From CAD Models to Toy Brick Sculptures: A 3D Block Printer*
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Abstract— This paper presents a robotic 3D printer: a robot
system that can assemble toy brick sculptures from their 3D
CAD models. In this system, a 3D CAD model is automatically
converted to a block model consisting of primitive toy blocks.
Then an assembly plan of the block model is automatically
generated, if feasible. According to the plan, an industrial robot
assembles a brick sculpture layer by layer from bottom to top.
We demonstrate successful assembly of several brick sculptures.

I. INTRODUCTION

Recent progress of additive manufacturing technology
attracts considerable attention not only in the engineering
community but also in the public. Additive manufacturing
processes can be classified into several groups: fused depo-
sition modeling, stereolithography, selective laser sintering,
and so on [1].

Building blocks like LEGO can be used to form arbitrary
shapes [2]. This is a kind of additive manufacturing, too.
Digital materials including LEGO-like blocks have favorable
properties for manufacturing [3]. In this paper, we present
a robot system that assembles LEGO-like toy blocks to
produce brick sculptures.

This system can convert a 3D CAD model into its cor-
responding block model consisting of primitive toy blocks
that are smaller than LEGO (“nanoblock” by Kawada) auto-
matically. Then the block model is analyzed to generate its
assembly plan. If a feasible plan is obtained, an industrial
robot assembles blocks to produce a toy brick sculpture
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Fig. 1: Overview of 3D Block Printing
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Fig. 2: 1 x 1, 1 x 2 and 2 X 2 nanoblocks

(Fig. 1). We show the details of the system and some
successful assemblies of block sculptures.

II. RELATED WORKS

Robots that assemble LEGO blocks are popular demon-
strations in exhibitions. A LEGO-made machine that can
assemble LEGO sculptures was also developed [4]. However,
in most cases, the robots are programmed in advance to
assemble specific toy brick sculptures.

Hiller and Lipson analyzed “voxel printing” in detail
and mentioned its advantages including perfect repeatability,
multiple materials and smart voxels [3]. They also developed
a “VoxlJet” printer using spherical voxels [5].

Medellin et al. presented a system that can assemble cubes
to form shapes [6]. A 3D CAD model is converted to an
octree representation and a SCARA robot assembles cubes
that correspond to the octree with gluing.

Sekijima et al. proposed to use truncated octahedra with
magnetic connectors (‘“Kelvin blocks™) to form shapes [7].
They developed an assembly robot with parallel mechanism
for Kelvin blocks.

III. BUILDING BLOCKS

We use “nanoblock” by Kawada as building blocks
(Fig. 2). The toy brick has a LEGO-like shape but smaller
than LEGO blocks. Its smallest unit has edges of 4 [mm]
(W) x 4 [mm] (D) x 3 [mm] (H). We denote the horizontal
unit length (4 [mm]) by 1 [unit]. In this study, 1 x 1, 1 x 2,
and 2 X 2 nanoblocks with the minimum height are used
as primitive building blocks; we specify block sizes by the
number of rows x columns of studs. 1 x 2 blocks can be
transposed to 2 x 1 in assembly.

We assemble the building blocks layer by layer from
bottom to top. The layers are numbered consecutively from
1 (the bottom) to n (the top).

IV. FRoM CAD MODELS TO BLOCK MODELS

There are many previous studies on conversion from 3D
models to LEGO models. A survey on them is found in [8].
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Fig. 4: Assembling Order: A—B and B—A

In this study, we used an algorithm developed by Kozaki et
al. [9] for conversion from CAD models to block models. A
3D CAD model in OFF (Object File Format) is converted to
unit voxels with edge length ratio of 4:4:3, which is different
from those for LEGO blocks (5:5:6 for their smallest unit).
Then the voxels are replaced by the primitive blocks so that
the number of blocks are reduced using simulated annealing.
The reference point for the replacement is shifted one unit
in column and row directions for each layer to strengthen
the assembled structure (Fig. 3).

V. OVERVIEW OF ASSEMBLY PLANNING
A. Assembly Failures

In order to show the importance of assembly planning,
here we describe an example of assembly failure. Let us
consider placing blocks in the k-th layer. As shown in the
left case of Fig. 4, when we try to place the blocks in the
order of A and B, the orange block in the (k — 1)-th layer
rotates in the process of placement of Block A and assembly
fails. Note that this rotation is caused even under perfect
position control of Block A because the force required to
insert Block A into studs is larger than the maximum force
that the orange block can resist. On the other hand, when
we try to place the blocks in the order of B and A (the right
case of Fig. 4), the placement of Block B strengthens the
scaffold structure including the orange block. Therefore the
insertion of Block A afterward does not cause the rotation
of the orange block and assembly succeeds.

This example illustrates that the order of block placement
is important. We describe the details of assembly planning
below.

B. Assembly Strategy

As we described above, our system places blocks layer
by layer from bottom to top. The assembly planning in this
study can be divided into the following subproblems:

1) Block Assemblability Check: We have to judge whether
a block placement is safe or may collapse the block
structure.

2) Block Placement Ordering: We have to decide an
appropriate order of safe block placements in each
layer.

Our assembly strategy in the k-th layer (kK > 2) can be

outlined as follows:

1) Check the assemblability of all the blocks to be placed
in the k-th layer. If there is a floating block, which has
no connections to the (k — 1)-th layer, give up.

2) If no blocks are assemblable in the k-th layer, give
up. Otherwise, place an assemblable block that has the
highest priority.

3) If all the blocks in the k-th layer have been assembled,
proceed to the next layer. Otherwise, update the result
of block assemblability check according to the previous
placement, and go back to 2).

Note that the assemblability check is unnecessary for the
first (bottom) layer and the second layer except for floating
blocks. The details of the procedure is described in the
following sections.

VI. BLOCK ASSEMBLABILITY CHECK

Let us describe how to check the assemblability of a
block in the k-th layer. The block must have one or more
connections to studs of blocks in the (k — 1)-th layer. We
focus on the placement of a block in the k-th layer on a
single block in the (k — 1)-th layer. If a block in the k-th
layer is placed on multiple blocks in the (k — 1)-th layer, we
check the assemblability for each combination.

A. Contact Region Inclusion

Let us denote the contact region between the k-th and (k—
1)-th layers by Uy, ,—1. We also define a projection operator
P() that projects a region to horizontal X-Y plane. If the
following holds as in the case of Fig. 5a, the placement of
the green block in the k-th layer does not cause the rotation
of the orange block in the (k — 1)-th region:

P(Ukk-1) C P(Ug—1,5-2). (1)

This is because the vertical contact forces exerted at Uy 1
can be canceled by contact forces exerted at Ui_1,5—2. On
the other hand, in the case of Fig. 5b, (1) does not hold and
the orange block in the (k — 1)-th layer may be rotated.

Thus if (1) holds, the block in the k-th layer can be placed
on the block in the (k—1)-th layer. We call such placements
“Case A

B. Contact Edge Inclusion

Let us consider a case as shown in Fig. 6. In this case, (1)
does not hold for the green block in the k-th layer. However,
due to the shape of nanoblocks (Fig. 7), the contact forces
between the block in the k-th and (k — 1)-th layers are
exerted only at a part of the bottom edges of the green block,
Er x—1(C Ukk—1). Moreover, the support polygon of the
orange block in the (k — 1)-th layer, denoted by Sk_1 x—2,
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Fig. 6: Contact Edge Inclusion

includes Uy_1 j—2. Thus if the following holds, the green
block can be placed on the orange block:

P(Eyj-1) C P(Sk—1,5—2)- (2)

This is because the vertical contact forces exerted at Ej, 1
can be canceled by contact forces exerted at Si_1 —2. We
call such placements “Case B.”

C. Multi-Stud Connection

Let us consider the case as shown in Fig. 8a. In this case,
the green block in the k-th layer has two-stud connection
with the orange block in the (k—1)-th layer. Although neither
(1) nor (2) holds,

P(Uk—1) N P(Ug-1,k-2) # 0. (3)

Empirically we found that the blocks with such a multi-stud
connection are assemblable when (3) holds except for the
cases where all the following are satisfied:

o The block in the (k—1)-th layer under the placed block
is 2 X 2.

e The placed block in the k-th layer is 2 x 2 with four-
stud connection with the block in the (k — 1)-th layer
(Fig. 8b), or 1 x 2 with two-stud connection (Fig. 8c).

o Area(P(Uyk—1) N P(Uk—1,4—2)) = 1, where Area()
denotes the area of the region [unit?].

We call such placements with multi-stud connections “Case
E” with the above exceptions.

Fig. 7: Bottom Sides of Blocks

4 Front X Top ) Projection
= ke = Ukkr
3 (k- 1)h Ui-rie-2
B (k- 2)th
O O Uk-1k-2
v X 7 X X
(a) Assemblable
Front Top = ke Projection
B2 (k- Dth —_— U,
B (- 2)th Uker e
CEL Uk.k—l
Uk—i.k—z
M X z X z x

(b) Not Assemblable (2 x 2 Block)

Front Projection

(c) Not Assemblable (1 x 2 Block)
Fig. 8: Multi-Stud Connection

D. Change of Block Assemblability

Let us consider the case as shown in Fig. 9a. In this
case, neither (1) nor (2) holds and therefore the green block
in the k-th layer is not assemblable. However, after we
place another adjacent block in the k-th layer as shown in
Fig. 9b, it becomes possible to place the block that was not
assemblable.

The change of the block assemblability is partially due to
the stronger scaffold structure made by the new connection
between the blocks in the (k — 1)-th layer through the other
block placement in the k-th layer. Moreover, the side contact
between the blocks in the k-th layer also helps to avoid
collapse of the structure; the rotation of the blocks in the
(k — 1)-th layer is accompanied by the rotation of the other
block in the k-th layer, which is prevented by the side
contact.

Thus we judge the situations like the case of Fig. 9b as
assemblable, where there is an adjacent block in the k-th
layer that makes connection between the blocks in the (k —
1)-th layer under the placed block. We call this situation
“Case D” for previously unassemblable blocks. If the block
to be placed was previously in “Case E,” we call this situation
“Case C,” which should be safer.

E. Example of Block Placement

As described above, feasible block placements are cate-
gorized into Case A through E. They are named in order of
descending safety. Additionally we denote the other place-
ments by “Case X.” The success rate of Case-X placements
is not high and therefore we regard Case X as infeasible.

Here we present an example as shown in Fig. 10a. In this
case, the green block in the k-th layer should be placed on
the three orange blocks in the (k— 1)-th layer. The number 1
connection is categorized as Case X (Fig. 10b). On the other
hand, the number 2 and 3 connections satisfy (1) (Fig. 10c
and 10d). Therefore they are categorized as Case A. Thus
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the placement of the green block in the k-th layer has two
Case-A and one Case-X connections.

VII. BLOCK PLACEMENT ORDERING

In order to assemble blocks in the k-th layer, the order of
the block placements must be determined. We use a priority-
based ordering for this purpose.

A. Indices for Block Prioritization

Here we define the following indices for each block in the
k-th layer (“Block A”) for block prioritization:
o nyp: the number of the blocks in the (k — 1)-th layer
with which Block A connects.
 n.: the number of the studs of the blocks in the (k—1)-
th layer with which Block A connects.

(np =3 nc=4)
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Fig. 11: Distances between Centroids

e d.: the horizontal distance between the centroid of
Block A and the centroid of the connected figure made
of the blocks in the (k — 1)-th layer on which Block A
is placed.

Fig. 11 illustrates examples of the indices. For the green
block in the k-th layer in the left of Fig. 11, it is placed on
two 2 x 2 blocks with one-stud connection for each. Thus
ny = 2, ne = 2, and d. = 2 [units]. In the right case of
Fig. 11, the green block in the k-th layer is placed on two
2 x 2 blocks with one-stud connection for each and on one
1 x 2 block with two-stud connection. Thus n, = 3, n. = 4
and d. = 2 [units].

Larger n; is preferable because the block placement on
many blocks strengthens the scaffold structure, which may
lead to changes of block assemblability (Case C and D).
Larger n. is preferable because the block placement on many
studs leads to strong connection. We prefer smaller d,. so that
blocks are placed from center to boundary, which reduces
inter-block interference.

B. Block Prioritization

At first, the blocks to be placed in the k-th layer have
Case-A, B, E or X connections. Here we place blocks whose
connections are only Case-A or Case-B. Those blocks are
prioritized according to the following criteria (in order of
descending importance):

1) np is larger.

2) n. is larger.

3) With more Case-A connections.

4) d. is smaller.

The blocks are sequentially chosen for placement based on
the priority.

After completing the above placement, we update the
block assemblability. At this time, there may be the blocks
with Case-C or Case-D connections. Now we prioritize
assemblable blocks: that is, blocks without Case-X connec-
tions. The criteria is as follows (in order of descending
importance):

1) With fewer Case-E connections.

2) With fewer Case-D connections.

3) With fewer Case-C connections.

4) ny is larger.

5) n. is larger.

6) With more Case-A connections.
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7) d. is smaller.

The block with the highest priority is chosen for the next
placement. Then the priority is updated locally based on the
placement. If all the blocks in the k-th layer have been chosen
for placement, we proceed to the next layer. If there remain
only blocks with Case-X connections, assembly of the k-th
layer is infeasible.

If block placement orders for all the layers are successfully
determined, assembly planning finishes.

VIII. FORCE CONTROL IN ASSEMBLY

In the process of block assembly, each block is inserted
to the studs of the scaffold blocks. If the scaffold structure
is strong enough, the block insertion force should be large
to make the inter-block connection tight. However, in some
cases, large insertion forces may cause collapse of the
scaffold. Thus the applicability of such large forces must be
judged and insertion force must be controlled appropriately
for each block.

In this study, the applicability of large insertion forces
is checked based on the contact region inclusion. Consider
placing a block in the k-th layer. If the following equation
holds for any 7 (1 < i < k—1), we judge that large insertion
force is applicable:

P(Ukx-1) € P(Uii-1). 4)

This is the case of the left of Fig. 12. Otherwise, as in the
case of the right figure where (4) does not hold in the (k—3)-
th layer, we judge that large insertion force is not applicable.

IX. ASSEMBLY EXPERIMENTS
A. Experimental Setup

We prepared an experimental setup as shown in Fig. 13.
A 6-axis industrial robot VP-6242G (Denso Wave) equipped
with an electric gripper ESG1-F2840 (Taiyo) was used. We
designed fingers with grooves to grasp studs of toy blocks
(Fig. 14).

A Linux PC with Core i7 3930K (3.20 [GHz]) was used
to control the robot according to generated assembly plans.

We used silicone block pads with 32 x 20 studs as a storage
for building blocks. A plastic block plate with 20 x 20 studs
was also used as a raft for assembly.

Fig. 13: Experimental Setup

o

Fig. 14: Grasping Studs (Cross-sectional View)

B. Experimental Results

We tested our 3D printing system with the models shown
in Fig. 15-18. The left CAD models were converted to the
right block models as explained in Section IV. Table I shows
the number of used blocks for each model.

According to the block models, their assembly plans were
generated, and executed by the robot. The robot has a force
limitation function and it was disabled for the cases in which
large insertion force was applicable and enabled for the
others (see Section VIII). When enabled, the force in the
vertical direction was limited to 60% of its maximum during
the block insertion process.

Fig. 19 shows a scene in assembly execution. Fig. 20
shows the assembled brick sculptures. Note that the colors
of the blocks in Fig. 19 and 20 are meaningless. All the
models were successfully assembled. Table II shows time for
assembly planning and execution. Compared to the execution
time, the planning time is negligibly small.
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(b) Block Model

Fig. 15: An Arch
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Fig. 16: A Quadpod
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X. CONCLUSIONS

A robotic 3D block printer was presented. It can accept
3D CAD models and produce their corresponding brick
sculptures. Several experiments demonstrated successful as-
semblies.

Future work should address making larger-scale models
faster. Using a wider variety of primitive blocks including
larger ones is a possible solution. Another problem is how
to deal with CAD models that are unable to assemble.
Such models can be divided into feasible subassemblies.
Alternatively, we can add support blocks, which should be
removed easily.

TABLE I: Number of Used Blocks

| Arch  Quadpod Duck Camera
1x1 60 7 17 9
1x2 0 43 64 40
2x2 58 54 110 46
Total 118 104 191 95

TABLE II: Time for Assembly

| Arch  Quadpod Duck Camera
Assembly Planning [s] 0.024 0.020  0.042 0.023
Assembly Execution [s] 880 790 1550 720

(1]

(2]

(3]
(4]
[5]
(6]

(71

(8]

(91

Fig. 20: Assembled Brick Sculptures
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