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Abstract. LEGO MindStorms and its expansion kit TETRIX have excellent potential
to provide demonstration equipment to investigate practical effectiveness of an automatic
control theory. In this paper, we investigate the strength of aluminum alloy compo-
nents included in TETRIX, which LEGO company has never been released the strength
data although the strength data is important for correct strength design of demonstration
equipment. The tensile and bending tests were carried out to investigate the mechanical
properties of the aluminum alloy components. We could obtain Young’s modulus, 0.2%
proof stress, ultimate tensile strength and bending strength of the aluminum alloy compo-
nents. In addition, we discussed the design of the aluminum alloy component subjected
to combined load of bending and torsion. Correct strength design of safety demonstra-
tion equipment for automatic control theory became possible by using strength data and
technical knowledge of the component subjected to combined load.
Keywords: LEGO MindStorms, TETRIX, Bending test, Strength design, Aluminum
alloy

1. Introduction. Many kinds of machines exist in our daily experience. These machines
are controlled with variety of control methods. Automatic controls provide more conve-
nience than other control methods. Automatic controls are applied to various machines
such as an air conditioner [1] to regulate the room temperature and the autopilot systems
of an airplane [2]. Many theoretical and experimental studies have been performed on
automatic control to develop intelligent machines and robots such as autonomous driving
cars [3], automatic crane system [4], an autonomous formula racing car [5], an autonomous
stair-climbing wheelchair [6] and industrial robots [7].

Demonstration equipment is required to examine practical effectiveness of an automatic
control theory on an intelligent robot experimentally. However, a lot of costs, efforts and
time are involved to manufacture demonstration equipment. The demonstration equip-
ment can be manufactured inexpensively, easily and quickly by using LEGO MindStorms
and expansion kit TETRIX.

LEGO MindStorms is a robot assembling kit which LEGO company started to sell
in 1998. LEGO MindStorms is the teaching materials tool suitable to learn automatic
controls. For example, LEGO MindStorms can provide an inverted pendulum [8] to learn
automatic control theory and easy programming for the control of the pendulum. LEGO
MindStorms includes a motor, a sensor, ABS resin blocks, an intelligent block and EV3
programming software. The control program can be easily created without technical
knowledge of programming languages by using EV3 programing software. The created
program is preserved to the intelligent block and this block is assembled into the demon-
stration equipment to control automatically. TETRIX includes high-strength aluminum
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alloy components (U-type channel, flat bar, bracket and so on), a powerful motor and
gears. Powerful demonstration equipment transporting people can be manufactured by
using LEGO MindStorms and TETRIX. We should take care of safety of the demon-
stration equipment to prevent trouble. A designer of the demonstration equipment must
adequately understand strength of the aluminum alloy components in order to assure
the safety of a person on the demonstration equipment during an experiment. Correct
strength design is important to manufacture the safety demonstration equipment. How-
ever, LEGO company has never released the strength data aluminum alloy components
include in TETRIX required for correct design.

In this paper, we focus on the strength of aluminum alloy components included in
TETRIX. The strength of the aluminum alloy components is investigated by tensile test.
Bending strength of U-type channel used as beam is also investigated by three-point
bending test. In addition, we discuss notice on design in the case of the U-type channel
subjected to combined load of bending and torsion.

The remainder of the paper is organized as follows. In Section 2, the experimental
methods are explained. In Section 3, tensile and bending strength of U-type channel are
clarified and the strength of the channel subjected to combine load of bending and torsion
is discussed. Section 4 concludes the paper.

2. Experimental Methods.

2.1. Material. The aluminum alloy components included in TETRIX are made of Al-
Cu-Zn aluminum alloy A7005. A7000 series aluminum alloy has high strength and poor
corrosion resistance. However, the aluminum alloy components also have high corrosion
resistance because the surface of the components is anodized.

2.2. Tensile test. At first, in order to investigate the strength of the A7005 aluminum
alloy components, tensile test was carried out. The specimen shown in Figure 1 was
machined from a bracket. The sizes of the specimen are listed in Table 1. The tensile test
was carried out under the constant cross head speed 1[mm/min]. The cross head stroke
s during tensile test was measured to obtain the strain εt, which is calculated as next
equation.

εt =
s

Lt2

× 100. (1)

Figure 1. Tensile test specimen

Table 1. Sizes of specimen for tensile test

Lt1 Lt2 Ht Wt tt
[mm] [mm] [mm] [mm] [mm]
91 50 27 10 2
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In order to obtain Young’s modulus, the strain in the elastic region was measured by
two gauge method.

2.3. Bending test. U-type channel (Figure 2) was used as the specimen for bending
test. Schematic illustration of the specimen geometries and direction definition are shown
in Figure 3 and the specimen sizes are listed in Table 2. The specimen has two kinds
of holes with different diameters, ϕ7.9[mm] and ϕ3.7[mm] and these holes are regularly
arranged on the specimen.

In order to clarify the bending strength of U-type channel, the three-point bending test
was carried out according to ISO 7438:2005. Schematic illustration of the three point
bending test is shown in Figure 4. The support span, L, is defined as next equation.

L = 2r2 + 3Hs. (2)

Here, the support radius, r2 = 15[mm], and the height of test piece Hs = 32[mm].
In this paper, support span L was 126[mm]. Upper and lower sides of the specimen

Figure 2. U-type channel

Figure 3. Schematic illustration of U-type channel

Table 2. The sizes of U-type channel

Ls Hs Bs hs bs ts
[mm] [mm] [mm] [mm] [mm] [mm]
288 32 32 30 28 2

Figure 4. Schematic illustration of three point bending test
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are subjected to compressive and tensile stresses caused by bending load, respectively.
Bending test was carried out under the constant cross head speed 0.5[mm/min], and
performed three times to confirm the repeatability. Maximum bending stress, σb, occurs
at the center in x-direction of the specimen. Maximum bending stress is expressed as,

σb =
M

Z
. (3)

Here, the bending moment, M , at the center in x-direction of the specimen is expressed
as,

M =
FL

4
. (4)

F is bending load. The section modulus, Z, is a geometric property for given cross
section area and is a function of y. The section modulus is magnitude of the resistance
to bending moment, which corresponds to cross section area of a specimen to tensile
load. The cross section area does not depend on the cross sectional shape; however,
the section modulus depends on the cross sectional shape. Thus, the bending moment
resistance of the specimens with different cross sectional shapes is different, even if the
channels have the same cross section area. The both section modulus at the bottom and
the upper sides of the specimen should be calculated, because the maximum tensile and
compressive bending stresses occur at the bottom and the upper sides, respectively. The
section modulus is expressed as,

Z =

∫
y2dA

e
(5)

=
I

e
(6)

where I is the second moment of area and e is the distance from neutral axis of the
specimen to the upper or bottom side of the specimen. The second moment of area, I, is
expressed as,

I =
Be3

1 − bs(e1 − ts)
3 + 2tse

3
2

3
. (7)

I, e and Z of the specimen are listed in Table 3.

Table 3. Section moduli

e1 e2 I Ze1 Ze2

[mm] [mm] [mm4] [mm3] [mm3]

11.5 20.5 19707 1723 958

Bending strain εb of the specimen is calculated as next equation.

εb =
600δHs

L2 . (8)

Here, δ is the deflection of the center in x-direction of the specimen. Bending stress
was plotted against bending strain and, the linear limit stress, σbk, 0.2% proof stress, σb0.2

and ultimate bending stress, σbu were obtained.
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3. Results and Discussion.

3.1. Tensile test. The tensile stress-strain curve could be obtained as shown in Figure
5. 0.2% proof stress, σt0.2, ultimate tensile strength, σtu, and Young’s modulus E were
obtained from Figure 5 and were listed in Table 4. These mechanical properties can be
used for the design of the demonstration equipment.

Figure 5. Tensile stress tensile strain curve

Table 4. Liner limit stress, 0.2% proof stress, ultimate bending strength
and Young’s modulus of aluminum alloy components

σtk[MPa] σt0.2[MPa] σtu[MPa] E[GPa]
135 174 237 76

3.2. Bending test. The bending stress is plotted against the bending strain as shown
in Figure 6. σbk, σb0.2, and σbu were obtained from Figure 6 and were listed in Table
5. The bending strength of the U-type channel could be obtained in this paper. These
parameters are very useful for correct strength design of the demonstration equipment.
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Figure 6. Bending stress-bending strain curve



1518 Y. YAMADA, R. SUZUKI, T. SUZUKI, M. MATSUBARA AND K. YAMADA

Table 5. The mean liner limit stress, mean 0.2% proof stress and mean
ultimate bending strength

σbk[MPa] σb0.2[MPa] σbu[MPa]
e1 27 68 91
e2 48 129 163

3.3. Bending and torsion. The U-type channel is subjected to combined load of the
bending and torsion when the U-type channel is used such as a crane [9] and a robot arm
as shown in Figure 7. The relationship between critical bending load, W , and critical
torque, T , of the center of the tensile side at the yield of the U-type channel is shown as,

T =
k1B

2
sHs

k2

√√√√1

3

(
σb0.2 −

(
W

BsH2
s

(Hs sin θ + 6b cos θ)

)2
)

. (9)

Here, k1 and k2 are coefficients depending on Bs/Hs, 0.208 and 1, respectively, and b is
distance between fulcrum and load. θ is the angle between x-axis of the U-type channel
and horizontal direction. The critical torque is plotted as a function of the bending load
in Figure 8 at θ = 0. The critical torque becomes low with increase of the critical bending
load. Both critical bending load and torque should be considered in the design of the
demonstration equipment when the U-type channel is subjected to combined load of the
bending and torsion. In addition, the critical torque at the center of the side parallel to
y-direction should be considered in the strength design for the safety of demonstration
equipment because the maximum share stress occurs at this position by applied torque.

Figure 7. Problem of crane

Figure 8. Critical bending and torque
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4. Conclusions. The mechanical properties of aluminum alloy components included in
TETRIX have ever been released by LEGO company, although these data are important
to assure the safety of a person on the demonstration equipment made of TETRIX during
an experiment. In this paper, the mechanical properties of the aluminum alloy compo-
nents were clarified. In addition, we discussed relationship between critical bending load
and critical torque when the U-type channel is subjected to combined load of the bending
and torsion. As a result, we can design and manufacture safety demonstration equipment
for automatic control theory by using the mechanical properties of TETRIX and technical
knowledge of combined load of bending and torque obtained by this paper. In the future,
we construct a useful automatic control theory to the demonstration equipment which
can carry a person and a load at first. And we design and manufacture the secure demon-
stration equipment made from TETRIX using the strength data obtained in this paper.
We carry out demonstration of new theory safely using the demonstration equipment.
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