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Realizing a Humanoid Neck with Serial Chain Four-bar
Mechanism
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1Automation & Robotics Research Institute, The University of Texas at Arlington, Fort Worth TX 76118, USA
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ABSTRACT: In this article, we present design, fabrication, and characterization of a two-
degree freedom humanoid neck based on serial chain four-bar mechanism. The nodding
mechanism is designed in such a way that an eccentric center of gravity of the robotic head
is counterbalanced by pre-tensioned springs which makes the modular neck prototype stati-
cally in equilibrium. In addition, due to installation of drive motor away from the rotation axis
of nodding system, the torque requirement is significantly reduced allowing the use of low-cost
RC servo motor to drive the head assembly. We describe in detail modeling and characteri-
zation of the neck rotational movement focusing on nodding mechanism. Extensive mathe-
matical model for interaction of two dynamical systems, head�neck and servomechanism, is
developed. Humanoid neck design based on RC servo motor having potentiometer feedback
experiences inherent overshooting. In order to overcome the overshoot associated with servo
dynamics, an external PD controller is implemented and the motion similar to that of human
neck is demonstrated by numerical simulation.

Key Words: kinematics, actuators, four-bar mechanism, humanoid neck, degree of freedom,
servo motor.

NOMENCLATURE

�a Actuator rotation angle
�s Actuator rotation angle with respect to

horizontal axis
Ga Amplifier gain
Ra Amplifier output impedance

€� Angular acceleration
c Angular acceleration coefficient
Z Angular position coefficient
_� Angular velocity
! Angular velocity coefficient
T Applied torque

Em Back electromotive force
Mr Bearing friction torque
�� Change in head rotation angle
t Clearance between the shaft and

bearing
f Coefficient of friction for roller bearing
C Damping constant
Td Damping torque
d Diameter of shaft supporting head
L Distance of cg of head from pivot point
e Error signal

Gg Gear reduction
g Geometric constant
G Generic function
g Gravity
y Head rotation angle about point P

from vertical
�f Head rotation angle with respect to

horizontal axis
x Horizontal position of cg of head

Ix, Iy Inertia of head
Jr Inertia of the actuator
�p Initial pre-tension angle of the spring

from vertical axis
Uin Input voltage
’ Input voltage coefficient
� Kinematic variable
S Laplace operator

L1, L2, L3, L6 Link lengths
Mh Mass of head
J Moment of inertia of the head

assembly
Km Motor constant
Im Motor current
�o Neutral position of the head from

vertical axis
�f Neutral position of the spring from

horizontal axis
D Outside diameter of bearing
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Fr Radial load
r Radius of servo horn
h Sensor gain
� Shear stress
K Spring constant
Fs Spring force
y0 Spring rotation angle (large angle case)
y Vertical position of cg of head
� Viscosity of oil
w Width of bearing

INTRODUCTION

T
HE design of humanoid face involves challenges at
multiple levels and requires integration of technolo-

gies from various engineering disciplines. The hardware
aspects of facial robotics involve physical appearance,
actuation of key points on the face, tactile and distance
sensing, speech, and vision system. The most notable
humanoids are ASIMO (Sakagami et al., 2002),
Albert-Hubo (Oh et al., 2006), and Repliee Q1
(Shimada et al., 2006). General descriptions and to
some extent characterization of humanoid body parts
has been discussed in literature (Albers et al., 2004;
Berns and Braum, 2005; Hashimoto et al., 2006). This
manuscript addresses the design and development of
neck mechanism for a fully functional social robotic
face which has the capability to interact with people
visually, audibly, and physically. It demonstrates 16
kinds of facial expressions. A number of piezoelectric
unimorph sensors were embedded inside the facial skin
to respond to users’ touch and thermal changes in the
environment. This manuscript provides detailed mathe-
matical model for the interaction of servomechanism
and motor dynamics (driving force and torque) with
the humanoid head. The problem is modeled as an inter-
action between two dynamical systems and the intercon-
nection is determined via a detailed kinematic analysis.
The full non-linearmodel is then simplified to enable near
real-time implementation of action sequences. In what
follows, the humanoid head and neck is discussed, fol-
lowed by the realization of neck mechanism with a four-
bar mechanism. Subsequently, the dynamical modeling is
addressed and some representative simulations are pre-
sented that enable identification of the parameters in the
dynamical model. This is followed by the results and dis-
cussion section and finally the conclusions are presented.

BACKGROUND

In this section, a brief review is presented on various
neck structures and mechanisms reported in literature.
Robonaut designed and developed by NASA Johnson
Space Center has a neck mechanism, which is com-
manded by six-axis Polhemus sensor mounted on the
teleoperators’ helmet. The kinematics is based on a pan

and tilt serial chain which provides it 2 DOF (Ambrose
et al., 2000). Patane et al. (2004) presented the design of
artificial vestibular system to sense head position and
motion and then achieve coordinated neck-eye move-
ment. An interesting neck mechanism, which utilizes
multi-DOF ultrasonic servomotor, was proposed for
tele-existence robot (Kawano et al., 2005). Such a
motor has an advantage compared to the conventional
servomotor in terms of noise control. However, the appli-
cation of such motor is limited due to requirement of
preloading mechanism and jaggy motion. A robotic
head platform consisting of neck mechanism with 4
DOF kinematic chain has been constructed (Berns and
Braum, 2005; Berns et al., 2006). All motions in this
design utilized servo motor as an actuator. The fourth
DOF was utilized for nodding motion which is separate
from the rolling motion. The range of motion was±60�

about vertical,±30� about horizontal, ±30� about fron-
tal plane, and the fourth one was for nodding angle whose
range was ±40�. A 2-DOF neck with a serial mechanism
has been proposed to mimic pitch and yaw of a head
(Ouezdou et al., 2006). A 3-DOF parallel platform neck
utilizing a spring, three tendons, and motors has been
presented for yaw pitch and tilt (Jamone et al., 2006).
The mechanism allows stiffness control but it requires
pulling the motor all the time to keep the neck in a stiff
position. This might lead to large consumption of power
if the neck needs to be upright for most cases. Design
analysis of two legs with Universal, Prismatic, Spherical
Kinematic chain (2UPS � 1RU) as a parallel platform for
humanoid neck has been presented (Sabater et al., 2006).
In this work, it was pointed that a spherical platform had
difficulty to match with a work space required by a
humanoid. The study provided tools to identify desired
workspace of a humanoid neck and also constructed a
workspace obtained from parallel platform.

Another type of neck utilized in humanoid robot SAYA
(Hashimoto et al., 2006), includes a coil springmounted on
a disc, driven byMckibben actuators for rolling& pitching
and a DC motor for yawing. The tip of the head was sub-
jected to flexion, extension, and lateral flexion with four
tendons. The mechanism mimics the human cervical ver-
tebra. However there is no further discussion to evaluate
the performance of the system. Albers et al. (2003) have
proposed a 3D model of neck joint that resembles a natu-
ral vertebral neck in terms of structure. The structure was
composed of several discs connected by universal joints.
The discs were driven by electric motors placed in torso via
a rope that pulls each disc separately or all together. The
ropes are guided by a neutral fiber within the neck. The
mechanism mimics the architecture of a natural vertebral
neck except that it requires several actuators to move indi-
vidual cervical disc.

Kinematic modeling of head�neck movement have
been conducted by Ouerfelli et al. (1999). The authors pro-
posed tools to study kinematic parameters of the head
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neck movement by using non-invasive identification
method. It was found that two revolute (2R) linkages
can model a sagittal plane movement. In fact, 3R or
more revolute joints can also be used for modeling
except certain constraints needs to be added in identifica-
tion process. Sharkey et al. (1997) and Spiess and Vincze
(1998), have discussed on the forward and inverse kine-
matics modeling aspect of robotic heads to assist
researches in the area of active vision. Statistical measure-
ment of neck motion from a subject group (two male and
two female) has been conducted, which showed typical
magnitudes of variables as 44� (standard deviation of
�¼ 7.3�) for rolling, 69� (�¼ 12�) for yawing, and 110�

for pitching with a maximum speed of 382�/s (�¼ 72�/s)
(Toshima et al., 2003).
Studying the biomechanics of biological neck enables

us to understand the functionality of optimum system
and possibly mimic its performance using artificial com-
ponents. Basically, a human neck has several vertebra
disc, ligaments, and muscles. The function of these mus-
cles is to hold the head in erect position, to provide rota-
tional motion, extension (head upward), and flexion
(head forward) of the head. Two important muscles in
the neck are known as trapezius and sternocleidomastoid
muscles. These are located in the superficial connective
tissue envelop of the neck. The trapezius is a broad flat
muscle which covers most of the back side of neck. It is
inserted into the occipital bone (located at the back and
lower part of the cranium) and originates at the scapula in
the thorax. The sternocleidomastoid muscle is a large
thick bundle, which is easily seen in front of the neck.
This muscle travels diagonally from its origin behind
the ears to its insertion on the sternum (breastbone).
The sternocleidomastoid muscles divide the neck into
two regions, anterior and posterior regions. The posterior
cervical compartment of biological neck includes cervical
vertebrae and several deepmuscles of the neck. Biological
neck consists of seven cervical vertebrae. These vertebrae
are connected with series of ligaments and joints (disc).
Much of the extension and flexion movement of the head
occur about the first cervical joint (C1), also known as
atlas (Backaitis, 1993). In addition, due to the oval struc-
ture of the first cervical vertebra, only a forward and
backward head rocking motion is allowed at this joint.
The range of motion of this joint is approximated as the
nodding gesture. The cervical vertebrae are stacked upon
one another. The moveable joint has a fluid (synovial
fluid) and it is through these joints that much of the
neck movement is permitted (Huelke, 1979).
The seven cervical vertebrae of biological neck have dif-

ferent degree of freedom. The first one has 1 DOF and the
remaining six have 3 DOFs each, but the angular motion
of each is small. The overall range of motion is high
because the neck is a long serial chain. In order to attain
similar motion, a ball joint seems to be adequate but
designing a drivemechanism for a ball joint is complicated.

Rather, a simple kinematic joint 2R or 3R can provide
satisfactory mechanism to mimic overall neck movement.
Summary of DOF of various neck mechanisms proposed
in the literature, type of actuators utilized, and other prop-
erties of various humanoids are provided in Table 1.

A linkage mechanism with actuator drive has wide
varieties of application in robotics. A five-bar linkage
with DC motors and MR brakes mechanism for 2 DOF
haptic device (An and Kwon, 2009); a planar 3 DOF
robotic arm with servomotor and shape memory actua-
tors (Ashrafiuon et al., 2006); a six bar linkage mecha-
nism with differential SMA actuator as a griper (Yan
et al., 2007); a piezo composite actuator and four-bar
mechanism for biomimetic fish design (Wiguna et al.,
2009); a large number of actuators connected in series
for discretely controllable manipulator (Lanteigne and
Jnifene, 2008); and a 5R joint parallel platform for
robotic manipulator (Rose et al., 2004) are some of the
application linkage mechanisms reported in literature.

Smart materials have also been used for human robot
interaction, either to dampen system dynamics or
smoothen motion. In this regard, magnetorheological
clutch has been developed for safe human robot collab-
oration (Saito and Ikeda, 2007). A damping system with
magnetorheological fluid to overcome the velocity over-
shoot (Milecki and Sedziak, 2005) and pneumatic-based
tendon drive system for lightweight robotic hand (Saga,
2007) have also been proposed.

HUMANOID HEAD AND NECK

The prototype robotic head used to develop the neck
mechanism, utilizes the fabrication techniques described in
detail previously (Hanson et al., 2006; Tadesse et al, 2006;
Hanson Robotics Inc., 2009). Servo motors were utilized
as actuators and installed inside a plastic skull. The brack-
ets which hold the servos in position within the skull were
designed for assembly and to withstand the reaction force
of the servos. Themotors were connected to the facial skin
through anchor wires. These motors pull or push the skin
through the anchors in order to generate the expression.
The neck designed in this study has 2 DOF, nodding and
turning. The nodding and turning of the neck is based on
four-bar mechanism with 4R for nodding and RPRR
(three revolute and one prismatic) for turning. A high
torque servo motor controls the neck. Springs retain the
balance between the center of gravity of the head assembly
while the servos are not in action or in neutral state. Two
CCD cameras, which serve as vision sensors, are installed
in the eyes. The eyes and neck have the pan and tilt mech-
anism, which enables the robot to look left and right and
move in the view direction. A CAD package is utilized to
design all the structural components.

The system has 16 DOF with each eye and the neck
joint having 2 DOF while the facial expressions have 10
DOF. The actuators are controlled by a Pololu
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controller, which drives 16 servo motors by generating
independent PWM (Pulse Width Modulation) signal
and potentiometer feedback. The controller can receive
the commands from the main computer and transmit the
data to the main computer through RS232 interface.
The specifications of the controller are shown in Table 2.
Figure 1 shows the picture of the solid model and the

fabricated face with the embedded sensors and actuators
of the robot head, Lilly. The skin material used for the

physical appearance of robot is a commercially available
platinum cured silicone material. Piezoelectric sensors
are embedded in the skin at various locations such as
ear, upper, and lower lips which enable the robot to
respond to touch stimuli. The sensors are unimorph
transducers consisting of a piezoelectric disc bonded to
the brass disc. The diameter of the piezoelectric disc is
8mm fabricated using the soft PZT material. The selec-
tion of piezoelectric unimorphs is based on the following

Table 1. Specification of full biped humanoid and humanoid heads with their neck mechanism.

Name Total DOF Neck DOF Range Neck motor Actuator

ASIMO 24 2 ServoþHarmonic
(Sakagami et al., 2002) 3 DOF�2 shoulder

1 DOF�2 elbow
1 DOF�2 wrist N/A
1 DOF�2 finger
3 DOF�2 crotch
1 DOF�2 knee
2 DOF�2 leg

ALBERT HUBO 66 3 3 servo motor DC Servo motors þ
(Oh et al., 2006) 31 DOF head facial emotion N/A

35 DOF body motions Harmonic reduction unit
REPLIEE 42 3 Air actuator
(Shimada et al., 2006) 13 DOF face N/A

22 DOF arm
4 DOF lower back

ROMAN 27 4 ±60� vertical DC Motors
(Berns and Hirth, 2006) (just the head) ±30� horizontal w/optical encodder

3 DOF�2 eye ±30� frontal
11 DOF face emotion ±40� nodding

JAMES 22 3 Rotary motor
(Jamone et al., 2006) 4 DOF eye N/A (Faulhaber)

7 DOF arm
COG 21 3 DC electric motor with

a series spring
(Brooks et al., 1998) 6 DOF arm�2 N/A

3 DOF torso
3 DOF eyes

BARTHOC 43� N/A
(Spexard et al., 2007) 10 DOF face
WASEDA -4 29 4
(Miwa et al., 2003) 21 DOF face N/A

1 DOF lung
2 DOF waist

DAV 43 Total 3 DC motor
(Han et al., 2002) 2 DOF torso þ

7 DOF arm�2 N/A Anti-backlash gear motor
8 DOF hand�2
5 DOF head
3 DOF base

KISMET 15 DOF face 3 N/A Maxon DC servo motors
(Breazeal, 2004) 2 DOF ear
YIREN 23 Total 2 40�/30� pitch
(Tiejun et al., 2005) 7 DOF arm �45�/45� Yaw

1 DOF hand
2 DOF waist

ROBOTA 23 3 ±80� yaw Faulhaber
(Guenter et al., 2005) 3 DOF spine ±40� pitch Motor

7 DOF arm�2 ±30± roll
3 DOF eye

N/A¼not available.

4 Y. TADESSE ET AL.

 at VPI & STATE UNIV LIBRARIES on October 7, 2010jim.sagepub.comDownloaded from 

http://jim.sagepub.com/


criteria, (i) low profile, (ii) lightweight, (iii) fast response,
and (iv) high capacitance. The small profile of the unim-
orphs allows them to be embedded inside the skin mate-
rial without losing flexibility. The prototype robotic
head, Lilly, has well-defined architecture for embedded
sensors within the skin that facilitates human�robot
interaction. Piezoelectric unimorph sensors around
each facial feature can easily detect a touch stimuli
and activate the verbal response from robot. This
offers protection in cases where someone may apply
damaging force to the robotic face. Details of the
work related to sensing and human�robot interaction
have been reported in Tadesse and Priya (2008).

DESIGN OF THE NECK MECHANISM

The turning and nodding function of the neck utilizes
a four-bar mechanism, with 4R joints for nodding, and
RPRR joints for the turning mechanism. The required
angular motion is 60� (left and right) for turning (120�

total) and 50� for total range of nodding angle.
Schematic diagram of the neck mechanism is shown in
Figure 2(a). The neck mechanism has 2 DOF and

consists of two motors. A parallel linkage and spring
helps stabilization of nodding and turning mechanism.
Sleeve bearings are used at the joints in parallel linkage
mechanism, and a thrust bearing is used at the center for
the turning mechanism. As shown in Figure 2(b), the
head inclines forward and backward when the servo
motors 2 perform to and fro motion. The servo motor
has a gear train, which is attached to each motor within
the plastic housing to reduce the speed. The height of the
motor is 31mm and the total height of the neck mech-
anism is about 78mm. Aluminum mounted self-lubricat-
ing sleeve bearing is chosen for the nodding mechanism
because it is lightweight, corrosion-resistant, and can
accommodate up to 5� of shaft misalignment and pos-
sesses SAE 20 viscous damping. Mounting bolts are
incorporated in the mechanism; therefore, it is mount-
able on a biped robot. The serial chain mechanisms ana-
lyzed in this article provide desired kinematic trajectory.
It is cost effective since each servomotor (model
HS225MG) costs $30; simple to assemble and also reli-
able in terms of actuator life cycle due to the installation
of motor away from the high torque pivoting point of
the neck. A biological neck has seven cervical systems
driven by several muscles. Emulating this platform with
parallel mechanical system has advantage in terms of
compactness, easy inverse kinematics, and high load-
carrying capacity but still there are issues related to
reduced workspace size. Therefore both nodding and
turning were realized with serial mechanism.

The extreme kinematic positions of the nodding mech-
anism are illustrated in Figure 3. Dark lines indicate
neutral position where the head is in upright situation,
whereas, dotted and center lines represent maximum and
minimum positions, respectively. The angles (�f and �s)
measurements are taken with respect to the horizontal
frame of reference.

(a) (b) (c)

Figure 1. Development of robotic head: (a) CAD model, (b) skull prototype, (c) fully functional face with embedded sensor within the
skin of Lilly.

Table 2. Specification of the controller.

Quantity Value

PCB size 1.5000 �2.27500

Servo ports 16
Resolution 1 ms (about 0.1�)
Range 250�2750 ms
Supply voltage 5.6�20 V
Data voltage 0 and 5 V
Pulse rate 50 Hz
Serial baud rate 1200�38,400 (automatically detected)

Humanoid Neck Based on Serial Chain Four-Bar Mechanism 5
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Figure 2. Two degree of freedom humanoid neck: (a) schematic diagram of turning and nodding mechanism, (b) forward motion of the head,
(c) schematic diagram of turning mechanism as observed from bottom, (d) oblique view of turning mechanism, (e) the modularity of the neck,
(f) exploded view of the neck assembly indicating simplicity in assembly.
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Figure 3 shows three extreme kinematic positions of
the nodding mechanism: (ACDB, neutral), (AC1D1B,
upward), and (AC2D2B, downward). Applying sine
and cosine law on triangle ABC provides:

BC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 þ L2

5 � 2rL5 cos �s

q
¼ �: ð1Þ

Again applying sine and cosine laws on triangle BCD,
a functional relationship between actuator angle (�s) and
head angle (�f) is given by Equation (2):

�f ¼ �þ � ¼ arcsin
r sin �s
�

� �
þ arccos

L2
3 � �

2 � L2
6

�2�L6

� �
:

ð2Þ

The parameters r, L3, L5, L6 are link lengths, and are
constants. The angle �f and �s are plotted with the best-
curve fitting functions and demonstrated in Figure 4.

Figure 4 is a graphical representation of Equation (2),
which is non-linear kinematic equation between the
actuator angle �s and the head nodding angle �f, both
measured with respect to the horizontal frame of refer-
ence. The data 1 in the plot was generated by setting �s
to vary from 50� to 250� with an increment of 0.1� and
by calculating �f according to Equation (2). The reason
we plot this relationship is to distinguish the linearity
range of two parameters and guide us to propagate the
kinematic equation of the bar into the servo motor. For
the range of angle considered (60��220�), the linear
function (�f ¼ �0:36�s þ 95) provides a reasonable esti-
mate with a regression coefficient of 0.9945. Therefore, a
change of the angular position of head ��f and actuator
angle ��s can be written as:

��s ¼ 	��f, �a ¼ 	��: ð3Þ

The angles �a and �� are the positions with respect to
the neutral position of actuator and the humanoid head,
respectively. We note that Equation (2) provides a non-
linear (transcendental) relationship between �f and �s.
However, for the range of operation considered here,
the relationship can be approximated by a linear one.
Therefore, the attainable position of the head, the servo
command, the change in actuator, and head angles can
all be computed as shown in Table 3. Note that the
target position signal ranges from 0�254 unsigned 8-
bit integer while the servo motor is commanded with
computer via RS232. When the neck nodding position
is neutral (upright), the servo motor is set to be neutral
by sending a zero 8-bit unsigned integer. Under this cir-
cumstance the actuator angle (column 4, �s in Figure 3)
is set to be 135� with respect to the horizontal because it
keeps the head upright. The other two rows, that is,
upward and down position of neck are extreme values
of the angles (�s, �f, �a, and ��) when the head moves
maximum upward and downward position. The target
position column is the required 8-bit commands sent to
the controller of the servomotor corresponding to each
state. The column �a is the angular position of the actu-
ator from its neutral position. It is obtained by subtract-
ing the neutral position of �s from the max and min of �s
row wise, that is, 81¼ (216�135) and �73¼ (62�135).
Similarly the column �� represents the change in posi-
tion of the nodding angle �f from the neutral position
that is (25¼ 45�20) and (�25¼ 45�70).

For the turning mechanism, the high requirement of
starting torque is overcome by using a low friction roller
bearing. Roller bearings (anti-friction bearing) have a
high loading capacity and exhibit very low rolling fric-
tion torques and hence low starting torque. The friction
torques are similar or lower than ideally designed plain
bearing operating under conditions of thick film lubri-
cation. The coefficient of friction in roller bearings
relates to the type of bearing, the speed of rotation,

50 100 150 200 250
0

10

20

30

40

50

60

70

80

θ f (d
eg

)

θ
s
 (deg)

y = –0.36*x + 95 Data 1
Linear

Figure 4. Angular relationship between actuator and head angle
with curve fit.

Figure 3. Kinematic positions of the nodding mechanism.
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the load, and viscosity of lubrication. The bearing fric-
tion torque can be written as in Equation (4):

Mr ¼ Fr � f � d=2 ¼ F � fm �Dm=2, ð4Þ

where Fr is the radial (or axial) load, f is the coefficient
of friction of rolling bearing, fm is the coefficient of fric-
tion of rolling bearing based on mean diameter, d is the
bore diameter of the bearing (shaft diameter), D is the
outside diameter of the bearing, and Dm¼ (dþD)/2.
Since the thrust ball bearing (axial load) has
f¼ 0.0013, a reasonable estimate based upon the CAD
model for coefficient of friction was determined to be
0.001 and the corresponding frictional moment was
found to be 1.46� 10�3 kg cm. As the starting torque
is usually two-fold higher, within a reasonable load
factor, the total torque was calculated to be
0.00876 kg cm. Further, as the center of gravity of the
head is offset from the axis of rotation, two springs hold
the face upright all the time while the servos are in neu-
tral position. Therefore, the overall axial load of the
robotic head will be applied on the center of thrust bear-
ing. This in turn creates ease in tuning operation.
The schematic diagram of the nodding mechanism is

illustrated in Figure 5. The mechanism uses all revolute
joint (RRRR) with a spring to equalize the offset of the
center of gravity. Therefore the neutral position of the
head is maintained all the time. The nodding motion
provided by the motor only needs an unbalanced force
greater than zero. If springs are not utilized, then the
servo motor has to provide a minimum torque that cor-
responds to the mass of the head (2.31 kg) and the offset
distance (31mm) from the pivoting axis, which should
be greater than 9.9 kg cm. High torque servo motor such
as HSR-5990TG ($125.00) or Dynamixel Dx-117 ($192)
could have been used with increase in cost. However,

low cost servo motor such as HS225($30) with spring
balance can do the desired task by maintaining the
dynamic equilibrium. Both small angles as well as
large angle approximation were considered in order to
model the motion. The dynamic parameters of the head
assembly shown in Table 4 are obtained from the CAD
package, and these values are utilized for initialization of
the dynamic system study of the head.

DYNAMIC MODELING

The dynamic model is similar to an inverted pendu-
lum problem. The modeling utilizes a single lumped
parameter model and the equations of motions are
derived by considering equilibrium conditions in the
x-, y-direction, geometric relationship, and moment
about a point. The head can be simply considered as

Figure 5. Block diagram of servo motor and head.

Table 4. Dynamic parameters of the head.

Properties Units Value

Density kg/m3 1000
Mass of skull kg 0.97
Mass of skull with skin kg 2.31
Volume m3 0.97�10�3

Surface area m2 0.395
Center of mass
X m 0.140
Y m �0.077
Z m �0.024
Principal axes of inertia and

principal moments of inertia
taken at the center of mass

Ix kgm2 2.240� 10�3

Iy kgm2 0.709� 10�3

Iz kgm2 0.075� 10�3

Table 3. Neck positions and servo commands.

Neck position Servo status Target position Unsigned 8 bit hs deg hf deg ha deg "h deg

Upward Maximum 127 216 20 81 25
Neutral Neutral 0 135 45 0 0
down Minimum 125 62 70 �73 �25
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an inverted pendulum and the values listed in Table 4
can be used for initialization of a Kalman filter or esti-
mator, which is used as one of the tools for parameter
identification. This avoids invoking the integral equa-
tions to find the moments of inertia of the skull, which
has quite complex geometry. The servo assembly can be
modeled as shown in the block diagram in Figure 5. The
required actuator angle corresponding to desired head
angle �d is provided to the system. This reference angle is
converted into PWM, which can be further converted
into an average voltage (Uin). The voltage is then applied
on the closed-loop system. The output angle �a is derived
from the basic equations of the components such as
ideal DC motor, gear reduction ratio, and amplifier as
shown in the block diagram in Figure 5 and derived as
follows.
The error signal is obtained as a remainder from the

input voltage and feedback angle as:

e ¼ Uin � h�a: ð5Þ

The back electromotive force (voltage) that drives the
DC motor can be obtained by considering the amplifier
block in the block diagram of the servo assembly and
given as:

Em ¼ eGa � RaIm: ð6Þ

The driving voltage and the angular speed are related
by motor constant and can be expressed as:

Em ¼ Km!m: ð7Þ

Similarly, the torque of the motor and motor current
are related by motor constant as:

Tm ¼ KmIm: ð8Þ

The motor torque and output torque from the gear
are related by a gear reduction ratio as:

Tm ¼ GgTg: ð9Þ

Finally, from dynamic equilibrium of Newton’s
law for rotational system, the gear torque is equal to
the sum of the rotational inertia and driving torque
given as:

Tg ¼ Jr €�a þ T and !m ¼ _�m: ð10Þ

Substituting Equations (5)�(9) into (10) and simplify-
ing yields:

KmGa

GgRa
Uin ¼ Jr €�a þ

K2
m

G2
gRa

_�a þ
KmhGa

GgRa
�a þ T: ð11Þ

Rearranging terms, changing into Laplace domain,
and combining with Equation (3) and Equation (11)
provides:

T ¼ �Jr	� €� �
K2

m

G2
gRa

	� _� �
KmhGa

GgRa
	�� þ

KmGa

GgRa
Uin,

ð12Þ

where Km is the motor constant, Ga is the amplifier gain,
Ra is the amplifier output impedance, Gg is the gear
reduction, h is the sensor gain, Jr is the inertia of the
actuator, Uin is the input voltage, S is Laplace operator,
�a is the actuator rotation angle, and �� is head rotation
angle. The angle �a and �� are related geometrically as
shown in Equation (3).

The torque T can be derived from the dynamic equa-
tion of the head considering it to be an inverted pendu-
lum. The free body diagram of the nodding mechanism
is schematically depicted in Figure 6. Taking moment
about a point P and applying D’Alembert’s principle
gives:

Mh €y�Mhgð ÞL sin �þMh €xL cos �þ Jcg €�þTd

þFsLs �T¼ 0: ð13Þ

The geometrical relationship between x and y can be
written as:

x ¼ L sin � and y ¼ �L cos �: ð14Þ

Therefore:

€x ¼ L €� cos � � _�2 sin �
� �

and €y ¼ L €� sin � þ _�2 cos �
� �

:

ð15Þ

Substituting (15) into (13) yields:

MhL
2 þ Jcg

� �
€� þ Td þ FsLs �MhgL sin � � T ¼ 0: ð16Þ

Ls is the moment arm of the spring at any general
angle shown in Figure 6(a) and (b).

Ls ¼
L2L6 sin �

0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2
2 þ L2

6 � 2L2L6 cos �0
� �q �0 ¼ �f ��� ð17Þ

For small angle �� near the neutral angle, the arm
length in Equation (17) will reduce to Ls ¼ L2, since
sin �f ¼ h1=L6ð Þ. For small changes in angle,
sin�� � �� and the restoring spring force can be writ-
ten as:

Fs ¼ K�x ¼ KL6��: ð18aÞ
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However, when the head rotates the spring also rotates
and changes its length at the same time. Under our afore-
mentioned assumption of linear spring, the restoring
force is then the product of the change in length at par-
ticular angle and the stiffness. Thus, the deflection is
function of the angle of rotation. In reality, the spring
bends somewhat along its midpoint. But the bending
was ignored as its contribution to change in length is
small. Hence for large angle the restoring force as
shown in Figure 6(a) and (b) can be calculated as follows:

Fs ¼ K�x, �x ¼ h1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L2
2 þ L2

6 � 2L6L2 cos �0
� �q

,

ð18bÞ

The lubrication within the shaft brings about damping
in the system. According to fluid mechanics, for low
Reynolds number, the damping at bearings can be
approximated by the following equations for shear
stress on the surface of a rotor shaft:

� ¼ �
dU

dt
� �

�U

�t

� �
: ð19Þ

dt represents the thickness of fluid film and dU is the
velocity of the fluid in the shaft.

The velocity profile at the surface is given as:

U ¼ � _� � d=2, ð20Þ

Td ¼ ð�AÞ � d=2, A ¼ 2
 dw: ð21Þ

Combining Equations (19)�(21) yields:

Td ¼ �
dU

dt

� �

d 2w
� �

¼

�d 3w

2t

� �
� _� ¼ C� _�: ð22Þ

Inertia of the links is usually small as compared to the
head; therefore it is neglected in the modeling equation.
Replacing the damping term and considering the static
equilibrium condition ( €�¼ _�¼ 0) without torque applied
by the motor, Equation (16) can be written in a linear
form as:

F �ð Þ ¼ FsLs �MhgL sin � ¼ 0: ð23Þ

At neutral angle, �0, assuming the spring is elongated
from initial pre-tension angle, �p:

F �0ð Þ ¼ K �0 � �p
� �

L6L2 �MhgL sin �0 ¼ 0: ð24Þ

Ls = line f „p 

Ls= line fp 

(a) (b)

(c)

Figure 6. Schematic diagrams representing: (a) spring position during upward nodding, (b) spring position during downward motion, and
(c) free body diagram of the head nodding mechanism.
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Therefore, Equation (16) can be linearized by defining
small angle, �� ¼ � � �0, replacing � with �� þ �0 and
using low order Taylor series expansion about equilib-
rium position �0 as:

F �0 þ��ð Þ ¼ F �0ð Þ þ F0 �0ð Þ��

¼ KL6L2 �MhgL cos �0ð Þ��: ð25Þ

Hence Equation (16) becomes:

JcgþMhL
2

� �
� €�þC� _�þ kL2L6�MhgL cos �0ð Þ�� ¼ T,

ð26Þ

Iz ¼

Z
y2 þ x2
� �

dm, and J ¼ Jcg þMhL
2, ð27Þ

where J is the moment of inertia of the head assembly, �
is the rotation angle of head about point P, K is the
spring constant, L1, L2, L3, L6 are link lengths, Mh is
mass of head, T is torque, d is diameter of shaft sup-
porting head, W is width of bearing, and t is thickness of
the clearance between the shaft and bearing. Combining
Equations (12), (22), and (26) gives the relationship
between output angle and input voltage as:

��

Uin
¼

KmGa=GgRa

� �
Jþ 	Jrð ÞS2 þ Cþ K2

m	=G
2
gRa

� �
S

þ KmhGa	=GgRa þ KL2L6 �MhgL cos �0
� �

 ! :

ð28Þ

The input voltage (Uin), which is proportional to
desired position of actuator, is provided from driving
software as:

Uin ¼ Ci�d: ð29Þ

Equation (28) provides information about the param-
eters that affect the performance of angular movement
under the simplification and assumptions, in order to
study the dynamic behavior of nodding angle. The
above system can be represented in a simplified
second-order form as:

��

Uin
¼

c

S2 þ aSþ b
: ð30Þ

Again, for large angles, combining Equations (12),
(16), (17), and (18b) gives us a parametric Equation (31):

MhL
2 þ Jcg þ Jr	

� �
€� þ Cþ

K2
m

G2
gRa

	

 !
_� þ K�xLs

�MhgL sin � þ
KmhGa

GgRa
	� �

KmGa

GgRa
Uin ¼ 0: ð31Þ

The left side of equation can be written as one generic
function of all parameters:

G €�, _�, �, Uin, Mh, g, . . . ,
� �

¼ 0 ð32aÞ

Taylor series expansion about an equilibrium angle �0
of Equation (32) is given as:

G� G0 ¼
@G

@ €�

				
�0

€� � €�0
� �

þ
@G

@ _�

				
�0

_� � _�0
� �

þ
@G

@�

				
�0

� � �0ð Þ

þ
@G

@Uin

				
Uin0

Uin �Uin0ð Þ ¼ 0, ð32bÞ

where G is the generic function and G0 is the functional
value of G evaluated at equilibrium point (angle). Using
the partial derivative evaluated at the equilibrium point,
changing the variables in terms of change in the param-
eter, and substituting in Equation (32b) yields:

 � €� þ$� _� þ ��� þ ’�Uin ¼ 0, ð33Þ

where  ¼MhL
2 þ Jcg þ Jr	

$ ¼ Cþ
K2

m

G2
gRa

	

� ¼ K
@�x

@�
Ls þ

@Ls

@�
�x

� �				
�o

�MhgL cos �o �
KmhGa

GgRa
	

@�x

@�
¼ �

0:5c2 sin �fffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1 � c2 cos �f
� �q

@Ls

@�
¼

c2 cos �f

 �

c1 � c2 cos �f
� �
 �

� 0:5 c2 sin �f

 �2� �

2 c1 � c2 cos �f
� �
 �3=2

c1 ¼ L2
2 þ L2

6 c2 ¼ 2L6L2 �� ¼ �0 � �f ¼ � � �o

’ ¼ �
KmGa

GgRa

Remarks:

1. We note that the form of dynamics in Equation (33)
can easily be cast in the form of Equation (30).

2. For the purpose of implementation of the servo con-
trol loops for real-time operation, we simply use an
appropriate initial set of values for the neck angle and
let the control loops compensate for the errors.

Dynamic Model Parameter Estimation

The angle measurements were done using a combined
LabVIEW and MATLAB program. The LabVIEW pro-
gram was used to drive the servo motor and the
MATLAB program was used to extract the angle
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measurements. The experimental procedure was as fol-
lows. First, a target position of the actuator angle was
provided from the LabVIEW program. The signal was
sent through a serial port to the controller and the
motion of the head was recorded by a camera. Next,
an audio-video (AVI) file was stored in a directory
and from each frame, the pixel coordinates of the tip
of the mouth (P) and centroid of the shaft (O) were
exported to a workspace. The positions were then
stored and the angles were measured by simply taking
the tangent of the vertical line to the horizontal line. The
frame rate of the camera was 15 which meant that
the time interval of measurement was 1/15 (0.067 s).
Figure 7 demonstrates the measurement steps.
Image processing has been used widely to determine

quantitative data from video footage. There are several
instances where image processing has been successfully
demonstrated in extracting a useful data Huang (2000).
This technique is especially useful for complicated system
where position transducers are difficult to mount due to
space constraint or if the system has been designed with-
out the embedded transducer. To exemplify, image pro-
cessing has been used for pyramid angle determination of
a helicopter rotor with CMOS camera (Mai et al., 2009)
and formedical imaging and computer integrated surgery
(Yao and Taylor, 2003) depending on the optical compo-
nents used for video capturing. In addition, image pro-
cessing has been shown to provide high precision angle
measurement with accuracy of 0.01 arc sec (1.67 e-4 deg)
(Yuan and Long, 2003). It is also known that image pro-
cessing will incur error due to image noise, image distor-
tion, and optical aberration.
The choice of angle measurement from video frame in

this study is primarily due to the non-invasive nature of
extracting the angle information from video sequence.

The frame rate of camera was 15 (the measurement
interval is 0.067 s). Secondary potentiometer or encoder
could have been used on the joints to measure the angle
but the available space was quite small. It should be
noted that servo motors do have their own potentiome-
ter to measure the current angle of the rotor shaft but
the output was connected to the circuitry on servo driver
chip and was unavailable. The angle of interest for the
humanoid neck nodding was the one pivoting about
point O as shown in Figure 7.

The accuracy of angle measurement at each frame is
dependent on the contrast between the tip of the mouth
and background. The lipstick used on the mouth creates
a good contrast between the cheek and the mouth.
Figure 8(a) shows lines drawn from the pivoting axis
to the tip of the mouth in one of the frames of the
video file. A red solid line being true position was con-
structed by a point obtained with a default threshold
value using edge detection of the mouth. Let us say
the edge is not accurately estimated and falls within
6 pixel radius and maximum 10 pixels radius. Two erro-
neous lines, blue dashed and green hyphenated lines
drawn with points on the circles, are shown in
Figure 8(b). If the edge falls in the vicinity of 6 pixel
radius, the angular error from the pivoting axis P will
be 0.28�. Whereas, if it is 10 pixel the maximum error
will be 0.68�. Cropped image, traced boundary, binary
filled image, and the filled image with two circles bound-
ing uncertain points from the edge of the mouth are
shown in Figure 8(c)�(f) to illustrate angular measure-
ment and error that are associated with image process-
ing in MATLAB.

The parameters a, b, and c in Equation (30) were
determined from the angle measurements. The output
angle of the head was measured for a step input voltage.
An extended Kalman filter (EKF) was applied to deter-
mine the constants by initializing the parameters consid-
ering the equivalence of Equations (28) and (30). The
dynamic parameters taken were the damping term C,
moment of inertia J, and the KL2L6 terms. Since the
moment of inertia of the actuators was much less than
the head assembly, it was ignored. The damping term C
was calculated from Equation (22) using viscosity of
�¼ 125Ns/m2 for SAE 20 lubrication and was equal
to 0.0532Nms (d¼ 12.7� 10�3m, w¼ 15.8� 10�3m,
t¼ 0.12� 10�3m). Note that the lubrication was pro-
vided in the two shaft support. The damping term Td

torque is a velocity-dependent coefficient of friction due
to the lubricant and it affects the dynamic system.
Damping is usually an uncertain term and changes in
long period of time due to wear, tear, and lubricant con-
dition. If the velocity _�� is assumed to be constant and
the operating speed to be half of the no load speed (no
load speed of HS 225¼ 0.11 s/60�), the damping torque
will be 0.252Nm. This is higher a value as compared to
the stall torque of the motor (HS 225 stall

Figure 7. Angle measurement from video frames.
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torque¼ 4.8 kg cm¼ 0.47Nm. Therefore it cannot be
ignored. The other constants used in the calculation
were: spring stiffness¼ 10.72 lb/in (1877.8N/m),
L2¼ 48� 10�3m, L6¼ 59� 10�3m, mass of the head
m¼ 2.319 kg and moment of inertia from Equation
(20), J¼ 0.0058 kgm2 (Jcg¼ 0.075� 10�3 kgm2,
Mh¼ 2.31 kg, L¼ 50� 10�3m). For simple estimation,
only the inertia J, damping coefficient C, and known
constant term KL2L6 terms were considered with two
decimal points (J¼ 0.01, C¼ 0.05, and KL2L6¼ 5.31).
Substituting the above parameters in Equation (28)
and normalizing, the initial values for parameter estima-
tion in Kalman filtering were determined to be as: a¼ 5,
b¼ 531, and c¼ 100. The initial value of the gain c was
further adjusted by first plotting the step response of 22�

angle and observing a factor that shifts the graph to fit
the measured angle and was found to be 529. A
MATLAB program was utilized to find the constant
using EKF algorithm. Changing the initial condition
in the vicinity of the parameters described above
(a¼ 5, b¼ 531, and c¼ 520), the model constants in
Equation (30) converge to the values of a¼ 25.9786,
b¼ 523.7292, and c¼ 507.5597 (the default MATLAB
program provides four significant digits). The main
motive of raising EKF on this portion is to illustrate
that the dynamic parameters obtained from the CAD

model as shown in Table 4 can be used to initialize
Kalman filter. It was just an explanation to extend the
knowledge of system identification from the parameters
available at hand. Let us name system identified in this
section as SYS1.

Kalman filtering was used to find the constants of the
second-order equation. It was initialized by using
Equation (28) and the known terms namely, inertia of
the head (J), viscous damping coefficient (C), and the
term (KL2L6), to simplify the estimation as described in
Equation (30). This will help to use the available values
as initial values for the estimation instead of guessing
initial values with arbitrary constant. In the EKF pro-
gram, the measurement error covariance (r) was 0.0001
and initial covariance chosen was Po¼ 1000*I [5� 5].
The process noise covariance (Q) value was 0.001.
Several trials were made with different values of r and
this value seems to be good for both first measurement
and confirmation. The process noise covariance was also
changed but this did not change the simulation result by
significant degree. The initial values were varied and
simulation was conducted; however, best results were
not observed in both first and second test with series
of step inputs. The constant values presented here rep-
resent the best fit for all the measurement sets. The pro-
gram was also tested with synthetic data with known

(a) (b)

(c)
(d) (e) (f) 

Figure 8. Angle measurement accuracy: (a) zoomed mouth, (b) lines from pivoting axis, (c) cropped image, (d) edge detection with Canny filter,
(e) binary boundary filled, (f) filled boundary with circles enclosing uncertain edge points.
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Gaussian noise (standard deviation �¼ 0.5) generated
by a second-order transfer function with known terms
a¼ 4, b¼ 45, and c¼ 1000. The known terms were deter-
mined by EKF and the estimates converged to am¼ 3.7,
bm¼ 42.3, and cm¼ 938 (the subscript ‘m’ is used to dif-
ferentiate actual and estimated values). The initial values
during estimation were a0¼ 3, b0¼ 40, and c0¼ 900 with
r¼ 0.5. This shows that the program used for estimation
is free from error.
The vectors of the estimated parameter of the nod-

ding system dynamics change from the initial esti-
mate to the final values. The ‘am’ value changes from
5 to 26 and the ‘bm’ and ‘cm’ values did not change sig-
nificantly from the initial estimate. The large change in
the coefficient of ‘am’ suggests that the originally
assumed value of damping term was not accurate
enough.
In fact, the overall Equation (30) could be second- or

third-order model depending on whether the inductive
load is considered or not. But to simplify the neck mech-
anism design, let us consider the second-order system
given in Equation (30). Once parameters were identified,
one can relate those constants (a, b, c) with the coeffi-
cients in Equation (28). Since there are many parame-
ters, it is difficult to find explicit relationship between
the parameters identified (i.e., a, b, c) and the remaining
parameters (Km, Ga, Gg, h, etc.). However, the constant
parameters of the servo motor (Km, Ga, Gg, h, etc.) can
be taken to find the rest of the parameters.
Based upon the above analysis, the neck designing can

be summarized as follows:

1. Choose a mechanism. As explained in the literature
review, a 3R or higher order system can provide
desired trajectory and in this article 4R mechanism
was realized.

2. Take measurement sets for nodding, turning angle of
an individual to be emulated by the robotic head. For
a 3 DOF neck, a rolling motion can be included and
the measurement could be done in various non-inva-
sive ways.

3. Obtain a functional relationship for the mechanism
realized in the first step and determine the parameters
with system identification. For example: for second-
order system presented here, parameters a, b, and c.

4. Determine other parameters (Km, Ga, Ra, h, etc.)
from prior experimentation or from data sheet of
manufactures catalog or through separate character-
ization for the motor. (Steps 3 and 4 are
interchangeable).

5. Relate the identified parameters with various con-
stants to get desired performance. For instance:
from the ratio of ‘a’ to ‘c’ we can determine the damp-
ing constant C if the rest are fixed. Let us define the
constants c3¼ (KmGa/GgRa), c4¼ (Km/GaGg) and
c5¼Ga2/Ra The product, KL2L6 can be obtained

from ‘b’ to ‘c’ ratio. A combination of parameters
can be chosen by fixing one and varying the other.

a

c
¼

Cþ K2
m	=G

2
gRa

KmGa=GgRa
: ¼

Cþ c3c4	

c3
ð34aÞ

b

c
¼ h	 þ

KL2L6 �MhgL cos �n
KmGa=GgRa

¼ h	 þ
KL2L6 �Mhg cos �n

c3
ð34bÞ

6. Therefore the neck mechanism design can choose
parameter r, L3, L5, L2, L6, and K according to the
relations obtained and also constraints imposed by
the dynamic model and geometrical relationship.
For example, for a given Mh, g, L, and �n, once b
and c are obtained from system identification, if
Km, Ga, Gg, Ra are obtained from other resource,
the choice of link parameter and spring stiffness
needs to satisfy Equation (34b) and the stability cri-
teria of Equation (35). The necessary condition for
stability of the dynamic system is that the character-
istic polynomial term should be greater than zero:

KmhGa	=GgRa þ KL2L6 �MhgL cos �n 4 0 ð35Þ

The inertias of the links length do not affect the
dynamic significantly and it was ignored. The param-
eter r, L3, L5 do not appear in the dynamic Equation
(28) directly. Their effect is included with the geomet-
ric parameter 	. The link parameters however deter-
mine the overall range of motion. Therefore, they can
be chosen to satisfy range of motion.

7. The natural neck movement is similar to a damped
system response. Once the modeling parameters are
determined in open loop, a feedback control will take
care of the desired performance (such as rise time,
settling time, etc.). But the main objective of demon-
strating the modeling equation is that the system
characteristics can be influenced by the choice of
material before control action takes place. This is
particularly useful to optimize a given design in
terms of dimension, mass, and cost.

This completes the design of neck to satisfy certain
geometric (range of angles) and dynamic criteria
(rising time and settling time). The above description is
a guideline to choose the parameter based on several
simplification and assumptions in order to model the
system as a simple second-order system. To illustrate
the outline described in this section, let us consider the
analysis on neck prototype. For the current problem
a¼ 26, b¼ 524, and c¼ 508 it was assumed that the
moment of inertia of the head was valid
(J¼ 0.0058 kgm2), the inertia of the actuator Jr was
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ignored (it was of the order of 10�10 kgm2), then from
the equivalence of Equations (28) and (30), the term
(KmGa)/(GgRa)¼ c J¼ 2.95¼ c3. In the current design,
we know the value of K, L2, L6, Mh, L, and �o. From
‘b’ to ‘c’ ratio, we can get the value of feedback gain
h¼ 1.39. The stability criterion Equation (35) suggests
that h< 4.26. The ‘a’ to ‘c’ ratio, provides the value of
c4¼�0.09. However, the constant c4 cannot be negative
because the Km, Ga, and Gg are all positive. Therefore
the a/c ratio suggests that the initial damping constant
term is underestimated. This could be due to inaccuracy
of taking parameters in Equation (23) such as clearance
between the shaft and the bearing (t). Hence, the a/c
ratio can only provide the relationship between C and
C4. On the other hand, let us say the motor parameters
are known (Km¼ 3.3� 10�3, Ga¼ 37, Gg¼ 1/12,
Ra¼ 0.5), the feedback gain h¼ 1.39 and the identified
constants are same as before (a¼ 26, b¼ 524, and
c¼ 508). Design is often an iterative process so the geo-
metrical parameter (r, L3, L6, L5) should be chosen first
to determine g. For r¼ 25mm, L3¼ 41mm, L5¼ 55mm,
L6¼ 59mm, g can be determined from the slope of actu-
ator angle and head angle, as in Figure 4 (	¼�0.36)
and then, c3¼ (c)(J)¼ (508� 0.0058)¼2.95, c4¼ (Km/
GaGg)¼ 1.07� 10�3, from a/c ratio, the damping term
C can be obtained (C¼ 0.15) and b/c ratio gives the
product of the terms KL2L6 to be 5.32. If any of these
parameters change, the response of the neck will also
change. Effect of each parameter is dealt in the following
section by numerical simulation.
For the overshoot observed in the servomechanism, a

controller could dampen the neck nodding response.
However, realizing neck parameters beforehand helps
to reduce the controlling aspect. It is assumed that var-
ious individuals do have different responses. Some
people can turn their head fast and some not (various
rise time), some move at large angle and some not (range
of motion). Normally the overshoot of an individual
neck angle is minimum or purely damped. Therefore,
realizing the neck from such perspective helps in devis-
ing a methodology to improve the performance. For
instance, improving the viscous damping C or the
motor constant ameliorates the overshoot. Also intro-
ducing derivative controller improves the overshoot per-
formance. The effect of the external spring K utilized to
balance the head and the link length L6 along with the
mass of the head influences the response in terms of rise
time and overshoot.

NUMERICAL SIMULATION

To study the effect of variables on the overall angular
movement of the nodding response and explain how the
modeling equation described in the previous section can
be used, numerical simulations were carried out utilizing
the second-order Equation (28). To this end, practical

values of the variables described in Equation (28) (i.e., h,
Km, Ga, etc.) were utilized as listed in Table 5. These are
average values that will be varied in the upper and lower
bound from mean values. The torque constant of the
motor (Km) of miniature DC electric motor of similar
size (Johnson permanent DC flat motor, 15�20mm
diameter) was 3.3mNm/A (DC Micromotors, 2010).
The gear reduction ratio (Gg) was found by counting
the gear teeth and taking their ratio after disassembling
the servo motor. The PCB of the Hitec HS225MG servo
has a driver IC (hitech rcd HT7003) and the detail of the
IC and its characteristics were not provided by the
vendor. Effort was made to find information of the IC
from manufacturer but was not successful. Therefore,
the values of amplifier gain and output impedance
were estimated based on other known values in litera-
ture. General amplifier gain (Ga), can attain a range
from 5�1000 depending on the resistance (Analog
Devices, 2010). The output impedance was usually
low. Typical operational amplifiers can have output
impedance less than 1V. The feedback gain of some
potentiometer ranges from 1�6V/rad (Goyal and
Bakshi, 2007; Kulakowski et al., 2007). The moment
of inertia of the rotor shaft was obtained from lx

md2

8

where m is the mass of the rotor and d is the diameter
of the rotor shaft. The other values of parameters listed
are discussed in the previous section.

The numerical simulation result using the values listed
in Table 5 and Equation (28) are shown in Figure 9 for
step input response. The value of one variable was chan-
ged keeping the other constants to study how the vari-
ables affect the response of the system. In most cases, the
rise time is about 0. s. As can be seen in Figure 9(a) and

Table 5. Variables of simulation.

Parameter Value SI Unit

Torque constant Km¼ 3.3 e-3 Nm/A
Amplifier gain Ga¼ 37 �
Gear reduction ratio Gg¼ 1/12 �
Amplifier output impedance Ra¼ 0.5 V

Moment of inertia of
head assembly

J¼ 0.0058 kgm2

Rotor inertia Jr¼ 0.11475 e�10
(steel shaft,

diameter¼ 1 mm
and length¼ 15 mm)

kgm2

Geometric factor g¼�0.36 �
Damping in the shaft C¼ 0.15 Nms
Feedback gain of

potentiometer
h¼ 1.4 V/rad

Stiffness of the spring K¼ 1877.8 N/m
Link length L2 L2¼ 48 e�3 m
Link length L6 L6¼ 59 e�3 m
Mass of the head m¼2.319 kg
Neutral angle of head �o¼ 45 deg
Gravity g¼ 9.81 m/s2

Length from pivoting position
to center of gravity

L¼ 50 e�3 M
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(b), a 0.4V/rad change in feedback gain exhibits a small
change in overall amplitude of response whereas a
0.7mN/A change in torque constant Km, has a large
effect on response. In Figure 9(c), a five order of mag-
nitude difference in the amplifier gain, Ga, brings about
significant change in the response as seen in Figure 9(d),
a 0.5V change in the output impedance, Ra changes the
response amplitude significantly. Figure 9(e) illustrates
the effect of the change in link length L6 and the asso-
ciated geometric parameter g to keep the closed form of
the four-bar mechanism. Since as L6 changes, L3 also
changes and therefore the geometric parameter g is
changed accordingly. Figure 9(f) shows how the geomet-
ric parameter g changes as the L3 and L6 change.

RESULTS AND DISCUSSION

A second-order mathematical relationship was cre-
ated between the estimated angle and input voltage cor-
responding to desired angle. The parameters were

obtained from the estimation in the previous section
(SYS1). The estimated and measured angles are plotted
and shown in Figure 10(a). It can be inferred from this
figure that the head reaches its commanded steady-state
angle of 22� within 1.2 s. The overshoot from the mea-
sured angle is 14% and the rise time is 0.4 s while the
model in the previous section (SYS1) estimated 10%
overshoots. Therefore, the model prediction based on
physically available data needs more rigorous system
identification. We will discuss a more accurate predic-
tion model and design adaptation in the next sections.
Several table top tests indicate that the head assembly is
stable for both turning and nodding actions. Further
improvements can be done by using position sensors
on the head shaft and applying different controller
such as PD to reduce overshoot.

The nodding angle of an adult male subject was mea-
sured in order to compare the response of neck mecha-
nism with that of designed neck. The measured angle is
plotted in Figure 10(b). It can be inferred from this
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figure that it takes 0.3 s to reach the maximum angular
position of 70�. Therefore, the rise time is about 0.3 s
with minimum overshoots or (damped system response).
The motion was smooth and reaches steady state
quickly. The biomechanical response of human move-
ment such as nodding exhibits a reflex action similar to
that of damped mechanical system. The muscles of the
neck around the cervical areas are all voluntary type,
which are directed by the will of the individual. The
extensional voluntary movement of the neck as in
Figure 10(b) is initiated by increasing neural activation,
which then triggers the extensional movement of the
muscles at the anterior side followed by a braking move-
ment applied by the muscle at posterior side. The
damped system response is mainly due to the sequential
muscle activation. The intrinsic damping properties of
muscles, ligaments, tendons, and fluidic nature are insuf-
ficient to provide the damped system characteristics.
Comparing Figure 10(a) and (b), the rise time was
found to be 0.4 s for the neck prototype presented in
this study and 0.3 s for the biological neck. This result
shows a good matching between the time responses con-
sidering the simplifications made in the design of neck.
Further, Figure 10(a) shows that experimental measure-
ment has a decaying overshoot with settling time slightly
longer than that of biological neck. It is known in the
literature that human muscle consists of 80% fluidic
substance (Heymsfield et al., 1983; Wang et al., 1999;
Bedogni et al., 2002; Rudenko and Sarvazyan, 2006).
But the fluidic nature of the muscle alone is not suffi-
cient to demonstrate a damped system characteristics.
The model presented here was also verified by applying
a series of step input and the results indicate that the
estimate closely follows experimentally measured nod-
ding angle. Figure 11 illustrates the various input sig-
nals, the measurement, and estimated angle.

The servo motors consume significant magnitude of
power. At no load condition, one servo motor requires
about 6V when driven with a step input and in the con-
tinuous drive condition the voltage goes down to 3.5V
with current consumption reaching 0.6A. The total
power consumption of single servo motor is 2.1W.
Figure 12(a) and (b) shows the voltage requirements
for several cycles of nodding and turning. Figure 12(a)
is the voltage consumption directly measured by using
NI data acquisition cards. The driving servo motor for
the nodding motion consumes 6V at the beginning and
drops down to 3V at higher current amplitudes during
actuation. The voltage consumption during the turning
motion drops from 6 to 3.5V as shown in Figure 12(b).
The difference between these two results is related to the
ease of movement and load imposed on the servo motor.
It was found that nodding motion requires higher power
than turning which is related to the fact that as the
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Figure 10. (a) Experimental and estimated value of nodding angle using SYS1, (b) Nodding angle of an adult male.
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center of gravity of head changes it applies extra load on
the servomotor. During the turning motion, the center
of gravity remains vertical for the entire duration. The
robotic head has a total of 16 servo motors, (2 DOF
neck/14 DOF facial movements) where one servo
motor consumes about 2.1W. If all of the servo
motors are simultaneously driven which is not the case
practically, then the total power consumption for fully
functional face will be 33.6W (2.1� 16¼ 33.6W). This
explains the problem in utilizing servo technology; how-
ever, in the absence of any competitive alternative they
remain the prime choice.
The voltage drop in Figure 12 seems to be unnatural

or due to limited power supply. Topward 3306D DC
power supply capable of providing 30V and current up
to 6A was utilized with all knobs set at maximum. On
close observation it can be seen that on the time axis
the voltage drop occurs within 100ms for nodding and
50ms for turning. This shows that the voltage was not
changing abruptly and taking certain time to rise up
and down. It should be noted here that the actuation
was done by changing the control signal (slider bar
with unsigned integer) in a LabVIEW program
manually.

Experimentally determined step motion of the nod-
ding angle of robotic head and typical human nodding
angle are presented for comparison in Figure 12. The
video stream of the motion in both cases was captured
using a MATLAB program. The corresponding angles
between each frame were also extracted. The images at
each discrete step are displayed by varying alpha param-
eter using the Image Processing Toolbox. The alpha
parameter is a variable that controls the Laplacian
filter of an image acquisition in MATLAB. It makes
the image blurred, sharp, or original depending on its
value which ranges from 0.0 up to 1.0. The step motion
of the nodding angle of the robotic head and adult male
subject are shown in Figure 12(c) and (d).

The above voltage consumption is for a random
movement of the neck but if we set the position to
move in regular periodic command position the voltage
consumption will also be uniform. Figure 13. shows the
uniformity of the voltage across the servo terminal.

Remarks:

1. We note that the simplified dynamical model for the
neck mechanism as in Equation (30) was able to pre-
dict the actual motion quite closely.

(a) (b)

(c) (d)

Figure 12. Servo motor voltage consumption during (a) nodding (b) turning mechanism and comparison of nodding step of (c) the robotic
head (d) an adult male subject.
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2. The rise time (10�90%) values and settling times
were almost similar but the steady-state values were
off by about 4�. We also note an initial delay in the
actual response that was not captured by the linear
model.

3. It should be emphasized that the main focus of this
work was to evaluate the effectiveness of the linear
modeling and we can see that gross trends were cap-
tured sufficiently well.

4. As mentioned earlier, the parameter values in
Equation (30) were dependent on the initial neck
angle and since they were evaluated just once, the
behavior of the actual dynamics is little different
from the linearized prediction. That said, this simple
linear model was sufficient for real-time servo-loop
implementation. The steady-state errors were easily
handled by introducing an integrator in the
compensator.

A more detailed system model using the MATLAB
System Identification Toolbox was derived to be as fol-
lows: A third-order prediction error estimate of a gen-
eral linear model was obtained based on the step
response of the neck mechanism. The system identifica-
tion was performed based on an output error method:

� sð Þ

U sð Þ
¼

47:3859 s2 þ 56:8sþ 980:1
� �

sþ 13:22ð Þ s2 þ 12:29sþ 149ð Þ
: ð36Þ

We note that the predicted model does not
have the exact structure of the linear model in

Equation (30). This is attributed to the fact that several
simplifying assumptions were made in deriving the
model in Equation (30). Let us call the system identifi-
cation given by Equation (36) as SYS2. The time-
domain responses for the actual and the predicted
cases are plotted in Figure 14.

Notice that the predicted response still does not cap-
ture the initial delay but the rise time, overshoot, settling
time, and the steady-state values are very nicely captured

Figure 13. Voltage consumption of turning motion for a step change of 127�137 servo position (0�255 unsigned integer values correspond to
a 0��180� servo arm rotation).
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by this new model. Further experiments are underway to
refine this model. The overshoot was 10% (OV1) and
clearly indicates that the model predicts the experimen-
tal value of overshoot 14% (OV2). Finally, the verifica-
tion of the system identification model with various step
and initial condition input in comparison with the
second-order estimate and the measured values is
shown in Figure 15.

It can be seen from Figure 15 that the model identified
via the system identification approach (SYS2) was very
efficient in capturing the actual model responses. It is
imminent that the system has potential overshooting in
all series of step test. This overshoot associated with
servo dynamic can be overcome by using an external
PD controller. To this end, if a PD controller with
gain of Kp and Kd are introduced in a negative position
feedback along with the plant transfer function
described by Equation (36), the closed loop transfer
function can be obtained as given in Equation (37).
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Figure 16. Response for PD controller of neck nodding motion simulation with various proportional (Kp) and dervative (Kd) gain constants using
Equation (37).
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The overshoot can be minimized and the response can
be damped similar to biological neck as illustrated in
Figure 10(b). The parameters of the gain were varied
and simulations were carried out to find the values
using Equation (37). A derivative constant Kd between
0.5� 10�2 and 10�2 reduces the overshoot as shown in
Figure 16(a)�(d) while a proportional constant
Kp¼ 0�10�4, provides minimum steady-state error as
demonstrated in Figure 16(a)�(d). However, large con-
stant Kp¼ 10�2 introduces large steady-state error.
Therefore a feedback gain Kp¼ 0�10�4 and
Kd¼ 0.5� 10�2 to 10�2 leads to a good combination of
gain constants, which provides a damped system response
like the biological neck. Damped response of human neck
subject has been reported by Toshima et al. (2003), Mertz
and Patrick (1993), Lee and Terzopoulos (2006), Zafar
et al. (2002), and Pedrocchi and Ferrigno (2004).

� sð Þ

U sð Þ
¼

g1 s2 þ a2sþ a3
� �

1þ g1Kdð Þs3 þ b2 þ g1 Kp þ a2Kd

� �� �
s2

þ b3 þ g1 a2Kp þ a3Kd

� �� �
sþ b4 þ g1a3Kp

� �� �
,

ð37Þ

where g1 ¼ 47:385, a2 ¼ 56:8, a3 ¼ 980:1, b2 ¼ 25:5,
b3 ¼ 311:5, b4 ¼ 1969:8.

CONCLUSIONS

This study presents themodeling and implementation of
four-bar mechanism for realizing humanoid neck. The
dynamics of head mechanism were studied by deriving
the equations from the basic laws for rotary actuators in
order to correlate all the variables that play important role
towards the time response of neck mechanism. Low cost
RC servo motors have been previously deployed for mim-
icking human motion; however, the performance of such
motors along with a kinematic chain has not been ana-
lyzed. Thus, a thorough review of neck designs was con-
ducted to arrive at robust neck design and mathematical
relationships were derived to predict its performance.
Results indicate that the neck mechanism presented here
attains the performance similar to that of human neck
when RC servo motor uses an external PD controller to
reduce the inherent overshoot found in dynamical systems.
The specific contributions of this study are: (i) a method to
set parameters of neck with a four-bar mechanism to meet
specific desired characteristics; (ii) modeling of the combi-
natory system consisting of servomotor, four-bar mecha-
nism, irregular-shaped robotic head to realize neck
mechanism, and a simplification thereof, (iii) the modeling
and experimental investigation of the performance of RC
servo motor in humanoid neck design, and (iv) a proce-
dure for building the humanoid neck mechanism. The pri-
mary objective has been to keep the ‘costs’ low both in
terms of material as well as design complexity.
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