondary mirror, as seen in Figure 1, and used to coordinate the assembly process. Suitable metrology targets
are located on the truss points where the mirrors are attached, thus providing accurate repeatable location of
the mirror attachment points. Feedback from the surveying station is used to adjust placement of the mirror
attachment locations at each node, guaranteeing a precision surface for mirror attachment. The actual error
is therefore limited to the precision of the measurement
unit and to error propagation over distances into regions not visible from the measurement unit, e.g., due
to material being in the way. The surveying station is
envisioned to employ laser reflection technology. Conventional systems, such as the Nikon MV350, are available, providing an accuracy on the order of 10µm/10m
over 50m, thus enabling construction of structures up
to 100m in diameter from a single tie location. These
systems are extremly fast, supporting measurements of
up to 2000 points per second, enabling a single system
to support a large number of IPJRs working in parallel.
If higher degrees of accuracy are required, or larger devices are desired to be constructed, additional systems
can be employed to triangulate measurements or span
ranges over 100m.
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large-scale ring-shaped truss structures at high accuracy, approaching the accuracy of the IPJR itself.
The prototype was able to demonstrate the accurate and precise construction of different trusses by a
user that followed commands issued by the IPJR. Nodes
were constructed of cylindrical dowels, and struts were
cut on the spot from lengths of rectangular dowels. The
user cut and bound the struts to the nodes using only
low precision and inexpensive tools. The IPJR served as
a reliable and steady jig during the bonding phases. The
accumulated error over each test was small enough that
the loop closure was possible without having to load
and deform the structure to place the final struts. The
strut errors had a 0.5 mm bias toward being longer, but
some edges were off by more than a millimeter, while
only one was off by more than 2 mm. Several sources
of error were identified and will be addressed in future
experiments.
Future work will be focused on building a full-scale,
3D telescope optical bench, and a linear truss very similar to the TALISMAN. The IPJR concept will be extended to higher precision using appropriate sensors,
actuators, and connection mechanisms, and the human
operator will be replaced by a remote controlled robot
arm [17], making the system fully autonomous. The
wooden parts will be replaced by node balls having a
precise reference point (the mirror attachment point),
and the struts will be replaced by telescoping tubes
that can be welded to length. Methods to plan assembly
sequences that minimize error and correct error accumulation during the assembly will be explored. Finally,
parallel algorithms that enable swarms of IPJRs and
external agents to build large-scale structures on orbit
both efficiently and robustly will be explored.
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