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Abstract 

There are two basic ways for the mechanical realization of the arm of humanoids. The first is based on 
biologically inspired structures that have variable stiffness, and the second one on coaxial mecha-
nisms that have high stiffness. We propose an anthropomorphic arm which is based on rigid and low 
backlash mechanisms. All joints are rotational and have 1 DOF. The paper presents a dynamic analy-
sis of the arm with 7 DOFs for humanoid robots. The research was conducted within the project which 
develops the social humanoid robot Sara. Based on the set kinematics and dynamic requirements, a 
dynamic model of the arm was formed, a dynamic simulation was performed and driving torques in the 
joints were determined. The analysis is performed depending on the type of movement and the range 
of arm motion. Three characteristic movements were simulated for each joint. Maximal driving torques 
are identified in first two shoulder joints during flexion and abduction of the arm. Driving torques for 
upper arm rotation and elbow flexion have approximately four times less value.   
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1. INTRODUCTION

Human arm is one of the most important limbs because it 
performs the complex actions of grasping and manipulat-
ing objects in space. The same versatility is required 
from humanoid robots, and, given the mobility of the hu-
man arm, very serious technical requirements are im-
posed for the humanoid arm design. Since the robot is 
expected to be able to perform manipulation tasks of the 
approximately same complexity as a human, we decided 
to create an arm that has the same number of degrees of 
freedom as the human arm, with the hand excluded. 

The paper presents a dynamic analysis of the arm 
for humanoid robots. The research was conducted with-
in the project which develops the humanoid robot Sara 
– an anthropomorphic mobile platform for the research
of social behaviour of robots. Sara will be able to com-
municate verbally and nonverbally. To express facial 
expressions, biologically inspired eyes and eyelids with 
8 DOFs are being developed [1]. In order to extend the 
spectrum of nonverbal communication, the robot will be 
able to shrug when the answer is confusing and when it 

does not know what to answer [2]. In addition, Sara will 
have two anthropomorphic arms with 14 DOFs, a self-
locking and low backlash neck mechanism with 3 DOFs 
[3] and a self-locking multi-segment lumbar spine with 7 
DOFs [4] to increase the mobility of the robot upper 
body without moving the lower body. 

Joint DOF 

Eyeballs 4 

Eyelids 4 

Neck 3 

Arms 14 

Shrug 1 

Spine 6 

Figure 1. Social humanoid robot SARA – current prototype 
and its kinematic structure 
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1.1 Human arm and its mobility 

The arm is the most versatile part of the human body 
and it consists of the shoulder, upper arm, elbow, fore-
arm, wrist and hand. Mobility is different for arm joints. 

There are four groups of movements at the shoulder 
joint: flexion, extension and hyperextension – Fig. 2(a-
c), abduction and adduction – Fig. 2(d-e), lateral and 
medial rotation – Fig. 2(f-g), and horizontal abduction 
and adduction – Fig. 2(h-i). Movements of flexion, ex-
tension and hyperextension occur in the sagittal plane – 
lateral, around the pitch axis. Flexion is from 0 to 180° 
and extension is the return to the anatomical position. 
There are approximately 45° of hyperextension from 
anatomical position. Movements of abduction and ad-
duction occur in the frontal plane around the roll axis 
with 180° of motion possible. Movements of medial and 
lateral rotation occur in the transverse plane around the 
pitch axis. Sometimes the terms internal and external 
are used in place of medial and lateral, respectively. 
From a neutral position, it is possible to move 90° in 
each direction. Movements of horizontal abduction and 
adduction also occur in the transverse plane around the 
yaw axis. The starting position for these motions is at 
90° of shoulder abduction. There are approximately 30° 
of horizontal abduction – backward motion, and approx-
imately 120° of horizontal adduction. Circumduction is a 
term used to describe the arc or circle of movements at 
the shoulder joint – combination of all the shoulder 
movements. 

The elbow is a uniaxial hinge joint that enables only 
movements of flexion and extension – Fig. 2(j-k). There 
are approximately 145° of flexion measured from the 0° 

position of extension. There is no active hyperextension 
at the elbow as there is at the shoulder joint. The articu-
lation between the radius and ulna is known as the ra-
dioulnar joint. They articulate with each other at both 
ends. The radioulnar joint is a uniaxial pivot joint allow-
ing only pronation and supination movements of the 
forearm – Fig. 2(l-m). Measured from the neutral or 
midposition, there are approximately 90° of supination 
and 80° of pronation. 

The wrist joint is one of the most complex joints of 
the body. It is actually made up of two joints: the radio-
carpal joint and the midcarpal joint. The radiocarpal 
joint is classified as a biaxial joint allowing movements 
of flexion and extension – Fig. 2(n-o), and movements 
of radial and ulnar deviation – Fig. 2(p-q). The mid-
carpal joint occur between the two rows of carpal bones 
and contribute to wrist motion. Their shape is irregular 
and they are classified as plane joint. They are nonaxial 
joints that allow gliding motions, which collectively con-
tribute to radiocarpal joint motion. The combination of 
all four of these motions is called circumduction. There 
is no rotation at the wrist. Flexion and extension occur 
in the sagittal plane around the pitch axis. There are 
approximately 90° of flexion and 70° of extension. 
Movements in the direction of ulnar and radial deviation 
occur in the frontal plane around the roll axis. There are 
approximately 25° of radial deviation and 35° of ulnar 
deviation [5]. 

2. STATE OF THE ART

There are two basic groups of robots that are able to 
move arms. The first group of robots has arms with 6 or 
7 DOFs per arm where each joint has 1 DOF – rigid 
structures, while the second group of robots has arms 
with 9-13 DOFs per arm whereby joints have 1, 2 or 3 
DOFs – flexible structure.  

Robots with 6 DOFs arm are Infanoid [6], Pepper [7], 
Ever-1 [8], EveR-2 [9], Ever-3 [10], EveR-4M [11], Al-
bert HUBO [12], TORO [13], KIBO [14], HUBO [15], 
HRP-4C [16] etc, while robots with 7 DOFs arm are 
iCub [17], Justin [18], James [19], Romeo [20], Ro-
bonaut 2 [21], CB [22], HRP-4 [23], BERT2 [24], KOBI-
AN [25], WABIAN-2 [26], ARMAR-III [27], AILA [28] etc. 
The arms of these robots consist of rigid and low back-
lash mechanisms that are interconnected – harmonic 
drives, cable-driven mechanisms, belt-driven mecha-
nisms, spindle drives, low backlash gears etc. Beside 
high carrying capacity and reliability, these mechanisms 
have low backlash that provides high positioning accu-
racy that enables high accuracy and repeatability of 
movements, which is essential for motion control.  

Arms with 9-13 DOFs per arm are found in Kenta 
[29], Kenji [30], Kotaro [31], Kojiro [32], Kenzoh [33], 
Kenshiro [34] and Kengoro [35]. The mechanical struc-
ture of these robot arms mimics the human skeleton of 
artificial muscles that are based on NST – nonlinear 
spring units. NST have a nonlinear relationship between 
tension and spring constant of the tendon, and there-
fore the arms have variable stiffness. The advantage of 
NST is simple realization and implementation using only 
one spring and guided pulleys of tendon – wire.  

(a) (b)  (c)    (d)      (e) 

 (f)     (g)  (h)     (i)    (j)      (k) 

 (l)  (m)              (n)  (o)  (p)   (q) 

Figure 2. Movements of the arm: (a)-(c) flexion, exten-
sion and hyperextension, (d)-(e) abduction and adduc-
tion, (f)-(g) lateral and medial rotation, (h)-(i) horizontal 
abduction and adduction, (j)-(k)  elbow – flexion and 

extension, (l)-(m) forearm – pronation and supination, 
(n)-(o) wrist – flexion and extension, and (p)-(q) wrist – 

ulnar and radial deviation  

131



M. Penčić et al. 

IS'17 

3. DYNAMICAL ANALYSIS

There are two basic problems that occur in robot arm 
realization – large masses of the segments and the back-
lash in joints which is essential for motion control. In or-
der to minimize driving torques in the arm joints, it is 
necessary to minimize the mass of the segments as well 
as to move their centres of mass as close as possible to 
the shoulder joint. Therefore, shoulder actuators should 
be positioned in the joint itself. In this way, their mass will 
be supported by the stationary basic segment. All other 
actuators should be placed close to the shoulder joint. 
The prototype of SARA’s arm has 7 DOFs: 3 DOFs 
shoulder, 2 DOFs elbow and 2 DOFs wrist – Fig. 1. Be-
side the harmonic drive which is used for upper arm rota-
tion, all other reducers are based on low backlash helical 
and bevel gears.  

Arm movements have to look natural so their aver-
age duration is set to be 1 s – at the beginning as well 
as at the end of the movement, arm is in a standstill. At 
this phase of the development, the hand is approximat-
ed as a prismatic rigid body with the mass of 1 kg. Fig. 
3 shows the kinematical configuration of the arm which 
has seven segments and the first one is basic – geo-
metric and dynamic parameters are given in Tables 1 
and 2. The dynamical model was formed based on the 
CAD model of the arm, a simulation was performed and 
the driving torques in the robot arm joint were calculat-
ed. Three different movements, considering movement 
type and amplitude, were simulated for each joint, Figs. 
4 – 8. Time histories of the driving torques are present-
ed in Figs. 9 and 10. Maximal values of the driving tor-
ques are given in Table 3. Simulation was performed in 

the software that forms a dynamic model of a multibody 
system [36]. The modelling is based on the concept of a 
free-flying mechanism, which consists of one or more 
kinematic chains whose links are interconnected by 
revolute joints with 1 degree of freedom. Law motions 
were prescribed for each joint – displacement is defined 
by a third degree polynomial.    

Table 2. Dynamic parameters 

Segment 
Mass 
[kg] 

Centre of mass Moments of inertia 

x  
[mm] 

y      
[mm] 

z  
[mm] 

Ixx          
[kg mm2] 

Iyy        
[kg mm2] 

Izz        
[kg mm2] 

1 0.884 0 0 0 3115.68 2965.39 1120.38 

2 1.254 32.21 37.58 76.54 2020.48 913.67 2468.94 

3 0.628 36.04 129.53 59.29 528.04 559.79 337.63 

4 0.894 27.99 129.60 –58.86 3819.06 3949.03 568.23 

5 0.362 14.35 132.38 –202.96 420.39 400.97 142.52 

6 0.881 10.97 129.53 –344.68 3269.46 3115.71 480.57 

7 1 14.35 129.53 –469.81 2550.24 1908.35 708.58 

(a) (b) (c) 

Figure 4. Dynamical simulation (joint J1): arm flexion for the range of motion (a) 0÷90°, (b) 90÷180° and (c) 0÷180° 

Table 1. Geometric parameters 

Vector 

Coordinates 

x  
[mm] 

y  
[mm] 

z  
[mm] 

r0 –40.35 0 –78.70

r1 –8.14 37.58 –2.16

r2 –8.14 –91.95 –2.16

r3 –4.31 0 –19.4

r4 –4.31 0 50.1 

r5 –12.35 0 –68.05

r6 13.65 0 115.94 

r7 0 2.85 –28.16 

r8 0 2.85 71.34 

r9 –3.38 0 –70.38

r10 –3.38 0 50.12 

r11 0 0 –75

Figure 3. Kinematic configuration 
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(a) (b) (c) 

Figure 5. Dynamical simulation (joint J2): arm abduction for the range of motion (a) 0÷90°, (b) 90÷180° and (c) 0÷180° 

(a) (b) (c) 

Figure 6. Dynamical simulation (joint J3): arm lateral rotation for the range of motion (a) 0÷90°, (b) 90÷180° and (c) 0÷180° 

(a) (b) (c) 

Figure 7. Dynamical simulation (joint J4): elbow flexion for the range of motion (a) 0÷90°, (b) 90÷150° and (c) 0÷150° 

(a) (b) (c) 

Figure 8. Dynamical simulation (joint J5): forearm supination for the range of motion (a) 0÷90°, (b) 90÷180° and (c) 0÷180° 
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(a) (b) (c) 

Figure 9. Time histories of the driving torques in: (a) joint J1, (b) joint J2 and (c) joint J3 

(a) (b) (c) 

Figure 10. Time histories of the driving torques in: (a) joint J4, (b) joint J5 and (c) wrist joint J6,J7 

5. CONCLUSION

Dynamic analysis of the humanoid robot arm with 7 
DOFs is presented in this paper. The arm has 3 DOFs 
shoulder, 2 DOF elbow and 2 DOFs wrist – all joints are 
rotational and have 1 DOF. In order to minimize driving 
torques, shoulder actuators are placed inside the 
shoulder joint itself, while all other actuators are posi-
tioned as high as possible, i.e. close to the shoulder 
and elbow joint. To form the dynamical model, the hu-
manoid arm was divided into seven segments intercon-
nected with 1 DOF rotational joints, whereby first seg-
ment is basic and immovable. Based on the set kine-
matics and dynamic requirements, a dynamic model of 
the arm was formed, a dynamic simulation was per-
formed and driving torques in the joints were deter-
mined. Three characteristic movements were simulated 
for each joint – movement type and range of motion 
were changed. Maximal driving torques are identified in 
the first two shoulder joints during flexion and abduction 
of the arm. Driving torques for upper arm rotation and 
elbow flexion have approximately four times less value. 
Composite movements and their influence on the arm 
dynamics will be investigated in the further work.  
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