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Abstract. This work proposes the identification of parameters of a humanoid research robot, in particular Robotis DARwIn
OP2. The methodology followed is based on a consolidated identification technique combined with the Statically Equiv-
alent Serial Chains (SESC) method, the input data chosen for the system are the angles of the robotic joints. Initially, this
methodology was tested on a simulator, produced by the Laboratório de Sistemas Computacionais Autonômos (LAB-SCA)
of ITA. Later this methodology was be applied in a real robot, Robotis DARwIn OP2, also available at LAB-SCA.
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1. INTRODUCTION

Bipedal walking, a key factor to creating functional humanoid robots, is a complex field of knowledge from the point
of view of control, due to non linearity, underactuation and high number of degrees of freedom, representing a great
challenge to the latest generation control techniques (Collins et al., 2005). What makes humanoid robotics so fascinating
is the similarity with humans, enabling interaction with human tools and human environments.

A widely accepted approach for bipedal walking, the 3D Linear Inverted Pendulum Model (3D-LIPM) (Kajita et al.,
2001), allows one to obtain the CoM trajectory and then, by inverse kinematics, determine the joint angles during the
walk. Because of the simplifications of the model, we often use strategies of feedback and compensation of dynamic error
to improve the robot’s stability (Takenaka et al., 2009). Therefore, the parameters of the robotic system need to be well
defined.

In order to guarantee the stability of bipedal walking robots, it is important to ensured that the point where the sum of
reaction forces are null (known as Center of Pressure, or CoP) lies within a polygon of defined as the convex envelope of
the contact points between the robot and the ground (Vukobratović and Borovac, 2004). In static cases, the CoP coincides
with the projection of center of mass (CoM) on the ground.

Based on this, it is intended to use different values of the CoP, at each position that the robot performs. The parameter
identification method suggested in this paper consists in using a set of postures to find the combination of mass and center
of mass of the body parts of the robot. The equation that describes the three-dimensional kinematic chain is obtained
through the SESC method.

In the Literature, there are works of parameter estimation using ground contact force, in (Cotton et al., 2009) a HOAP3
humanoid robot has its parameters two-dimensionally identified using the sensors at one of its feet. In (van Zutven, 2014)
the humanoid robot TUlip has its parameters three-dimensionally identified using a force platform. In this work, we
propose a three-dimensional identification using sensors on the feet of a humanoid research robot, Robotis OP2 shown in
Fig. 1a.
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Figure 1. a) Robotis OP2 humanoid robot. b) A schematic drawing that shows the robot’s degrees of freedom, the names
of the right-side joints are similar to the left-side ones shown here.

2. METHODOLOGY

2.1 Least Square Method

For the identification, the least squares estimator is used , since it is capable of determining unknown parameters of
a mathematical model capable of adjusting optimally to the noisy observations of the input and output of the system.
Following the final equation of the procedure done by (Coelho and Coelho, 2004), it relates Y (measured vector of CoP)
to the parameter vector estimate (Θ̂) through a regression matrix (Φ) that is a function of the inputs in the system.

Θ̂ = [ΦTΦ]−1ΦTY. (1)

2.2 SESC method

In a given posture, a kinematic chain is formed by n links and each link has a joint of revolution. Each link is fully
described by its geometric and mass properties. The SESC method allows finding the resulting center of mass of the
chain. Homogeneous transformations, denoted Ti ∈ R4×4, are used to relate the local reference points of the system
(Cotton et al., 2009):

Ti =

[
Ai di

0 1

]
(2)

where Ai ∈ R3×3 is a rotation matrix, di ∈ R3 is the displacement vector between the local reference points and 0 ∈ R3.
The DoF of Robotis OP2 are distributed in the following manner: 2 in the neck, 3 in each arm and 6 in each leg, Fig. 1

b. Each DoF of this humanoid robot is implemented by a servomotor. In Fig. 1 b, the servomotor denoted by the blue
color performs only rotation around Z, the green color only rotation around Y , the red color only rotation around X . We
considered the global reference point at the center of the right foot sole in Eq. (3).

To set which parts have the parameters that will be combined, generally we have the vector ci ∈ R3 used to locate the
CoM of a body relative to a local reference and masses (mi) of the 21 body parts, Fig. 2.

In Tab. 1 is contained the relationship between the parts of of the robot and the index i of the parameters shown in
Fig. 2.
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Figure 2. A drawing of the kinematic chain.

Table 1. Relation between the parts of the robot and the index i.

Index Body Part Index Body Part
1 right foot 12 right arm
2 right ankle 13 left shoulder
3 right tibia 14 left elbow
4 right thigh 15 left arm
5 right pelvis 16 left hip
6 right hip 17 left pelvis
7 torso 18 left thigh
8 neck 19 left tibia
9 head 20 left ankle

10 right shoulder 21 left foot
11 right elbow
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where Ti:j = TiTi+1 . . .Tj−1Tj .
By placing the rotational matrices, the following equation is obtained, where the vector ri ∈ R3 represents the

parameter combinations.
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CoM = d1 + B1r1 + B2r2 + B3r3 + B4r4 + B5r5 + B6r6 + B7r7 + B8r8 + B9r9 + B10r10

+B11r11 + B12r12 + B13r13 + B14r14 + B15r15 + B16r16 + B17r17 + B18r18

+B19r19 + B20r20 + B21r21 (4)

with B1 = A1, B2 = A1A2, B3 = B2A3, B4 = B3A4, B5 = B4A5, B6 = B5A6, B7 = B6A7, B8 = B7A8,
B9 = B8A9, B10 = B7A10. B11 = B10A11, B12 = B11A12,B13 = B7A13, B14 = B13A14. B15 = B14A15,
B16 = B7A16, B17 = B16A17, B18 = B17A18, B19 = B18A19. B20 = B19A20, B21 = B20A21.

In this case, only the right foot of the Robotis OP2 will be in contact all the time on the ground. Each position of the
robot in "XYZ" has a projection point of CoM in "XY", this point is the CoP = (CoMx, CoMy). Finally, there is the
estimator in Eq. (5), where ‘-p’ indicates pseudo-inverse, Bi ∈ R2×3 and n indicates the number of measurements taken.

In fact what can be determined is a combination of the parameters, the great reason being the lack of observability of
the parameters separately. The vector ri, found in Eq. (5), contains the combination of these parameters, which in our
scenario is an arrangement of CoM and masses. The maximum number of positions can be infinite, but the minimum
number of positions must be equal to the number of ri.
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(5)

3. SIMULATION RESULTS

At first, a simulator based on Maximo (2017) was used, since this simulator uses manufacturer data. As system inputs,
randomly sampled joint angles with uniform distribution were used, ranging from -30 to 30 degrees. In order to make
the collection of CoPs more realistic, Gaussian noise of null mean and standard deviation of 0.00493 was added to the
measurements. These parameters were based on real foot sensor data (Ha et al., 2013). A data set of 1000 different
positions was used. The results were than compared to data from the manufacturer, as shown in Fig. 3a, where Ri is the
magnitude of the vector ri.
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Figure 3. a) Comparison between Ri manufactured and identified .b) Comparison of CoPx and CoPy .

It was noted that both simulated R1 and R2 were not identified, for R1 this occurs because c1 is equal to d1. And for
R2 this occurs because A2 is an identity matrix, therefore it has no observability. The Ri values are clearly not exactly
the same, the reason for this is the lack of observability in consecutive revolutions on the same axis. Then, to analyze the
Ri we will compare the values of the CoPs, since this is enough to multiply the ri, referring to each Ri, by the matrix in
Eq. (5), whose dimension ∈ R2n×66 . In Fig. 3b, it is shown that both CoPx and CoPy are identical for Ri manufactured
and identified, for image resolution purposes 26 positions are taken from the 1000 positions.

In practice, for control purposes we are only interested in the position of the CoP. So individual values of Ri’s are
not important, as long as the estimated CoP values match the simulated CoP values. Therefore the identification is
satisfactory for the Robotis OP2, with an mean absolute error between the estimate CoPs and the measured CoPs of
0.0040 for n = 1000.
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4. EXPERIMENT

The second part of the analysis consisted on applying the same chain obtained by the SECS on the real robot. Utilizing
the gravity compensation (Maximo, 2017), to ensure that the robot’s joints remain in the desired places. Positions were
obtained that allowed the robot to have static stability, and using a sensor located at the foot of Robotis OP2, we collected
the CoP values.

Since the robot should be in a standing position, only stable poses could be used. To obtain these poses, angular
constraints were imposed to the joints, because without these restrictions there could be loss of stability or shocks between
the parts of the robot. Figure 4 illustrates how the servos are arranged in Robotis OP2. The robot pose shown in the figure
is how the robot initializes its movements, i.e, in this position the angles of all the servos are zero.

Figure 4 shows the IDs of each servo (Robotis OP2, 2019), in the Tab. 2 shows the minimum and maximum angles
of each servo. In our convention, negative values represent clockwise rotations and positive values represent counter-
clockwise rotations. For to maintain the stability, a restriction was also placed on the CoP, which must be restricted to
a location inside the polygon determined by the foot sensors, then we choose the CoP following constraint values for:
−0.023m < CoPx < 0.023m and −0.023m < CoPy < 0.023m.

Figure 4. Starting position,(Robotis OP2, 2019).

After this, the experiment was performed, Fig. 5 shows some poses of the experiment. All poses were measured by
the sensor ROBOTIS OP2-FSR (force sensing resistor), located on the right foot of the robot. In total, 38 valid poses
were obtained. Since the sensor is very noisy, each CoP measurement was obtained from the mean value of 100 sensor
readings for each pose.

4.1 Experimental Results

Figure 6 illustrates the comparison between the Ri predicted using the data provided by the manufacturer and the ones
identified by the experiment. The result shows that Ri values differ, although Fig. 6 is not enough to build a comparison,
since similarly to simulation we have lack of observability. Then, to analyze Ri, we compared the values of the measured
and estimated CoPs.

In Fig. 7 the comparison between the CoPs is illustrated. In Fig. 7a the black curve represents the theoretical CoPx –
the value of CoPx found with the Ri found with the data povided by the manufacturer – the red curve represents the CoPx

measured in the experiment and the blue curve represents the CoPx obtained using the Ri found in the experiment. Note
that the CoPx found using the manufacturer’s data follows a similar trend to the measured CoPx, but has a clear offset.
Nevertheless, the identified values of CoPx are close to the experimental ones. The small differences probably come from
model imperfection. Indeed, we observed that Robotis OP2 joints have substantial backlash, thus there is considerable
uncertainty on joints positions.

In Fig. 7b, the black curve represents the theoretical CoPy , the red curve represents the CoPy measured in the exper-
iment and the curve blue represents the CoPy using the Ri found in the experiment. CoPy’s behavior is very similar to
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Table 2. Range of the angles.

ID Minimum Angulation (degree) Maximum Angulation (degree)
1 −180◦ 180◦

2 −180◦ 180◦

3 −120◦ 84◦

4 −84◦ 120◦

5 −4◦ 156◦

6 −156◦ 4◦

7 −50◦ 30◦

8 −30◦ 50◦

9 −57◦ 5◦

10 −5◦ 57◦

11 −29◦ 96◦

12 −29◦ 96◦

13 0◦ 132◦

14 0◦ 132◦

15 −79◦ 51◦

16 −79◦ 51◦

17 −57◦ 37◦

18 −37◦ 57◦

19 −120◦ 120◦

20 −40◦ 25◦

Figure 5. Example of balance pose for the experiment.
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Figure 6. Comparison between Ri predicted and identified.
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CoPx’s behavior.
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Figure 7. Comparison between CoPs.

Another interesting result that can be obtained using this technique is to find the height of the CoM, meaning that flat
measurements of the CoP can be used to find a third component of the CoM: the CoMz . It is important to emphasize that
the CoMz has a huge impact on walking dynamics.

In Fig. 8, the blue curve represents the values of CoMz from the Ri identified in the experiment and black curve
represents the values of CoMz for the Ri obtained with data from the manufacturer. In fact, the values do not coincide,
which was already expected since the CoPs (shown in Fig. 7) presented an offset.
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Figure 8. CoM height.

5. CONCLUSION

The technique used in this paper proved quite useful, since for a walking model of the humanoid robot it is necessary
to use the combinations of parameters, in the case of the article indicated by Ri. We hypothesize that the difference
between the values found between the experiment and the manufacturer’s data is due to the fact that the manufacturer uses
data from CAD drawings and does not take into account components such as screws, wires and electronic boards.

The great importance of the identification experiment is that, in fact, we are now able to obtain values closer to the real
values of the parameters, which is of paramount importance for the dynamic models. Therefore, in the future we intend
to use the data obtained by identification for a refinement of the dynamic model used in our walking algorithm, expecting
that this could render a more stable walk.
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