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Abstract. Design of legged robots is still an open problem with several implementation challenges and there is little material
available to guide new designs. Moreover, usually the actuator sets of the robot are heavy and bulky and are placed near the joints,
which increases the weight and inertia of the legs and consequently results in instability, slower movement and high energy
consumption. This paper presents the design, modeling, and control of the Guará, a sixteen-degree-of-freedom (DOF) legged robot,
covering all stages of development of a quadruped robot, including experiments with a prototype. The system is composed by four
legs, each one with 4 DOF. To reduce the leg’s weight and inertia, here we present a design concept for the legs where the actuators
are positioned on the robot platform and timing belt transmissions are used to drive the joints. Moreover, the design of the legs
mimics the human leg by presenting the knees faced forward and its locomotion pattern mimics the quadruped wave gait. With
this configuration, the robot is able to walk on straight lines or free curved paths. The control system of the robot consists of a highlevel state machine and a lower level PID position controller. The electronics are embedded over a flat platform coupled to the legs.
The kinematics of the robot was studied and an integrated environment was provided for walking simulation, adjustment, and
diagnosis of operation. The experimental results are focused on the kinematics of the legs and the stability of the robot and show
a good agreement between the designed and executed movements. This paper is presented as a framework that can be generalized
to other systems and can be a useful reference for the design of other legged robots.
Keywords: Legged robot, Mobile robot, Quadruped, Biological inspiration, Kinematic, Wave gaits.

1. Introduction
Legged robots have been designed for different applications in the last few decades [1, 2, 3, 4, 5, 6, 7]. When compared to wheeled
and tracked locomotion robots, legged robots present superior mobility in natural terrains, and they can be used for both flat and
rough terrains [8]. On a smooth ﬂoor, legged robots can walk [9, 2], run [10, 3] and jump [8]. On rough ground or sloped terrains, they
can change their postures to obtain appropriate stability [11, 12, 13]. These robots can also overcome obstacles during different
types of activities, such as steps [14], rocks [15], among others.
The leg is a key point in the design of legged robots [16]. Depending on the task and type of terrain, legged robots need different
mechanical leg characteristics. Kumar and Pathak [8] study a four legged jumping robot with compliant legs. The leg consists of two
actuated joints: one in the hip, one in the knee of the robot; and a spring and damper in parallel in the shank. Chen et al. [9] present
a six-legged robot, whose legs are composed by three actuator joints, two in the hip and one in the knee. The legs are similar to
those of quadruped animals, but the knee of the first pair of legs is facing forward and the other two pairs are facing backward.
Focchi et al. [17] present a four-legged robot for walking on a high-slope. The legs of the robot are similar to those presented in Chen
et al. [9], with two actuated joints in the hip and one in the knee. Hoffmann and Simanek [18] presented a compliant legged with
just one actuated joint in the robot hip and a passive rotation knee joint facing backward with springs attached. Rodriguez et al.
[19] presented a mechanical scheme for a leg to be included in legged vehicles that simplifies the control actuations along the stride.
Wu et al [20] designed a 16-legged robot as a carrying platform system. The robot is based on closed-chain reconfigurable legs to
improve obstacle climbing and surmounting process. However, usually the actuators to drive the leg joints are heavy and bulky due
to the high power required to move the robot [20, 21]. Furthermore, several designs consider the actuators integrated in the robot’s
leg, which increases the inertia and weight of the movable parts of the robot [8, 17, 22, 23]. For example, Kumar and Pathak [8]
designed the robot’s leg with a compliant actuator located on the distal part of the leg and Garcia et al. [24] considered the power
train of the joints with cardan shaft and hypoid gears. Such design impairs the robot's leg agility and balance by increasing the
dynamic effects of the leg [25]. To overcome these shortcomings, our solution considers the gear-motors, which represent most of
the actuator’s weight located in the robot platform and uses timing belts, which are lightweight, flexible and with low inertia, to
synchronize the lower leg segments with the geared motors.
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Fig. 1. Biologically inspired Guará robot. (a) Guará wolf with the inspired structure of the robot [35]. (b) robot schematic.

Contrasting the majority of leg designs cited above, the leg of the Guará robot uses four actuated joints [26, 27], with two DOFs
in the hip, one in the knee, and one in the foot, to produce movements similar to those in quadruped animals. The joint actuators
are positioned on the robot’s platform to reduce the leg’s weight and inertia. Moreover, the robot walks with the knees facing forward.
This configuration lowers knee joint angles with small compensatory hip movements, avoiding reaching the kinematic limit of the
knee joint. With four equal legs, the kinematics of the robot becomes simpler. This facilitates control and reduces the overall
operating cost of the navigation system. In [27] it was presented an overview of the project to deal with obstacles overcoming
concept. Here we bring up a complete methodology to build a quadruped robot from a mechanical point of view.
Robot navigation is another challenge to be designed. The navigational strategy adopted here was based on the walking of most
quadruped animals in ﬂat terrains [28] and it was implemented through a walking pattern for indoor navigation [26, 29]. In addition,
the structure of the robot allows to implement several walking control strategies: meta stable locomotion [30], robot cooperation
[31, 32], among others, which also makes the robot an interesting platform for research and teaching. There is an ongoing research
in cooperating robot modelling for walking strategies with early results presented on [33].
This paper is organized as follows. The design of the legged robot Guará is presented in Section 2. Section 3 presents the forward
and inverse kinematics, and the differential kinematics of the robot. Section 4 shows the walking pattern strategy, considering a
straightforward and turning trajectory. The experimental results are shown in Section 5 and Section 6 presents the ﬁnal remarks
of this work.

2. Robot Design
In this section we present the robot design. The photo of a guará wolf is shown in Fig. 1 (a), it is a species of canid endemic to
South America and a unique member of the genus Chrysocyon, and Fig. 1 (b) presents a schematic view of the robot, showing the
world, center of mass (CoM), legs and feet reference frames (RF). The leg design resembles a four revolute joints manipulator, in which
the RF origin is on the leg’s joint. Each leg’s RF origin has a position vector from CoM and the leg’s joint RF are in accordance with
Denavit-Hartenberg convention [34]. The general dimensions of the robot are given in Table 1.
2.1 Leg design
The designed leg with four DOFs is shown in Fig. 2. Fig. 2 (a) show the built leg of the robot. The hip, knee, and ankle pitch DC
gear-motors are placed in the leg roll case. The hip-roll joint DC gear-motor is placed on the leg chassis case. The design considers
the gear-motors placed on the leg roll case to reduce the overall inertia of the leg to be driven by hip actuators. The hip pitch, knee,
and ankle joints are driven by timing belts that connect the DC gear-motors to the joints. Fig. 2 (b) presents the schematic design of
the leg’s DOFs. Two DOFs provide the abduction-adduction (roll) and flexion-extension (pitch) of the hip joint; and two DOFs provide
knee flexion-extension and ankle dorsiflexion-plantarflexion.
The locomotion of humans and animals is a complex phenomenon, with a great number of individual motions occurring
simultaneously in the sagittal, frontal and horizontal planes. It is intuitive that, under these movements, the CoM translates in a
path requiring the least energy consumption [36]. A normal step kinematics describes six movements [37, 38, 39, 36]. Hip and knee
flexion/extension allow to increase and decrease the effective length of the leg to vary the stride length, flatten the inverted
pendulum path of the hip, and smooth the transition between phases of leg support. Hip abduction/adduction allows for
transferring the body’s weight onto supporting legs during foot transition as shown in Fig. 3. For the robot to make turns, our first
insight was to design the leg with a yaw DOF. However, looking at mammals, we see that their legs have higher hipabduction/adduction (roll) than hip-rotation (yaw), so we decided to build the leg with a hip-roll DOF. The robot takes turns by
varying the leg abduction/adduction in support-stroke and flight. Fig. 3 shows the lateral movement for legs abduction/adduction
and the main dimensions in millimeters.

Table 1. Robot general dimensions
Parameters
Length between front and rear legs
Length between right and left legs
Thigh length
Shank length
Ankle length
Robot height
Robot weight
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Value
0.390 m
0.310 m
0.200 m
0.200 m
0.050 m
0.470 m
15.8 kgf
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Fig. 2. Leg Design. (a) Overall leg as built. (b) Schematic of the leg. The leg is composed of four actuators, three for hip, knee, and ankle pitch and one
for hip roll. The actuators are placed inside the leg chassis case.

Fig. 3. Lateral movements enabled by the hip roll DOF to improve the robot’s balance.

Fig. 4. Main movements and data of the leg: (a) Leg taking off, (b) Leg flighting, (c) Leg landing, (d) The leg workspace.

The mechanical approach for the leg uses a similar configuration and DOF layout as of a human leg. This is highly energyefficient and, with the mechatronic design implemented for the legs, other shapes, like fore and hind limbs of a four-legged animal
[40], would be easily implemented. As shown in Fig.2(b), the hip roll abduction/adduction gear-motor is mounted on the leg chassis
case, which is fixed to the body of the robot. The hip roll and pitch axis intersect. Hip, knee, and ankle pitch flexion/extension gearmotors are mounted on the leg roll case, which rolls under hip roll gear-motor command. Finally, in this configuration, we used a
flat foot, which allows for toe-off and heel-strike events to be implemented.
Figure 4 shows legs at work, the main dimensions of the legs and of the robot, and the movements of the legs. Figure 4 (a) shows
the rear-right leg ready to take-off, then in Fig. 4 (b) it is flying and then in Fig. 4(c) it is landing to start new support-thrust cycle.
The other legs are in the support-trust state, having their knees slightly bent. Figure 4 (d) shows the reachable workspace and
kinematic limits for different configurations of hip and knee joints angles. The main dimensions of the side view are shown in Fig.
4(c).
Although the animals move with their fore and hind knees at inverted angles, the robot walks with both angled forward to
simplify walking movements, to avoid legs collisions and to keep away from the joint’s kinematic limits. We focus on making the
robot develop straight and curved walking paths using the last leg link resembling a human foot.
2.2 Control architecture
Figure 5 shows the two levels control architecture of the robot, which was adopted to deal with on-the-ﬂy math operations [25].
The matrix kinematics runs on a computer and the controllers of the angles of the legs run on onboard the robot. The two levels of
control are wired together by a 1.2 megabits per second (Mbps) Control Area Network (CAN) bus [41].
Journal of Applied and Computational Mechanics, Vol. 7, No. 3, (2021), 1425-1434
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Table 2. DH parameters for legs [34].
link
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The high-level system kernel is on a computer, which runs a walking kinematic model, stability criterion, communication, data
acquisition, and display interface. The movement of the robot and its legs is shown on a graphic display, for off simulation purposes,
and can be exported through a file saving application for debugging and foothold configuration analysis. The low level includes the
controller boards for the legs onboard the robot. These boards run the communication and a PID joint angles controller. They have
input-output (I/O) ports, the actuator gear-motors of the joints run through Pulse Width Modulation (PWM) outputs, and data
acquisition is done from leg’s angle transducer A/D converters.

3. Kinematics
The robot is composed by four legs, with four DOF each, connected by the platform. This configuration can be viewed as four
robotic manipulators, coupled to a platform, and the operational space is defined by the points that can be reached by each foot.
The kinematic model provides orientation for the body of the robot, with the data acquired from each leg joint potentiometer, and
through it the trajectory coordinates of the foot are updated.
3.1 Forward Kinematics
The direct kinematics model computes the configuration of each link of the legs separately. Figure 6 depicts the main RF of the
legs. We use Denavit-Hartenberg (DH) convention [26, 34], whose parameters for the leg are shown in Table 2.
Homogeneous transform from the legs to the CoM of the robot is obtained according to Eq. (1).
0

1

(1)

where [RiCoM](3 × 3) is the rotation matrix between leg’s and CoM’s reference frames, [d](3 × 1) is the leg RF position vector referred to CoM
and [0] = [0 0 0](1 × 3).

Fig. 5. Control architecture.

Fig. 6. Reference frames and variables for the legs.
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Figure 6 shows DH parameters for one leg, which are replicated for the other legs. Each leg joint positions are achieved using
homogeneous transformations, which are set up using DH convention parameters, in which si=sin(i) and ci=cos(i) in matrix Eq. 2.
It is worth mentioning that hip-roll and hip-pitch axis were designed to intersect. This way, the d1 parameter (shown in Fig. 6) is
null, since the axis origins are equal by construction.
−

0
0

−

0

0

(2)

1

A set of homogeneous transform matrices, as shown in Eq. (3), is defined for each leg to map their joint and link variables in
their RF.
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(3)

3.2 Inverse Kinematics
We used a geometric approach to solve the inverse position kinematics of the manipulator [34, 42]. It was applied for the four
DOF leg the approach shown by Bonitz [43]. Regarding Fig. 6, we apply the cosine law between links 2 and 3 as follows:
cos# $
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√1 −
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$
(4)

.

where x3, y3, and z3 are the spatial coordinates of joint 3 RF origin O3 and a2 and a3 are the lengths of links 2 and 3, respectively, as
shown in Fig. 6, and we use atan2 function to compute the arc-tangent taking into account the sign of both arguments to consider
the angle quadrant.
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In statically stable walking, link a4 can be kept in a known fixed vertical 4 pitch angle, which allows the coordinates of joint 3
to be determined as follows:
%
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(
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4 ' −
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( −
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5

(7)

There are two roots for 3 in Eq. 4. The positive root was chosen, allowing knee-ahead (elbow-up) configuration for the leg. If a
negative root is chosen, knee-behind (elbow-down) configuration, like fore limbs in a four-legged animal [40] is allowed. A singularity
that occurs when 3=0, is monitored while the robot is walking to avoid it.
The differential map relates the general velocity vector of the foot [%7 , '7 , (7 , x, y, z] T, with the joints velocity vector [ 7 , 7 , 7 ,
7 ] T, through the Jacobian J, by [%7 , '7 , (7 , x, y, z] T = J(q) [ 7 , 7 , 7 , 7 ] T, where q = [
] T is the joint variables vector and
the velocity components are expressed in leg RF. The differential map allows the speed analysis for the joints (e.g., maximum
required speed) and trajectory planning by using differential kinematics. Equation (8) shows the Jacobian matrix [44] of the leg.
3.3 Differential kinematics: Jacobian
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(8)

where z0...3 are joint axes, p0...3 are joint position vectors and p is the foot position vector, all expressed in the leg RF. The (6 × 1) submatrices of the Jacobian matrix are given in Eq. (9).
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where c2=cos(2), c23=cos(2+3), c234=cos(2+3+4), s1=sin(1), c1=cos(1), s234=sin(2+3+4), and c21=cos(2+1).
The Jacobian matrix of the leg J(q) = [J(1) J(2) J(3) J(4)] has rank=4, allowing to get the Moore-Penrose pseudo inverse J+=(JTJ)-1JT
[45] and the generalized contact force vector F on the foot from the generalized joint torque vector T, through the relationship F=J+T.
Journal of Applied and Computational Mechanics, Vol. 7, No. 3, (2021), 1425-1434
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Fig. 7. Wave gait characteristics. (a) Regular symmetrical full cycle periodic wave gait. (b) Regular symmetrical full cycle periodic wave gait. (c) Full
gait cycle support polygons.

4. Wave Gaits
These sections present the strategies and assumptions for gait planning and their implementation for the robot. Research on
biomechanics of human beings, animals like quadrupeds and ground insects, has inspired the mathematical modeling of their
locomotion. These models allow us to perform kinematic and dynamic simulations to understand their behavior and to infer about
their physics. Scientific results allow for the construction of machines that could mimic behavior and abilities of animals [29, 46,
47, 48, 49, 50, 16].
4.1 Gait modeling
We use a regular symmetrical full cycle periodic natural sequence wave gait, as in [29], as shown in Fig. 7(a), to run the robot.
The gait cycle is divided into 27 support-stroke slices and 5 ﬂight slices, totaling 32 slices. Simultaneously, 4 legs are supported and
pushed in 12 slices and 3 legs in 20 slices. For foot trajectory execution, the slice is divided in 2, 4, or 8 set-points, for better precision
and to reduce foot slippage.
During push-forward, the body of the robot is laterally displaced, relative to the feet, to the opposite side of the next leg to fly.
This synchronized movement is made to improve the stability in walking, as shown in Fig. 7(b). This allows for the CoM to be moved
into the support polygon, as indicated in Fig. 7 (c), thereby increasing robot’s statically stability margin (SSM) [30].
The gait parameters are the leg’s loading factor β=0.875, which is the ratio between the normalized time of leg flighting and
supporting, and the phase angles 0=0, 1=0.75, 2=0.5 and 3=0.25, which are the quotient between the time of the leg land and the
total time [29]. The loading factor and the phase angles are taken from Fig. 7(a).
4.2 Turning gait
Figure 8 shows the relative positions of the body of the robot and its legs in stroke while turning. The robot performs incremental
small arcs  with CoM radius RCoM, and external Re and internal Ri curvature radius. Each  increment defines i and e, respectively,
internal and external strokes of the incremental turning step width. To perform a RCoM right turn, as shown in Fig. 8, the inner and
outer leg’s stroke becomes i=Ricos() and e=Recos(). The four-legged turning, besides being an on-the-fly position vector rotation
problem, was geometrically modeled in a very simple way by adding e and i to the straight walk increments of the feet. It becomes
even simpler from the hardware point-of-view because these angular increments are added to the foot coordinates in the operating
space of the legs, before being mapped to their joint space.
There is some complacency in the links, belts, and connection of the legs to the platform. Such compliance allows for absorption
of small discontinuities that arise during the not synchronized incremental pushing of the legs while turning. These discontinuities
also impair small variations in RCoM radius, also absorbed by the overall compliance of the leg system.

5. Results and Discussion
After design and modeling, a prototype of the robot was built, as shown in Fig. 9. The legs are connected to an aluminum
platform, on which are assembled the controller, power and communication hardware boards.
For the purposes of kinematic analysis, the platform and legs are supposed to be a system of rigid bodies. The leg footholds
form a plane parallel to the bearing surface if neither foothold is on an elevation or depression on the floor.
The foot’s path is shown in Fig. 10. Dot lines are references sent and continuous lines are the executed path by onboard robot
controller. The ideal path for flight of the foot to a new stroke position would be a cycloid. However, due to small disturbances, the
foot starts taking-off while it is still in support or it is still moving ahead flying to a new stroke position and then lands. In both
situations, the foot forward motion pushes back the robot, worsening its balance. We use a polygonal path, as shown by the red dot
lines in Fig. 4 (a), (b) and (c), with foot take-off and landing velocities synchronized with the robot’s velocity, which improves the
overall balance, even though some small deviations still occur when the foot lands.
Journal of Applied and Computational Mechanics, Vol. 7, No. 3, (2021), 1425-1434
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Fig. 8. Turning kinematics. θ is the curve angle increment. i and e are the internal and external stroke incremental step width, respectively. Re and
Ri are the external and internal curvature radius, respectively. RCoM are the CoM curvature radius.

Fig. 9. The Guará Robot as built.

Fig. 10. Full step foot XZ coordinates.

Fig. 11. X, Y and Z coordinates for full step of foot 3.

Figure 11 shows foot references sent to and received from the robot. Dot lines are reference sent and continuous lines are
executed by onboard robot controllers. They represent a complete gait cycle in the foot’s operational space. The blue curves are the
foot X coordinates. The first steep curve segment is the foot flying to a new stroke position. The second segment is the foot supportthrust cycle between the leg’s fore and hind kinematic limits. The red curves are the foot Y coordinates which push the body side
movement. The black curves are the foot Z coordinates, which the straight line part represents support-stroke phase and the curved
line part describes the foot take-off, flight and landing. The first step segment of the blue line, up to the curve peak, is the foot going
forward to a new stroke position and the second segment is the foot supporting and thrusting the robot.
Journal of Applied and Computational Mechanics, Vol. 7, No. 3, (2021), 1425-1434
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Fig. 12. Feet curved paths: (a) Feet 0 and 2, X-Y coordinates, (b) Feet 0 and 1, X-Y coordinates.

Fig. 13. Robot’s turning right with average radius 1400 mm: (a) Start turning, (b) Middle path turning, (c) Ending turn.

The individual paths planned for the feet are generated in the high-level controller, according to the walking scheme previously
discussed, and are tracked by the low-level onboard controllers. In Fig. 12 are shown these paths with the robot turning right with
a 1.4 m radius. They are sampled using 4 set-points per slice, totaling 128 set-points for trajectory planning, each with up to 2.4 ms,
with 108 thrusting and 20 ﬂying points.
Figure 12 (a) shows front feet 0 and 2 foothold paths, referred to their leg joint 0 reference frame. Continuous and dot blue lines
correspond to the lateral Y path, pushing the robot’s body CoM towards inside support polygon. According to the turning model
proposed, the front-left and front-right feet 0 and 2, perform paths e and i, pointing towards the curvature center. Symmetrically,
rear-left and rear-right feet 1 and 3 perform paths pointing ahead of the curvature center. Continuous and dot black lines in Fig. 12
(a) correspond to foot 0 and 2 thrust X coordinate path. It can be seen that the dot black curve has greater amplitude (from bottom
to upper corner) than the continuous one because foot 0 is turning outside the curve and has to travel a greater distance than foot
2 turning inside.
Figure 12 (b) depicts the same scenario as in Fig. 12 (a) but for left feet 0 and 1. Their path increments e have same length but
the foot 0 path points towards the curvature center and the foot 0 path points ahead of it. Such behavior agrees with Fig. 8. Here,
the continuous and dashed black lines correspond to feet 0 and 1 thrust X path, which have the same amplitude, from the bottom
to upper corners, as they have the same curvature radius and consequently travel equal distances. The discontinuities shown in
lateral Y path, in Fig. 12, push the robot’s body CoM towards inside support polygon and are due to the additional leg excursion
necessary to lift the foot vertically. In this movement, the kinematics require not only the leg’s extension or retraction but also an
increase or decrease in the leg’s joint 0 angle, which allow the leg to ﬂy to a new stroke position. In summary, the feet in support
move the robot’s body according to the modeled foot movements, which are reflected in the robot’s body, allowing it to walk straight
and curved paths pushed by its legs.
Frames taken from robot’s video doing a ninety degree right turn are shown in Fig. 13. In Fig. 13 (a), it can be seen the right front
and hind legs have joint 0 (roll) symmetrical angles. The same can be seen for left legs, in mid-turn as seen in Fig. 13 (b), and in
ending turn as seen in Fig. 13 (c), which validates the software approach to implement the turning robot on-the-flight.

6. Conclusions and Future Work
We presented the design, construction, and testing of the Guará, a four-legged sixteen DOF mobile robot. Special attention was
given to the design of the leg as an alternative solution for previously legged robot projects. The use of a drive system based on
timing belts enabled a lightweight and low inertia layout for the leg. The concentration of gear-motors as unsprung mass in the
robot platform proved to be an important solution to improve the control and balance of the robot. The design of the legs, with a
hip-abduction/adduction (roll) DOF rather than a hip-yaw DOF, allowed us to implement an important movement observed in
mammals to displace laterally the body CoM towards the support polygon. From the walking control point of view, line segments
were used in the feet workspace to generate straight and curved paths, and to synchronize the robot’s body lateral movement. They
were generated separately in the operating space and the final path as their vector sum, whose result was mapped to joint space
by inverse kinematics. With this methodology, the robot was capable of walking straight lines and free curved paths, making turns
on the flight and synchronizing walking and balance movements.
The results achieved here encourage future work and we think there are some important points that are worth mentioning. The
successful humanoid’s stability strategies, such as zero moment point (ZMP), instantaneous capture points (ICP), and centroidal
moment pivot (CMP) [30, 51, 52], can be applied to study their role in the robot’s kinematic. The actual high-level control program
can be improved to perform heel-strike and toe-off, which are gait events that are not yet performed and present only sophisticated
humanoid robots performing straight-leg walking [53]. We also recommend configuring the fourth link of the leg like metatarsal
and metacarpal bones as in guará wolf, lions, dogs, and others speedy animals, to study their role in robot’s kinetics.
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