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Abstract 

Small-size humanoids are widely used in human-robot interaction (HRI) projects and activities. To operate robot 

limbs in HRI and pick-and-place tasks it is required to solve an inverse kinematics problem. Classical approaches are 

closed-form solutions with algebraic or geometric approaches or a numerical solution. While a typical numerical 

solution is supposed to search for joint variables using an iterative optimization, in this paper we suggest an off-line 

solution for a ROBOTIS OP2 humanoid upper limb via a forward kinematics approach that allows to calculate in 

advance all possible solutions for an end effector pose within a robot workspace with several levels of the workspace 

discretization. The solution was obtained in a simulation and successfully validated with a real ROBOTIS OP2 

humanoid. 
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1. Introduction

Robots target to replace humans in dangerous locations 

or monotonous activities1. All activities that require 

object manipulation, e.g., manufacturing tasks2, object 

grasping by a humanoid hand3, door opening4 etc., 

involve inverse kinematics calculations5. To solve 

inverse kinematics, algebraic, geometric or numerical 
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methods are employed6. While industrial manipulators 

are initially designed to allow closed form solutions, 

design of many humanoid robots might make it difficult 

to find a consistent solution with algebraic or geometric 

approaches7. This is one of the reasons that makes 

numerical methods popular in humanoid robots8.  

This work demonstrates a simple brute-force 

approach for obtaining required values of joint angles for 

a given end effector (EE) pose of the ROBOTIS OP2 

humanoid upper limb with 3 degrees of freedom (DoF). 

The approach employs kinematics analysis of the robot9 

and forward kinematics to generate data tables and 

matrices of angle values of a predefined precision in the 

off-line mode. The computational feasibility of the 

method was evaluated on a PC and the proper 

performance was confirmed with real ROBOTIS OP2 

humanoid. 

2. System Setup 

Robotis OP2 (Fig. 1) is a humanoid robot developed by 

Korean company Robotis10. For today it is one of the 

most popular platform in research, education and 

competitions that involve applications in human-robot 

interaction, mobility, and manipulation11.  

It has 20 DoFs (6 per each leg, 3 per each arm and 2 

in the neck), which are operated with 20 MX-28T servos. 

The robot is equipped with onboard Intel Atom Processor 

N2600 (dual core, 1.6 GHz) CPU, 4GB RAM and 32 GB 

SSD mSATA storage.  

This work studies the operation of the 3DoF upper 

limb of the robot. Table 1 demonstrates the DH-table for 

the upper limb2. The DH-table generates the following 

forward kinematics equations: 

 

{

𝑥 = 60𝑠1𝑠2 + 60𝑠1 − 16𝑐1 − 129(𝑐1𝑠3 −  𝑐3𝑠1𝑠2)
𝑦 =  60𝑐2 + 129𝑐2𝑐3

𝑧 =  −16𝑠1 − 16𝑐1 − 60𝑐1𝑠2 − 129(𝑠1𝑠3 + 𝑐1𝑐3𝑠2)
(1) 

 

where 𝑐𝑖 = cos(𝜃𝑖) ,  𝑠𝑖 = sin(𝜃𝑖)  and 𝜃1, 𝜃2, 𝜃3  are 

angles of the corresponding joints (Fig. 1). These lead to 

the following inverse kinematics equations: 

{

𝑥𝑐1𝑠2 + 𝑦𝑠1𝑠2 + 𝑧𝑐2 −  16𝑠2 −  60 =  16𝑠3 +  129𝑐3

𝑥𝑐1𝑐2 + 𝑦𝑠1𝑐2 − 𝑧𝑠2 −  16𝑐2 = 0

−𝑥𝑠1 + 𝑦𝑐1 −  76 =  −16𝑐3 +  129𝑠3

(2) 

 

Table 1. DH parameters for Robotis Darwin OP2 robot hand. 

i 𝜶𝒊−𝟏 𝒂𝒊−𝟏 𝒅𝒊 𝜽𝒊 

1 0 0 0 𝜃1 

2 -90 16.0 16.0 𝜃2 − 90 

3 90 60.0 0 𝜃3 

3. Brute Force Approach 

The basic solution uses a prepared in advance text file, 

which is populated with data as follows: 

 

(i) A value of an angle step discretization α is selected 

in advance by a user. We selected several values 

empirically, between 2 and 6 degrees. This value 

determines the step of each joint angle increment.  

(ii) Based on the robot construction, for each joint angle 

minimal 𝜃𝑖 (Min) and maximal 𝜃𝑖 (Max) possible 

values are set, where i=1,2,3. 

(iii) The three variables of joint angles 

𝜃1, 𝜃2, 𝜃3 are iteratively incremented with step α in 

three nested loops in order to provide all possible 

combinations within 𝜃𝑖(Min) and maximal 𝜃𝑖(Max), 

i=1,2,3 joint variables. The resulting 𝜃𝑖  angles are 

used with forward kinematics equations (1) to 

provide x,y,z are coordinates of the EE, which are 

rounded to the closest real number with two digits 

after the decimal point. At this point, each line of the 

file contains 𝑥, 𝑦, 𝑧, 𝜃1, 𝜃2, 𝜃3  values that correlate 

joint angles in the Joint space and an EE position in 

the Cartesian space. Note that the lines of the file are 

not ordered with regard to x,y,z coordinates and 

 

Fig. 1. Robotis Darwin OP2. 
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therefore a brute force search of the corresponding 

joint angles requires O(n) time, where n is the 

number of lines in the file.  

4. Structured Brute Force Approach 

This method uses the same brute force idea but structures 

the resulting data, which allows to greatly reduce the 

number of join angles calculations (actually, search in the 

file) on the robot at execution time. The data file is 

constructed in the off-line mode as follows: 

 

(i) A matrix step value h is empirically selected in 

advance; it reflects the discretization level of the 

workspace and corresponds to the required precision 

of manipulation. An empty matrix M of reachable 

3D Cartesian workspace is constructed with its 

dimensions corresponding to [Xmax/h, Ymax/h, 

Zmax/h], where Kmax are maximal possible 

coordinates of reachable workspace with regard to 

the appropriate axis K={X,Y,Z} of the global 

coordinate frame FG, whose origin is placed in the 

center of the first joint between the robot body and 

the shoulder. All measurements are performed in this 

coordinate frame FG. 

(ii) Robot reachable workspace is divided into cubes 

with edges of length h. For each cube the brute force 

approach (Section 3) is used to calculate the joint 

angles’ values that bring the EE into the cube’s 

center.  

(iii) Finally, the triples of 𝜃1, 𝜃2, 𝜃3 angles are stored 

within a 3D matrix in the appropriate cell. The 

matrix stored as a file is uploaded to the robot.  

 

Note that unreachable poses of the EE (that were not 

discovered at matrix construction time) did not produce 

joint variables and thus their cells within the matrix 

remain empty. The [0,0,0] cell corresponds to the origin 

of FG that is used to descried the reachable workspace. 

Next, at the execution time, to obtain the necessary 

joint angles, desired coordinates (XEE,YEE,ZEE) of the EE 

are transformed into matrix coordinates of (XEE/h, YEE/h, 

ZEE/h) with each value being rounded to the nearest 

integer index of the matrix. 

5. Testing 

A PC with 6C/12T Ryzen 5600H CPU, 16 GB DDR4 

RAM and SSD NVME m.2 storage was employed for 

testing. To determine optimal tradeoff between the 

accuracy (the joint step value s) and the computation of 

pseudo inverse kinematics on the PC using brute force 

approach (Section 3) experiments were run with s=2 to 

s=6 degrees with a step of 0.5 degrees. Computation time 

was calculated as an average time to provide 𝜃1, 𝜃2, 𝜃3 

angles given (XEE,YEE,ZEE) coordinates. 

6. Conlcusions 

The paper presents a simple off-line solution for a 

ROBOTIS OP2 humanoid upper limb via a forward 

kinematics approach that allows to calculate in advance 

all possible solutions for an end effector pose within a 

robot workspace with several levels of the workspace 

discretization. The solution was obtained in a simulation 

and successfully validated with a real ROBOTIS OP2 

humanoid. The results allow determining an optimal 

tradeoff between the required accuracy (the joint angles' 

step) and the computation of joint angles using brute 

force approach. 
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