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Abstract: The leg kinematic parameters of quadruped robots,
including connecting rod length and joint angle, often deviate
significantly due to machining and assembly errors. This
inaccurate knowledge can lead to foot-end position errors and
ultimately affect precise state estimation and control. Directing
against this issue, this paper introduces the concept of a virtual
fixed base and designs a non-redundant parameter identification
method. The virtual fixed base is established by 4 marking points
on the body, determining a hypothetical coordinate system, which
is used to solve the hand-eye calibration problem of quadruped
robots. This study provides the overall process of the kinematic
parameter identification method. Simulation and experiment
results show that the identified kinematic parameters converge to
their actual value and the foot-end position accuracy is improved
by over 80% after parameter compensation.

Key-words: Kinematic parameter identification; Quadruped
robots; Virtual fixed base; Hand-eye calibration; Least square
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L INTRODUCTION

In recent years, the theoretical research and practical
application of quadruped robots have made great progress!'=l.
However, the actual kinematic parameters of robots, including
connecting rod length and joint angle, often deviate from the
design values affected by factors such as machining accuracy
and assembly errors. This will affect the accuracy of the
kinematic model, leading to significant errors in foot-end

position and velocity, ultimately affecting the control accuracyl.

Compared with fixed-base heavy-duty industrial robots,
there are few feasible methods to identify the kinematic
parameters for quadruped robots. Most of the existing researches
focuses on fixed-base heavy-duty industrial robots>#], which are
not applicable for quadruped robots with a floating base. Zhu®
proposed an effective kinematic self-calibration method for
dual-manipulators based on virtual constraints to estimate the
actual kinematic parameters of the robots. Dul'” designed an
online robot calibration method that can quickly identify robotic
kinematic parameters without stopping the robot, thereby greatly
improving the operating efficiency of the robot. Zhang!!!
presented an analytical method to determine the identifiable
kinematic parameters for serial-robot calibration under various
identification conditions.

Hand-eye calibration strategy is a key component in
parameter identification!!*!¥. Jiang!'l proposed a hand-eye
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calibration method based on the RGB-D camera reprojection
error. Zhong!'® designed an adaptive controller to compute the
orientation and position of the eye to the hand through a two-
stage process, which enables parameter estimation in low-
dimensional space. Jiang!!”l significantly improved the
localization accuracy of the robot by discussing a kinematic
calibration method based on Extended Kalman Filtering and
Particle Filtering. The traditional calibration method requires a
fixed base coordinate system. However, the body of quadruped
robots is usually considered as a floating base, which leads to
uncertainty in the hand-eye transformation matrix. This means
traditional hand-eye calibration strategies are not suitable for
quadruped robots.

Directing against the above issues, this study introduces the
concept of a virtual fixed base and designs a non-redundant
parameter identification method based on the virtual fixed base.
The leg of quadruped robots is similar to a serial robotic arm
attached to the body. Therefore, the virtual fixed base is
transformed from the floating base of a quadruped robot by
fixing its body pose to set up a hypothetical coordinate system.
The error parameter set is defined by combining non-redundant
kinematic parameters with a high impact on the foot-end
position %211 along with uncertain parameters of the hand-eye
calibration matrix. A parameter error model and a least square
identification method are established based on the DH parameter
method.

The structure of this paper is as follows. Section II defines
the coordinate system and establishes the single-legged
kinematic model. Section III designs the overall scheme of
parameter identification. Section IV involves simulations and
experiments. Section V is the conclusion of this paper.

II.  KINEMATIC MODEL

In this section, the 12-DOF series-legged quadruped robot is
studied. To effectively analyze the kinematics of the quadruped
robot, the relevant coordinate systems are defined and the single-
legged kinematic model is established, which is the foundation
of the identification method.

A. Coordinate System Definition

Based on the geometric structure of the 12-DOF series-
legged quadruped robots, coordinate systems are established at
the geometric center of the body, hip joint, and foot end, as
shown in Fig.1. The specific definitions are as follows.

264



Fig. 1. Coordinate System Definition of Quadrupeds

{B}: Body coordinate system. The origin is located in the
geometric center of the body, with the X-axis pointing directly
in front of the body and the Z-axis pointing in the vertical body
upward direction.

{H}: Hip joint base coordinate system. The origin is located
in the center of the side-swinging hip joint, and the axis
directions are fixed relative to the body.

{F}: Foot coordinate system. The origin is located in the
center of the foot, and the axis directions are fixed relative to the
foot.

B. Single-legged Kinematic Model

The single leg of a quadruped robot can be regarded as a
serial robotic arm with 3 joints. Using the DH parameter method,
it is easy to obtain 7P, which is the foot-end position relative
to the joint angle position described in the hip joint base
coordinate system {H?}. The kinematic model of a single leg can
be obtained as follows:

ci1Cy3ly + 10l + 510
Sa3ly + 8214 (€Y)
_51C23lz - C2l1 + Clw

Hpp =

Where w represents hip dislocation; [; and [, represent the
connecting rod length of thigh and calf respectively; ¢;; and
s;j represent cos(8; +6,) and sin(6; + 8;,) respectively.

III.  PARAMETER IDENTIFICATION METHOD

A. Parameter Identification Process
The parameter identification process is as follows:

(1) Modelling: Establish the single-leg kinematic model
of the quadruped robot.

(2) Measurement: Obtain the time-synchronized foot-
end position and joint angle data.

(3) Identification: Input the foot-end position errors to
get the identification values.

(4) Compensation: Compensate the single-leg model
with kinematic parameter errors.

The kinematic parameter identification process is shown in
Fig. 2. In identification, the foot-end position's Jacobian matrix
is utilized as the parameter error model, and the identification
method employs the least square approach. In measurement, a
hand-eye calibration strategy is designed to uniform the
measured foot-end positions and the nominal values, which are
described in different coordinate systems. These positions are

Modelling
Single-leg I:> Identification Compensation
kinematic model
Measurement Parameter Identification —/| Identification
error model method values
Foot position

IM““I‘ time ¥

5 - — —Measuring data- 4
Joint angle Measuring data

Fig. 2. Kinematic Parameter Identification Process

obtained by using a position-measuring device and the joint
angles of the robot respectively.

B. Hand-eye Calibration Strategy

The key to parameter identification is the hand-eye
calibration. The measuring device acts as an "eye", capturing
information about the foot-end position Spie* which is
described in the measuring coordinate system {S}. The end of
the robot acts as a "hand", and its nominal foot-end positionp
calculated by a kinematic model is described in {H}. To solve
the inconsistency between "eye" and "hand" coordinate systems,
it is essential to establish the transformation matrix from {H} to
{S} ST to unify the positional descriptions.

However, as shown in Fig. 3, since the coordinate system {B}
is attached to a floating base, the transformation matrix 3T is
variable and difficult to measure, which makes the matrix 3T
hard to calculate.

B

B

{Bp}
A

B
IIT

Fig. 3. Coordinate Transformation for Hand-eye Calibration

To solve the hand-eye calibration problem caused by the
floating base, a parameter identification scenario applicable to
quadruped robots is designed, as shown in Fig. 4.

€. ; Measurement device
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{Bp} Backplane coordinate

{S} Sensor coordinate

Fig. 4. Kinematics Parameter Identification Scenario
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In Fig. 4, {S} is the reference coordinate system of the
measuring device. 4 points are marked at the body to
conveniently introduce the backplane coordinate system {Bp} as
a virtual fixed base. The robot is fixed in a lying position on a
platform and its legs move continuously to cover the maximum
motion range. Meanwhile, an optical motion capture system
works as the position-measuring device to obtain real-time foot-
end positions by capturing the coordinates of marker points.

ST can be decomposed into 3 parts by introducing the {Bp}
coordinate system, as shown in Fig. 3.

ST =T 2T BT (2)

Where, BT is determined by the body length [, and
width w, of the quadruped robot. And there are only
translational and rotational relations in the Z-axis between the
{Bp} system and the {B} system. The rotation angle is defined
as oy and the translational distance as z,, which can be
determined by measurement.

The expression of 2T is as follows:

cos (o) —sin(ay) 0 0

BgT = Rz(ah)DZ(zh) = sIn (ah) Cos (ah) O O (3)
0 0 1 Zn
0 0 0 1

Where, Ry(ap,) is the rotation transformation matrix
around the Z-axis. Dyz(z},) is the translation transformation
matrix along the Z-axis.

Therefore, the key to the hand-eye calibration problem can
be transformed into determining T, which is to calculate 5p
and BgR. The specific steps are as follows:

1) Calculate ng

Assume the origin of {Bp} as the center point of the 4
marked points, the expression is as follows:

4
BpP = Z pi 4
i=1
2) Calculate B;R

The rotation matrix can be composed of column vectors with
unit axes.

BZS,R= [Step  S¥Bp Szgp| (5)

By noting the positions of the marker points in Fig. 1 as
Pi. P2. DP3. DP. incounter-clockwise order, starting from the
left front, sg, ands;, — can be represented by the coordinates of

the 4 marker points.

Sgp,Can be expressed as:

P1+Ps—P2—P3

Stp, = (6)
*Br o Ipy + ps — P2 — P32
Szp,CaN be expressed as:
p— X p—
S1py = (P1 — P2) X (P3 — Ps) %)

l(p1 — P2) X (P3 — P2

Therefore, sg

95,CaN be expressed as:

S2ppxSkpp
S?Bp =T (8)

SinXSf(Bp ||

2

After the Smithsonian orthogonalization of each unit axis,
the final rotation matrix BgR is obtained.

C. Error Parameter Set

The single-legged kinematic model is established using DH
parameters. For a 3-joint serial robotic arm, it is theoretically
necessary to identify 16 linkage parameters in 4 groups. Some
of these kinematic parameters have the same effect on the foot-
end position, which means that there are redundant parameters
in the identification model. Therefore, only 3 joint angle biases
and 3 connecting rod lengths are selected as the parameters to be
identified.

In addition, during hand-eye calibration, inaccurate positions
of the marking points may lead to small deviations in BgT.

Therefore, o, andz, are also considered as parameters to be
identified.

The error parameter set can be defined as follows:
A® = [AB; AB, AB; Aw Al; Al, Aay, Azp]T 9

Based on the error parameter set, the parameter error model
can be obtained.

D. Parameter Error Model

Taking {Bp} as the fixed base coordinate system in the
parameter identification process, the parameter error model is
the mapping matrix of the position vector deviation ABﬁp with
respect to the error parameter A®. Based on the single-legged
kinematics and the transferability of the transformation matrix,

the expression “bp is as follows:
B B
7P ="pT T p =
Coy, (82312 + 521y + 0.51p) + 50, (€1€3l; + ¢1C5ly + 570 — 0.5wp)

Sa, (S23l2 + 5211 + 0.51y) — g, (C1€3l5 + €165l + 570 — 0.5wp)
—51Co3ly — 516,11 + ciw + 7

(10)

Assuming that the deviations are small enough, the
expression of AB,z,fp can be obtained by taking the partial
derivation of formula (10) with respect to ©:

APPp = J(0)20 (11)

The expression J(0) is as follows:

—Sq, (5162313 + 516,11 — cyw)

J(©)= Cay, (81C23l + 516511 — ¢ )
—C1Cp3l — €105l — 510

Cay, (€23l + Co1h) = 54, (€1523], + €48,14)
Sa (Ca3lz + Caly) + €y, (€182317 + €18511)
S1S53ly + 518,11

Cay,Co3la = Sq, €1523l2  Se,S1 Ca, S2+50,C1C2  Coy, S23+5¢,€1€23
SapC23lz + Cay €182l —Coy St
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—Sq, (S23ly + 8514 + 0.51) + ¢ (€163l + €165l; + 5,0 — 0.5wp,) 0
Cay, (S23l2 + S211 + 0.51p) + 54, (€231, + 16,15 + 5,0 — 0.5wp) 0
0 1

(12)
E. Least Square Parameter Identification Method

The leg joints are controlled to move continuously to cover
the maximum motion range. Then taking n sets of foot-end
positions and joint angles, identification equations for the
kinematic parameters can be obtained by using the least square
method.

AB = (J(®)T](0) ' J(®) AP B, (13)

Where,
j© =70, J7(O,) IHCHIN (14)
APPp, = [APPpY,  APPpL, ABpp;gn]T (15)
APPpp; = PPpp; — PPpg; (16)

In formula (16), BPp}; is the actual foot-end position,
which can be obtained by converting the coordinate system with
Spk; captured by the measuring device. BPpY; is the nominal
foot-end position, which can be obtained by converting the
coordinate system with pf;.

F. Algorithmic Pseudo-code

Based on the above parameter identification scheme, the
pseudo-code of the algorithm is as follows.

Algorithm Non-redundant Parameter Identification Method
Based on A Virtual Fixed Base

Input: n sets of joint angles @, foot-end position SpLe!
Output: results of error parameter A®

Initialization: body marker position coordinates, nominal
kinematic model parameters

1: Obtain 53T based on formula (4~8)

IV. SIMULATION AND EXPERIMENT

A. Simulation analysis

1) Parameter setting and simulation process

Referring to the kinematic parameters of the Al robot and
taking the left front leg as an example, the nominal, actual, and
error values of the kinematics are set before simulation, as
shown in Table 1. Set the error ranges of the joint angle and
measuring devices as [-1.0deg,1.0deg], [-1.0mm,1.0mm]
respectively to simulate the noise of sensors. The simulation
process is as follows:

Firstly, Use the nominal kinematic parameters ©" in Table
1 to build the pre-identification single-legged kinematic model
and the parameter error model; Use the real kinematic
parameters ©" to obtain the real kinematic model. Then,
randomly select 1000 groups of target sampling points, and input
the above data into the models. Jacobian matrix of the foot-end
position error and the parameter error model can be obtained
subsequently. Finally, use the least square method to obtain the
identification results.

2) Result analysis

The kinematic parameters were identified using the data of
1000 target sampling points. The results are shown in Table 2.
The average percentage error of the error parameters
identification results was 91.87%. Taking the absolute accuracy
of the foot-end position as the evaluation index, the root mean
square error(RMSE) of the foot-end position was 16.5mm before
identification, and it was reduced to 1.0mm after identification.
The average accuracy was improved by 94.16%.

The above data illustrate the effectiveness of the algorithm.
Fig. 5 shows the curve of the kinematic parameter identification
results with respect to the number of target sampling points. It is
evident that as the number of sampling points increases, the
identification results for each parameter gradually approach the
actual value, indicating rapid convergence.

2: Obtain BPp%; by transforming the coordinate of Sp Fi ) ) o )
3: Obtain BPp? based on formula (10) Fig. 6 ghows the visualization of .the nominal apgl actual foo.t—
) in APPD based on f la (15) and (16) end_ positions. Before_ compensation, the position error is
4 Obta%n é rP based on formula (15) and ( obvious, and the error is reduced and close to the actual value
5: Obtain (@) based on formula (12) and (14) after compensation.
6: Obtain A® based on formula (13)
7: Return A®
TABLE L. SIMULATION PARAMETERS OF KINEMATICS IDENTIFICATION (TAKING THE LEFT FRONT LEG AS AN EXAMPLE)
Parameter 0Mdeg  OF\deg  OT\deg w\m Lim Lm  zzim  ap\deg lyim  wp\m
Nominal value O™ 0.0 0.0 0.0 -0.08 0.2 0.2 0.06 0.0 0.361  0.094
Actual value " 1.0 L.5 2.0 -0.0838  0.21 0.22 0.065 3.0 0.361  0.094
Error value A® 1.0 1.5 2.0 -0.0038  0.01 0.02 0.005 3.0 0.0 0.0
TABLEIL SIMULATION RESULTS OF KINEMATICS IDENTIFICATION (TAKING THE LEFT FRONT LEG AS AN EXAMPLE)
Error parameter 4604 46, A0, Aw Aly Al, Az, Aay,
Identification value 1.200deg 1.536deg  2.275deg -0.00348m 0.0098m  0.194m  0.0048m  3.112deg
Actual value 1.000deg 1.500deg  2.000deg -0.00380m 0.0100m  0.020m  0.005m  3.000deg
Accuracy rate 77.8% 95.7% 86.4% 88.9% 97.7% 96.9% 96.3% 95.2%
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Fig. 5. Kinematic Parameter Identification Results

B. Experimental setting and analysis

1) Experimental setting

In order to verify the reliability of the method in this paper,
the leg kinematic parameters of the actual robot are calibrated.
The NOKOV optical motion capture system was used as the
measuring device, which utilized optical imaging technology to
capture the coordinates of the marked points in real time with
sub-millisecond accuracy. The experimental scenario is shown
in Fig. 7, where marker points are installed at the body and foot
end of the A1 robot, and the joints of a single leg are sequentially
controlled to move in a wide range of periodic motions. ROS
nodes were used to capture the joint information of the Al robot
and point information of the measuring device during the motion
process. After time synchronization on this information, the
initial experimental data is obtained.

Fig. 7. Parameter Recognition Experimental Scenarios
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Fig. 6. Comparison of Foot-end Position Error in Simulation

2)  Result analysis

Taking the left front leg as an example, the kinematic error
parameters of the actual robot are identified as A®g, =
[1.611deg,0.178deg, 5.714deg, 2.22mm, 1.41mm, 16.1mm].
The data show that all joint angles of the robot have some bias,
and the calf rod length errors are comparatively large. Using the
point information of the measuring device as reference data, the
RMSE of the foot-end position after compensation is reduced
from 22.2mm to 3.90mm, with an accuracy improvement of
82.43%. Fig. 8 shows the foot-end position error before and after
parameter compensation, which shows that the compensated
foot-end position is very close to the actual value, and the error
is significantly reduced.
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Fig. 8. Comparison of Foot-end Position Error in Simulation

V.

In this paper, a leg kinematic parameter identification
method for quadruped robots based on a virtual fixed base is
presented, which solves the problem of reduced control accuracy
caused by inaccurate kinematic parameters. By fixing the pose
of the body and introducing the virtual fixed base, a new hand-
eye calibration strategy applicable to the quadruped robot is
designed, and the corresponding kinematic parameter
identification scheme is proposed. The simulation results show
that the error parameters can rapidly converge to the accurate
values, and the experimental results show that the position error
of the foot end is significantly reduced after parameter
compensation. This verifies the effectiveness and practicality of
the method.

CONCLUSION
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