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Abstract.The paper presents the development of neck mechanism for 
humanoid robots. The research was conducted within the project which is 
developing a humanoid robot Marko that represents assistive apparatus in 
the physical therapy for children with cerebral palsy.There are two basic 
ways for the neck realization of the robots. The first is based on low 
backlash mechanisms that have high stiffness and the second one based on 
the viscoelastic elements having variable flexibility. We suggest low 
backlash differential gear mechanism that requires small actuators. Based on 
the kinematic-dynamic requirements a dynamic model of the robots upper 
body is formed. Dynamic simulation for several positions of the robot was 
performed and the driving torques of neck mechanism are 
determined.Realized neck has 2 DOFs and enables movements in the 
direction of flexion-extension 100°, rotation ±90° and the combination of 
these two movements. It consists of a differential mechanism with three 
spiral bevel gears of which the two are driving and are identical, and the 
third one which is driven gear to which the robot head is attached. Power 
transmission and motion from the actuators to the input links of the 
differential mechanism is realized with two parallel placed gear mechanisms 
that are identical.Neck mechanism has high carrying capacity and 
reliability, high efficiency, low backlash that provide high positioning 
accuracy and repeatability of movements, compact design and small mass 
and dimensions. 

1 Introduction 
Children with non-progressive neuromuscular disorders, such as cerebral palsy [1], can have a 
significant deficit of motor functions and skills, body posture, as well as intellectual and 
emotional disorders [2]. The primary problem is a defect in the initiation and execution of the 
movement [3], considering that the motor activities represent the basis of human functioning. 

The paper presents the development of neck mechanism for humanoid robots. The research 
was conducted within the project, which develops humanoid robot Marko that represents 
assistive apparatus in physical therapy for children with cerebral palsy – Fugure 1a. The 
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conventional medical treatment involves exercises that are monotonous and exhausting for 
children, wherefore children lose interest for the work. Since the success of therapy depends 
directly on the time that child spent exercising, it is necessary to find a way to further motivate 
the child.The aim of the project is to offer the children a partner – robot, with which it will be 
more interesting for them to exercise and who will be able to demonstrate an exercise that the 
child cannot perform. It is expected are that the effects of the therapy will be increased through 
additional motivation and encouragement to the patient to exercise more. It should be noted 
that the robot is sitting the entire time on the mobile platform in the form of a horse and that the 
legs of the robot are intended solely for demonstration of movements during treatment, not for 
walking. 

   

 

 

Joint DOF 
Eyebrows 3 
Eyeballs 4 
Eyelids 4 
Neck 2 
Arms 14 
Hands* 10 
Waist 1 
Legs 8 
Total 46 

 

 (a) (b)  

Fig. 1. Photography of assistive humanoid robot Marko (a) and its kinematic structure (b). 

Figure 2b presents kinematic structure of the robot, which has a head with 11 DOFs, neck 
with 2 DOFs, two arms with 14 DOFs, two hands which should have 10 DOFs [4], waist with 
1 DOF [5] and two legs with 8 DOFs [6], which makes the total 46 DOFs. In addition to 
verbal communication, Marko is able to intuitively realize nonverbal communication by 
moving the characteristic elements of the face – eyebrows, eyes, eyelids, and with the use of 
LEDs – ears and mouth are changing colors depending on the situational context of the 
robot.Therefore 3 DOFs eyebrows are realized, which is2 DOFs for the roll axis and 1 DOF 
for the yaw axis – lifting both eyebrows, 4 DOFs eyeballs, which is 2 DOFs for the yaw axis 
and 2 DOFs for the pitch axis, and 4 DOFs eyelids for the pitch axis –opening/closing the 
upper and lower eyelids. 

1.1 Human neck and its mobility 

Neck is multi-joint structure that connects the head to the chest. It is a part of the spine and 
consists of irregular bones that are placed one on top of the other and called vertebrae. The 
movements of the cervical spine are enabled with intervertebral joints and intervertebral discs 
that are placed between two adjacent vertebrae. Due to the elastic structure of disc, it is 
possible to perform locomotor activities of the neck and better amortization. In neck 
movements a large number of muscles and ligaments are involved. Neck provides stability 
and head posture, enableshead movements, transmits the load and absorbs shocks. Therefore, 
it has to be strong, stable and sufficiently movable. The movements between individual 
vertebrae are of small range, however, the mobility of the neck in whole is large, because it 
represents the sum of numerous small movements that are performed in 7 joints.  
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In the cervical part of spinal column, there are movements flexion – bending forward (Fig. 
2a), extension – bending backward (Fig. 2b), lateral flexion – side bending (Fig. 2c) and 
torsion – rotation (Fig. 2d). The mobility of the cervical spinefor the movement of flexion-
extension is approximately 100°. Head and neck movements are inseparable, so the overall 
mobility of the head and neck in the direction of flexion-extension is 130÷150°. Total lateral 
flexion movement of the neck is approximately ±30°, and if the movement of the head is 
added, then the total lateral bending is approximately ±50°. Rotation movements are 
approximately ±80° [7-9]. 

2 State of the art 
There exist two basic groups of robots that can move the head independently from the trunk by 
activating the neck. The first group of robots has a neck with 2, 3 or 4 joints where each joint 
has 1 DOF – rigid structures, while the second group has a neck with 3-7 joints – spherical, 
spherical and rotational or universal and rotational, which is 9-19 DOFs – elastic structures. 

Neck with 2 DOFs – movements about the yaw and pitch axes, have ASIMO [10], HUBO 
[11], HRP-4 [12], EveR1 [13], NAO [14], AILA [15], TORO [16], Justin [17], Pepper [18] 
etc.Neck with3 DOFs – movements about the yaw, roll and pitch axes, haveWABIAN-2 [19], 
Albert HUBO [20], HRP-4C [21], Affetto [22], iCub [23], Probo [24], EveR-2 [25], Geminoid 
F [26], Actroid-F [27] etc.Neck with4 DOFs – yaw, roll, upper and lower pitch movements, 
haveWE-4RII [28], ARMAR-III [29], ROMAN [30], KOBIAN [31], SAYA [32], BARTHOC 
[33], Romeo [34], Flutist Robot WF-4 [35], Twente Humanoid Head [36] etc.Neck structures 
with 2, 3 or 4 DOFs usually consist of rigid and low backlash mechanisms that are 
interconnected – harmonic drive, cable-driven mechanisms, spindle drive, low backlash gears, 
etc. In addition to high reliability and carrying capacity, the advantage of these mechanisms is 
low backlash that provide high positioning accuracy and repeatability of movements. 

Biologically inspired neck structures with 3-7 cervical vertebrae and large number of DOFs 
– movements about the yaw, pitch and roll axes, have Kenta [37], Kenji [38], Kotaro [39], 
Kojiro [40], Kenzoh [41], Kenshiro [42] and Kengoro [43].Each vertebra has points for 
attaching tendons which enables independent motion of each joint. Between each two 
vertebraethere isviscoelastic element – disc of silicone rubber and tension springs – ligaments. 
The height of each rubber disc is slightly greater than the distance between adjacent vertebrae 
and wherefore discs generate the pressure on the joints and ligaments tighten them. 

 During neck bending, the elastic elements generate force that opposes gravity and thereby 
help actuators.  

The advantage of elastic elements is in achieving a significant force at the time of releasing 
the accumulated energy. In addition, flexible neck allows that the head movements are more 
natural and human-like. 

 

      

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

Fig. 2. The human neck movements: (a) bending forward – flexion, (b) bending backward – extension, 
(c) left/right side bending – lateral flexion and (d) left/right torsion – rotation. 
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3 Neck mechanism 
Since the robot head has the shape of an ellipsoid, the basic requirement is an adequate 
mobility of the head, respectively the neck about the pitch and yaw axes. In order to minimize 
driving torques it is necessary to decrease mass of the segments as much as possible. In 
addition the simple and reliable mechanisms are requiredthat have a high carrying capacity, 
high efficiency, low vibrations, low noise and low backlash that provide high positioning 
accuracy that enables high accuracy and repeatability of movements which is essential for 
motion control [44]. 

3.1 Forces and torques 

The robot head is approximated by a sphere of mass 3.5 kg whose center of gravity is on 
distanceof 0.1 m above the neck joint. The neck movements should be as natural as possible 
and therefore it is adopted that their duration does not exceed 1 s, which as a consequence 
have a certain dynamic effects. For that reason, based on the formed 3D model of the robot 
upper body a dynamic simulation was performed, and the driving torques of the neck 
mechanism are determined. 

 

   

 

    (a) (d) 
 

  

 

           (b) (e) 
 

   

 

 
   (c) (f) 

 

Fig. 3. Dynamic simulation of neck: (a) flexion of neck –50° to 0°, (b) flexion-extension of the neck –50° 
to +50° where the trunk is fixed in position of –45°, (c) simultaneous movements of neck and trunk 
respectively flexion of the neck –50° to 0° and flexion of the trunk –45° do 0°, and (d)-(e) graphics of 
torque changes for the appropriate range and movements of the neck mechanism. 
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Three cases were examined depending on the type of movements and range of motion. 
The first is the neck flexion for range of motion from –50° to 0° (Fig. 3a), the second is 
flexion-extension of the neck for range of motion from–50° to +50°where the trunk is fixed in 
position of – 45° (Fig. 3b), while the third case involves the simultaneous flexion of neck and 
trunk in the range of–50° do 0°for neck and–45° do 0°for trunk(Fig. 3c).Profile of velocity is 
such that maximum values are reached in the middle of the movement – cubic polynomial 
trajectory. Based on the dynamic analysis the maximum torque value for dimensioning of the 
neck mechanism is 4.3 Nm. 

3.2 Mechanical design 

Realized neck has 2 DOFs and enables movements in the direction of flexion-extension 100°, 
rotation ±90°, and the combination of these two movements. It is based on the differential 
mechanism with three bevel gears of which the first two are driving and are identical, and the 
third one which is the driven gear. If driving gears have the same circumferential velocity and 
the same direction of rotation, head moves about the pitch axis – flexion and extension of the 
neck – Figure 4b, and for the opposite direction of rotation, head moves about the yaw axis – 
rotation of the neck – Figure 4c. If the circumferential velocities of driving gears are different 
a combination of these two movements is obtained – Figure 4d. 

    
                 (a)       (b) (c)    (d) 
Fig. 4. The neck movements: (a) upright position, (b) flexion 50°, (c) left rotation 90° and (d) flexion 
50° + left rotation 90°. 

Figure 5 shows the structure of the neck mechanism. It consists of three subassemblies– 
two driving and identical, and one driven to which the robot head is attached. The driving 
subassembly consists of two support plates within which are placed the actuator and the 
elements for the power transmission and motion – bearings, shafts, helical gears and driving 
spiral bevel gear.  

The actuator consists of a brushless DC motor, planetary gearhead with 3 stages and a 
magnetic encoder. Driving helical gear is directly attached on the gearhead shaft. Driven 
helical gear and driving bevel gear are placed on the same shaft – driving shaft. Driven 
subassembly has a housingwhich is used for mounting the two other subassemblies. Driven 
shaft, bearings and output links of the differential mechanism– driven bevel gear to which is 
attached the head support, are placed within the housing. Spiral bevel gears provide low 
backlash because several teeth are always in mesh. Low backlash at gearing with helical gears 
is achieved by precise machining of support plates and gears preloading – center distance is 
with negative tolerance.  

Figure 6 shows a photograph of neck mechanism and in Table 1 its configuration is given. 
The neck width is 164 mm, length 84 mm, a height of 92 mm, while the mass is 2 kg. 
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Fig. 5. Neck mechanismwith details – cross section. 

4 Conclusion 
This paper presents the development of the neck mechanism for humanoid robots. Since the 
robot head has the shape of an ellipsoid, the basic requirement is to enable the mobility of the 
neck about the pitch and yaw axes. Based on the kinematic-dynamic requirements a dynamic 
model of the robots upper body is formed.  

Dynamic simulation for several position of the robot is performed and the driving torques 
of neck mechanism are determined. Realized neck has 2 DOFs and enables movements in the 
direction of flexion-extension 100°, rotation ±90° and the combination of these two 
movements. It consists of a differential mechanism with three spiral bevel gears. First two are 
driving and identical, while the last one is driven gear to which the robot head is attached.  

When driving gears have the same circumferential velocity and the same direction of 
rotation, head moves about the pitch axis – flexion and extension of the neck, and for the 
opposite direction head moves about the yaw axis – rotation of the neck. If the circumferential 
velocities of driving gears are different then a combination of these two movements is 
obtained. Power transmission and motion from the actuators to the input links of the 
differential mechanism is realized with two parallel placed gear mechanisms that are identical 

 

Table 1. Neck mechanism configuration. 

Flexion-xtension and Rotation – neck joint 

Maxon motor 
EC-max 22 

(2 pcs.) 

Voltage [V] 24 
Power [W] 25 
Torque [mNm] 22.7 
Speed [rpm] 10400 

Planetary gearhead 
GP 22-HP 

(2 pcs.) 

Reduction 157 
Torque [Nm] 3 
Efficiency [%] 59 

Encoder MR-ML 
(2 pcs.) 

Channels 3 
Counts per turn 512 

Gearing with 
helical gears 

(2 pcs.) 

Reduction 1.84 
Module [mm] 1 
Helix angle [°] 20 

Gearing with 
spiral bevel gears 

(2 driving &1 driven) 

Reduction 1.625 
Module [mm] 1.5 
Spiral angle [°] 44 

 

Fig. 6. Neck mechanism of the robot Marko. 
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and consist of helical gears. Neck mechanism has high carrying capacity and reliability, high 
efficiency, compact design and low backlash that provides high positioning accuracy that 
enables high accuracy and repeatability of movements, which is essential for motion control. 
 
This work was funded by the Ministry of Education and Science of the Republic of Serbia under the 
contract III 44008 and by the Provincial Secretariat for Science and Technological Development 
under the contract 114–451–2116/2011. 
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