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Quadruped in comparison with the majority of others animals, it has the ability to access
to any kind of environment where others living creatures or even humans can’t access.
Those bio-inspired attributes are taken into this project in order to design and develop a
quadruped robot with the abilities to move in all kind of directions like ascend or
descend, avoid obstacles, etc. Combining these skills of the quadruped animals with the
ability of continuously monitoring the carbon dioxide, the results can be determinants.
This paper presents the dynamic and kinematics model in addition with the measurement
scheme of the carbon dioxide index, with the purpose of establish a mechanical sturdy
device, which can be monitoring an important variable. As a result, we studied the
movement of real animals, so we can define a suitable bio-mimetic model for our robot.

1. Introduction

Recently, human has wanted to replicate all kind of movement of animal. This
effort on doing it allowed humans to reproduce robots for certain task instead of
risk their lives. This kind of biomimetic replication can be employed in land
mines task and exploration task [1]. Another important application of these
robots is the incursion in dangerous environments, like contaminated places, or
hostile landmarks. In this order of ideas, we decided that the applicative
background of the robot is the measurement of the concentration of carbon
dioxide, which is an important variable that can generate negative impacts if no
measurement (and regulation) control is applied. Besides, the human beings can
be, easily, exposed to these gases without notice it, with mortal consequences.

Since 90’s researches begin to innovate the whole world with bio-inspired
robot [2]. In 2008 bio-inspired robots became in an important instrument, with
several ability of walking and climbing in all kind of surfaces [3] [4].
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Nowadays, the majority of quadruped robots have exceptional abilities
and advanced material to be developed. Other approaches have been employed
in their developed of quadruped robots as example parallel mechanism [5], soft
materials [6] self-folding [7], Origami [7], printable robots and so on.

Nevertheless, this paper presents a device based on quadruped robots with
some basic features and different attributes and applications. See figure 1.

Figure 1: Quadruped robot design and prototype.

2. The Bio inspired quadruped and motion analysis

In order to accomplish this robot, we stablished how quadruped move and the
algorithm behind this process. The majority of the quadrupeds move in a
mammalian form, like a dog or a horse. Besides this, the spider has 8 limbs, so
we couldn’t use them as a direct source of inspiration. To solve this problem, we
used a mixture of sources of inspiration; we had the quadrupedal animals (their
movement and behavior). On the other hand, we had the anatomy of the spider.
As a result, the anatomy or physic shape of the spider, and the movement of the
quadruped animals in an arachnid way was used.

Figure 2: Spider’s leg biomechanics
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Initially, it’s important to know that the spider has 7 parts by leg (figure

2). From the original anatomy of the spider, we suppress some components that
we didn’t need. The reason of this is that we wanted to simplify the whole
system. Having said this, instead of using the Patella part, we linked the femur
and the tibia by a direct joint. The metatarsus and the tibia were united as a
single link or part. Similarly, we dismiss the tarsus. All of these changes were
executed in the robot, but for the kinematics analysis we took into account the
entirely system for a realistic approach.

One important aspect is the amplitude that has every part of the spider’s leg.
This means, for example, that the coxa has amplitude of 35 degrees while tibia
has a mobility of 70 degrees. Also, every of the seven components of the limb,
has a different axis of movement; for example, the trochanter has a movement in
X-Y axis, meanwhile the femur in X-Z axis. This kind of association and motion
is explained graphically in the figure 2.

3. Mathematical development

As we mentioned previously, there are some constraints that we applied in the
anatomic development. We applied these modifications in the mathematical
development and we decided to involve all the possible variables, based on the
following table to produces the most faithful model and prototype.

Table 1. Degrees and planes of work of each part of the quadruped robot.

Parts Movements (degrees) Plane
Coxa 75 Transversal
Femur 140 Sagittal
Tibia 40 Sagittal

3.1. Direct Kinematics

Figure 3: Parameters of the system and coordinate frames of the robot.
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In order to study the direct kinematics of the robot was necessary, at the
beginning; use the joint’s variables of contact limbs and the position and
orientation of the platform. All of this, based on fixed frame represented in
figure 3. Is important to establish that the Ai vectors denote the end points of
contact legs and the Bi vectors represent the connection points of the legs of the
robot to the platform. Taking into account the figure 3 and knowing Ai vectors,

which are the end points of contact legs, we can establish the next expression:
rMi TrBi

rBi = TAi4'TE-+'IE' (1)
In this expression, rBi and rAi represent the position vector of Bi. In the
same way, we needed to determinate all the parameters of the system in a
graphically mean. In the figure 3 these parameters can be observed.
One highly important aspect in our robot was the motion and the sequence
that a quadruped robot must follow in order to walk correctly. This item is the
quadruped walking system, which is illustrated in the figure 4.

Figure 4: Sequence of quadruped walk
Suppose that the leg 1, 2 and 3 are standing on the ground. According to
relation (1) the location of points Bi versus the fixed coordinate system are
determined and, as direction of x axis of P-coordinate system is direct to B3B1

vector, is possible determine the direction of x-axis unit vector:
B3B1

" [B3B1] )
In the same way, we can determinate the vector B3B2

_ B3B2 ?)

T [B3B2]

By having this information, we can determinate the direction of unit vector,
normal to the platform plane. To do this, we first need to implement the cross
product of the two previous vectors:

Ez = EmxEx 4)
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In the same way, having the vectors Ex and Ez, is possible to determine
the Ey vector using the same method:
Ey=ExxEz (5)
These three vectors are necessary because we can establish the matrix of the
platform versus the fixed coordinate system with the next expression:
PR = [Ex Ey EZ] (6)
In order to specify the origin of coordinate system, we can use the equation
of the circle in this way:

(Xb1 — Xp)? + (Yb1 — Yp)? + (Zb1 — Zp)? = r? )
(Xb2 — Xp)? + (Yb2 — Yp)? + (Zb2 — Zp)? = 12 ®)
(Xb3 — Xp)? + (Yb3 — Yp)? + (Zb3 — Zp)* = r? )

If we solve the previously established equations system, we can determine
the position of the body in the coordinate system.

3.2. Platform velocity

In order to establish the velocity of the robot’s platform is necessary to

determine the velocity and angular velocity of robot platform by using the

position and velocity of the joint’s variables. In order to specify the direct
kinematics of platform velocity can use (10):

OA;+ AM, + MB,+ BP = 0P (10)

In the previous expression, OAI represents a vector that was drawn from the

fix coordinate origin to point “A” from leg No. i. It’s possible to determinate the

relation between velocity of the joint’s variables and platform velocity by
differentiating from (10). The result is (11):

- B-Tib i B—Fem - B-P -
Vp = w; X AiMi + wW; X MiBi + w X BlP (11)

In (11), the first and third element of the equality represents the absolute
angular velocity of femur and tibia, of limb No. i respectively. If we take into
account the symmetry of our robot, (11) this process can be used for the other
three contact legs. By using the fifth element of (11), is possible to establish Vp.
Based on figure 3:

1-Tib S oz
w; = 6,'K; + {'K; (12)
1_25:% = 0,'K; + {'K; (13)
Regarding to the figure 3:
{=2—0,—6; > (= (0, + 65) (14)

y=2-6,>y =6, (15)
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In expressions (12) and (13), the first factor in both of them, indicates the
unit vector direct to z-axis of first coordinate frame of limb No. i. The relation
between the unit vectors of different coordinate frames of each leg is determined
in function of the figure 3 as follow:

ey = U, (16)
g, = — sin(6,)1y, + cos(8y) 1y, @17
5= i, i

Using the expressions from (12) to (18), we can determine the values of wi
as follows:

1-Tib

w; = 911K1 - (92 + 93)( 5(01) 11 + 6(91) Jl) (19)

1-Fem

w; = 6’1LK1 - 92( 5(91)111 + C(61) Jl) (20)
In (19) and (20) the S’s and the C’s, means cosines and sines. In this case,
for mathematical simplicity, we can express all the previous equations as

rotational matrices as follows:
B—-Fem P 1-Fem

w; = gR }%Ri w; (21)
B—Fem 1-Fem

w; = R w; (22)
B-Tib 1 1-Tib

w; = pR; w; (23)

As we mentioned previously, R represents the rotational matrix of platform
relative to the fix coordinate frame. In this order R1p is the rotation matrix of the
first coordinate frame of limb No.i relative to P-coordinate frame system. This
last rotational matrix is defined as follow:

. o, n N o, n
cos [(1 — 1)§+E] —sin [(L - 1)§+E] 0
. . n . n . n . n (24)
sin [(1—1);+g] cos [(1_1)5"'2] 0
0 0 1
3.3. Direct kinematics of non-contact leg

Direct kinematics of position for a non-contact limb is similar to the direct
kinematics for a serial robot. As shown in Figure 3 can write:

OAi = OP + PBi + BiMi + MiAi (25)
PBi = LR PBi (26)

BiMi = LR AR BiMi (27)

MiAi = ER AR MiAi (28)

Based on the previous expressions, PBi can be establishing as follows:
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T cos(% +(-1 %)
PBi = rsin(%+(i—1)%) (29)
0
As we did with the contact legs, we wanted to determine the velocity of the

non-contact limbs, so the procedure is similar. We first need to differentiate (25)
as follows:

Ind g B-Tib -

B-P - B—Fem -
VAi = Vp + w X BlP + (O] X BiMi + w; X MiAi (30)
Using Vp and o, that were derived from (11):

B-Fem g = B—P
B-Tib - - -2 B-P
w = 03 1K3 + 61 I'Kl + 62 I'KZ + w (32)

From (30) to (32) we can determine the velocity of end points of non-
contact legs; as a result, these values can be specified.

4. Software and Carbon Dioxide Reading Sensor

The robot control was based in arduino controller and Bluetooth communication
system, sending and receiving routine commands from mobile device. We used
an Arduino-Nano as the controller for the full platform control and
communication system. For motion, 12 servo-actuators were set, 3 for each leg
with a torque of 2.2 kg.cm. These servo-motors are attached directly as a joint of
each link-leg. The supply voltage and current for the robot was a battery
package of 4.8 V and 3000 mA with around power of 7.5 W approx.

Regarding to the reading of the carbon dioxide index, an embedded circuit
capable of monitoring various types of gases was implemented.

Figure 5: left: Response profile MQ4, time vs voltage; right: VVoltage vs Carbon dioxide.

The figure 5-left shows the output voltage of the sensor depending of the
gas concentration reading by itself. The result was obtained by adapting the gas
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source next to the sensor; meanwhile the gas concentration was increasing.

Figure 5-right shows the relation of output voltage with the carbon dioxide
concentration; in this way, the characterization of the sensor was adapted
through a linear regression model, obtaining accurate results. An extremely
important aspect to mention is the fact that this issue is still being evaluated and
treated, with the purpose of implementing the sensor that best shapes to the
context and conditioning with the purpose of achieving the best results.

5. Conclusions

The project has achieved systematically the design, development and control of
a quadruped walking robot. The mathematical model helped out the modeling of
the motion’s behavior of the robot. The robot has 12 DOF in total, 3 DOF for
each leg, controlled by an Arduino Nano via a remote mobile device. The
movement has been analyzed with biomimetic inspirations take from the
spiders. The gas sensor MQ4 was an excellent first approach to the gas sensing
technology because it allowed characterizing the behavior of the gas.
Additionally, these results will serve us as a foundation in future research.
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