Creating Human-Like Facial Expressions Utilizing
Artificial Muscles and Skin
Yonas T. Tadesse

Dissertation submitted to the faculty of
Virginia Polytechnic Institute and State University
in partial fulfillment of the requirement for the degree of

Doctor of Philosophy
in

Mechanical Engineering

Shashank Priya, Chair
Donald Leo, member
Dennis Hong, member
Timothy Long, member
Robert Grange, member

November 18, 2009
Blacksburg, Virginia

Keywords:

Facial expression, Humanoid, artificial skin, Piezoelectric, Servomotor,
Polypyrrole, Shape memory alloy, modeling, GFEAD.
Copyright 2009, Yonas T. Tadesse

Creating Human-Like Facial Expressions Utilizing Artificial Muscles and
Skin
Yonas T. Tadesse
Abstract
Mimicking facial structures for a robotic head requires integration of multiple structural
and mechanical parameters, design, synthesis and control of muscle actuation, architecture of the
linkages between actuation points within skin, and implementation of the deformation matrix
with respect to global skull coordinates. In this dissertation, humanoid faces were designed and
fabricated to investigate all the parameters mentioned above. A prototype face and neck was
developed using servo motors and extensively characterized. In this prototype, a neck
mechanism was designed using a four bar mechanism to achieve nodding and turning motions.
The modular neck prototype simplifies the assembly and statically in equilibrium and hence
demands less torque from the cost-effective RC servo motor. The mechanism was critically
investigated for dynamic performance and it was found out that RC servo based robotic head
requires a PD external controller to overcome inherent overshoot. The servo based robotic head
was analyzed for design and control of anchor, architecture of linkages between actuation points
within skin, and deformation matrix with respect to global coordinate for creating specific
expressions. A functional relationship between deformation vector of facial control points and
actuator parameter, skin elasticity and angular position of actuator was derived. The developed
analysis method is applicable to any rotary actuator technology utilized for facial expressions
and takes into account the skin stiffness. The artificial skin materials for facial expression were
synthesized using platinum-cured silicone elastomeric material (Reynolds Advanced Materials
Inc.) with base consisting of mainly polyorganosiloxanes, amorphous silica and platinumsiloxane complex compounds. Systematic incorporation of porosity in this material was found to
lower the force required to deform the skin in the axial direction.
The performance of the servo motor based face was quite realistic but it suffers from the
drawback of large power consumption, bulky, heavy, and limited functionality. Thus, significant
effort was made in developing a Biometal fiber and Flexinol shape memory alloy actuator
(SMA) based biped mountable baby head facial structure which resembles the form and
functionality of a human being. SMAs were embedded inside a skull and connected to
elastomeric skin at control points. An engineered architecture of skull was fabricated that
incorporates all the muscles with their 35 routine pulleys, two fire wire CMOS cameras that
serve as eyes, and a battery powered microcontroller base driving circuit within the total
dimensions of 140 mm x 90 mm x 110 mm. The driving circuit was designed such that it can be
easily integrated with biped and processed in real-time. The humanoid face with 12DOF was
mounted on the body of DARwIn (Dynamic Anthropomorphic Robot with Intelligence) robot
which has 21 DOF resulting in a total of 33 DOF system. Characterization results on the face and
associated design issues are described that provide pathways for developing human-like facial
anatomy. Numerical simulation using Simulink was conducted to assess the performance of a
prototypic robotic face mainly focusing on jaw movement. A graphical method “Graphical
Facial Expression Analysis and Design (GFEAD)” was developed that can be used to allocate
the sinking points on robotic head. The method assumes that the origin of the action units are

known prior and the underlying criterion in the design of faces being deformation of a soft
elastomeric skin through tension in anchoring wires attached on one end to the sinking point and
on the other to the actuator. Experimental characterization on a prototyping humanoid face was
performed to validate the model and demonstrate the applicability on a generic platform.
During characterization of the SMA based face, it was found that the currently available
artificial muscle technologies do not meet the entire requirement for being embedded in the skin
and provide the required strain rate, maximum strain, blocking force, response time and energy
density. Thus an effort was made to develop conducting polymer based artificial muscles which
can meet the metrics of human muscle. Composite stripe and zigzag actuators consisting of a
sandwich structure polypyrrole /poly(vinylidene difluoride) (PPy/PVDF) were synthesized using
potentiodynamic film growth on gold electrodes. The synthesis was done from an aqueous
solution containing tetrabutylammonium Perchlorate (TBAP) and pyrrole by polymerization at
room temperature. For depositing thin PPy films and thereby minimizing the response time, an
experimental optimization of the deposition conditions was performed. The number of currentpotential (potentiodynamic) growth cycles and the thickness of the deposited PPy film were
highly correlated in the initial stages of polymer film growth. Strip actuator of size 11 x 5 mm 2
with 63µm exhibited a deflection of 3mm under 1V DC voltage and 2mm deflection under 8V
AC voltage at 0.5 Hz. It was found that three-segment zigzag actuator of segment length
15x2.5mm and thickness 63µm amplifies the displacement by 1.5 times.
A study was also conducted on the synthesis and characterization of thick and thin film
polypyrrole (PPy) – metal composite actuators. The fabrication method consisted of three steps
based upon the approach proposed by Ding et al.: (i) winding the conductive spiral structure
around the platinum (Pt)-wire core, (ii) deposition of PPy film on the Pt-wire core, and (iii)
removal of the Pt-wire core. This approach yielded good performance from the synthesized
actuators, but was complex to implement due to the difficulty in implementing the third step. To
overcome the problem of mechanical damage occurring during withdrawal of Pt-wire, the core
was replaced with a dispensable gold coated polylactide fiber that could be dissolved at the end
of deposition step. Experimental results indicate that thin film actuators perform better in terms
of response time and blocking force. A unique muscle-like structure with smoothly varying
cross-section was grown by combining layer by layer deposition with changes in position and
orientation of the counter electrode in reference to the working electrode. Synthesis of
polypyrrole–metal coil was conducted in aqueous solution containing 0.25 M Pyrrole, 0.10 M
TBAP and 0.50 M KCl. The actuator consisted of a single layer of platinum winding on a core
substrate. Electrochemical characterization for free strain and blocking stress was conducted 0.1
M TBAP solution and a 6% free strain was obtained at an applied potential of 6V DC after 80 s
stimulation time. The blocking stress 18 kPa was estimated by extrapolating the strain magnitude
on stress-strain diagram. For axial type actuator with coil winding, a generalized governing
equation for the electrochemical stress generated from polypyrrole–metal coil which
accommodates the effect of magnetic field due to winding was proposed and numerically
studied. It was considered as insightful modeling.

Keywords: Humanoid robotics, GFEAD, artificial skin, microcontroller, Biometal fiber, smart
material, Polypyrole, actuator, servo, Shape memory alloy, piezoelectric, four bar mechanism.
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Chapter 1
Overview and Literature survey
1.1 Humanoid Heads: Introduction and Motivation

The term "humanoid" according to Wikipedia, generally refers to any being whose body
structure resembles that of a human.

It has a sense of referring to primates, as well as

mythological creatures and robots. The two terms, humanoid and androids are frequently used
interchangeably. An android is a humanoid robot designed to resemble a specific gender.
Humanoids are anticipated to become common devices in the next fifty years according to BBC
reports (Sep. 3rd, 2001 19:16 GMT, “Rise of the humanoids”). They will demonstrate emotion,
make decisions, perform intelligent operations by incrementally acquiring new knowledge from
environmental interactions and conduct tasks in humanly ways. Already, humanoid robots can
autonomously perform tasks such as serving coffee (Sakagami et al., 2002; http://honda-p3.com,
“Asimo Robot: a new version that runs faster and is the coffee!”); acting as a receptionist (Ido et
al., 2003; Hashimoto et al., 2006, 2007), playing a flute (Solis et al., 2006) etc. The robots utilize
high-level artificial intelligence to synchronize their hardware and software to interact with
human and hence generate gestures, speeches and coordinated motion. Their appearance is
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increasingly starting to resemble that of human and it is expected to reach to a level where no
distinction could be made.

Humanoid research extends from material level to complex implementation of high-level
software languages for mimicking the biological make up of a human.

Sociable robotics

emulates human facial expressions to provide a more intuitive interface between humans and
robots (Breazeal, 2002, 2004). In this area, effort has been made to replicate the human actions in
robots implementing various behavior based control algorithms. The physical appearance of
sociable robots is another aspect where continuous progress is being made. The most noticeable
success can be found in the robot created by the collaborative effort between Hanson robotics
and Korean Advanced Institute of Science and Technology (KAIST). The team demonstrated a
fully expressive face on a walking biped, “Albert–HUBO” (Oh et al., 2006, Hanson et al., 2006)
at the APEC summit in 2005, in Korea. Albert-HUBO performed the function of greeting the
crowd which included important guests such as US president George Bush. The head of the robot
has demonstrated realism in static expressions and dynamic action. There are several examples
of humanoids that have gained attention due to their human-like appearance. ASIMO is one the
most sophisticated humanoid capable of walking and running. Repliee Q1 (Shimada et al., 2006,
MacDorman et al., 2005) is an android partially covered in silicone skin, powered by a nearby air
compressor with 31 points of articulation in her upper body. The other examples are QRIO
designed by Sony is 0.58 cm tall and weighs 7.3 kg and HRP-C4, a super model 158 cm tall and
weighs 43 kg. Fig.1 demonstrates the most advanced humanoid robots reported in the media.
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(a) ASIMO

(b) Albert-HUBO

(Courtesy of
asimo.honda.com)

(Courtesy of HRI and
KAIST)

(e) HRP-4C
(Courtesy of AIST)

(c) Toyota partner
robot (Courtesy of

(d) QRIO
(Courtesy of Sony)

Toyota Motor
Corporation)

(f) Replee Q1

(g) Actroid DER

(h) Actroid

(Courtesy of Osaka
University and Kokoro Co.,
Ltd.)

(Courtesy of Kokoro
Co., Ltd.)

(Photograph by A.
Lazinica, developed by
Kokoro Co., Ltd.)

Fig.1.1 Advanced humanoid robots demonstrating resemblance to human.
There is increasing interest in fabrication of humanoid robots that resemble human beings
in physical appearance and perform multiple tasks such as simple real-time conversation,
interaction with humans, and dynamic motion for applications such as nursing, childcare,
reception and child tutoring. In all these applications, physical appearance becomes the first and
3

foremost important requirement. Three desired properties required for the artificial skin to be
used on the domestic humanoids can be listed as: (i) low force requirement to achieve
displacement of specific magnitude (that depends on size of skull), (ii) linear deformation, and
(iii) simple fabrication process allowing mass production. The skin facilitates human-robot
interaction, allows the robot to detect changes in environmental pressure, temperature and also
can sense any mechanical contact with objects.

1.2. Humanoids with expressive faces: Materials and integration
perspective
The design of a humanoid head for a given robotic platform requires a more
comprehensive assessment of the overall size of artificial skull, the choice of appropriate
actuators and silicone based artificial skin.
The artificial skin of a humanoid face has a paramount importance as it covers the
complicated mechanical system used to emulate the artificial muscles of biological system. The
appearance, feel, and texture of the skin determine how closely the system resembles the natural
human face. In human face, the underlying muscles generate expressions such as the smile, the
frown, the raised eyebrow, the furrowed brow etc., in response to nervous activation directed by
the brain. Accurate identification of the emotion and intent conveyed by a facial expression and
the identity of the individual to whom the expression belongs are considered vital for
communication (Burrows, 2008). A specific facial expression from an individual could, for
example, impart fear or calm. In this context, an appropriate inviting smile from a natural
looking humanoid face could greatly reduce anxiety by the humans interacting with it, thereby
facilitating successful interaction. Silicone elastomeric materials are commonly used as artificial
skin for humanoids with expressive face. Due to their biocompatible nature they have also been
4

used for artificial organs such as breast enhancements. Silicone elastomers come with different
commercial trade names such as Blensil, Elastosil, FRV, J-Sil, RP, RTV, SE, Silastic,
Silastomer, Silopren and Tufsel. In general, they are high molecular mass polyorganosiloxane
rubber with a molar mass in the range of 300,000 – 1,000,000 g/mol. The formation of such
polymers occurs by ring–opening polymerization of octamethylcyclotetrailoxane (Alger, 1997).
Room temperature vulcanized (RTV) silicone elastomers are special low molecular weight
plastics with reactive end groups. RTV silicone is formed from two component liquids that have
high reactivity and a short injection molding time (Rosato et al., 2001). The three dimensional
network in RTV silicone forms by cross-linking reaction (Ratner et al., 2004). It has been shown
that by introducing porosity inside the silicone matrix, the force requirements for linear
deformation are significantly reduced (Hanson et al., 2006; Tadesse et al., 2009). This is
important because solid elastomer require large magnitude of force to deform and hence requires
bigger actuator. There could be multiple methods for introducing pores in a silicone skin.
The form factor or size of a given robotic platform is another factor which limits the
development of humanoids with expressive face. For example, in the design of a small baby
robot, a head with overall outside dimensions of 140 mm height, 90 mm width and 110 mm
depth is challenging because the available space inside the head should be able to accommodate
various mechanical and electrical parts. The use of servo motor based actuators is ruled out as it
does not provide actual resemblance to human face, consumes large volume of space, produces
noise, and requires additional mounting assemblies. Rather, one would like to use muscle-like
actuators which mimic the resemblance and performance of human muscles. Contractile
actuators such as shape memory alloy (SMA) are an appropriate choice for facial artificial
muscles. SMA actuators require simple current drive, the overall size is small (~100 μm
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diameter), provide kinetic strain up to 4% with blocking stress greater than 200 MPa (actuator
comparison table is available online at http://ndeaa.jpl.nasa.gov). The high power to mass ratio
of SMAs is advantageous in scaling the total size and weight of a humanoid head. SMA
actuators do not generate acoustic and electromagnetic noise that might interfere with a voice
recognition system and drive electronics. Further, SMAs are available commercially in large
quantities exhibiting repeatable performance.
The choice of actuation technologies is dependent on the overall size of robotic head as
well as other factors such as stress, strain, strain rate, and power consumption. Shape memory
alloy (SMA) actuator has been previously used for human-size head with 210 mm height and
weight of 2.1 kg (Hara et al., 2001). An improved version of robotic human head was reported
by Hasimoto et al. which utilizes McKibben pneumatic actuators along with coil spring
mechanism for head motion (Hashimoto et al., 2006). A number of realistic facial expressions
and human-like movements were demonstrated. Piezoelectric motor based humanoid face has
also been reported (Tadesse et al., 2006). Several advantages could be obtained from
piezoelectric motors such as silent drive, low power consumption, intrinsic steady-state autolocking capability, and less heat generation. But for expressive humanoid face, the drawbacks of
piezoelectric motors are expensive parts, large controller size, and complicated control strategy.
The realization of dielectric elastomer for artificial facial muscle has been presented by Rossi et
al., 2002.

The authors emphasized the advantages of using dielectric elastomer for face and

different configurations of actuator arrangement were discussed. A humanoid face with “face
film” as a skin and low friction driving mechanism for action units was presented in (Weiguo et
al., 2004). The “face film” utilized in this study is analogous to the elastomeric skin often used in
several humanoid heads. The low friction pulling mechanism proposed utilizes a rope guided
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within a tube and sliding over spring coil. This mechanism was found to be suitable for
attachment. A detailed description of challenges in developing facial expressive humanoid head
with DC motor, shape memory alloy and McKibben has been provided by Kobayashi et al.
(Kobayashi, 2001). Three generation of heads were presented in that study and the first
generation was 1.5 times bigger than human-size head and actuated by pressurized air cylinder.
They were able to build a prototype of human-size head with McKibben actuator. This study
pointed out that human-like skin and selection of action units on the face are critical in achieving
realistic facial expression. Therefore the fundamental question is how to select action units
consisting of sinking points (terminating points) and the anchor points (action units) on the skin.
This aspect will be discussed in section 1.6.
The selection of the origin of action unit could be adapted from the well known Facial
Action Coding System (FACS). The FACS was proposed by Ekman and Friesan in 1978, which
provides correlations between facial deformation and the muscles involved. FACS defines 46
action units related to the anchor points pertaining to expression-related muscles (Ekman, P.,
Friesen 1978). An additional 20 action units for gross head movements and eye gazes were
identified. FACS was implemented on a graphical work station and is being used in development
of talking head for animations and video games. Implementation of FACS in humanoid faces is
dependent on platform of choice and requires progress in hardware with smart architectures.
Thus, a limited success has been made in implementation of action units from FACS on
humanoids. Some of the famous prototypes in the world developed to study cognitive sciences
are Albert Hubo, Replee, Saya, Robota, and Roman where emphasis has been on external skin
and achieving physical appearance akin to that of a human being. Albert-Hubo utilizes only
servomotors for face actuation and has 31 DOF for facial movement (Hanson et al., 2006; Oh et
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al., 2006). Lilly is also a servo motor based facial robot with embedded piezoelectric sensors in
the facial skin focusing more on human-robot interaction (16 DOF) (Tadesse and Priya 2008).
SAYA head utilizes Mckibben actuators (19 DOF) (Hashimoto et al., 2006).The pneumatic
muscle introduced in SAYA was believed to improve the structural appearance of the face robot.
Repliee Q1 (31 DOF) and Q2 (42 DOF) are both full body humanoid robot with capability to
express articulated facial and hand motion using pneumatic actuators (Shimada et al., 2006).
Several functions using humanoids have been demonstrated such as flute playing (Solis et al.,
2006), and receptionist (Mumolo et al., 2007; Ido et al., 2003). These prototypes have also been
used in testing theory of uncanny valley (Hanson et al., 2005; MacDorman et al., 2006; Mori,
1970), interaction ability and social aspects (Breazeal et al., 2009).
A small humanoid robot that could be used for disabled children education was reported
by Guenter et al., 2005. This study emphasized the mechanics of upper body and presented the
design for 23 degrees of freedom, including 3 DOF spine, 7 DOF arms, 3 DOF pair of eyes and a
3 DOF neck. Currently available commercial baby humanoid robots do not have expressive face.
The majority of these robots have emphasis on locomotion which is attractive for children.
However, a combination of fully expressive face with biped will allow us to fully exploit the
capability of humanoids in household applications such as tutoring children. In this dissertation,
the development of biped mountable baby humanoid head is presented utilizing shape memory
alloy artificial muscles and skin. The uniqueness of baby head is the ability to integrate all the
actuators with their 35 routine pulleys, two fire wire CMOS camera that serve as eyes, and
battery powered microcontroller base driving circuit for actuating all the muscles in just 140 mm
x 90 mm x 110 mm size of the skull . The microcontroller base driving circuit can be used for
actuating all the muscles and it can be also used as a standalone platform for demonstrating pre8

programmed human-robot interaction. The humanoid baby face with 12 DOF along with body of
DARwIn (Dynamic Anthropomorphic Robot with Intelligence) robot which has 21 DOF resulted
in a total 33 DOF system. Effective communication between a humanoid prototype and human
subject could be achieved if gesture synthesis is emulated by the humanoid head system. These
could be incorporated by looking at the design of the neck mechanism. The next section
elaborates the state of the art in the neck design.

1.3 Humanoid neck
In this section, a brief review is presented on various neck structures and mechanisms
proposed in the literature. Robonaut designed and developed by NASA Johnson Space Center
has a neck mechanism which is commanded by 6 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). 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 application 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 et al.2005, 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 +/-600 about vertical, +/-300 about horizontal, +/-300 about
frontal plane and the fourth one was for nodding angle whose range was +/- 400. A two 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
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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
out that a spherical platform has difficulty to match with a work space required by the 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 spring mounted on a disc, driven by Mckibben actuators for rolling & pitching and a DC
motor for yawing. The tip of the head was subjected to flexion, extension and lateral flexion with
four tendons. The mechanism mimics the human cervical vertebra. 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 natural 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 provides motion similar to a natural
vertebral neck except that it requires several actuators to move individual cervical disc.
Kinematic modeling of head - neck movement have been conducted by Ouerfelli et al.
(1999). The authors proposed tools to study kinematic parameters of the head neck movement
by using noninvasive identification method. It was found that two revolute (2R) linkages can
model a sagittal plane movement. In fact, three (3R) or more revolute joints can also be used for
modeling except certain constraints needs to be added in identification process. Statistical
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measurement of neck motion from a subject group (two male and two female) has been
conducted which showed typical magnitudes of variables as 440 (standard deviation of σ = 7.30)
for rolling, 690 (σ = 120) yaw, 1100 for pitch ranges are some of the typical ranges with a
maximum speed of 3820/s (σ = 720/s) (Toshima et al., 2003).
A biological neck consists of seven cervical vertebrae. The first one has one DOF and the
remaining six have three 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 drive mechanism 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 properties of various humanoids are provided in Table 1.I.
A linkage mechanism with actuator drive has wide varieties of application in robotics.
Some of the application linkage mechanism reported in literature are listed here for reference: A
five-bar linkage with DC motors and MR brakes mechanism for two DOF haptic device (An and
Kwon, 2009); a planar three DOF robotic arm with servomotor and shape memory actuators
(Ashrafiuon et al., 2006); a six bar linkage mechanism 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, E. and Jnifene, A., 2008); and a five revolute joint parallel
platform for robotic manipulator (Rose et al., 2004). Smart materials have also been used for
human robot interaction, either to dampen system dynamics or smoothen motion performance
such as magnetorheological clutch for safe human robot collaboration (Saito, T. and Ikeda, H.,
2007), damping system with magnetorheological fluid to overcome the velocity overshoot
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(Milecki, A. and Sedziak, D., 2005), and pneumatic based tendon drive system for light weight
robotic hand (Saga, N., 2007).
Table 1.I: Specification of full biped humanoid and humanoid heads with their neck mechanism
Name

Total DOF

ASIMO
(Sakagami et al., 2002)

24
3DOF x2 shoulder
1DOF x2 Elbow
1DOF x2 Wrist
1DOF x2 Finger
3DOF x2 Crotch
1DOF x2 Knee
2DOF x2 Leg
66
31 DOF head facial
emotion
35 DOF body motions
42
13 DOF Face
22DOF ARM
4 DOF Lower back
27
( just the head)
3 DOF x2 eye
11 DOF face emotion
22
4DOF – eye
7DOF –Arm

ALBERT HUBO
(Oh et al., 2006)

REPLIEE
(Shimada et al., 2006)

ROMAN
(Berns et al, 2006)

JAMES
(Jamone et al., 2006)
COG
(Brooks et al., 1998)

BARTHOC
(Spexard et al., 2007)
WASEDA -4
(Miwa et al., 2003)

DAV
(Han et. al., 2002)

KISMET
(Breazeal et. al., 2004)
YIREN
(Tiejun et. al, 2005)

ROBOTA
(Guenter et al., 2005)

Neck
DOF
2

Range

Neck
motor

Actuator
Servo+ Harmonic

N/A

3
N/A

3

3 servo
motor

DC Servo motors
+
Harmonic
reduction unit
Air actuator

N/A

4

+/- 600 vertical
+/- 300 horizontal
+/- 300 frontal
+/-400 Nodding

3
N/A

21
6DOF arm x 2
3 DOF torso
3DOF eyes
43 degrees
10 DOF face

3

29
21 DOF Face
1 DOF Lung
2 DOF waist
43 Total
2DOF torso
7DOF arm x 2
8DOF hand x 2
5DOF head
3DOF base
15 DOF face
2DOF ear
23 Total
7DOF Arm
1DOF hand
2DOF waist
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23
3DOF spine
7DOF Arm X 2
3DOF eye

N/A

DC Motors
w/optical
encodder
Rotary motor
(Faulhaber)
DC electric motor
with a series
spring

N/A

N/A

3
N/A

3

N/A

2

400/-300 pitch
-450/450Yaw

3

+/- 800 yaw
+/-400 pitch
+/-300 roll

N/A = not available

12

DC motor
+
Anti- backlash
gear motor

Maxon DC servo
motors

Faulhaber
Motor

1.4 Actuation Technologies
As it was seen in the previous sections, various types of actuators are utilized for
humanoid face actuation as well as neck mechanism. In this section, basic principles of artificial
muscle technologies and comparison between each of them is presented. Artificial muscle
technologies can be categorized depending upon the mechanism, and environmental operating
conditions (dry or wet).

The common actuation technologies include electromagnetic,

electrostrictive, dielectric elastomer, liquid crystal elastomer, conducting polymer, carbon
nanotube, ionic polymer metal composite, shape memory alloys (thermally activated,
ferromagnetic), and pneumatic actuators. Artificial muscle technologies outperform natural
muscle in some metrics, but fail to satisfy the entire set of criteria. Some of the key metrics
commonly used for comparison include: (1) Stress: force generated per unit cross-sectional area
of an actuator. Usually peak stress is reported in the literature for comparison, (2) Strain:
percentage change per unit total length of the actuator in the direction of deformation, (3) Strain
rate: defined as the average change in strain per unit time, (4) Energy density or work density:
often used interchangeably to refer to the amount of energy generated by the actuator in one
cycle per unit volume, (5) Specific power or power to mass ratio: the work done per unit time per
unit mass of the actuator. Since only the mass of the actuator is used for determining specific
power, it does not represent the total volume required by the actuator, (6) Efficiency of an
actuator is another metric used for comparison and refers to the ratio of work done by the
actuator to the total input energy to the actuator, (7) Electromechanical coupling: represents the
fraction of input energy that is transformed into work including both work done by the actuator
and energy stored in the actuator, (8) Longevity or life cycle: the number of cycles over which
the actuator provides repeatable stress and strain without undergoing permanent deformation, (9)
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Input power: since most of the actuation technologies require input electrical energy, the input
excitation is usually listed as voltage. However the magnitude of current should also be listed to
determine the efficiency. It is important to consider several of these parameters before selection
of appropriate actuation technology. For example – by considering only the efficiency or speed
of operation, one might be tempted to choose a pneumatic actuator for a particular application.
But the efficiency calculation doesn’t account for a bulky compressor which is used for the
actuator to function. The next subsections will briefly discuss about the basic principles of
different actuation technologies and basic mathematical relationship describing the parametric
relationships.

1.4.1 Piezoelectric
Piezoelectric actuators operate under the principle of reverse piezoelectric effect. The
reverse piezoelectric effect is the ability of a piezoceramic to generate strain under the
application of electric field as shown in Fig. 1.2.

Fig.1.2 Schematic diagram of converse piezoelectric effect
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The full constitutive relationships of linear piezoelectric materials can be described by Eq. 1.1,
where σ stands for stress (6 x 1 vector), S is the strain (6 x 1 vector), D is the electric displacement (3
x 1 vector), εσ is the dielectric permittivity at constant stress (3 x 3 matrix), d is the piezoelectric

strain coefficient (3 x 6 matrix), sE is the compliance at constant electric field (6 x 6 matrix) and E is
the electric field (3 x 1 vector). The notation dT represents the transpose of the piezoelectric
strain coefficient.

 S  s E
 D  
  d

d T   
 
  E 

1.1

A typical poled piezoelectric material exhibits a characteristic hysteresis curve (P-E loop) as
shown in Fig.1.3 (a). The curves indicate that with increasing electric field a positive polarization
is generated until the saturation limit (Psat) is reached. On reducing the electric field, the path
followed is different and crosses the remnant polarization (Pr) state. The stress-electric field loop
is another characteristic of piezoelectric material as shown in Fig. 1.3 (b). This figure implies
that there is a dimensional change in the material which follows different path for increasing and
decreasing electric field.
(a)

(b)

Fig. 1.3 Characteristic curve of piezoelectric material: (a) hysteresis curve for polarization (P-E
loop) and (b) Relative increase or decrease of strain in the direction of polarization (S-E loop).
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Piezoelectric actuators have fast response time, high generated force per unit area and
high resolution in displacement. These actuators can be easily miniaturized and still provide
excellent control over the motion. Other advantages of the piezoelectric motor include: (i) it can
store large energy (ii) no electromagnetic noise generation (iii) high efficiency, (iv) non
flammable, and (v) safe in overload and short circuit condition. Compared to magnetostrictive
actuators and shape memory alloys, piezoelectrics have advantages of being two-way drive, not
requiring magnetic shielding or a heat source and maintaining stable operation over a prolonged
period of time. However, the strain output is limited below 2% (Scott, 2007).
A piezoelectric motor operates with a unique principle of simultaneous excitation of
bending and longitudinal mode on a piezoceramic. The superposed excitation of the modes can
create an elliptical motion on a piezoelectric element which can then be utilized to drive a linear
stage and obtain unlimited stroke. Fig. 1.4 is a schematic diagram illustrating piezoelectric
motor. The HR1 motors of Nanomotion Inc. provide high precision and combine unlimited
stroke with high resolution in compact dimensions. The motor provides a linear response to the
input voltage. The operation of the motor and driver resembles that of a DC-motor driven by a
voltage amplifier. A command voltage 0 up to ±10V is applied to the driver. The driver than
generates a 39.6 kHz sine wave whose amplitude is a function of command voltage. This signal
is used to drive the motor. A mounting plate could be designed to resist the axial loading of the
piezo finger using low profile linear slides. While in operation the power consumption of HR1
motors could reach 4.32W for 3 motors (1.44 W/motor) in the full drive condition using an
amplifier and a DC voltage source. One of the advantages of using ultrasonic motor is that they
don’t require power once a commanded position is set.
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Bending mode

Longitudinal mode

Fig 1.4 Piezoelectric motor (a) principles of ultrasonic motor (b) Nanomotion ultrasonic
motor HR1 ( Source: Nanomotion Inc)

1.4.2 Electromagnetic
Electromagnetic actuators could be AC or DC type depending on the excitation
requirement. The principle of operation of these actuators is based on Faraday's law of induction.
If both magnetic field and electric field exist around a conductor, the conductor moves
perpendicular to both electric field and magnetic field. Such effect can be utilized in a variety of
ways to make electromagnetic based actuator. Fig. 1.5 illustrates the principle of electromagnetic
actuators. RC servo motors are electromagnetic based actuators that are ubiquitously utilized for
actuation of small mechanical systems such as mini-aircraft. The motor can be controlled with
variety of commercially available controllers which can generate pulse width modulation (PWM)
signal. Internally RC servo motors have a potentiometer feedback that keeps track of the shaft
position. The controller can receive and transmit commands from a computer with standard RS232 serial port. The overall cost of RC servo motors is cheap ($20 or less), typical size of the
motor is 30 x 12 x 30 mm (model HS81) and weighs 16 gm.
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(b)

(a)

Source: http://www.hitecrcd.com
(source:http://hyperphysics.phy-astr.gsu.edu)
(c)
Fig.1.5 Electromagnetic actuator: (a)
schematic diagram of DC motor (b) RC
servo motor (c) Characteristic curves of
electromagnetic motor

1.4.3 Pneumatic actuators
Air muscle actuators are becoming important in the robotics community since their
introduction in 1980s. Pneumatic air muscles (PMAs) use compressed air to create contraction in
their thin flexible reinforced membrane. PMAs usually appear as a pair of agonist and antagonist
configuration to perform both contraction and relaxation. The advantages in selecting air muscles
are flexibility, light weight, smooth movement, damped motion and high power to weight ratio
compared to that of DC motor. Some of the drawbacks of PMAs are the requirement of extra
compressor and solenoid valves to operate; difficulty in control especially for long tubes due to
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pressure drop; noise generated due to pressure flow and the non linear response characteristics.
Fig. 1.6 demonstrates pneumatic muscle actuators under normal and inflated condition. Two
typical characteristic curves of PMAs, contraction verses pressure and force verses length are
also shown in Fig. 1.6 (b) and (c).

(a)

(b)

Fig. 1.6 Pneumatic Actuator: (a)

(c)

muscle

under inflated and relaxed condition, (b)
Force vs length characteristic curve, (and c)
Contraction vs pressure characteristics.
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1.4.4 Shape memory alloy
Shape memory alloys are smart material that exhibit shape memory effect and
superelastic effect. Shape memory effect is generally referred to the recovery of original shape
from deformed shape with residual strain through thermal cycling. The superelastic behavior
found in shape memory alloys (SMAs) is defined as the recovery of large strain by mechanical
cycling under constant temperature (Yan et al., 2003). Using three dimensional diagram shown
in Fig. 1.7, the correlation between these two phenomenon can be explained. In SMA wire under
normal atmospheric conditions, a pseudo-elastic deformation can be induced by applying stress
which is recoverable by thermal heat. The superelastic behavior in SMAs occurs at high
temperature where the strain exhibits hysteresis with load. SMAs have various advantages as
compared to other conventional actuators, namely: (i) overall profile is low typically, 100-500
µm in diameter, (ii) high force to weight ratio, (iii) deploy simple current drive, and (iv)
operation is silent. In spite of these advantages, SMAs have limited application due to their low
operational frequency and narrow bandwidth. The bandwidth is limited due to the time required
for heating and cooling of the actuators. The response time of SMA actuator is also dependent on
preloading stress, loading condition and amplitude of activation potential. Detailed study of
tailoring the response time of commercially available shape memory alloy actuators can be found
in Tadesse et al, 2009.
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(b)

(a)

(c)

(e)
(d)

Fig.1.7 Characteristics curves for SMAs: (a) 3D characteristic stress-strain-temperature (σ-ST) behavior, (b) superelastic behavior, (c) shape memory effect (d) fraction of martensite as a
function of temperature,

and (e) stress vs. transition temperature showing the four

characteristic temperature, Ms,Mf,As and Af. The characteristic temperatures may be different
for Flexinol and Biometal fiber.

The general one dimensional governing equation of SMA actuator including thermal stress can
be obtained from the constitutive relationship given in a rate form (Elahinia and Ashrafiuon,
2002, Moallem, M. and Tabrizi, V., 2009) and can be written as:
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   0  Esma S  S 0      0    T  To 

1.2

where 𝜎, S ,  and T represent the stress, strain, fraction of martensite and temperature in the
SMA actuator respectively. The respective subscript in each symbol represents the initial
condition; 𝐸𝑠𝑚𝑎 is the Young’s modulus;  is the thermal expansion coefficient; Ω is the
transformation coefficient of material constant which can be determined from hysteresis loop of
SMA ( Ω = 𝐸𝑠𝑚𝑎 𝑆𝑙 ). If thermal stress in SMA is neglected, Equation 1.2 will reduce to only the
first two terms (Leo, 2007). The thermal expansion in SMA is in the range of micropascal per
degree centigrade. Fraction of martensite ranges between 0 and 1 (𝜉 = 1 for martensitic phase
and 𝜉 = 0 for austenitic phase). Average value of modulus of elasticity of austenite and
martensite in SMA modeling provides a close approximation (Elahinia and Ashrafiuon, 2002). In
another scenario, the modulus of elasticity of the SMA actuator is dependent on the fraction of
martensite and varies as the internal temperature states changes in time (Zhu and Zhang, 2007).
The change in modulus can be written as:
Esma    Ea   Em  Ea 

Variable modulus

1.3

Esma  0.5Ea  Em 

Constant modulus

1.4

The fraction martensite is a function of transition temperature and can be obtained from kinetic
law. The four characteristic temperature, martensite start (Ms), martensite finish (Mf), austenite
start (As), and Austenite finish (Af) are dependent on the stress level. Considering the austenite –
martensite and martensite – austenite transformations as harmonic functions of cosines, the
fraction of martensite with non zero stress state can be expressed by Eq.1.5 as ( Leo D.J 2007):

M A 

aA  
1 
   1
cos a A T  As  
2 
CA  

Where a A 

 A M 

1.5,a


A f  As

aM  
1 
   1
cos a M T  M f  
2 
CM  

1.5,b
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where a M 


Ms  M f

The conditions for switching martensite fraction according to the enhanced phenomenological
model (Elahinia, and Ahmadian, 2005) are dependent upon the stress, temperature and the rate
form of stress and temperature in the SMA. These condition can be written as :



 A f and T 
0
CA
CA

Martensitic phase if

As  T 

Austensitic phase if

Mf T 




 M s and T 
0
CA
CA

1.6,a

1.6,b

The slope of stress and transformation temperature sometimes called stress influence coefficient
provides the value of 𝐶𝐴 and 𝐶𝑀 which corresponds to the austenite and martensite respectively.

1.4.5 Electroactive Polymer (EAP)
Electro active polymer is a class of smart material that incorporate polymer as the main
constituent element. Conducting polymer (conjugate polymer), ionic polymer metal composite
(IPMC), dielectric elastomer, carbon nanotube (CNT) are categorized under EAP. Their
operation is either electronic or ionic charge transfer that results in volume change.
(a) Dielectric elastomer
Dielectric elastomer is an electroactive polymer made out of polymer film sandwiched between
two electrodes. When potential is applied on the top and bottom electrode, electrostatic force
induces a change in dimension. Maxwell’s governing equations are commonly utilized to model
dielectric elastomer actuators. Eq. 1.7 is the relationship that provides us the effective stress σ. In
this equation, 𝜀 is relative dielectric constant, 𝜀𝑜 is permittivity of free space and 𝐸 is the electric
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field. The schematic diagram shown in Fig. 1.8 illustrates working principle of dielectric
elastomer actuator under normal and actuated state.
𝜎 = (𝜀)(𝜀𝑜 )(𝐸 2 )

1.7

Fig. 1.8 Dielectric elastomer actuator: (a) before potential is applied, and (b) after high voltage is
applied. (Source : SRI international)

(b) Polypyrrole actuator
The principle of operation of polypyrrole conducting polymer actuator is based on
diffusion of ions in and out of the polymer when a potential is applied between the actuator
terminal and a counter electrode. The chemical redox reaction allows the flow ions and results in
a volume change of the polymer. The actuator can be synthesized from a pyrrole monomer in the
presence of large dopant ion using electrochemical deposition. Fig. 1.9 shows three states of
conducting polymer actuator in neutral state, partially oxidized state losing an electron and fully
oxidized state losing more electrons along the polymer chain.
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Fig.1.9 Working principle of conductive polymer actuator.

Modeling of bulk polypyrrole based actuators can be done using difussive elastic model
proposed by Madden, 2004. The difussive elastic model relates the electrochemical stress, strain
and the strain to charge ratio coupling term as:

S ppy 

 ppy
E ppy

  ppy  ppy

1.8

where S ppy is the strain in the polymer,  ppy is the stress in the axial direction, E ppy is modulus
of elasticity of the polymer,  ppy is strain to areal charge ratio in axial direction supplied to the
actuator [1/(C/m2)], and  ppy is charge density [C/m2]. In the case of composite structure
consisting of polypyrrole, the governing equation needs to be modified and detailed discussion
will be presented in chapter 6.
Artificial muscles based on a conducting polymer have been attracting attention because
of large strain, low operating voltage (<10V), and high blocking stress (~34MPa). High
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molecular weight polypyrrole (PPy) actuators have the possibility to generate large stresses (34
MPa), strains up to 2- 12 % and specific power to mass ratio of 150W/kg at low driving voltages.
The performance of conducting polymer actuators is highly dependent on the synthesis process,
characterization technique, and operating condition. Aguilar-Hernandez and Potje-Kamloth have
shown that the conductivity of polypyrrole–polyoxyphenylene composites varies by five orders
of magnitude in the temperature range of 77 – 300 0K (Aguilar-Hernandez, J and Potje-Kamloth,
K., 2001). Anquetil has shown that PPy actuator operating in ionic liquid (1-butyl-3-methyl
imidazolium tetrafluoroborate) exhibits 16% strain under 2.5 MPa at strain rate of 0.4%/s
(Anquetil,

2004).

It

has

also

been

shown

that

PPy

actuator

doped

with

trifluoromethanesulfonimide (TFSI) exhibits higher strain rate as compared to polypyrrolehexafluorophosphate (PF6) (Wu et al.,2006). The actuation principle was based on change in
polymer volume due to diffusion of ions and solvent when electric current was applied in a wet
environment. Ding et al., (2003) have shown that PPy deposited on platinum (Pt)-wire core has
improved actuator performance due to: (i) improvement in conductivity which reduces the ohmic
voltage drop in the bulk actuator, and (ii) enhanced rigidity.
A comparison between natural muscle and existing actuator technologies is presented in
Table 1.II. Based upon the merits mentioned above, we have focused our research on PPy
actuators for facial robotics application. PPy actuators have previously been also considered for
application in underwater vehicles for varying the camber geometry profile and shown promise
(Madden et al., 2004).
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1.5 Actuator comparison
Smart material technologies for artificial muscles have been previously reviewed by
Madden et al., 2004 and Kornbluh et al., 1998. Table 1.II presents a modified comparison of
common actuation technologies suitable for artificial muscle applications. This comparison table
is modified from that presented by Kornbluh et al., 1998 to include actuation voltages and
geometry and provide overall picture of actuation technologies. The data in this table is limited
by the information presented in publications. We would like to make a comparative analysis in
terms of volumetric power density (required power per unit volume) but the data reported in
literature is not sufficient to perform this calculation.
Table 1.II. Comparison of actuators technology
Actuator Type

Max

Max

Max

Max

Specific

Relative

Eg.

Drive

strain

Pressure

Energy

Efficie

density

speed

Device

(Voltage/

(%)

MPa

density

ncy

or sample

Current)

%

Size

3

(J/cm )
Electrostrictive polymer
Artificial muscle [4]

-

-

Silicone

32

0.21

0.034

90

1

Fast

Thickness

-

Polyurethane

11

1.9

0.10

80

1

Fast

1-4μm

-

P(VDF-TrFE)

4

15

0.3

-

1.8

Fast

- Acrylic

215

7.2

3.4

60-80

1

Medium

diameter

-150

- Silicone(CF 19-

63

3.0

0.75

90

1

Fast

pump

MV/m

-150 μm

- 190-300

Diaphrag

V

Dielectric Elastomer [5]

200V

-3 mm

2186)

m
Electrostatic Devices [5]
( Integrated Force Array)

50

0.03

0.0015

>90

1

Fast

- Ceramic (PZT)

0.2

110

0.10

>90

7.7

Fast

- Single crystal(PZN-PT)

1.7

131

1.0

>90

7.7

Fast

-120 x 27

- PVDF[5]

0.1

4.8

0.0024

--

1.8

Fast

x 0.3 mm

Piezoelectric

27

-

- MFC ( d33 mode)

0. 45

>40

---

--

--

Fast

beam

1500/50V

[22,23]

Electromagnetic [5]
( Voice coil)

50

0.10

0.025

>90

8

Fast

Shape Memory Alloy
-

(NiTi) [4,24]

>5

>200

>5

<10

6.5

Slow

100

4

2

<10

1

slow

Shape memory Polymer
(Polyurethane) [5]
Thermal
(Expansion) [5]

-

Wire
diameter
25-500
µm
commerci
ally
available
-

V = 27
V/m
(for 100
µm)

<10V
-

1

78

-Conducting polymer [3]

2-12

5-34

(TFSI-doped PPy)[7]

37

≈1

0.4

<10

2.7

slow

Electrochemomechanical

- Polyaniline [5]

10

450

Slow
<1%

~1

-

13.8% /s

<10V

†

23

Ionic polymer metal

-30 x 3 x

composite (IPMC) [3, 25]

>2

(Using cantilever effect)

40

≈ 15

0.005

2.9

-

3.3 % /s

0.21mm

<10 V

cantilever

[26]
Liquid crystal Elastomer

45

0.45

0.056

<5%

[3]
Carbon nanotubes [3]

~1

>10

0.04

-

-

Molecular actuators[3,6]

20

1

0.1

-

-

>40

0.3

0.06

30

0.2

70

0.025

>40

0.35

0.07

6-37

1.25

% /s

MV/m

19 %/s

2V

-

-

2V

~1

Slow

-

-

60

9

Fast

-

-

>35

1

Med

-

Mechano-chemical
Polymer
/Gels (polyelectrolyte)[5]
Magnetostrictive
(Terfenol-D, Etrema
Products) [5]
Natural muscle

N/A

( skeletal muscle) [5,26]

It is important to consider several of these parameters before selection of appropriate
actuation technology for facial muscles. For example – by considering only the efficiency or
speed of operation, one might be tempted to choose pneumatic actuator, however the efficiency
calculations don’t take into account bulky compressor. SMA actuators are another promising
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candidate for facial muscles because of low profile, high force to weight ratio, simple current
drive, and silent operation. But SMA’s suffer from several drawbacks including low operational
frequency, narrow bandwidth and high magnitude of driving current. Comparing all the actuation
technologies in this table 1.II, it can be seen that conducting polymer based actuators provide
large strains (>20%) at low driving voltages (<10V) with high energy density and blocking stress
~34MPa (Hara et al., 2006). Further, these actuators have possibility to provide optimum
frequency range as required for facial muscles. The actuators can be synthesized at room
temperature using electrochemical depositions which makes them easily available (Tadesse et
al., 2008). The dimensions of the actuator can be controlled by changing the electrochemical cell.
Further, there is a possibility for conducting polymer actuators to be bundled together for
providing additive effect. Due to these advantages, artificial muscles based on conducting
polymer actuators have been attracting attention.
Another comparative plot shown in Figure 1.10, illustrates the blocking stress, strain, and
voltage requirements of prominent artificial muscle candidates with that of human muscles. Four
actuator technologies which are promising candidates for humanoid facial muscles are presented
in Table 1.III. This table provides a relationship between stress, strain and voltage requirement.
The performance of actuators can be compared in terms of blocking force and free strain.
Ignoring the hysteresis loop for forward and backward actuation, the relationship between
blocking stress and free strain can be expressed by a linear line with a negative slope represented
as:

 

b
Sf

S b

1.9
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where σ is the stress generated by actuator, σb is the blocking stress of the actuator at zero
displacement, Sf is the free strain of actuator when no external load or constraint is applied on it,
and S is the strain at given stress. Equation 1.9 can be written for low profile actuator
technologies and geometry as shown in Table 1.III.
Table 1.III: Stress - strain relationship for four low profile actuator technologies.
Actuator

Comment

Blocking stress-strain equation

Type
Shape

Current consumption is 180 mA at

memory

𝝈 = −4.7𝑥103 𝑺 + 1.9𝑥102 (a)

applied field of 27 V/m. Eq. (a) for 100

alloy

𝝈 = −4.5𝑥103 𝑺 + 1.8𝑥104 (b)

µm diameter wire and Eq. (b) for 127
µm diameter wire
( Dynalloy Inc. www. Dynalloy.com).

Dielectric
elastomer

Dielectric elastomer though provide
𝝈 = −4.8 𝑺 + 3𝑥100

high practical strains up to 63 %, the
required electric field is too high. It is
in order of 110-350 MV/m (J.D
Madden, et al., 2004; Kornbluh et
al.,1998; Kornbluh et al.,2000. A 150
µm thick diaphragm requires about
190-300V (Kornbluh et al., 2000).

Conducting
polymer

Polypyrrole actuator is promising as it
𝝈 = −1.7𝑥103 𝑺 + 3.4𝑥101

(a)

requires

𝝈 = −4.2𝑥101 𝑺 + 5𝑥100

(b)

Typical strain is between 2-12 % and

small

power

<100mW.

stress is in the range of 5 - 35 MPa.
Eq.(a) for 34 MPa, 2% strain and Eq.
(b) for 5 MPa, 12 % strain (J.D
Madden, et al., 2004, Tadesse et al.,
2008, 2009).
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Pneumatic

- Extended actuator length 1780 mm
𝝈 = −1.9𝑥100 𝑺 + 6.5𝑥10−1

with contracted diameter 70 mm

(a)

exhibiting force of 2500N and strain of

𝝈 = −14.5𝑥100 𝑺 + 4.4𝑥100

35 % (Davis, and Caldwell, 2006).

(b)

- Braided pneumatic muscle having
length of 614 mm, outside diameter of
14.3 mm, diameter of one strand is 25
mm, number of strand 240, length of
one strand 650 mm, and spiral number
4.7

(Davis,

and

Caldwell,

2006;

Tsagarkis and Caldwell, 2000). Eq. (a)
for 500 kPa and Eq. (b) for 300 kPa.
Power

requirement

of

pneumatic

actuator is usually high because it is
driven by a bulky compressor and also
requires

a

electrically

activated

solenoid valve.
Natural

𝝈 = −8.7𝑥10−3 𝑺 + 3.5𝑥10−1

Muscle

Assuming natural muscle as a linear
actuator (J.D. Madden, 2004; Kornbluh
et al., 1998).

The blocking stress and strain diagrams for different types of actuation technologies
are shown in Fig. 1.10 (a) – (c). Figure 1.10 (a) and (b) show the linear expressions presented in
Table III, and Fig. 1.10 (c) illustrates a logarithmic plot of the same expressions. Various
actuation technologies can be represented as a curved line and the plot shown in Fig. 1.10 (c)
considers the promising actuator technologies for humanoid application.

Another three

dimensional plot takes voltage requirement of the actuation technologies into account and is
shown in Fig 1.11. This figure describes the relative voltage required to actuate the artificial
muscles per length or thickness of the actuator along Z-axis. The Y and X axis shows the
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logarithmic plot of blocked stress and strain of the actuator respectively. Since several of these
mechanisms are not yet matured technology, the values reported in literature are scattered and it
is difficult to make a power density comparison. As the data becomes available, it will be useful
to generate a plot in terms of power required per unit volume of the actuator. From these figures
it can be seen that SMA’s are appropriate actuators technologies in humanoid face as they
require moderate power and provide enough strain and force. SMA actuators have certain
advantages as compared to that of conventional actuators, namely: (i) low overall profile
typically in micron size diameter, (ii) provide highest force to weight ratio, (iii) use simple
current drive, and (iv) operation is silent. In spite of these advantages, SMA actuators have
limited application due to their low operational frequency and narrow bandwidth. The bandwidth
is limited due to the time required to heat and cool the actuators. The response time of SMA
actuator is also dependent on preloading stress, loading condition and amplitude of activation
potential. We have characterized the actuator performance of commercially available nickel titanium (NiTi) based shape memory alloy actuators, Flexinol (Dynalloy Inc.) and Biometal fiber
(Toki Corporation). It was found out that for equal diameter of Flexinol and Biometal fiber, the
biometal fiber cools faster than the Flexinol. Flexinol force generation rate was of the order of 1
– 7 MPa/s in the pre-stress range of 0 – 160 MPa where as for Biometal fiber the force
generation rate was 10 – 80 MPa/sec in the pre-stress range of 0 – 320 MPa (Tadesse et al.,
2009). One of the clear differences between the two SMA actuators (Flexinol and Biometal) is
their flexibility where Biometal fiber is more flexible. Thus, Bio-metal fiber was selected in this
study as compared to Flexinol. Most importantly, SMAs in length of meters can be acquired with
repeatable performance.
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Fig.1.10 Blocking stress – strain relationship of actuator technologies for humanoid face. (a)
wide range stress (b) inset of lower stress (c) logarithmic plot . CP = conducting polymer, SMA
= shape memory alloy, DE = dielectric elastomer and PM = pneumatic muscle.
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Fig. 1.11 Comparison of actuator technologies: blocking stress, strain and voltage requirement
per unit length/thickness for voltage driven device application. CP = conducting polymer, SMA
= shape memory alloy, DE = dielectric elastomer and PM = pneumatic muscle.
† Note that the voltage applied to dielectric elastomer is in the thickness direction of the actuator and usually the thickness is in
micron range. This will reduce the overall voltage consumption. However, the total voltage required is still quite high. For
example, a 10 micron thick membrane normally consumes ~1kV. The total volume of the actuator is also large since it requires
pre-stretching mechanism to operate.
‡SMA actuator power consumption is often specified in terms of the length of the actuator. A 100 micron diameter and 100 mm
long wire will consume 2.7 V.
* Pneumatic actuator is difficult to compare because it requires several peripheral elements to operate. But the power requirement
can be considered high.
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1.6 Computational and Analysis Tools for Facial Expression
Prior research in the area of facial expression have used computational tools to create
model for various functions such as: gesture synthesis from a sign language for animated
humanoid (Papadogiorgaki et al., 2006), synthesis of images from audio and video object for
communication (Lavagetto et al., 1996), interaction between human and humanoid accounting
for the reaction to a subject group (Chaminade et al., 2005; Kikuchi et al.,2004; Laschi et
al.,2003), and a linear affect model for a mascot face (Lee et al.,2006). There have been studies
conducted on understanding and implementing the interaction between a human and machine
interface (Hasanuzzaman et al.,2005; Sekmen et al.,2002; Shiomi et al., 2004; Breazeal et al.,
2004) .
Various face models have been proposed based on computer graphics based simulations.
Among these, a finite element model that combines anatomical facial muscle structure with
physical model of a human face was suggested to create realistic resemblance (Trezopoulos and
Waters, 1990). The method basically formulates a second order discrete differential equation to
simulate facial tissue using a hexahedral deformable lattice element on a graphic workstation.
The elements are applied on the solid model as a mesh and by driving control points at selected
points, various expressions were demonstrated. A user can interact with the meshed graphic solid
model through a menu that allows specification of each muscle contraction. Parametric
normalization schemes have been proposed to produce facial expression for a robotic head
system (Fukuda, 2004). In this case, the percentage changes of facial features with respect to
normal feature positions were taken as a normalized parameter to qualify the various
expressions. A kinematic link model with revolute and prismatic joints has been used to show the
six basic facial expressions through simulations.
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There are 268 voluntary muscles that are responsible for creating facial expression. Three
main types of muscles that are common include: (i) linear muscles which share common anchor
points, (2) sheet muscles that run parallel to each other and are activated together, and (iii)
sphincter muscles that contract at center point (Burrows, 2008; Trezopoulos, and Waters., 1990).
Mimicking all the voluntary muscles on facial expressive humanoid is challenging issue and
none of the humanoid heads developed so far duplicate all the facial muscle of biological head.
The highest degree of freedom achieved using servo motor (typical size being 30 x 12 x 30 mm)
based humanoid heads is 39 action units where the overall size of head was comparable to
normal sized human (Oh et al., 2006). If a contractile type of actuator is utilized to drive the
control points, the sinking points (or the terminating points) of the actuator on skull should be
selected systematically. The sinking point determines the magnitude of facial deformation as
well as the direction of action depending upon the configuration of artificial muscle. It has been
demonstrated in literature that control points (action units) on the face are close to the facial
features such as tip of the mouth, nose, edge of cheek muscle, frontal eyebrow and so on
(Hanson et al.,2006; Weiguo et al., 2004; Tian et al., 2004)

1.7 Objectives and document organization
1.7.1 Objectives
The objective of this study was to create human-like face utilizing artificial muscles and
skin and then characterize its performance. This objective was divided into following subtopics:
(1) Prototype development of a full size humanoid face and neck mechanism utilizing rotary
actuator and critically analyze its performance, (2) Synthesis and characterization of polypyrrolepoly(vinylidene difluoride) composite stripe and zigzag actuators as an candidate for artificial
muscles, (3) Synthesis and cyclic force characterization of helical polypyrrole actuators to
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achieve additive effect through bundling, (4) Design, fabrication and characterization of a biped
mountable baby humanoid head using shape memory alloy artificial muscles, and (5)
Development of a Graphical Facial Expression Analysis and Design (GFEAD) tool for
humanoids utilizing artificial muscles.

1.7.2 Document Organization
The dissertation identifies some important concepts of humanoid development from
actuation perspective and related topics of synthesis and characterization. It proposes realistic
solutions advancing the progress on humanoid face design and transition onto full body and
baby-size body platform. The thesis is organized into seven chapters consisting of various
sections and subsections. The first chapter provides literature survey covering state-of the-art in
this field and defines the overall problem. The second chapter discusses the design and
development of a humanoid head with rotary actuators and presents results on humanoid neck
with a four bar mechanism. The third chapter presents the results on synthesis and
characterization of polypyrrole-poly (vinylidene difluoride) composite actuators and their
application in jellyfish. The fourth chapter discusses the helically interconnected tubular
polypyrrole-metal composite actuators in terms of performance indices, synthesis and modeling.
The fifth chapter deals with twelve degree of freedom biped mountable baby head and
associated modeling of shape memory alloy based head using Simulink. The Sixth chapter
elaborates a new approach termed as "graphical facial expression analysis and design" for any
humanoid face. The last chapter summarizes the important contribution of the study.
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Chapter 2
Humanoid face utilizing rotary actuators and
realization of humanoid neck with a serial chain fourbar mechanism
2.1 Introduction
This chapter discusses in detail the development of a robotic head and the parametric
equations to drive the anchor points on robotic face with any rotary actuator. A formulation of
modular humanoid neck mechanism and the associated parametric equations used to evaluate the
performance of the neck are also discussed. The derived expressions were verified on a
prototypic robotic face capable of showing 16 different expressions. Any of these 16 expressions
can be combined to develop a new expression. Servo motors are the basic actuators utilized in
the implementation of face (Oh et al., 2006; Hanson et al., 2006; Tadesse and Priya, 2008).
Basically, these motors apply a linear stress on artificial skin to create deformation at specific
points known as control points. For this mechanism to be reliable and repeatable, a mathematical
relationship to drive control points on the robotic face should be known correlating the
deformation on the skin with that of actuator parameters. We derive the parametric model that
relates the deformation of artificial skin, the arm length used in pulling the control points, local
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stiffness of skin, the rotation angle of the rotary actuator and the orientation of actuator with
respect to a global reference coordinate.
Figure 2.1 shows the prototype robotic face, Lilly that was used to verify the actuation
model. The robotic prototype head has a unique architecture of embedded sensors within the skin
that allows for human-robot interaction. Around each facial features piezoelectric sensors detects
a touch stimuli and she can response verbally. If someone slaps her face she will respond with
strange command usually programmed by the user. The actuators used in this face were RC
servo motors. High torque motors (HS225) were used for nodding and a turning mechanism
while low torque servo motors (HS81) were utilized for the jaw movement, and skin
deformation. The skin was casted using RTV silicone material. Steel wires were used as the
anchors which connected the servo motor to control point on the face. Detailed design and
description of the face design has been reported elsewhere (US Patent 711,3848B2). The motors
are controlled by a Pololu controller which can run sixteen servo motors by generating
independent pulse width modulation (PWM) signals and potentiometer feedback. The controller
can receive commands from a main computer and transmit the data to the main computer with a
standard RS-232 serial port using a baud rate of 9600. The neck mechanism has two degrees of
freedom, and consists of two motors, a parallel linkage and spring helps stabilization of nodding
and turning mechanism. Both turning and nodding system uses a 4 bar mechanism with 4R (four
revolute) joint for nodding and RPRR (three revolute and one prismatic) joint for the 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.
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Figure 2.1: Location of sensors and actuators on robotic face (blue squares: sensor location;
white circles: control point).
The derivation of the actuation model takes into account the hardware design for facial
structure, stiffness of skin, control points, and position and orientation of driving actuators. A
humanoid facial expression is a synchronous movement of the control points that in turn create
the deformation on the skin dependent upon the stiffness and isotropy. To derive the control
points for attaining the desired magnitude of deformation on skin, the rotation angle of servo arm
connected to the control point should be determined which in turn requires the knowledge of a
functional relationship between the deformation vectors of each servo’s local coordinate with
respect to the global coordinate.

2.2 Architecture of the Face
In this section, we describe the basic constituents of the robotic skin. The skin material was
composed of platinum cured silicone, foaming agent, and silicone thinner. The mixture was cast
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within a polyurethane mold and a porous silicone skin which serves as a flesh. Generally, solid
elastomer requires higher force as compared to heat treated elastomer which produces pore by
evaporating the organics in the compound. We have developed the robot skin using a foaming
agent during the casting processes.

Figure 2.2: (a) sensor location on the face and (b) schematic diagram for the embedded sensor.
The skin has embedded sensors located at various points on the face as shown in Fig. 2.2.
The sensors allow response to touch stimuli. The sensors were unimorph transducers consisting
of a piezoelectric disc bonded to a brass disc. The diameter of piezoelectric disc was 8mm
fabricated using soft PZT material based on the composition Pb(Zr0.52Ti0.48)O3 –
Pb(Zn1/3Nb2/3)O3. The selection of piezoelectric unimorphs was based on following criteria (i)
low profile, (ii) light weight, (iii) fast response, and (iv) high capacitance. The small profile of
unimorphs allows them to be embedded inside the skin material without losing flexibility
(Tadesse et al., 2006). The output from the sensor was connected to a national instruments data
acquisition card PCI 6229. The card has a capability of taking 64 analog inputs with a 16 bit AD
converter. The signal processing was programmed such that the output of the sensor when
exceeds a threshold value (typically 1.1 V), it triggers a sub VI (virtual instrument) to convert a
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string into speech. The text string serves as the command for the actuators incorporated in the
robot head. The robotic head mimic the phrase by moving the lips movement. A library file was
created which lets the robot reply with a correct answer when the particular part of face is
touched with specific force. One of the concerns in sensing is small output voltage during
actuation. Figure 2.3 shows the interconnection between robotic head (actuators, skin and sensor)
and main computer.

Figure 2.3: Schematic diagram of connection between hardware elements (skin, motors and
embedded sensors) and main computer.

2.3 Model for Servo Drive
To achieve a multiple DOF robotic face, several servo motors are required as each motor
provides 1DOF of motion. The position and orientation of the motors determine the magnitude
and direction of facial deformation. To make the model robust, suppose the servo motors are
mounted within the skull in arbitrary orientation with respect to a global reference coordinate. In
Fig. 2.4, point O is control point, point P is fixed point on the skull where servo routine line
passes, and B is end point of the attachment of anchor wire with servo arm. To simplify the
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derivation, it is assumed here that anchor wire has tension greater than a critical value such that
the end wire BP is straight line. Let the X- and Z-orientation of servo arm with respect to global
coordinates be γ and α respectively and the position of point A which is rotation axis of servo is
known. The transformation of coordinate from the servo axis to the global axis can be obtained
by using a translation T and rotation matrix R as:

R T 
PR  

0 1

(2.1)

Note that the coordinate transformation is with respect to the frame of reference of the skull, not
with respect to body of the robot.

Figure 2.4: Schematic diagram for actuation.
Since the servo motor arm orientation is along two axes, the rotation matrix is along Z and X
only. The Y-axis of servo is always in the direction of servo arm. The rotation matrix R is given
by:
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(2.2)

The complete rotation matrix R is then given by:
 cos 
R  R x R z  cos  sin 
 sin  sin 

 sin 
cos  cos 
sin  cos 

0 
 sin  
cos  

(2.3)

The translation vector is center of servo axis Ai, and it can be extracted by using computer aided
design (CAD) model with respect to the global coordinate. Therefore, the projection matrix that
relates servo coordinate to global coordinate is given as:

 cos 
cos  sin 
PR  
 sin  sin 

0
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0
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The position of point B with respect to local coordinate and point P with respect to global
coordinate is given by:
B  0 r

0 1

T

,

P  x P

yP

zP

1

T

(2.5)

where r is the servo arm length and P is the position fixed on the skull. When the servo motor
rotates θ0 about its local Z-axis, the new global position of point Bw’ can be obtained by
multiplying Eq. (4) with the position B '  r sin 

r cos 

T
0 1 . The original position of point

Bw in the global coordinate can be obtained by the product of Eq. (2.4) with B  0 r 0 1T as
shown in Eq.(2.6):
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r cos  sin   r sin  cos   x A
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(2.6)

The change in length of the anchor wire that applies tension on the skin is obtained as following:
x 2  Bw ' Bw

2

(2.7)

x 2  2r 2 1  cos 

(2.8a)

The required angular motion of servo arm can be obtained from Eq. (2.8a), where x is rigid
body deformation of skin required for specific expression. It should be noted that for one to one
correspondence of motor to facial action, the deformation vector is independent of the orientation
of servo axis of rotation. Eq. (2.8) can be extended to be a vector [nx1] for a corresponding
deformation vector x . For example, a surprise type of facial expression includes raising eye
brow; opening of eyes and the mouth (Δx1, Δx2, Δx2, ...). These are represented as deformation
of the control points around the facial features. The relationship for the specific expression
considering only the rigid body deformation, is related to the corresponding servo arms (r1, r2,
r3,…) and rotation angles (θ1, θ2, θ3,…). In vector form it can be written as Eq. 2.8b.
 x1 2 
 r1 2 1  cos 1

 2
2
x 2 
r 1  cos  2
2

x 
 2 2 2
 x 2 
 r 1  cos 
3
 3 
3
...
....











(2.8b)

2.3.1 Effect of skin stiffness
The magnitude of actual deformation cannot be obtained from rigid body motion only;
rather the effect of compliance should be taken into account. The desired local deformation of
skin will be equal to the difference between rigid body deformation and the sum of compliance
effect and slackness of wire pulling the skin, given as:
∆𝑥𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = ∆𝑥 − (∆𝑥𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 + ∆𝑥𝑠𝑙𝑎𝑐𝑘𝑛𝑒𝑠𝑠 )

(2.9)

where ∆𝑥 is purely a geometrical parameter and can be found from the analysis of coordinate
transformation, i.e. the relation between angular motion and radius of arm length (Eq.2.8),
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∆𝑥𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 is a material and orientation property which can be obtained experimentally from
force vs. displacement characteristics and is a function of force and area under stress. If the
anchor wire that pulls the skin is in tension, Δxslackness can be assumed to be zero. In that case,
∆𝑥𝑐𝑜𝑚𝑝𝑙𝑖𝑎𝑛𝑐𝑒 =

1
𝛽

𝐹

(2.10)

where F is the force applied by the servo motor used for actuation, and β is the compliance
coefficient. Figure 2.5 demonstrates the actual scenario of skin actuation with a servo. A is a
point of interest on the face where face deformation is observed while B is an anchor point on the
The compliance 𝛽 should be determined

skin where the wire is directly attached.

experimentally as it will vary depending on the location of the anchor points.
Skin thickness (X2-X1)

B

A

Figure 2.5: Skin and actuator schematic diagram.

The required angular motion which is determined by the procedure described through
equations in the previous section is shown as a dotted line on the schematic for the facial
actuation block diagram in Figure 2.6. The parametric matrix P [nx2] is composed of the arm
length of servo ri , centroid of each servo axis, the  i and  i orientation angle of the servo arm
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with respect to the global coordinate system. The orientation angle  i represents the angle
between each local Z and the reference Z axis, whereas angle  i represents the angle between
local X axis with respect to the reference X axis. The deformation block is [nx1] dimensional
vector of required displacement for each action. The angle function block (AFB) calculates the
desired angular motion of the servo based on the knowledge of deformation of anchor points and
parametric matrix. The block solves Eq.(2.8) to determine each rotation angles.

Parametric matrix
P

Deformation
Δx

θ
Angle function
AF

Angle to Bit
Converter
(ABC)

Command

Computer
port

Figure 2.6: Block diagram of the drive for servo motor drive.

For servo motors controlled by main computer, the command is given as a bit signal
rather than angle, i.e., the angle needs to be converted into an integer bit value. The angle to bit
(ABC) converter changes the angle into an integer value. For eight bit controller it ranges from
0-255 (28-1). This block is used for servo motor controller which has a protocol that changes
angle command into bit value. In the case of a Pololu controller used in this prototype, the
integer 0 corresponds to -450, 127 to 00 and 255 corresponds to 450. The block also selects
appropriate functions depending on the addresses of servo channel. A function f1 is selected if
the address channel is between 0 and 15 with an approximately 900 (450) range of angle. The
other function f 2 will be chosen if the channel is above 16 (16-31) with a full range of 1800
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(900) angle. The integer value along with the synchronization bit and servo number are
combined in command block and sent to the serial port. The command block synchronizes sync
bit, servo channel and position angle with a format of [sync, channel, position] sequence. This
way, each channel can be used as virtually two. For example, suppose zygo smile action is
connected to channel 1 and the calculated angle from Eq.(2.8) is + 600( clockwise). The ABC
block selects f 2 and adjusts the command to be sent to the serial port to be 16, not channel 1.
Therefore the protocol will be [<255>, <16>, <213>]. The values in the protocol represent
synchronization bit, servo channel bit and integer value of the position angle respectively. If the
calculated angle had been 300, the ABC block will select channel 1 and hence the protocol sent
would be [<255>, <1>, <213>]. Similar conversions can be adapted by introducing different
switching functions for other actuators that don’t use the same Pololu controller. After the
required angular movement of each servo is determined from angle function block, the f1 or f 2
can be determined immediately. That is, if the range of the calculated angle is between ±450, f1
is selected. If not f 2 will be selected. The angle to bit converter is a function block which selects
the appropriate function defined as follows:
2n  1
2n  1
)  (
)
90
2
2n  1
2n  1
f2  (
)  (
)
180
2
f1  (

if

  (45,45)

if

  (90,90)

Where n is the bit number of the controller (8 bit or 16 bit), θ is the angle and f1 & f1 represent
switching functions. For 8 bit controller used here, 2n  1= 255. The commands can then be sent
into the serial port.
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For one to one correspondence of motor to facial action, the deformation vector is independent of
orientation of servo axis. The actuation parameter can be combined into one matrix by including
the arm length of each servo (𝑟𝑖 ) local elasticity (𝛽𝑖 ), and the desired deformation of skin ( 𝛥𝑥𝑑 )
as 𝛥𝑥𝑑

𝑟𝑖

𝛽𝑖 .

The matrix can then be used to solve the required rotation angle of each

servo motor from the relationship in Eq. (2.8)-(2.10).

2.4 Face Characterization
Different action units which imitate the risorius (grinning or smile), zygosmile (genuine
smile), and procerus (wrinkles on bridge of the nose) were characterized by recording a video
stream of the developed robotic head. The control points of each expression were driven by the
corresponding servo motor with an angle of 350, 750, 450, 350 and 450 for risorius, zygosmile,
procerus outer frontalis, orbicularis oris expressions respectively. A MATLAB program was
written to measure the deformation of face control point for each specific action. A specific
servo motor was actuated and the recorded video frame was overlayed on top of the original
image before actuation. MATLAB image tool box was utilized to extract target points and scale
factors. The camera was calibrated to avoid error that could arise due to pixel misalignment and
perspective effect. A video file for a specific actuation was used to derive the information such
as number of frames, frames per second and position of target points at a particular frame. The
maximum deformation was calculated from the image files using the algorithm shown in Fig.2.7.
The facial deformation around each facial feature on a prototype face is presented in Fig.2.8.
Hollow circles in Fig. 2.8 represent the original position of control points while cross marks
indicates the final position of that point after actuation.
The zygomatic smile is an example of a facial expression that needs large deformations.
In our case, an average deformation of 10.43 mm was obtained. For the outer frontalis muscle,
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which affects eye brow movement, a maximum elongation of 9.5 mm was obtained. The
directionality of deformation is anisotropic, dependent upon the homogeneity and thickness of
skin. Another reason for anisotropy could be the structural arrangement of support structure and
the skin. Some parts of the skin are supported by the skull and they are sliding against the skull
which induces frictional losses. Other parts of the skin might not be sliding against the skull
surface. Table 2.I summarizes the deformation for each muscles emulated.

Table 2. I: Summary of face characterization measurement
Muscle name

Action

Deformation (mm)

Risorius

Grinning or smile

4.45

Zygosmile

Genuine smile

10.42

Procerus

Wrinkles on bridge of the nose

6.43

Outer frontalis

Wrinkles on eyebrows

Orbicularis oris

Lips positioning

2.18 - 4.02

Lips induced

Around cheek due to lips movement

0.97 -3.04
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1.40 -4.40

Figure 2.7: Algorithm of the MATLAB code used for characterization

(b) Zygosmile

(a) Procerus
51

(c) Risorius smile ( cheek stretched 5.76 mm)

(d) Outer Frontalis (eye brow)

(e) Orbicularis

Fig. 2.8: Deformation for various facial expressions around feature points

indicating

magnitude of deformations and directions (a) Procerus, (b) Zygosmile, (c) Risorius , (d)
Outer Frontalis (eye brow) and (e) Orbicularis. Note that figures are more visible in the
colored version.
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2.5 Verification
To verify the model, a parametric actuation which includes the radius of servo arm and
desired deformation for each expression were taken as a matrix in a MATLAB program. The
local compliance effect of the skin were considered as an additional parameter and determined
from the slope of force vs. displacement characteristics of each action carried out in separate
tests. For an HS-81 servo motor operating at a speed of 350 mm/sec, the operating torque from a
torque vs speed diagram was found to be 0.85 kg*cm and the corresponding force for an arm
length of 1.6 cm was found to be 5N. Therefore, the compliance effect in actuation test can be
accounted by using the operating force of the servo and the local elasticity factor β for each
action. The r vector for all characterized motors had the same radius. The parameters of actuation
desired deformation, servo arm length and local elasticity are given in the form of matrix as:

𝛥𝑥𝑑

𝑟𝑖

4
12
𝛽𝑖 . = 8
6
6

16.5
16.5
16.5
16.5
16.5

0.71
0.66
1.25
1.11
0.76

The required rotation angle of each servo is determined by solving Eq.’s (2.8), (2.9) and (2.10).
The resulting required rotation angle of servo motor for the rissorius, zygosmile, procerus outer
frontalis, orbicularis oris were obtained as:

𝜃 = 38.90 720 420 370 44.50 . The required

displacement of facial expression could be achieved by setting the angular position of the servo
vectors as obtained in 𝜃 . The calculated angles were close to the experimentally commanded
position of the servo motors angle. The slight variation may be due to slackness of wires which
was ignored in the analysis.
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2.6 Summary on face actuation
Actuation of robotic head, which can be adapted for other humanoids, was demonstrated
for system consisting of servo motors connected by string to control points. A functional
relationship between skin deformation and actuation parameters was presented for different
facial expressions by considering the local elasticity of the skin. A prototype robotic head with
embedded sensor to enhance interaction ability of humanoid and characterization of multiple
facial expressions on the prototype robotic face was conducted to validate the actuation drive
model.

2.7 Realizing a humanoid neck with serial chain four-bar
mechanism
This section addresses the design and development of a neck mechanism for a fully
functional social robotic face which has the capability to interact with people visually, audibly
and physically. It demonstrates sixteen 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 section provides a detailed mathematical model for the
interaction of the servomechanism and motor dynamics (driving force and torque) with the
humanoid head. The problem is modeled as an interaction between two dynamical systems and
the interconnection is determined via a detailed kinematic analysis. The full nonlinear model is
then simplified to enable near real-time implementation of action sequences. In what follows, the
humanoid head and neck are discussed, followed by the realization of neck mechanism with a
four bar mechanism. Subsequently, the dynamical modeling is addressed and some
representative simulations are presented that enable identification of the parameters in the
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dynamical model. This is followed by the results and discussion section and finally the
conclusions are presented.

2.7.1 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, Hanson Robotics Inc., Tadesse et.
al, 2006). Servo motors were utilized as actuators and installed inside a plastic skull. The
brackets which hold the servos in position within the skull were designed for easy assembly and
to withstand the reaction force of the servos. The motors were connected to the facial skin
through anchor wires. These motors pull or push the skin through the anchors to generate facial
expressions. The neck designed in this study has two degrees of freedom (DOF). The nodding
and turning of the neck is based on a four bar mechanism with 4R (four revolute) 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 a neutral state. Two CCD cameras which serve as vision sensors are
installed in the eyes. The eyes and neck have a pan and tilt mechanism 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 sixteen degrees of freedom with each eye and the neck joint having two
DOF while facial expressions have ten DOF. The actuators are controlled by a Pololu controller
which drives sixteen servo motors by generating independent Pulse Width Modulation (PWM)
signals. The controller gets positions feedback from a potentiometer installed in each servomotor
and it can receive the commands from the main computer and then transmit the data to the main
computer through an RS232 interface. The specifications of the controller are shown in Table
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2.II. The solid CAD model, the prototype skull and the fully functional face assembly with the
embedded sensors and actuators of the robot head:- Lilly are shown in Figure 2.9 .
TABLE 2.II
SPECIFICATION OF THE CONTROLLER
QUANTITY
PCB size
Servo ports
Resolution:
Range:
Supply voltage
Data voltage:
Pulse rate:
Serial baud rate:

value
1.50" x 2.275"
16
1 µs (about 0.1°)
250-2750 µs
5.6-20V
0 and 5 V
50 Hz
1200-38400 (automatically detected)

Fig.2.9.Development of robotic head (a) CAD model (b) skull prototype (c) fully functional face
with embedded sensor within a skin: Lilly.

2.8 Design of the neck mechanism
The turning and nodding function of the neck utilizes a four bar mechanism, with four
revolute (4R) joints for nodding, and three revolute and one prismatic (RPRR) joints for the
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turning mechanism. The required angular motion is 600 (left and right) for turning (1200 total)
and 600 for nodding. A schematic diagram of the neck mechanism is shown in Fig. 2.10 (a). The
neck mechanism has two degrees of freedom and consists of two motors. A parallel linkage and
spring helps to stabilize the nodding and turning mechanism. Sleeve bearings are used at the
joints in parallel linkage mechanism, and a trust bearing is used at the center for the turning
mechanism. As shown in Fig. 2.10 (b), the head inclines forward and backward when the top
servo motors perform to and fro motion. The height of the motor is 31mm and the total height of
the neck mechanism is about 78 mm. An aluminum mounted self-lubricating sleeve bearing was
chosen for the nodding mechanism because it is lightweight, corrosion-resistant, and can
accommodate up to 5° of shaft misalignment and possesses SAE 20 viscous damping. Mounting
bolts for attachment with a torso are incorporated in the mechanism; therefore, it is mountable on
a biped robot. Serial mechanisms analyzed in this paper provide desired kinematic trajectory. It
is cost effective since each servomotor (model HS225MG) costs $30; simple to assemble and
also reliable 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 (Albers et al., 2003). Emulating this platform with a parallel mechanical system has
advantage in terms of compactness, easy inverse kinematics and high load carrying capacity but
still there are issues related to a reduced workspace size. Therefore, both nodding and turning
were realized with a serial chain mechanism.
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Fig. 2.10 (a) Schematic diagram of turning and nodding mechanism (b) forward motion of the
head, and (c) turning mechanism as observed from the bottom of the neck assembly.

The extreme kinematic positions of the nodding mechanism are illustrated in Fig.2.11. Dark lines
indicate neutral position where the head is upright, whereas, dotted and center lines represent
maximum and minimum positions respectively. The angles (θf and θs) measurements are taken
with respect to the horizontal frame of reference.

58

Fig 2.11. Kinematic positions of the nodding mechanism.

Fig.2.11 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 

r

2



 L5  2rL5 cos  s  
2

(2.11)

Again applying sine and cosine laws on triangle BCD, a functional relationship between actuator
angle (θs) and head angle (θf ) is given by Eq.(2.12):

 f   



 sin 1 r sin  s    cos 1 L3  2  L6
2

2

 2L6



(2.12)

The parameters r , L3 , L5 , L6 are link lengths, and are constants. The angle θf and θs are plotted
with the best-curve fitting functions and demonstrated in Fig.2.12.
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Fig. 2.12. Angular relationship between actuator and head angle with curve fits.
Figure 2.12 is a graphical representation of Eq.(2.12) which is a non linear kinematic equation
between the actuator angle 𝜃𝑠 and the head nodding angle 𝜃𝑓 , both measured with respect to the
horizontal frame of reference. The data 1 in the plot was generated by setting 𝜃𝑠 to vary from 500
to 2500 with an increment of 0.10 and by calculating 𝜃𝑓 according to Eq. (2.12). 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 angles
considered (600 - 2200), the linear function (  f  0.36 s  95 ) provides a reasonable estimate
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   f

,

 a  

(2.13)

The angles θa and  are the positions with respect to the neutral position of the actuator and the
humanoid head respectively. We note that Eq. (2.12) provides a nonlinear (transcendental)
60

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 2. III. 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 circumstance the actuator angle (column 4, 𝜃𝑠 in Fig.2.11) is set to be 1350 with
respect to the horizontal because it keeps the head upright. The other two rows i.e upward and
down position of neck are extreme values of the angles (𝜃𝑠 , 𝜃𝑓 , 𝜃𝑎 and 𝛥𝜃 ) 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 actuator from its neutral position. It is obtained by subtracting the
neutral position of 𝜃𝑠 from the max and min of 𝜃𝑠 row wise, i.e. 81 = (216-135) and 73 = (13562). Similarly the column Δθ represents the change in position of the nodding angle 𝜃𝑓 from the
neutral position i.e. (25= 45-20) and (25=70-45).

Table 2.III: Neck positions and servo commands
Neck

Servo

Target position

θs

θf

θa

Δθ

Position

status

Unsigned 8 bit

deg

deg

deg

deg

Upward

Maximum

127

216

20

81

25

Neutral

Neutral

0

135

45

0

0

down

Minimum

125

62

70

73

25

61

The high requirement of starting torque is overcome by using a low friction roller bearing.
Rolling bearings (anti-friction bearing) have a high loading capacity and exhibit very low rolling
friction torques and hence low starting torque. The friction torques are similar or lower than
ideally designed plain bearings operating under conditions of thick film lubrication. The
coefficient of friction in rolling bearings relates to the type of bearing, the speed of rotation, the
load and viscosity of lubrication. The bearing friction torque can be written as in Eq.(2.14):

M r  F  f  d / 2  F . f m .Dm / 2

(2.14)

where F is the radial (or axial) load, f is the coefficient of friction of rolling bearing, fm is the
coefficient of friction of rolling bearing based on mean diameter, d is the diameter of the bore of
the bearing (shaft diameter), D is the outside diameter of the bearing and Dm=(d+D)/2. Since the
thrust ball bearing (axial load) has f = 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 1.46x 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 their neutral positions. The maximum downward nodding angle was
set to be 350. At this position the jaw movement is constrained.
The schematic of the nodding mechanism is illustrated in Fig 2.14. 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 corresponds 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
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torque servo motor such as HSR-5990TG ($125.00) or Dynamixel Dx-117 ($192) could have
been used for the neck mechanism. However, low cost servo motor such as HS225 ($30) with
spring balance can do the desired task by maintain the dynamic equilibrium. Both small angles
as well as large angle approximation were considered to model the motion. The dynamic
parameters of the head assembly shown in Table 2.IV are obtained from the CAD package, and
these values are utilized for initialization of the dynamic system study of the head.
TABLE 2.IV
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
0.97x10-3
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
kg m2
2.240x10-3
2
kgm
Iy
0.709x10-3
kg m2
Iz
0.075x10-3

2.9 Dynamic modeling
The dynamic model is similar to an inverted pendulum 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 an inverted pendulum and the values listed in Table 2.IV
can be used for initialization of a Kalman filter or estimator, which is used for parameter
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identification. This avoids invoking the integral equations 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 Fig. 2.13. The required actuator angle corresponding to desired head angle θd
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 θa is derived from the basic equations of the components such as ideal dc
motor, gear ratio, and amplifier as shown in the block diagram in Fig.2.13 and derived as
follows.

The error signal is obtained as a remainder from the input voltage and feedback angle as:
e  U in  h a

(2.15)

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:
E m  eG a  Ra I m

(2.16)

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

(2.17)

Similarly, the torque of the motor and motor current are related by motor constant as:
Tm  K m I m

(2.18)

The motor torque and output torque from the gear are related by a gear ratio as:
Tm  G g Tg

(2.19)

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  J r a  T

and

 m  m

(2.20)
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Substituting Eq (2.15- 2.19) into (2.20) and simplifying yields:
2

K m Ga
Km
K hG
U in  J r a 
a  m a  a  T
2
G g Ra
G g Ra
G g Ra

(2.21)

Rearranging terms and changing into Laplace domain provides:

K G
 
1

 a   m a U in  T   
G R
  J S 2  ( K 2 / G 2 R ) S  ( K hG / G R ) 
m
g
a
m
a
g a 
 g a
  r

(2.22)

Combining Eq. 2.13 and Eq. 2.22 provides:
2

K
K hG
K G
T   J r   2m   m a   m a U in
G g Ra
G g Ra
G g Ra

(2.23)

Fig. 2.13. Block diagram of servo motor and head

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 Δ is head rotation angle. The angle

a and Δ are related geometrically as shown in Eq. (2.13).
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(a)

(b)

Ls = line fp
Ls = line f'p

(c)

Fig.2.14 Schematic diagrams. (a) Spring position during upward nodding (b) Spring position
during downward motion (c) Free body diagram of the head nodding mechanism.
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The torque T can be derived from the dynamic equation of the head considering it to be an
inverted pendulum. The free body diagram of the nodding mechanism is schematically depicted
in Fig. 2.14. Taking moment about a point P and applying D'Alembert's principle gives:

M h y  M h g L sin   M h xL cos   J cg  Td

 Fs Ls  T  0

(2.24)

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

and

y   L cos 

(2.25)

Therefore
x  L( cos    2 sin  )

and

y  L( sin    2 cos  )

(2.26)

Substituting (2.26) into (2.24) yields:

M

h



L2  J cg   Td  Fs Ls  M h gL sin   T  0

(2.27)

Ls is the moment arm of the spring at any angle shown in Fig 2.14. (a) and (b)

Ls 

L

2
2

L2 L6 sin  '
 L26  2 L2 L6 cos  '

For small angle 



 '   f  

(2.28)

near the neutral angle, the arm length Eq.2.28 will reduce to Ls  L2

since sin  f  h1 / L6  . Similarly, for small change in angle sin    and the restoring spring
force is given by:
Fs  Kx  KL6  ,

(2.29 a)

However, when the head rotates the spring also rotates and changes its length at the same time.
Under our aforementioned assumption of a linear spring, the restoring force is then the product
of the change in length at a particular angle and the stiffness of the spring. Thus, the deflection is
function of the angle of rotation. In reality, the spring bends somewhat along its midpoint. But
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the bending was ignored as its contribution to change in length is small. Hence, for large angles,
the restoring force can be calculated as follows and an illustration is given in Fig.2.14 (a) and (b).
Fs  Kx,

x  h1 

L

2

2



 L6  2L6 L2 cos  '
2

(2.29 b)

The lubrication within the shaft brings about damping in the system. From 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:
 

dU
dt

U 

, 

t 


(2.30)

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    d / 2

(2.31)

Td  (A)  d / 2 ,

A  2dw

(2.32)

Combining Eq. (2.30-2.32) yields
 d 3 w  
 dU 
2
  C
Td   
 d w  
 dt 
 2t 





(2.33)

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
(  =  = 0 ) without torque applied by the motor, the expression in Eq.2.27, can be written in a
linear form:
F    Fs Ls  M h gL sin   0

(2.34)

At neutral angle  0 assuming the spring is elongated from initial pre-tension angle  p in the
vicinity of the neutral angle.
F  0   K  0   p L6 L2  M h gL sin  0  0
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(2.35)

Therefore equation 2.27 can be linearized by defining small angle      0 , replacing 
with    0 and using low order Taylor series expansion about equilibrium position  0 .
F  0     F  0   F '  0   ( KL6 L2  M h gL cos  0 )

(2.36)

Hence Eq.2.27 becomes
( J cg  M h L2 )  C  (kL2 L6  M h gL cos  0 )  T

(2.37)

I z   ( y 2  x 2 )dm, and J  J cg  M h L2

(2.38)

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 supporting head, W is width of bearing, and t is thickness of the clearance
between the shaft and bearing. Combining Eqs. (2.23), (2.33) and (2.37) gives the relationship
between output angle and input voltage as:
( K m G a / G g Ra )


2
2
2
U in J  J r S  C  K m  / G g Ra S  K m hGa  / G g Ra  KL2 L6  M h gL cos  0 





(2.39)

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

U in  Ci d

(2.40)

All the parameters involved in Eq. (29) are not available for calculation. However, the above
system can be represented in a simplified second order form as:

c
 2
U in S  aS  b

(2.41)

Again, for large angles, combining Eq.(2.23), (2.27), (2.28) and (2.29b) gives us a parametric
Eq.(2.42)
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M

2

2
   C  K m
L

J

J


h
cg
r
2

G g Ra





K hG
K G
   KxL s  M h gL sin   m a   m a U in  0  f

G g Ra
G g Ra


(2.42)
Taylor series expansion about an equilibrium angle θ0 of Eq.(2.42) is given as:
f  f0 









f
f
f
  0 
  0 




  0
  0

   0  
0

f
U in

U in  U in0   0

(2.43)

U in 0

Using the partial derivative evaluated at the equilibrium point, changing the variables in terms of
change in the parameter, and substituting in Eq. 2.43 yields:

      U in  0

(2.44)

where   M h L2  J cg  J r 

 C 

Km

2

2

G g Ra



L
K hG
 x

  K
Ls  s x   M h gL cos  o  m a 

G g Ra
 

o

0.5c2 sin  0

x
  L sin  o 










c2 cos  f c1  c2 cos  f   0.5 c2 sin  f
Ls

5/ 2

2 c1  c2 cos  f 



c1  L2  L6
2



2



c

1

 c2 cos  f




2

   ' f     o

c2  2L6 L2

K mGa
Gg Ra

Remarks:
1. We note that the form of the dynamics in Eq. (2.44) can easily be cast in the form of
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Eq. (2.41) above.
2. Although the parameters involved in Eq. (2.42) are not constant as in Eq. (2.41), they
are bounded. The parameter values are restricted to be in a range that is easily
computed from the maximum travel of the neck angle .
3. For the purpose of implementation of the servo control 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.

2.10 Dynamic Model Parameter Estimation
The angle measurements were obtained using a combined LabVIEW and MATLAB
environment. The LabVIEW program was used to drive the servo motor and the MATLAB
program was used to extract the angle measurements. The experimental procedure was as
follows. 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 sec).
Fig.2.15 demonstrates the measurement steps.
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P

O

Fig. 2.15. Angle measurement from video frames.
The parameters a, b, and c in Eq.(2.41) 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 determine the constants by initializing the parameters considering the
mathematical model expressed through Eqs. (2.22) – (2.41) and the dynamic parameters of the
head. 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 Eq. (2.33) using viscosity of μ = 125 Ns/m2
for SAE 20 lubrication and was equal to 0.0532 Nms (d = 12.7x10-3 m, w = 15.8x10-3 m, t =
0.12x10-3 m). Note that the lubrication was provided in the two shaft supports. The other
constants used in the calculation were: spring stiffness = 10.72 lb/in (1877.8 N/m), L2 = 48 x10-3
m, L6 = 59 x10-3 m, mass of the head m = 2.319 kg and moment of inertia from Eq.20, J = 0.0058
kg.m2 (Jcg = 0.075x10-3 kgm2, Mh = 2.31 kg, L = 50x10-3 m). For simple estimation, only the
inertia J, damping coefficient C, and known constant term KL2L6 terms were considered with two
significant digits. Substituting the above parameters in Eq.(2.39) and normalizing, the initial
values of the parameters were determined to be as: a = 5, b = 531 and c = 100. The initial value
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of the gain c was further adjusted by first plotting the step response for a 220 angle and
determining 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 an Extended Kalman Filter algorithm.
Changing the initial condition in the vicinity of the parameters described above (a = 5, b = 531
and c = 520), the model constants in Eq.2.41 converge to the values of a = 25.9786, b =
523.7292 and c = 507.5597. The main motive of introducing EKF on this portion is to explain
that the dynamic parameters obtained from the CAD model as shown in Table 2.IV can be used
to initialize the 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.
In fact, the overall Eq.(2.41) could be a second or third order model depending on whether
the inductive load is considered or not. But to realize the neck mechanism design, let us consider
the second order system given in Eq. (2.41). Once parameters were identified, one can relate
those constants (a, b, c) with the coefficients in Eq.(2.39). Since the parameters are many, it is
difficult to find out explicit relationship between the parameters identified (i.e a, b, c) and the
rest 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. It is to be noted that all the actuator
parameters are not provided by the manufacturer or retailers.
Based upon the above analysis, the neck design process can be summarized as follows:
1. Choose a mechanism. As explained in the literature review, a 3R or higher order system
can provide the desired trajectories and in this chapter a 4R mechanism was used.
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2. Obtain a measurement sets for nodding, turning angle of a human subject to be emulated
by the robotic head. For a 3DOF neck, a rolling motion can be included and the
measurement could be done in various noninvasive 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
established here, the parameters a, b, and c.
4. Determine other parameters (Km, Ga, Ra, h etc) from prior experimentation or from the
data sheet of manufactures catalog or through separate characterization for the motor.
The parameters supplied by manufactures can also be verified by a series of laboratory
experiment.
5. Relate the identified parameters with various constants to get desired performance. For
instance: from the ratio of “a” to “c” we can determine the damping constant C if the rest
of the paramters are fixed. The link length L2 and L6 can be obtained from “b” to “c”
ratio. A combination of parameters can be chosen by fixing one and varying the other.
a C  K m  / Gg Ra

c
K mGa / Gg Ra
2

2

(2.45)

KL2 L6  M h gL cos  0
b
 h 
c
K m G a / G g Ra

6. Therefore the design is to choose parameter L2, L6, and K according to the relation
obtained (Eq.2.45) and also constraints imposed by referring the dynamic model. For
example from Eq.(2.39) one can put the necessary condition for stability that the
characteristic polynomial term should be greater than zero.
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K m hGa  / G g Ra  KL2 L6  M h gL cos  0  0

(2.46)

The other parameters for the four bar neck mechanism, r, L3, L5 can be chosen to satisfy a
desired range of motions of the neck using geometrical relationships.

This completes the design of the neck to satisfy a certain dynamic model. The above
description is a guideline to choose the parameters (L2,L6 and K). For the overshoot observed in
the servomechanism, a PD controller could dampen the neck nodding response. However,
realizing neck parameters beforehand helps to reduce the aspect of control. It is assumed that
various 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, development of
the neck from such perspectives helps to devise a methodology to improve the performance. For
instance, improving the viscous damping C or the motor constant ameliorates the overshoot.
Also introducing a derivative controller improves the overshoot performance. 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.

2.11 Results and Discussion
A second order mathematical relationship was created between the estimated angle and
input voltage corresponding to a desired angle. The parameters were obtained from the
estimation in the previous section (SYS1). The estimated and measured angles are plotted and
shown in Fig 2.16 (a). It can be inferred from this figure that the head reaches its commanded
steady state angle of 230 within 1.2 seconds. The overshoot from the measured angle is 14 % and
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the rise time is 0.4 second while the model in the previous section estimated 10 % overshoots.
The estimated angle using SYS1 is also rises faster than the experimental. Therefore, the model
prediction based on physically available data needs more rigorous system identification. We will
discuss a more accurate prediction 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 obtained by using position sensors on the head shaft and applying
different controller such as PD (proportional and derivative) to reduce overshoot.
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Experimental and estimated Fig. 2.16(b). Nodding angle of an adult male

value using SYS1 of nodding angle

The nodding angle of an adult male was measured to compare the response of the neck
mechanism with that of the designed neck. The measured angle is plotted in Fig 2.16(b). It can
be inferred from this figure that it takes 0.3s to reach the maximum angular position of 70o.
Therefore the rise time is about 0.3s with minimum overshoots or (damped system response).
The motion was smooth and reaches steady state quickly. Most biomechanical response of
human movement such as nodding, exhibit a reflex response similar to a damped mechanical
system. This is due to the soft tissues and the fact that 80% fluidic substance present within the
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muscle. Comparing Fig 2.16(a) and (b) the rise time is 0.4 sec from the neck designed and 0.3sec
from the biological neck. Considering the simplicity of the neck presented and its response, it
can be deduced that a close similarity of rise time is observed. Fig.2.16 (a) settles shortly while
the experimental measurement has a decaying overshoot with long settling time. The model
presented here was also verified by applying a series of step inputs and the results indicate that
the estimate closely follows experimentally measured nodding angle. Figure 2.17 illustrates the
various input signals, the measurement and estimated angle.
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Fig 2.17. Verification of the model with various step input and initial condition using SYS1.
The servo motors consume significant power. At no load condition, one servo motor
requires about 6V when driven with a step input and in the continuous 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 2.18 (a) – (b) shows the voltage requirements
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for several cycles of nodding and turning. Fig.2.18 (a) is the voltage consumption as measured
from NI data acquisition cards. At the beginning the voltage on the terminal is at 6V and the
current is zero. But during actuation voltage decreases and current rises up. The driving servo
motor for the nodding motion consumes 6V at the beginning and drops down to 3V with higher
current amplitude as it is actuated. The voltage consumption of the turning mechanism shown in
Fig.2.18 (b) reaches from 6v to 3.5V. The difference between the two results is due to the ease
of movement and load imposed on the servo motor. Nodding motion required more power than
turning because as the center of gravity of the head changes it apply extra load on the
servomotor. Whereas, the turning motion is relatively easier because the center of gravity
remains vertical during the turning angle test. There could be a case where both the nodding and
turning motion be actuated at the same time but the power consumption measurement for
simultaneous actuation were not carried out. 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 which explains the problem in utilizing servo technology, however in the absence of
any competitive alternative they remain the prime choice.
The voltage drop in Fig.2.18 seems to be unnatural or due to limited power supply. A
Topward 3306D DC power supply capable of providing 30V and current up to 6A was used 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 50 ms for turning. This shows that the voltage was
not changing abruptly and taking a certain time to rise up and down. It should be noted here that
the actuation was done by changing the slider bar with unsigned integer in a LabVIEW program
manually. That means the number of activation cycles are not uniform between cycles. The
power consumption measurement was to determine the max voltage and current during
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actuation.
Experimentally determined step motion of the nodding angle of robotic head and typical
human nodding angle are presented for comparison in Fig. 2.18. 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 the alpha
parameter 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 are shown in Fig 2.18(c) and (d).

Fig. 2.18 Servo motor voltage consumption during (a) nodding (b) turning mechanism and
Comparison of nodding step response of (c) the robotic head (d) an adult male subject
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The above voltage consumption is for a random movement of the neck but if we set the
position to move with a regular periodic command position the voltage consumption will also be
uniform. Fig. 11 shows the uniformity of the voltage across the servo terminal.

Fig 2.19. Voltage consumption of turning motion for a step change from 127 to 137 unsigned
integer values. (0- 255 unsigned integer values correspond to a 00-1800 servo arm rotation).
Remarks:
1. We note that the simplified dynamical model for the neck mechanism as in Eq. 2.41
was able to predict the actual motion quite closely. The stead state error between
reference angle and estimate is 2.9%.
2. The rise time (10 - 90 %) values and settling times were almost similar but the steady
state values were off by about 4 degrees. 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 captured
sufficiently well.
4. As mentioned earlier, the parameter values in Eq. (2.41) were dependent on the initial
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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 as follows: A third order prediction error estimate of a general linear model was
obtained based on the step response of the neck mechanism. The system identification was
performed based on an output error method.

 ( s)
U ( s)



47.3859( s 2  56.8s  980.1)
( s  13.22)(s 2  12.29s  149)

(2.47)

We note that the predicted model does not have the exact structure of the linear
model in Eq. (2.41). This is attributed to the fact that several simplifying assumptions were
made in deriving the model in Eq. (2.41). Let us call the system identification given by Eq.
2.47 as SYS2. The time-domain responses for the actual and the predicted cases are plotted in
Fig. 2.20.
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Fig. 2.20. Step response comparisons between estimated angle with SYS2 and actual neck
nodding angle from measurement. (Overshoot values OV1 = 10% and OV2 = 14%.)

Notice that the estimated response still doesn’t capture the initial delay but the rise-time,
overshoot, settling time and the steady state values are very nicely captured 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 experimental value of overshoot 14%. (OV2)
Finally, the verification 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
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in Fig.2.21.
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Fig. 2.21 Verification of the model (SYS2) with various steps and initial condition inputs.

It can be seen from Fig. 2.21 that the model identified via the system identification approach
(SYS2) was efficient in capturing the measured angle responses. The 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 Eq. (2.47), the closed loop transfer function can be obtained
as given in Eq.(2.48). The overshoot can be minimized and the response can be damped similar
to the biological neck as illustrated in Fig.2.16 (b). The parameters of the gain were varied and
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simulations were carried out to find the values of gain constants (Kp and Kd ) that provide
damped response using Eq.(2.48). A derivative constant Kd between 0.5 x10-2 and 10-2 reduces
the overshoot as shown in Fig.2.22 (a)-(d) while a proportional constant Kp = 0 - 10-4, provides
minimum steady state error as demonstrated in Fig. 2.22 (a)-(c). However, large constant Kp =
10-2 introduces large steady state error. Therefore a feedback gain Kp = 0 – 10-4 and Kd = 0.5x
10-2 – 10-2 leads to a good combination of gain constants. It is to be noted that the damped
characteristics of biological neck are due to the viscoelastic nature of human tissue. A similar
damped response of a neck has been reported by Toshima et.al, 2003; Pedrocchi, A and Ferrigno,
G. 2004.
 ( s)

g1 ( s 2  a2 s  a3 )

U ( s) (1  g1 K d ) s 3  (b2  g1 ( K p  a2 K d ) s 2  (b3  g1 (a2 K p  a3 K d ) s  (b4  g1a3 K p )

(2.48)

where g1 = 47.385, a2 = 56.8, a3 = 980.1, b2 = 25.5, b3 = 311.5, b4 = 1969.8.
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Fig. 2.22 (a) –(d): Response for PD controller of neck nodding motion with various proportional
(Kp) and dervative (Kd) gain constants using Eq.(2.33). The dashed dark line in (a)-(c) plot
provides a good damped system response.

2.12 Conclusions
In this chapter, actuation of a robotic head, which can be adapted for humanoids, was
demonstrated for system consisting of servo motors connected by wire to control points. A
functional relationship between skin deformation and actuation parameters was presented for
different facial expressions by also considering the local elasticity of the skin. Characterization
of multiple facial expressions on the prototype robotic face was conducted to validate the drive
model. The realization of a four bar mechanism to design a humanoid neck and analysis on
prototype head was also presented. The dynamics of the head mechanism were studied by
deriving the equations from the basic laws using RC servo motor technology to relate all the
variables that affect the response of the neck mechanism. Low cost RC servo motors are often
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employed to mimic human behavior; however the performance of such a motor along with a
kinematic chain has not been investigated in the literature extensively. Therefore, in this chapter
a humanoid neck with simple construction but useful in terms of its ease in prototyping and less
cost is presented. Results indicate that the neck mechanism presented here attained the
performance similar to that of human neck if RC servo motor employ external PD controller to
reduce inherent overshoot of the dynamical systems. The specific contributions of this study are:
(i) a method to set parameters of neck with a four-bar mechanism to meet certain desired
characteristics; (ii) modeling of the combination of servomotor, four-bar mechanism and
irregular shaped robotic head to realize neck mechanism and a simplification thereof (iii) the
performance that can be achieved and practical challenges of RC servo motor for humanoid neck
design and (iv) a procedure for simplified design and mathematical model of the neck
mechanism which can serve as a useful preliminary model. The primary objective has been to
keep the "costs" low both for materials as well as design complexity.
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Chapter 3
Polypyrrole-poly (vinylidene difluoride) composite
actuators and elastomeric artificial skin
3.1 Introduction
Current research on the humanoid face aims at developing intelligent systems that can
sense, respond and interact with the environment. This involves using networks of various
embedded sensors, artificial skin, smart actuation and efficient control algorithms to identify the
type and strength of stimuli and initiate response. To this end, we have recently reported
experimental work on the humanoid skin focusing on the sensor and actuation aspects (Tadesse
et al., 2006). Room-temperature vulcanizing silicone rubber was chosen as a synthetic skin
material because of its high elongation and its ability to be colored, thus providing a realistic
physical appearance. The skin was embedded with piezoelectric fiber composites and unimorph
actuators which provided the sensing and actuation mechanisms. In this study, we address the
problem of actuation, specifically the electromechanical response of a composite actuator to
mimic the natural muscle.
Full and Meijer have reported the properties of the mammalian skeletal muscle which
provides the typical actuation parameters including strain ~20 %, stress ~0.1 MPa, and specific
power ~50 W/kg (Full, and Meijer, 2001). None of the proposed actuators in the literature yet
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meet these specifications and as such do not present the possibility of being integrated with
humanoids(Madden, J.,et al.,2004; Madden, P., et al.,2004 ).The requirements for the actuators
in facial robotics are more stringent including a low voltage drive (30 V max); high longevity
(higher than 105 cycles), a force generation at least 15 times the mass of the actuator at low
power levels of 50 – 100 mW, a response time in the range of ~1 millisecond, a speed of
actuation at least 5 cm/sec, a displacement at least 20 % strain, and low cost (Hanson et
al.,2006).Recently, conducting polymer actuators have attracted a lot of attention for application
in artificial muscles as they have the possibility to meet the above mentioned criteria( Madden, J.
et al, 2004; Madden, P., et al., 2004; Madden et al., 2002; John et al., 2005; Alici et al., 2006;
Hara et al., 2004). High molecular weight polypyrrole (PPy) actuators have the possibility to
generate large stresses (34 MPa), strains up to 12 % and specific power to mass ratio of 150
W/kg at low driving voltages. Thus, we focus our attention on PPy actuators for artificial muscle
applications. The structure of our PPy actuator is based on the design proposed by Spinks et al.
as shown in Fig. 3.1, which is a five layer structure consisting of PPy/Au/PVDF/Au/PPy, where
PVDF is a porous piezoelectric membrane, poly(vinylidine fluoride) (Spinks et al.,2003; Spinks
2005). This particular design was selected because it allows the actuator to function in the dry
state. Further, both PPy and PVDF are stable to chemicals and are biocompatible (Alici et al.,
2006). The actuation occurs by inducing a redox reaction in the conducting polymer through
application of an applied potential (Doblhofer and K. Rajeshwar,1997).

In the oxidized state,

PPy binds an anion to balance the removal of electrons while in the reduced state an anion is
removed from the negatively charged polymer, although this is a simplified picture (Bose et al.,
1992). The anion transfer takes place through the porous PVDF layer which results in volume
expansion or contraction of the latter (Spinks et al., 2003).
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Fig. 3.1

Working principle of the composite PPy-PVDF actuator and a schematic diagram

of the redox states of polypyrrole actuation.

One of the main objectives of this study was to optimize the synthesis conditions for PPy
films of desired thickness on Au/PVDF substrate using potentiodynamic film growth (Bose et
al.,1992) as the thickness of the PPy layer plays an important role in the response time of the
actuator. Several methods have been reported in the literature for electrosynthesis of PPy films
(Doblhofer and Rajeshwar, 1997). In the present study, we utilized potentiodynamic growth from
aqueous media (Bose and Rajeshwar, 1992) because it affords a simple and cost-effective
approach to underpin the composite actuator device fabrication.

3.2 Finite Element Simulation of the actuator designs
Prior to fabrication the comparative behavior of the PPy actuator geometry was simulated
by a finite element method using the ANSYS® protocol. The electromechanical performance of a
zigzag actuator shape was compared with that of simple strip geometry. A thermostructural
analysis was conducted with a SOLID98 coupled field element using the model proposed by
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Alici et al.,2006. In this analysis, a temperature gradient was applied to mimic the migration of
ions across the PVDF and PPy layer.

Since ANSYS® does not provide electrochemical

migration of ions, the analogy of thermal load as electrochemical reaction remains the only
simple and viable alternative to study the actuator behavior to some extent (Alici et al.,2006).
The modulus of elasticity used for simulation for PVDF and PPy was 232 MPa and 30 MPa
respectively. The modeling parameters included number of segments, spacing between elements,
bend radius, width, length and thickness of the PPy and PVDF layers. It was expected that the
output force of the zigzag actuator will be smaller than the strip one, whereas the tip deflection of
the zigzag actuator will be higher.

Even though the ANSYS® simulation reveals that the

deformation of the zigzag actuator is maximal at the tip of the first segment, the free end
deflection is large as compared to a single segment cantilever actuator. The comparison between
strip and zigzag actuator designs is shown in Fig. 3.2(a). Note that the X-axis in the figure shows
the applied temperature gradient which is proportional to applied voltage across the PPy-PVDF
composite layer, (i.e V = βT ) β = 28 V/oC, a proportionality constant used for thermomechanical
analysis in the finite element simulation. The proportionality constant was determined as
following. Assuming a linear relationship, a 0.250C temperature on cantilever produces 1.4 mm
deflection in ANSYS simulation. Experimentally, the same deflection is observed by application
of a 7V potential. Thus, the proportionality constant is determined by dividing the voltage by
temperature, β = 7V/ 0.250C. The plot confirms that a change in temperature brings about a large
change in deflection for the zigzag but not for the strip actuator counterpart. A contour plot of the
simulation results are also shown in Fig. 3.2(b) for both actuator designs (zigzag and strip) each
with 1mm and 3mm width. The width and length dimensions have significant effects on the
behavior of the actuator. Due to the large aspect ratio, the total deformation of the tip is
constrained. These simulations also revealed that the width and tip deflections are linearly
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proportional. As the widths of both actuators were reduced from 3 mm to 1 mm, the tip
deflection also becomes smaller since the volume of the PPy layer is reduced.

3.3 Experimental details
The polymerization medium consisted of an aqueous solution of 0.05 M pyrrole, 0.1 M
KCl and 0.02 M tetrabutylammonium perchlorate. Prior to polymerization N2 gas was purged
for about 10 minutes to displace any dissolved oxygen in the solution. Actuators synthesized in
the absence of tetrabutylammonium perchlorate did not exhibit good response, underlining the
utility of the polymer counterions during redox switching (Doblhofer and K. Rajeshwar, 1992).
A single-compartment, three-electrode electrochemical cell configuration was used for film
growth.

(a)
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Fig. 3.2 (a) Vertical tip deflection of simple cantilever and a three segment zigzag actuator as
obtained from ANSYS® simulation with temperature gradient to emulate voltage stimulation (b)
Contour plots of deformation states of cantilever and zigzag actuator simulated with ANSYS®
1mm and 3 mm thick PPy and PVDF composite.

One electrode serves as a reference electrode (Ag/AgCl), another as a counterelectrode (Pt wire),
and the third (gold (Au) coated on PVDF, see below) as a working electrode on which PPy
deposition takes place. A potential ramp was applied between the reference electrode and the
working electrode and the current was measured between the working electrode and the
counterelectrode using a Bioanalytical Systems Inc. (BAS100W) potentiostat/galvanostat.
Polypyrrole was deposited on the Au layer for variant numbers of cycles by adjusting parameters
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in the manufacturer-supplied software. A positive potential limit of 950 mV and a negative
potential limit of -800 mV were used for film growth at a potential scan rate of 50 mV/s. The
scan rate was optimized after a large number of preliminary experiments to obtain good
adherence of PPy to the gold coated PVDF surface. The thickness of the deposited PPy films
was measured using a non-destructive optical measurement technique (Veeco Wyko NT1100
DMEMS optical profiler) and also a perthometer. In both cases, comparable thickness data were
obtained. The surface morphology of the PPy film exhibited an irregular structure, exemplified
by the scanning electron micrograph (Fig. 3.3), which shows a “cauliflower” like morphology.
These results are consistent with prior studies which have shown that the films derived in
aqueous solutions are more porous and have lower density than those grown from non-aqueous
media (Diaz et al., 1981). Further, the porosity of the films depends on the dopant anion
chemistry (Doblhofer and K. Rajeshwar., 1997). The density of PPy/ClO4- films has been
reported to be 1.52 gm/cm3(Curtin et al., 1988).
All the actuators were synthesized on 25 μm thick gold coated PVDF substrates obtained
from Ketch Corporation. The range of pore size for PVDF is from 0.1 μm up to 1 μm and
porosity is from 10 % to 60 %. These characteristics of the PVDF film are strongly dependent on
the fabrication process and the thickness of the material achieved during the extrusion of the
PVDF film and the stretching process of the film (in the case of a biaxially stretched film). Table
3.I, illustrates the material properties of the PVDF film. The gold layer was used to obtain a
conducting surface for polymerization on the PVDF substrate. Various metal coatings (as an
alternative to Au) were tested to obtain homogeneous PPy films. When silver metallization was
used, PPy (normally black in color) starts to deposit on the counter electrode and hence the
thickness of PPy on the PVDF surface was quite small. In the case of Au metallization, no PPy
deposition on the platinum counterelectrode was observed. A PPy film thickness of 19 μm was
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deposited for 50 cycles. Fig. 3.4 shows cyclic voltammograms for 50 growth cycles where each
cycle represents a PPy deposition step (Bose and K. Rajeshwar., 1992). The number of cycles
was varied in the range of 10 – 50 and for each cycle, three equally sized replicate samples were
electrosynthesized.

Fig. 3.3 Representative scanning electron micrograph (SEM) morphology of an electrodeposited
polypyrrole layer.
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Fig.3.4 Cyclic voltammograms on PVDF-gold substrate in 0.5 M tetrabutyl ammonium
perchlorate containing 0.05 M pyrrole in water at room temperature.

The synthesized PPy films were used to fabricate two types of actuators, strip and zigzag.
A macrofabrication technology utilizing masking tapes was used to fabricate the zigzag actuator
device having three equal segments. The joints were monitored using the optical microscope for
proper attachment and to make sure that the top and bottom electrode are not shorted. The
fabrication steps for the zigzag actuator are schematically shown in Fig. 3.5(a) – (c). It was
hypothesized that the rigid links will act as displacement amplifiers at the cost of blocking force.
The actuation behavior was characterized by using the digital information and extracting the
movement using MATLAB program.
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Fig. 3.5

Fabrication steps for the zigzag actuator. (a) Front and top views of a 2 mm wide strip

cut from a gold metalized PVDF film. Masking tapes with 12 mm spacing are attached to create
segments. (b) The strip is folded in the middle using a fixture. To retain the shape, the strip is
folded beyond the spring back effect. (c) PPy thin film is deposited on all the exposed parts.
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Even though the PVDF is poled and has piezoelectric and pyrroelectric properties, the
contribution to the displacement is negligible and it can be explained as follows. The strain
relationship equation for linear thermopiezoelectricity is given as:

S  sσ  d T E  α T

(3.1)

Where S = strain , s = compliance matrix , σ = stress , d = piezoelectric strain coefficients , E
= electric field,  = coefficient of thermal expansion , T = temperature variation. For no
external load applied and constant temperature and considering the “33” direction (Electric field
applied in the Z axis and strain measured in the Z direction), the equation reduce to:
S 3  d 33 E 3 ,
T

(3.2)

For a 5V applied load across the thickness, the electric field is E3 = V/t = 5V/25µm

and S3 =

Δt/t, since the d33T = 13 - 22 *10-12 m/V, the displacement in the “33” direction is in the range of
Δt = 65- 110* 10-12 m. Therefore, the displacement is fully contributed due to the conducting
polymer.

3.4 Results and discussion
Anodic polymerization of pyrrole proceeds via radical cation coupling involving the
release of two electrons and two protons per monomer (Chandler and Pletcher, 1985; Heinze,
1991; Imisides et al., 1991). An additional amount of charge is consumed for the partial
(reversible) oxidative doping of the polymer film (c.f., Fig. 3.1. As the potential needed for
monomer oxidation is always higher (more positive) than doping of the formed polymer film, the
two processes, namely, film formation and doping, occur simultaneously (Chandler and Pletcher,
1985; Heinze, 1991; Imisides et al., 1991).
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The relationship between the number of potentiodynamic growth cycles (c.f., Fig. 3.4)
and film thickness is shown in Fig. 3.6. The film thickness is seen to increase rapidly up to 20
cycles, after which the increment in film thickness is quite small. One of the reasons for this
observation may be that the consumption of PPy for the first few cycles is high after which it
reduces due to a drop in the concentration gradient in the thickness direction (Doblhofer and K.
Rajeshwar, 1997). The results in Figs. 3.4 and 3.6 clearly provide a relationship between the
deposition conditions and thickness of the obtained PPy films.
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Fig.3.6

Thickness of the deposited PPy thin films for different number of cycles on a gold

coated strip substrate.

A strip actuator as shown in Fig. 3.7(a) has 5 mm width, 11 mm length and 63 μm
thickness (including the PPy film thickness). This actuator was found to exhibit a displacement
of 3 mm at an applied dc voltage of 1 V. The current was kept constant at 0.03 A during the
measurement. In the case of the zigzag actuator (Fig. 3.7(b)) the DC voltage was gradually
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increased from 0 to 3 V. Since the actuator is made of a single metallized film, the applied
voltage was the same on all the segments of the actuator. However, the displacement on the
segment near the electrode connection was much higher compared to other segments. This
might be due to improper metallization of gold layer between the segments or perhaps the redox
reaction may be taking place in a serial manner along the line, i.e., segment by segment. In other
words, there is a potential drop along the segment length. Verifying these mechanistic
possibilities would require simultaneous displacement measurements at each of the links using
contact-less probes; such a study is in progress and will be reported as completed.

Fig. 3.7 Experimental set-ups to characterize the synthesized actuator (a) strip actuator, (b)
zigzag actuator under cantilever loading condition.

The response of PPy actuators to sinusoidal voltage input was also monitored. The strip
PPy actuator was found to exhibit a large deflection at low AC frequency. The characteristics of
the strip and zigzag actuators for various frequencies are shown in Fig. 3.8(a)-(c). It can be seen
from the Fig.3.8(a) that at a low frequency of 0.5 Hz the tip deflection was much higher than that
at 10 Hz. This result is consistent with previous assessments on the slow speed of polymer
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composite based actuators,( J. D. Madden et al., 2002; John et al., 2005; Alici et al., 2006;Hara et
al.,2004; Hara et al., 2005) the present results are encouraging in that a high displacement of 0.2
– 0.7 mm was obtained for a voltage of up to 5 V with frequency range up to 10 Hz. When the
voltage was increased in steps the corresponding tip deflection also increases (Fig. 3.8(a));
however, at voltages in the range: 6-8 V, inconsistent behavior was seen. This may be due to
two factors: (a) degradation of the PPy film and/or (b) nonlinear excitation of the PVDF film
affecting the ionic transport. The breakdown voltage of the actuator was measured to be in the
vicinity of 10 V.

Table 3.I. Material properties of PVDF substrate
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Fig.3.8 Displacement characteristics of (a) strip actuator for sine waveform without any load
applied on the actuator (b) strip actuator under loaded condition and (c) zigzag actuator under
loaded and free conditions.

The force generated by the actuator was measured by suspending a small mass at the tip
and recording the displacement. The actuator was able to lift masses corresponding to a load of
0.0451, 0.0942 and 0.1422 mN with displacement of 0.65 0.5 and 0.4 mm respectively at 5 V.
For other voltages, the range of displacement is between 0.2- 0.7 mm as shown in Fig. 3.8(b).
Fig. 3.9(a) and (b) shows the strip actuator in free conditions with and without voltage applied on
it. Fig. 3.9(c) and (d) shows the strip actuator under loaded conditions with and without an
applied voltage. The difference in the displacement was recorded from the digital pictures by
analyzing the pixels. The response of a three segment zigzag actuator (each segment with 15
mm, 2.5 mm and 63 μm length, width and thickness respectively) is shown in Fig. 3.8(c). The
free deflection of the actuator for various sinusoidal voltages at 1 Hz frequency was found to be
amplified by 1.5 times in comparison to that of the strip actuator. The force generated by the
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zigzag actuator was able to support a load corresponding to 0.0324 and 0.0736 mN and was able
to lift up to a 0.5 and 0.25 mm displacement respectively. Due to the low stiffness of the zigzag
actuator, addition of a higher number of segments did not improve the force output but provided
minor improvement in deflection. A comparative summary of various actuator technologies,
piezoelectric, electrostriction, electroactive polymer, shape memory alloy along with the
synthesized strip and zigzag PPy actuators is shown in Table 3.II. The data clearly shows that
zigzag actuator can provide reasonable deformation and force at very low driving voltages.
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Fig. 3. 9 Displacement measurement using millimeter paper (a) free deflection before
actuation; (b) after actuation;

(c) loaded strip PPy before actuation; and (d) after

actuation.

104

3.5 Application for biomimetic jellyfish
The strip actuator discussed in this chapter was used to construct the biomimetic jellyfish
taking advantage of its low-frequency response. Normally, a conducting polymer actuator
requires electrolytic media for its operation. But as shown earlier a PPy/PVDF/PPy trilayer
actuator can operate in air. Initially, experiments were conducted to characterize the flapping
characteristics of PPy/PVDF/PPy composite trilayer actuator in 0.1 M KCl solution. The actuator
was found to exhibit the sinusoidal response under small electrical field drives.
A gold coated PVDF membrane obtained from KTech Corp. was cut to rectangular
dimensions of 30 mm length x 5 mm width x 0.025 mm thickness. Synthesis of the actuator was
conducted in an aqueous solution containing 0.05 M Pyrrole, 0.02 M TBAP and 0.1 M KCl. The
strip actuators were immersed up to 20 mm within the solution and polymerization was carried
out at 50 mV/s scan rate. Once the required numbers of actuators were fabricated, they were
mounted on aluminum plates which was connected to a Styrofoam ball and bonded with glue.
The plates served as an electrical connection as well as support for the actuators. All the plates
were interconnected with silver tape. The eight actuators were attached to the aluminum plates
around the periphery of ball with conductive epoxy. Once the epoxy was cured, top layers of
actuators were connected with silver strips. Fig. 3.10 shows the prototype used for
characterization of propulsion.
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Fig. 3.10 PPy-PVDF jellyfish prototype

Extensive characterization of the jellyfish was performed using a function generator
(HEWLETT PACKARD 3314A) which applied cyclic potential on the actuator at varying
frequencies and amplitudes. All actuators exhibited bending deformation and the tip movement
of free end was recorded by using a high magnification video camera. The displacement of the
end-tip of the jellyfish tentacles was extracted with image processing MATLAB program.
Fig.3.11 illustrates the amplitude of oscillation of the tentacles. It can be seen from this figure
that for an applied voltage of 7 V with 1 Hz frequency, the tentacle displacement reaches 0.5
mm.
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Fig. 3.11 Amplitude of PPy-PVDF jellyfish wing at 7V at 1 Hz in 0.1M KCl solution
At low frequency of 0.2 Hz, the tentacle displacement was found to reach up to 2.8 mm
and it was found that the forward and the backward movement were not of equal amplitude. Fig.
3.12 shows the resultant displacement of the jellyfish umbrella (One strip actuator).
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Displacement of the arm with 0-7 VAC at 0.2 Hz
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Fig.3.12 Displacement of PPy- PVDF jellyfish umbrella (one actuator) at 0.2 Hz and 7 V in 0.1
MKCl solution
The amplitude of displacement was less than that observed in air which is expected as the
actuator was subjected to a uniform drag in the solution. The results of Fig. 3.11- 3.12 are
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encouraging as the overall thickness of actuator is about 63 µm and it shows the ability to push
the water and create wake.

3.6 Summary on PPy composite actuators
A

PPy-PVDF

composite

actuator

was

electrochemically

synthesized

using

potentiodynamic film growth in an aqueous media. The relationship between the number of
current-voltage cycles and thickness of the deposited PPy film was determined to optimize the
fabrication technique.

Zigzag and strip actuator designs were modeled, fabricated, and

characterized. The strip actuator was able to provide a force of up to 0.14 mN with a
displacement of 0.7 mm. The three segment zigzag actuator provided 1.5 times amplification in
displacement as compared to the strip actuator design.
Table 3.II. Comparison of various smart actuator technologies
Actuator

MFC (M-2814P1) on zinc
cantilevered
plate 1,22
Dielectric
elastomeric23
SMA 24

Size

Deformation
(mm)

Max
Force
(N)

Power
(W)

Response

120 × 27 × 0.3
mm

1500 V

≈ 50 mA

1.4 mm @ 10
Hz

0.026

NA

Fast
10μs

Φ 25 x 0.5 mm

7000 V

NA

5.886

NA

Φ 76 μm x L=77
mm

3V

0.146 A

25 mm
(5000%)
4.4 mm
(5%)

0.785

0.48

Φ2 mm x 15 mm

2,000 V

0.5 mA

1.5 mm

0.147

1

Medium-slow
(1.7 sec)
Medium
(0.2‡-1.0‡‡ sec)
Fast
(1ms)

Φ20 mm x NA

NA

NA

13.5 mm

204

1.5 mA

20.1%

0.64
(10 MPa)

2 mm

0.14

3 mm
3 mm

NA
0.0324

Electrostrictor
EPAM
actuators25
Metal hydride
actuator
MH
exomuscle26
EAMEX (TFSI
doped) 27

15 x 2 x 0.032 mm

Strip Ppy†

11x 5 mmx63 μm

Zigzag PPY PVDF†

15x 2.5 mm x63
μm , 3 segment

†

Actuator Drive
input
Voltage
current

-0.9 up to
+ 0.7 @ 2
V/s
8 V @0.5
Hz
1 V DC
12 V

0.03 A
0.03A

synthesized and characterized in this paper
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NA

1.35
mW

Very Slow
(6 sec)

NA
medium
(0.1-0.2 sec)‡‡‡

NA

NA = Not available

NA
Medium
(1.2 sec)

3.7 Silicone based artificial skin for humanoid facial expressions
Silicone based elastomeric skin and their application for humanoid robot face was
highlighted in chapter I. The main challenge of integrating elastomeric skin and electroactive
polymer is the force and displacement parameters. The force requirement of the skin and the
force generated by the actuator must match. One way to use electroactive polymer for actuation
is to reduce the force requirement of the elastomeric skin. This force is typically dependant on
the thickness of the skin material and the internal structure.

It has been shown that by

introducing porosity inside the silicone matrix, the force requirements for linear deformation are
significantly reduced. There could be multiple methods for introducing pores in a silicone skin.
In this study, we investigate the role of foaming agent that can create air bubbles during mixing
stage with a solvent. As the curing of room temperature vulcanized (RTV) silicone occurs, the
bubbles are trapped and create macro-size pores distributed on the surface of skin. Further, a
technique for mathematical optimization of parameters of skin as a function of composition that
can be used to compare various artificial skins on similar scale is presented.

3.7.1 Experimental optimization of force requirement of skin
Artificial skin samples were synthesized by modifying the commercially available RTV
silicone with various additives. The additives consisted of silicone thinner, slacker, pigment,
sodium carbonate foaming agent and dilute form of acetic acid. Silicone thinner was added to
make the skin soft (lower the hardness number), sodium bicarbonate and dilute form of acetic
acid were used to create bubbling, and slacker was added in silicone elastomer to achieve flesh
like appearance. Parametric studies were carried out by varying the concentration of sodium
bicarbonate, silicone thinner and slacker. Three samples of same concentration for each case
were cast in plastic rectangular plates (skin patch). Holes were made at two ends of the skin
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patch to attach with Instron tensile testing machine. In humanoid facial expressions, the skin is
normally actuated by anchor wires connected to actuator. Thus, this testing method was
developed to replicate the similar arrangement. Two holes were first cut on the skin patch and a
rivet hole was plugged-in to avoid stress concentration. The sample size was 1”x1” (25.4 x 25.4
mm2) and the location of the holes was 0.275” (7 mm) from the edge as shown in Fig.3.13.
Strings were securely attached at the two ends of sample through the holes and connected to the
chuck of Instron machine. Adjustments were made to make sure that the holes on each strip
were aligned vertically during the tensile test. The samples were mounted to the Instron gripper
with wire gauge and the force–displacement data was measured using the LabView program.
(a)

(b)

Fig.3 13: (a) Schematic diagram of skin sample under testing configuration (b) Photograph
of skin patch in the Instron machine under tensile testing.

The deformation characteristic of skin patch samples was found to be sensitive to any
modification. Thus, in order to delineate the role of each modifier, we made best attempt to
change only one variable at a specific instance and hold all the others constant during the
experiment. The measurements comprised of force – displacement curves using Instron machine
for various patches with slight difference in concentrations of modifier. A constant linear
velocity was applied to the material until it failed. The output force and deformation, which
could be converted to a stress-strain curve was recorded. Figure 3.14 shows examples of typical
force-displacement curve obtained from testing using configuration shown in Fig. 3.13.
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Sample - Nomenclature
1. Batches 1-7 had various amounts of sodium bicarbonate (S) and fixed amounts of all other
components with 10ml of part A and B base silicone material (conversion factor: 1ml =
1.0900 gm for part A and 1.0933 gm for part B). These batches had zero concentration of
slacker and silicone thinner. Each batch consisted of 3 samples. The samples can be
expressed as (𝐴𝐵)0.5(1−𝑥) 𝑆𝑥 ), where x is percentage of sodium bicarbonate by weight.
2. Batches 8-13 included fixed amount of 2.667 gm of sodium bicarbonate (S), 10 ml of part A
and B with various amounts of thinner (T). The batch samples can be expressed as
((𝐴𝐵)0.44 𝑆0.11 )1−𝑥 𝑇𝑥 , where x is percentage of thinner by weight
3. Batches 14-17 were used to test whether a sample would fail due to hardening when both
slacker (𝑆𝑙) and sodium bicarbonate (𝑆) were used. In this experiment, the amount of slacker
was fixed at 10 ml while the amount of sodium bicarbonate was varied. The samples can be
expressed as ((𝐴𝐵)0.33 𝑆𝑙0.34 )1−𝑥 𝑆𝑥 , where x is percentage of sodium bicarbonate by weight.
4. Batches 18-20 were used to find the maximum concentration of slacker that can be
incorporated in the skin samples before it loses the structural rigidity. Slacker concentrations
of 0 ml, 10 ml, and 20 ml were used with no thinner and sodium bicarbonate amount was
fixed at 2.667 gm. The samples can be expressed as ((𝐴𝐵)0.44 𝑆0.11 )1−𝑥 𝑆𝑙𝑥 , where x is
percentage of slacker by weight.
5. Batch 21 was synthesized using the optimal amounts of each component, 2.667 gm of
sodium bicarbonate, 10 ml of slacker, and 3.0 ml of silicone thinner, expressed as
((𝐴𝐵)0.28 𝑆0.07 𝑇0.08 𝑆𝑙0.29 ).
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3.7.2 Results and Discussion
Commercially available silicone material is two part solution, part A and B. The
composition of part A is based upon mixture of polyorganosiloxanes (75-85 % by wt.),
amorphous silica (20-25 %) and platinum-siloxane complex (0.1 %). The composition of part B
consists of polyorganosiloxanes (65-70 % by wt.), amorphous silica (20-25 %) and other
proprietary ingredients (10 %) (available at http://tb.smodev.com/tb/msds/Dragon_Skin.pdf).
Both parts physically appear as white viscous liquid with sweet odor, vapor density greater than
1, specific density of 1.07 and insoluble in water with viscosity in the range of 230 Poise.
Silicone Thinner™ was added to RTV silicone in order to increase the softness. Silicone Thinner
is a non-reactive silicone fluid that lowers the total viscosity of tin cure (condensation) or
platinum cure (addition) silicone rubber products. Besides softening skin, silicone thinner also
lowers the viscosity of part A and B during mixing which allows the mixture to flow easily in
intricate details of a mold. Another additive used in the platinum cured silicone is sodium
bicarbonate powder which serves as leavening agent. When sodium bicarbonate is combined
with moisture and dilute form of acetic acid, the resulting chemical reaction produces bubbles of
carbon dioxide that expand. The reaction begins immediately upon mixing the ingredients;
therefore, the mixture should be poured in the mold cavity after stirring for about 5 min.

3.7.2.1 Effect of foaming agent
The measured tensile force versus displacement response of skin patch samples is shown in Fig.
3.14 (a)-(g). It should be noted here that our testing configuration is not that of typical tensile test
and so the results are not correlated to the usual stress-strain curve. This testing configuration
was intentionally selected to achieve similar mounting as that in humanoid faces. Previously, we
have shown the method for attaching the skin on the skull of a humanoid. These attachment
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points are generally called anchor points and driven in controlled fashion using programmable
motors or actuators. Thus, the force – displacement curves measured in the experiments reported
here will correspond to that reported for the humanoid facial expressions. The force –
displacement responses from three different samples of the same composition were measured
until the specimen failed. Within the limits of human error in mixing the chemicals and mounting
the samples, all the three samples in each batch can be considered to be of same type. For each
test, the average response was calculated from the experimental results measured on three
samples. Using this average response a mathematical relationship was derived between the
modifier and the force required to stretch the skin by specific distance. A Matlab program was
developed to extract the force required to stretch the skin by “x” mm of displacement. Contour
plot of force, displacement and percentage of foaming agent was derived and presented in Fig.
3.14 (h). It can be inferred from this contour plot that the amount of sodium carbonate that
yields minimum magnitude of force lays at 11 % by total weight of the mixture (2.67gm per 10
ml of part A). This was consistently observed for most of the force contour corresponding to
displacement of 5, 7, 10, 15 and 20 mm.
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Fig.3.14: (a)-(g) Tensile test of skin patch for various percentages of sodium bicarbonate by
weight, and (h) Contour plot of force required to stretch the skin patch by “x” mm for various
bicarbonate compositions.

3.7.2.2 Effect of Silicone thinner
The influence of silicone thinner on deformation characteristics of skin was studied by varying
the concentration of thinner and measuring the force - displacement behavior. The results for
various amount of silicon thinner are presented in Fig. 3.15 (a)-(e). Fig. 3.15 (f) shows the
derived contour plot corresponding to axial stress–elongation curves, demonstrating that with
increase in percentage of thinner the force required to stretch the skin is reduced. Increasing the
concentration of silicone oil beyond 1/5 ml of Part A and B would create very oily surface and
affect the texture.
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Fig. 3.15: (a)-(e) Tensile test for sample skin patch with varying concentration of silicone thinner
by weight, and (f) contour plot of force required to stretch “x” mm displacement at various
composition of silicone thinner. The optimum sodium bicarbonate composition was maintained
constant at 11%.

3.7.2.3 Effect of slacker and bicarbonate
Slacker is mixture of polyorganosiloxanes that alters hardness and the feel of platinum
cured silicone material. Slacker addition dramatically improves the deformation characteristics
of skin. It can be easily noticed from the results of Fig. 3.14 – 3.16, that the desired effect of
varying the modifier concentration is to reduce the slope of force-displacement curve. In other
words, by reducing the area under the force – displacement curve a skin material suitable for
humanoid application can be obtained. Figure 4 illustrates that addition of sodium bicarbonate to
the skin patch with 10 ml of slacker, makes the skin softer and the range of force required is
below 6 N for a displacement of 25 mm which corresponds to a stretch ratio of 1. This is very
useful result for the artificial skin development. In addition to the prime goal of realizing lowforce requirement, linearity of deformation is also an important criterion.
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Batch 14:: 7% Na2CO3/ 32% slacker

Batch 16:: 9% Na2CO3/ 31% slacker
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Fig. 3.16: (a)-(c) Tensile test results on three samples in each batch for varying percentage
concentration of bicarbonate by weight and (d) contour plot of force required to stretch the skin
by “x” mm for various bicarbonate concentrations.

3.7.2.4 Effect of slacker
Addition of slacker softens the skin, however for 48% percentage of slacker by weight a
pulsating type of response was observed in the tensile test as shown in Fig. 3.17(c). This result
indicates that the skin is slippery and sticky, and has become viscous in nature. The optimum
amount of slacker that yields good quality in terms of force requirement and tackiness was
determined to be 31%.
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Fig.3.17: (a) - (c) Stretch tensile test of skin patch samples with varying percentage composition
of slacker by weight, and (d) contour plot of slacker effect.

3.8 Analytical modelling
Ogden and Mooney-Rivlin models are most commonly used to describe the constitutive
response of rubber. In this study, Ogden model was chosen due to its versatility and ability to fit
wide range of experimental data for silicone based materials. Ogden model for a uniaxial load
test was fitted to the set of measurements shown in Fig.3.14 - 3.17, and from this fitting Ogden
constants µ and α were extracted. The formulation of one dimensional stress- stretch ratio of the
rubber like skin material begins form the strain energy expression. The stretch ratio is defined as
the ratio of final stretched length to the original length of skin in the direction of applied stress.
The strain energy density per unit volume of an incompressible, isotropic, hyper-elastic solid can
be used to derive the one directional stress ratio in a uniaxial test and is given as (Shergold et al.,
2006):
𝜎𝑧 =

2µ
𝛼

𝜆𝛼−1 − 𝜆−0.5𝛼−1

(3.3)
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where µ and 𝛼 are the material constant for the Ogden model. The constant µ corresponds to the
shear modulus and 𝛼 corresponds to the strain hardening exponent. The material parameters
were found for each composition of modified RTV silicone by fitting Eq.(3.3) in Mathematica
using FindFit function. Figure 6 illustrates the curve-fitting and stress- stretch ratio variation for
varying concentration of foaming agent. Table 3.III in the inset of Fig.3.18 shows the
concentration of sodium bicarbonate and corresponding fitting parameters (Batch 1-7). Each
experimental data represents the average of three samples with same composition.
For the compositional variation studied here, the sample that requires the lowest force for
specific displacement (stress less than 0.07 MPa and 3.5 stretch ratio) was found to have
composition as: 28 % part A and B, 8 % silicone thinner, 7 % sodium bicarbonate, and 29 %
slacker. For standard comparison of various skin developed the elastic parameters extracted from
Ogden function were used. The average value for the constants was found to be: α = 2.6561 and
µ = 0.0115 MPa. It should be emphasized here that the goal is to achieve low µ magnitudes
while still maintaining the texture, structural rigidity and linearity. Fig.3.19 illustrates the stretch
testing result and Ogden parameter of the optimum skin sample (Batch 21).

Fig.3.18: Stress-Stretch ratio for skin with varying percentages of sodium bicarbonate.
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Fig. 3.19: Stress – stretch test for the optimized sample with 29 % part A, 29 % of part B, 8.4 %
silicone thinner, 7 % sodium bicarbonate, and 29 % slacker by weight.

3.9 Quantification of the porosity
The porosity distribution in skin patch samples was determined from optical crosssectional microscopic images. The samples were inspected from multiple places to achieve
reliable quantification. The effect of atmospheric air on the surface of the skin during curing was
ignored. The microscopy samples were thin enough so that light could penetrate through to
illuminate the location of each pore. Fig.3.20 shows the frequency distribution of pores and the
corresponding pore diameters along with a representative microscopic image. The decrease in
the slope of the stress – stretch ratio shown in Fig.3.18 for Batch 4: 8 % Na2CO3 and Batch 5: 11
% Na2CO3 can be explained from the increased pore density shown in Fig. 3.20 b (i-ii)).
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Fig. 3.20: (a) Microscope image of the porosity in a skin sample, (b) Pore size distribution and frequency
within each skin sample (b)-(i-ii) samples with sodium carbonate additives (batch 4 &5), (ii) samples with
silicone thinner (batch 12&13), and (iii) sample with sodium carbonate, silicone thinner and slacker
(batch 21).

3.10 Hydrophobicity
The skin material used for humanoid face should be hydrophobic in nature to prevent
damages due to moisture absorption while at the same time it needs to be porous to achieve low
force requirement for actuation. Silicone elastomers are naturally hydrophobic but the addition of
chemical modifiers affects the hydrophobicity. Therefore, an experiment was conducted on all
the samples synthesized in this study to quantify the magnitude of contact angle. The method
uses the measurement and observation of contact angle after dropping a droplet of water on the
surface of skin. Three droplets of 30µL were applied on the dried skin surface cleaned with
methanol. The contact angles were observed under a microscope with 10X magnification. Fig.
3.21 shows the contact angle of droplet with the skin surface for skin composed of sodium
bicarbonate additives (Batch 1-7) and silicone thinner (Batch 8-13). It can be inferred from this
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figure that the contact angle is nearly 90o for composition with silicone thinner which is in
agreement with the fact that the oil in the silicone has a tendency of repelling the water
molecules. This is very useful result as the hydrophobicity protects the skin from moisture and
also allows embedding the actuators inside the skin without extra insulation.

(a)

(c)

(b)

Fig. 3.21: Contact angle of water droplets on the skin (a) skin sample with Na2CO3 (Batch 1-7),
(b) sample with silicone thinner (Batch 8-13), and (c) top view of water droplets covering surface
pore.

3.11 Summary on elastomeric skin
A parametric study of silicone base skin modifiers was conducted to improve the force –
displacement characteristics. Based on the tensile testing using Instron machine an optimum
composition of the modifiers was determined that reduces the force requirement for deformation
while at the same time keeping the physical texture intact. A skin patch sample with composition
of 28% part A and B each, 8 % silicone thinner,7 % sodium bicarbonate, and 29 % slacker by
weight, was found to provide the stretch ratio 3.5 with corresponding stress of 0.07 MPa. Ogden
model fitted on this composition sample resulted in 𝛼 and µ magnitudes of 2.6561 and 0.0115
MPa respectively. Further, this skin had the contact angle of 90o illustrating the hydrophobic
nature.
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Chapter 4
Synthesis and Cyclic Force Characterization of Helical
Polypyrrole Actuators for Artificial Muscles
4.1 Facial Muscles
To mimic human facial muscles, it is important to understand their requirements and
functionality. Figure 1 schematically shows the conceptual humanoid face describing the
architecture for integrating artificial muscles underneath the skin layer. This figure also
compares the arrangement of actuators with the natural facial muscle structure. To understand
the arrangement of artificial muscles, it may be useful to mention some important aspects
regarding natural facial muscles. The natural facial muscles are divided into four categories:
those of the scalp, the eyelid region, the nasal region and the mouth region (W. Platzer, 1978).
These muscles are innervated by cranial nerve VII, the facial nerve which originates in the
brainstem (Sherwood,2005). Control of the facial musculature includes spontaneous (i.e.,
emotional) control by the area of the brain known as the pons, and voluntary movements by the
facial area of the motor cortex. The upper and lower face musculatures are controlled separately
by specific brainstem nuclei (Burrows, 2008). Skeletal muscles including those of the face are
composed of fibers organized into motor units (MUs). A MU is an elementary combination of an
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alpha motor neuron (αMN) and all the fibers it innervates. The alpha motor units (αMUs) and the
fibers can be broadly classified as having fast or slow twitch contractile properties because the
rate of force development and shortening are fast or slow, respectively (MacIntosh et al., 2006).
Limited data on the fiber type found within facial muscles indicates that the fibers tend to be fast
twitch. Fast twitch fibers contract rapidly but also fatigue more quickly, perhaps explaining the
reason for rapid appearance of human facial expressions which are typically held only briefly
(Burrows, 2008). MUs contract when activated by their αMN, and relax when the activation
stimulus is removed. To effect facial expressions, the muscles work in a complex arrangement
that is not readily described by a single muscle vector ( Yoleri,2006). This inherent complexity
suggests that MUs within several muscles are activated simultaneously or in a complex pattern to
generate forces to mobilize the “facial mask” into an expression. Facial muscle contractile
properties are less well studied (Neely and Pomerantz, 2002) than that of limb skeletal muscle,
but it is likely the same fundamental properties for force regulation apply. The force-velocity
relation states that as the load on a muscle that is expected to move increases, the velocity of
shortening decreases which can be described by a non linear curve (MacIntosh et al., 2006). The
contractile characteristics and activation of muscles are complex for mobilizing the “facial mask”
(Burrows 2008).
At this juncture the properties of natural facial muscles are different than that of
conducting polymer based actuators. Thus, to accurately produce facial expressions for a
humanoid it will be important to develop low volume, low power, rapid response actuators
whose characteristics closely duplicate those of natural muscles. We expect that a similar
functional form for artificial muscles can be obtained by utilizing conducting polymer – metal
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composite actuators and combining them with flexible electronics consisting of programmable
microprocessors, and drivers.
First and foremost, to design the conducting polymer based actuation technology for
facial expression it is important to meet the force requirements. Previously in our research, we
have characterized the force and displacement requirements of 39 node points on a humanoid
face using a calibrated robotic manipulator (Hanson et al., 2006). It should be noted here that
force requirement in this experiment was dependent upon the deformation characteristics of skin.
A force was applied on the anchor points attached to the skin pulling it tightly. The other end of
each anchor points was attached to the manipulator tip. The load sensor on the manipulator arm
records the force applied in displacing the anchor for an incremental displacement of 0.05mm.
Using the silicone based skin the force requirements were found to be in the range of 2 – 5 N.
This is clearly a huge force for the electroactive polymers and thus improvement is required on
both ends – actuators with higher force generation and skin with lower force requirements
(Tadesse et al., 2009) for creating a desired deformation. The large force requirement could also
be overcome by arranging the actuators in parallel so that a commutative effect could be
achieved (or bundling) as depicted schematically in Fig.4.1. The morphology of actuators studied
here makes this arrangement feasible.
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Fig. 4.1: Schematic description of the humanoid face with artificial muscles.
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4.2 Modeling and Numerical Simulation
4.2.1 Modeling PPy-metal composite
It is important to identify the fundamental material parameters that control force and
displacement. For this purpose, a simplistic model that correlates the behavior of a PPy – metal
composite actuator with material constants and geometry was developed. The constitutive
expressions provided in the literature emphasize the strain to charge ratio which is a function of
several variables including ion size, ion-solvent interaction, conformational changes (polymer
backbone structure due to influx of ions), anisotropy, ordering and polymer transference number.
The behavior of actuator can be represented by analogical electrical circuit model. Equivalent
circuit models are an approximate representation of such a system because they can be employed
for analysis of an unknown system. The diffusive elastic model proposed in literature is a
significant improvement and has been used to explain the coupling between strain and charge
and time constant of PPy films (Madden, J., 2000). The equations were derived from Fick‟s first
law and Kirchhoff‟s law to find an unknown impedance of a PPy actuator.
Performance related issues that were not initially described by the diffusion model were
later addressed by introducing RC network equivalent circuit representation (Madden, P., 2003).
However, the proposed model is specific to planar structure and is not directly applicable to
different actuator geometries. In our case, this is complicated due to the hollow shell structure of
the actuator. Further, it is expected that the platinum winding around the dispensable core will
create a magnetic field which is stronger inside the core and less intense around the actuator.
When the ions start to move towards the polymer surface with their initial velocity, they will
experience a force by magnetic field orthogonal to both the velocity and magnetic field.
Therefore, the migration of ions will be influenced by the generated magnetic field and it should
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be accommodated in the model as an RLC network. A modified equivalent circuit can be written
to include the inductive behavior of actuator as shown in Fig.4.2.

Fig. 4.2:

Equivalent circuit model of helically wound PPy – metal composite actuators; here

Rcon is contact resistance between wire and polymer, Rp is polymer bulk resistance, Cvp is
volumetric capacitance of the bulk polymer, RD is diffusion resistance, Lp is inductance of the
polymer-metal coil, CDLP is double layer capacitance at the polymer interface, CDLC is double
layer capacitance at the counter electrode interface, and Relc is electrolyte resistance.

Using the equivalent circuit shown in Fig.4.2, the total volumetric charge density 𝜌1 can
be obtained from the current as:
𝜌1 =

𝑑𝜌 1
𝑑𝑡

=𝑉

𝐼

(4.1)

𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒

The current through the circuit can be calculated and expressed as follows:

𝐼=𝑅

𝑉
𝑡𝑜𝑡 𝐶 𝐷𝐿𝐶 𝑆+1
𝐶 𝐷𝐿𝐶 𝑆

+

𝑅 𝐷 +𝐿 𝑃 𝑆 𝐶 𝑣𝑝 𝑆+1
𝑆 𝐶 𝑣𝑃 +𝐶 𝐷𝐿𝑃 1+ 𝑅 𝐷 +𝐿 𝑝 𝑆 𝐶 𝑣𝑝 𝑆
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(4.2)

where Rcon is the contact resistance between the wire and polymer; 𝑅𝑡𝑜𝑡 is expressed as 𝑅𝑐𝑜𝑛 +
𝑅𝑒𝑙 + 𝑅𝑃 , 𝑆 is a Laplace variable, Rp is the polymer bulk resistance, Cvp is the volumetric
capacitance of the bulk polymer, RD is the diffusion resistance, Lp is the inductance of polymermetal coil, CDLP is the double layer capacitance at polymer interface, CDLC is the double layer
capacitance at the counter electrode interface, and Relc is electrolyte resistance.
For the bulk polymer, the relationship between stress, strain and the coupling term can be
written as in Eq. (4.3) with an additional factor to accommodate for the strain generated due to
humidity.
ς

ε1 = E 1 ± λ1 α1 ρ1 ± λ2 β1 μ1

(4.3)

1

where ς1 is the stress in the axial direction, E1 is the modulus of elasticity of a metal-polymer
composite, α1 is an empirical constant that represents the strain to volumetric charge ratio in the
axial direction supplied to the actuator [1/(C/m3)], and ρ1 is charge density (C/m3), β1 is the
coefficient for strain due to humidity, λ1 = 1 and λ2 = 0 if the test is carried out with in
electrolyte (configuration II) and λ1 = 0 and λ2 = 1 if the test is carried out in a humid
environment (configuration I). Both these configurations are later discussed in this chapter.
Substituting Eq. (4.1) and (4.2) into Eq. (4.3) yields a relationship between strain, stress and
other parameter of the composite actuator as follows:
ς

ε1 = E 1 ± λ1 α1
1

V
R tot C DLC S +1
C DLC

+

R D +L P S C vp S +1
C vP +C DLP 1+ R D +L p S C vp S

± λ2 β1 μ1

(4.4)

Inductance of the actuator can be calculated from the standard equation for a coil as following:
L=

μN 2 A

(4.5)

L
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where μ = μo k, μo is the permeability of space 4π10−7 T Amp m , k is relative permeability,
N is number of turns, D is diameter of winding of polymer, A is area of polymer, L is length of
actuator. The magnitudes of inductance for the actuators synthesized in this study were 9.8*10-8
H ( N = 100, A = 0.196 mm2, L = 25 mm) for thin film and 2.5* 10-6 H ( N = 192, A = 2.544
mm2, L = 48 mm) for thick film. These values clearly indicate that the model presented along
with the simulation result in Fig. 4.3 (a-d) explains the general scenario for a conducting polymer
– metal composite actuator by taking into account the magnitude of inductance. The parameters
diffusion and strain to charge ratio were of the order of 10-12 in the modeling equation. Thus, by
taking into account inductive behavior of PPy-metal composite actuator a parametric relationship
can be established which describes the generic behavior. Equation (4.4) can be used to compute
the strain magnitudes by varying specific parameter at a given instant.
Table 4. I. Comparison of actuator technologies with conducting polymer
Actuator Type

Max

Max

Max

Max

Specific

Relative

Eg.

Drive

strain

Pressur

Energy

Efficiency

density

speed

Device

(Voltage/

(%)

e

density

%

or

Current)

MPa

3

(J/cm )

sample
Size

Electrostrictive
polymer Artificial

-

muscle [4]

32

0.21

0.034

90

1

Fast

Thickness

200V

-

Silicone

11

1.9

0.10

80

1

Fast

1-4μm

-

Polyuretha

4

15

0.3

-

1.8

Fast

215

7.2

3.4

60-80

1

Medium

diameter

-150

63

3.0

0.75

90

1

Fast

pump

MV/m

- Silicone(CF

-150 μm

- 190-300

19-2186)

Diaphrag

V

ne
-

P(VDFTrFE)

Dielectric Elastomer
[5]
- Acrylic

-3 mm

m
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Electrostatic
Devices [5]

50

0.03

0.0015

>90

1

Fast

- Ceramic (PZT)

0.2

110

0.10

>90

7.7

Fast

- Single

1.7

131

1.0

>90

7.7

Fast

-120 x 27

crystal(PZN-PT)

0.1

4.8

0.0024

--

1.8

Fast

x 0.3 mm

-

- PVDF[5]

0. 45

>40

---

--

--

Fast

beam

1500/50V

( Integrated Force
Array)
Piezoelectric

- MFC ( d33 mode)
[22,23]
Electromagnetic [5]
( Voice coil)

50

0.10

0.025

>90

8

Fast

Shape Memory
Alloy
-

>5

>200

>5

<10

6.5

Slow

100

4

2

<10

1

slow

1

78

0.4

<10

2.7

slow

2-12

5-34

Wire
diameter
25-500
µm
commerci
ally
available
-

(NiTi)
[4,24]

Shape memory
Polymer

-

V = 27
V/m
(for 100
µm)

<10V

(Polyurethane) [5]
Thermal
(Expansion) [5]

-

Electrochemomech
anical
-Conducting
polymer [3]

37

≈1

10

450

Slow
<1%

~1

13.8% /s

†

<10V

23

(TFSI-doped
PPy)[7]
- Polyaniline [5]
Ionic polymer metal

-30 x 3 x

composite (IPMC)

>2

[3, 25]

40

≈ 15

0.005

2.9

-

3.3 % /s

0.21mm

<10 V

cantilever

(Using cantilever
effect) [26]
Liquid crystal

45

0.45

0.056

<5%

6-37 % /s

1.25

Elastomer [3]
Carbon nanotubes

MV/m
~1

>10

0.04

-

-

20

1

0.1

-

-

19 %/s

2V

[3]
Molecular
actuators[3,6]
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-

-

2V

Mechano-chemical
Polymer

>40

0.3

0.06

30

~1

Slow

-

-

0.2

70

0.025

60

9

Fast

-

-

>40

0.35

0.07

>35

1

Med

-

/Gels
(polyelectrolyte)[5]
Magnetostrictive
(Terfenol-D, Etrema
Products) [5]
Natural muscle

N/A

( skeletal muscle)
[5,26]
†

High performance tubular actuator

4.2.2 Numerical Simulation
Simulations were carried out using Eq. (4.4) by incorporating realistic values of actuator
parameters as summarized in Table 4.II. It should be noted that the simulation were carried out
for a test in electrolyte solution (configuration II) by setting the parameter λ2 = 0 . The
magnitude of the parameters used in simulation were: thickness of PPy coating, t = 10 – 200 μm;
diffusion coefficient D = 2.1x10-13 m2/s considering the fact that the usual range of diffusion in
the literature has been reported between 10-11 - 10-15 m2/s (Madden, J., 2000); bulk polymer
volumetric capacitance Cvpm = 1.3x107 F/m3 (some typical values of bulk capacitance in PPy are
1.5x108, 7x107, and 1.3x108); dielectric constant of solution K = 78 (dielectric constant of
electrolyte for 0.1 M KCl in H2O) ( Kissinger, 1996); double layer gap surrounding the polymer
was taken to be 2 nm; strain to charge ratio was of the order of 10-12 m3/C; Young‟s modulus of
PPy was taken to be E1 = 600 MPa. Inductance values were varied between Lp = [L1 = 1x10-8, L2
= 1x10-6 , L3 = 1x10-5 L4 = 1x10-1 ]*9.8 H, where the first entity represents typical value of
inductance for the actuator that we characterized in this study and second term is the highest
value for the actuator geometry considered. Total resistance which includes contact resistance,
polymer bulk resistance and electrolyte resistance was taken to be Rt = 30 Ω. Other geometrical
parameters used in simulation were: outside diameter of actuator, Do= 0.5 mm; inside diameter
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of actuator Di = 0.125 mm; length of the actuator La = 25 mm; length of counter electrode Lc =
80 mm; and diameter of counter electrode Di = 0.5 mm. The diffusion resistance which is the
equivalent resistive load in the representative circuit model can be found from the similarity
expression of continuum model and diffusive elastic model as RD = 2td/ (DCdlp) (Bowers, T.,
2004) .

Table 4.II: Summary of the parameters used in simulation.
Geometrical parameters
t = 10-200

Thickness of PPy coating [µm]

D0 = 0.5

Outside diameter [mm]

Di = 0.125

Inside diameter of actuator [mm]

La = 25

Length of actuator [mm]

Lc= 80

Length of counter electrode [mm]

Dc = 0.5

Diameter of counter electrode [mm]

Rt = 30

Total resistance [Ω]

Diffusion related parameters
Cvpm = 1.3e7

Bulk polymer volumetric capacitance [F/m3]

k = 78

Dielectric constant of 0.1 M KCl, k = 78 in H2O

d=2

Double layer gap usually surrounding the polymer [nm]
-12

α = 1e

Strain to charge ratio [m3/c]

Mechanical behavior related parameters
E1=600

Young‟s modulus of PPy [MPa]

Variables
L= [1e-8, 1e-6 ,1e-5, 1e-1 ]*9.8

Inductance [H].

D=2.1e-11*[1, 0.1, 0.01, 0.001]

Diffusion usually in the range of 10-11 - 10-15 [m2/s].

The effect of various parameters on time domain generated stress was determined by
simulation. Specifically, the effect of inductance along with diffusion coefficient and thickness
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of polymer was studied and the results are presented in Fig.4.3 (a)-(d). It can be seen in Fig.4.
3(a) that lower thickness values reduce the response time while at higher magnitude of thickness
the stress response saturates and other variables become important. In this figure, the overall
cross-sectional area of the composite actuator was assumed to be constant and the thickness of
the polymer was varied. Note that the wall thickness of the hollow composite actuator includes
both the wound platinum and PPy layer. Fig.4. 3(b) shows that as the inductance is reduced the
response time increases. The effect of inductance in the range considered here is small for
various values of diffusion coefficients as shown in Fig.4.3(c). For an applied sinusoidal input
voltage described by: u = 0 for quarter cycle; u = A sin (t) for half time period with A=1; u = 0
for three-fourth of the cycle (Fig.4.3 (d)); the inductance of the actuator was found to have
minimum effect on the stress amplitude. The results of Fig.4.3 illustrate that thickness plays an
important role towards time response of the actuator. The magnitude of inductance becomes
important at smaller diffusion constants which affects the performance in controlling the
electrochemical reaction. Using these results we tailored the dimensions of actuator and material
parameters during synthesis such that the thickness of conducting polymer layer and equivalent
circuit parameters are in the regime of sharp response.
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Fig. 4.3 Simulation results: (a) effect of thickness for constant parameters given in table I (Note:
the stress amplitude overlap for the range of inductances was considered; (b) effect of inductance
on the stress amplitude and response time; (c) diffusion effect; and
sinusoidal input voltage. ( [ L1 L2 L3 L4]= [1e-8, 1e-6 ,1e-5, 1e-1 ]*9.8H).
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(d) stress response for

4.3 Experimental Methodologies
4.3.1 PPy-Metal composite actuator fabricated by mechanical removal of core
Helically interconnected PPy actuators were synthesized using electrochemical
deposition on a core Pt-wire with another layer of thin Pt-wire winding as a substrate material.
Fig.4.4 schematically represents the fabrication steps and structure of synthesized actuator. The
Pt core was mechanically withdrawn after deposition of successive layers of PPy film. This
synthesis process is similar to that previously proposed by Ding et al., 2003. Polymerization was
conducted using the synthesis process reported in our earlier work (Tadesse et al., 2008). The
solution consisted of 0.05 M pyrrole, 0.1 M KCl and 0.02 M tetrabutylammonium perchlorate.
Prior to polymerization, N2 gas was purged for about 10 min to displace any dissolved oxygen in
the solution. The thickness of deposited PPy film was intentionally increased so that it could be
detached easily from the core. Another advantage of thick PPy film is that generated actuation
force would be higher however as shown in the results of Fig.4.3 (a) the response time will be
slower. The deposition rate of PPy was found to decrease once the helically wound wire was
fully covered limiting the availability of bare surface of Pt. In order to make the withdrawal of
core Pt-wire easier and to improve the strength of PPy, another wire was wound on the predeposited substrate. This process was repeated three times as illustrated by the cross-sectional
and isometric views of actuator in Fig.4.4.
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Fig.4.4: (a) Schematic diagram of fabrication process: (i) bare core platinum, (ii) platinum
winding on the core, (iii) first layer of polymer followed by second layer of platinum winding (iv)
removal of the core by mechanical pulling process, (b) isometric views of the actuator and (c)
cross-sectional view of the actuator.
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There were several challenges during synthesis of helical actuator including the
prevention of PPy film deposition on the counter electrode and adhesion of the PPy film over
pre-deposited layers. The successful deposition that yielded optimal performance had annular
cross-sections of: R1 = 0.25 mm and R2 = 0.90 mm, and length = 48 mm. Successive deposition
steps were used to obtain these dimensions and the whole process was found to take 65 hrs. A
similar actuator synthesized with dimension of R 1 = 0.25 mm and R2 = 0.70 mm took around 28
hrs. It can be realized that cyclic voltammetry technique requires long time to deposit PPy under
the selected chemical concentration and electrolyte. Figure 5 shows the voltammograms for a
typical synthesis process. The forward sweep has parameters corresponding to that of Ipa= 1~2
mA, Epa = -0.16 ~-0.2 V, Ipc= -5 ~-7 mA and Epc = 0.8 V, where symbols represent anodic
current, anodic potential, cathodic current and cathodic potential, respectively. Since Ipa is not
equal to Ipc, the system is not reversible. Once saturation was reached, the solution was replaced
with fresh solution and another helical winding was applied over the PPy composite. The
variation in voltammogram decreased with increasing number of layers. The successful
fabrication of thin PPy-metal composite actuator was also done in similar way as the thick one
and resulted in an average inner and outer diameter of 0.12 mm and 0.5 mm respectively. The
core platinum was 125 μm in diameter and the wire winding had length of 25 μm. In this study,
if the overall diameter wall thickness of the actuator (including PPy and the Pt wound) is greater
than 200 μm, it is considered as thick actuator.
The performance of a helically interconnected tubular actuator is dependent on the
spacing between the winding during its fabrication. Binbin, 2005 and Hara et al., 2003 have
confirmed that the strain response is higher for a closely spaced winding. To get consistent
spacing, a table top helical winder was designed as shown in Fig. 4.6. The winder can handle a
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0.5 mm wire and depending upon the speed, a gap of 0.25 mm can be easily maintained with a
miniature DC gear motor. The machine has a translating stage that moves left and right holding
the coil of wire to be wound around the core.

(a)

(c)

#1-1

#1-8

(d)

(b)

#2-1

#2-6

Fig. 4.5: Synthesis conditions for three layer sample. The notation # x-y on each graph indicates
voltammogram corresponding to the „x „layer and the‟ y‟ number of times applied for the 1000 cycle
each. The left side fig. ((a) and (b)) indicates the voltammogram during the start of each layer and the
right side fig ((c) and (d)) refers to the cycle at the end of deposition. The voltammogram is for Pt

138

helix with 0.05 M PPy, 0.1 M KCl and 0.02 M TBAF with a scan rate of 0.1 V/s with 1000 cycles.

(b)

(a)

Fig. 4.6: Helical winder (a) CAD drawing and (b) picture of the fabricated table top minihelical winder.

4.3.2 PPy –Metal composite actuator fabrication using disposable core
To improve the process of releasing the Pt-core, a novel synthesis method was developed.
This method utilizes polylactide fibers (PLA) which were bundled to a desired diameter and then
coated with gold by sputtering. A thin Pt-wire was wound around the bundle in a helical manner
and PPy was deposited on top of it using the process described earlier. Once the polypyrrole
deposition was finished, the substrate was immersed in dichloromethane which dissolved the
PLA fibers leaving a hollow helically interconnected PPy actuator. With this method, 17 dpf
(44.0 µm) PLA fibers were bundled together to fabricate a thicker PLA wire (1.6 mm diameter)
and then coated with gold. Polymerization on the gold coated bundle was accomplished by using
0.05 M pyrrole, 0.1 M KCl and 0.02 M tetrabutylammonium perchlorate in propylene carbonate
(PC). After polymerization, the sample was kept in dichloromethane. The resulting actuator had
a spring-like structure with an outer diameter of 2.35 mm, an inner diameter of 1.63 mm, and a
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length of 20 mm. The resistance of the actuator was 56.7 Ω. The testing of this actuator was
conducted in a wet state with either in or out a solution.
The performance of the actuator is critically dependent on the synthesis conditions and
parameters. Table 4.III summarizes the synthesis conditions of PPy based actuators with similar
geometry reported in the literature. This actuator geometry has been referred as coil and helically
winded in prior reports where it was fabricated with a metallic support material consisting of
platinum or tungsten (Ding et al., 2003, Hara et al., 2003).
Table 4.III: Summary of synthesis conditions
Ding et al ,

Tadesse et al.,

Hara.et al.,

2003

2009

2003

Pyrrole

0.06 M

0.05 M

0.25 M

TBAPF6

0.05 M

--

--

TBAP

--

0.02 M

--

KCl

--

0.1 M

--

TBABF4

--

--

0.5 M

In a Solution

PC

PC / H20

Methyl benzoate

Synthesis conditions

Constant Current

0.1 mA/cm2

0.135 mA/cm2

Typical deposition Time

24 hrs

28/64 hrs

Temperature

-280 C

Room Temp

16 hrs

Dimensions for typical samples
PPy thickness

25 µm

Outside Diameter (Do)

350 µm

500-2350 µm

250 µm

Inside Diameter (Di)

250 µm

125-1600 µm

190 µm

500-1000 µm

125- 500 µm

60 µm

Platinum, 50 µm

Platinum , 25/ 76

Pith
Diameter of wire (d)

µm
Actuation conditions
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Tungsten, 30 µm

Electrolyte

0.25 M TBAPF6

0.1-0.4 M TBAP /

1 M NaBF4 aq.

0.2 M KCl
Activation
Voltage range

DC voltage

Cyclic voltage

-1 V for 120 s

0.05- 8 V

±5 V at 2 Hz

0.001~ 5 Hz

Cyclic voltage
-0.9 v and +0.7 V
Scan 2m V/s

±1.5 V at 0.1 Hz

4.4 Results and Discussion
4.4.1 Force – response time characteristics of PPy – metal composite actuators
fabricated by mechanical removal of core
Initial experiments were conducted on helical actuators with a non-uniform core as the
core-wire removal process was performed mechanically. The average of results on various
actuators describing the key performance metrics in terms of force and nonlinearity are presented.
In facial muscle applications, the actuators are connected to skin through the anchor points. To
create the deformation, the actuator should have enough force to pull the anchor points and this
force should be linear to repeat the expressions. Thus, focus was on measurement of the forcetime response and tuning this characteristic such that large force at low frequencies can be
obtained. The average inner and outer diameters of the actuator were 0.125 mm and 0.5 mm,
respectively, with a total length of 25 mm. The core Pt-wire diameter was 125 μm and the
helical interconnection wire had a diameter of 25μm. The winding was applied twice during
successive layer by layer deposition. Fig.4.7 (a)-(b) shows the top and side views of the actuator
after PPy deposition was completed. It can be seen from this figure that there were some areas
which had discontinuity that could be related to the process of withdrawing the Pt-wire core
mechanically. Fig.4.7(c) shows the picture of a synthesized thin actuator used for testing. Wires
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are bonded at the terminals of the actuator using conductive epoxy for electrical connection. The
overall size was almost the same size as a push pencil. The difficulties in using an axial type
actuator with such small dimensions are handling and bonding at the end terminals. It was
noticed that some of the actuators did not remain straight though the platinum winding helps
with rigidity. The curvature in the actuator affects the performance during characterization.
Fig.4.7 (d) shows the picture of actuator with varying wall thickness. It was expected that
varying profile will enhance the redox reaction and thus improve the response time, provide
variable polar moment of inertia and load carrying capacity. The variable polar moment of
inertia enables the actuator to be more tolerant to any twisting moment than the constant crosssectional area. This could be exemplified from mechanics of material since shear stress along a
cross-section is given by 𝜏 = 𝑇 ∗ 𝑟/𝐽, where 𝜏 = shear stress along a cross-section, 𝑇= torque or
twisting moment, 𝑟 = radius of a cross-section, 𝐽= polar moment of inertia given by 𝐽 =

𝑟 2 𝑑𝑎 ,

and da is differential area in a given cross-section. The polar moment of inertia will be higher in
the middle area leading to lower shear force and twisting angle. The varying cross-sectional
profiles were achieved by changing the electrode orientation which altered the deposition profile.
Fig.4. 8 (a) – (d) shows the optical microscopic image of bare Pt coil, PPy coated Pt helix and the
subsequent layers. Fig.4.8 (a) shows the bare platinum winding in the first layer on which PPy
was deposited as shown in Fig.4.8(b). Fig.4.8(c) shows the second layer Pt winding on top of the
PPy coating. The pitch of the second layer was different from that of the first layer in order to
preserve the PPy coating. Fig.4.8 (d) shows a single wound wire with PPy coating removed at
the tip, resulting in a thickness of 58μm PPy layer. Fig.4.9 (a) – (c) shows the higher
magnification SEM images which clearly demonstrate that the PPy is covering the platinum coil
entirely. Certain inconsistency in spacing occurs during winding in the second layer and result
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from simulation might not fit exactly with the experimentally measured values due to variability
in the PPy thickness. However, coating on multiple layers of platinum was obtained as desired
for our actuator structure. The surface of the PPy coating was found to possess dense structure
with cauliflower like morphology.

(a)

(b)

(d)

(c )

Fig. 4.7: Synthesized actuator: (a) front and (b) side views of the actuator with inner and outer
diameter D1=0.125, D2=0.50 and length L=25 mm; (c) overall view of thin actuator (wall
thickness less than 200µm); (d) structure of the synthesized thick polypyrrole metal composite
actuator (inner and outer diameter D1=0.50, D2=1.80 and length L= 48mm) with platinum wire
core. Note: If the wall thickness of the actuator is greater than 200 µm, it is considered as thick.
143

(a)

(b)

(c)

(d)

Fig.4.8: Fabrication of metal-polymer composite actuator indicating the layers of platinum and
PPy layer (a) before deposition, (b) after the first layer of PPy deposition, (c) after the second
winding applied on actuator in (b), and (d) PPy coated on the first wound wire approximate
thickness 58µm.
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(b )

(a )

Fig.4.9:

Scanning

electron

micrograph

(SEM) image of synthesized multi-layer PPy

(c )

actuator sample: (a) PPy coating on three
turns (b) coating on two layers; and (c) High
resolution surface structure.

Two test configurations were used for characterization of the actuators: (i) Configuration
I: by directly connecting terminals of the actuator to the AC source after immediately removing
it from the solution, and (ii) Configuration II: by connecting AC source between the counter
electrode and one end of the actuator as a working electrode within an electrolyte solution. Both
these configurations are schematically shown in Fig.4.10 (a) and (b). In literature, most of the
characterization on PPy based actuators has been conducted in a fully or partially immersed
electrolytic condition. However, PPy films exhibit actuation under humid conditions when
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potential stimuli are applied across the terminals of actuator (Okuzaki and Funasaka, 1999). The
mechanism of actuation was related to sorption and desorption of water vapor from the actuator
surface area. The actuator possessed a finite concentration of hydroxyl ion from the depositing
electrolytic media before testing. The testing configuration I could be considered as the limiting
case of configuration II where the gap between counter and working electrode closes to zero.
Prior studies have shown that the presence of humidity and moisture content of the actuator
affects the performance of actuator.
Isometric force measurements of the actuator in a wet state were obtained with a dual
mode servo motor as shown in Fig.4.10(c) and (d). A labview-based program was developed to
capture the input excitation, output force and deformation simultaneously by measuring the force
signal from the dual mode servo motor interface and providing it directly to a data acquisition
card. The voltage was calibrated to the appropriate scale factor (0.8 N per volt). Several tests
were carried out with varying input voltages and frequencies. The maximum force generated by
a thin actuator was 50 mN at 0.5 V and 1 Hz. The test was carried out directly by connecting the
ends of the actuator to a voltage source (Tektronix TM5006A) in configuration I. The overall
resistance was low indicating the accuracy of the connection. The force generated by the actuator
was found to follow a linear relationship below an applied voltage of 0.25 V, after which the
behavior became nonlinear as shown in Fig.4.11 (a). For an input voltage of 0.25 V, the force
increases proportionally in the inclined plane. A further increase in input voltage to 0.5 V leads
the force to deviate from the inclined plane. The cyclic force – amplitude of voltage graph was
found to overlap on one another with the same slope for a range of voltages 0.05, 0.10, 0.15, and
0.25 V. However, at an applied voltage of 0.5V the actuator exhibited a large force with a
different slope as shown in Fig.4.11 (b). This behavior may be related to permanent strain in the
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actuator indicating that 0.5 V is in the vicinity of the breakdown potential. The isometric force
produced by actuator (shown in Fig.4.7 (d)) in an electrolytic solution of 0.2 M KCl and 0.04M
TBAP was in the range of 40 mN. The actuator shown in Fig.4.7(d) had a 90 mm length before
the core was removed and 48 mm length after the core was removed. This change in dimension
occurs due to the mechanical pull-out process which affects the film quality at the terminals.
Thus, after careful optical microscopy observation the length of actuator with uniform PPy
coating was utilized by cutting off the loosely connected sections.

(a)

(b)

(c)

Fig.4. 10:

(d)

(a) testing in humid conditions (configuration I), and (b) testing in

electrolyte solution (configuration II), (c) actuator mounted on the dual lever arm, (d)
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schematic diagram of actuation test.
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(a) Output force as a function of input voltage for cyclic testing in

configuration I of thin actuator, with a length of 25mm, inner and outer diameter of
0.125 mm and 0.500 mm. (b) Force as a function of amplitude of input voltage ( five
number of cycles overlapped each other).
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4.4.2 Time domain force–response time characteristics of PPy–metal
composite actuator fabricated by using spring coil substrate without core.
The time domain force generation from an actuator with outside diameter of 0.98 mm and
a length of 23 mm was measured in an electrolyte concentration of 0.1 M TBAP. The
concentration of electrolyte used was five times higher than the molar solution of TBAP used
during synthesis. A sinusoidal voltage of frequency 0.01 Hz with amplitudes 2, 4, 7 and 8 V was
applied between electrodes in test configuration II. The applied voltages may seem to be high but
the effective amplitude that brings about force generation is dependent upon the electrochemical
cell. The muscle tester bath had an inner diameter of 33.5 mm with 75 ml of electrolyte. The gap
between actuator and two parallel counter electrodes was 3.6 mm from each side and length of
counter electrode was 45mm. The generated force was captured using data acquisition card as
shown in Fig. 4.12(a)-(c). The force was filtered out using normal filtering technique with 10
point averaging. It was found that there was no cyclic change in the force generated from
actuator for input voltage of 2 and 4 V. However cyclic output force was obtained from the
higher applied voltage of 7 and 8 V. At higher potentials, bubble formation was observed in the
bath. This could be related to breakdown of electrolyte. A delay on an order of 15-20 s was
observed for the force to reach maximum with respect to the input voltage. The relative
magnitude of force generation is compared in Fig.4.12 (d) for various applied voltages. Several
interesting points can be noted in this figure: (i) a force of 0.19 mN was obtained for the applied
voltage of 8V, (ii) there is a time delay of approximately 20 s at the applied voltage of 8 V which
increases with decreasing voltage, (iii) the force reaches maximum in 30 s at applied voltage of 8
V, and (iv) there is bias in the response with increasing number of cycles. These results can be
explained on the basis of dense surface structure of the actuator across which diffusion of the
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large ion is difficult. The speed of actuator was dependent upon the time required for diffusion of
ionic and solvent species in and out of the polymer. Osmotic effect may also be affecting the
movement of ions however for the design considered in this study the resultant effect may be
small. Fig.4.12(e) shows the force response of the actuator for 10X concentration of electrolyte.
It is evident from this figure that time-delay is significantly decreased with increasing electrolyte
concentration which further indicates that diffusion of the solvent ions into polymer layer being

10

Potential[V]

(a)

0
-10
0

100

200

(b)
0

-10
0

300

Potential[V]

10

100
200
time [sec]

time [sec]

300

-0.2
0

100

200

300

0

-0.2
0

100
200
time [sec]

300

Force [mN]

Force [mN]

0

10

(c)
0
-10
0

100

time [sec]

8V
(d)

0.1

-0.2
0

2V

2V
7V
8V

0
-0.1

50

100

150
200
time [sec]

150

200

300

0

0.2

-0.2
0

300

0.2

100
time [sec]

7V

200
time [sec]

0.2

0.2

Filtered Force[mN]

Filtered Force [mN]

Potential[V]

important factor.

250

300

Stimulation[V]

10

(e)

0
-10
0

100

200
Time[Sec]

300

100

200
Time[Sec]

300

Force[mN]

0.5
0
-0.5
0

Fig.4.12: (a)-(d) Force – response time characteristic for thin PPy-metal composite actuator (outside
diameter = 0.98mm, inside diameter ≈ 0.60mm and length = 23 mm) in an electrolytic solution of
0.2M TBAP, (e) in 0.4M TBAP electrolyte with testing configuration II. The volume of test tube
was 75ml, with diameter of 33mm and length of 80mm. The gap between counter electrode and
actuator was 3.6 mm from each side..

4.4.3 Force – frequency – response time characteristics of PPy–metal
composite actuator fabricated by using sacrificial core
The performance of PLA-core based actuator is shown in Fig.4.13 (a) – (c). These tests
were conducted using Configuration I. The variation of output force at 0.1 Hz frequency for
sinusoidal voltage excitation is shown in Fig.4.13 (a). This force was measured against a lever
arm load of 32.5 mN. The generated force was out of phase with the applied signal and increased
with time reaching saturation after 120 s. Once the input voltage was turned off, it took 50 s for
the actuator to return to its zero force. Fig.4. 13(b) summarizes the frequency dependence of the
output force for different input voltages. Output force increased with decreasing frequency,
consistent with the results reported earlier. An output force of 3 mN was obtained at driving
voltage of 5 V with 0.1 Hz frequency. Fig.4.13.c (i-iii) shows the time response of the actuator
for various driving amplitudes. It can be seen from this figure that with increasing driving
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voltages there is hysteresis in the force response. The negative values shown in the figures
indicate that the force generated is pushing against the lever arm. Real-time video
characterizations against the background of graphical paper were conducted with multiple
samples in order to visualize the actuation behavior. At an applied voltage of 5V DC in small
tube with 10 ml volume, the actuator was found to exhibit movement of 0.5 mm in the axial
direction holding a tip mass of 0.05 gm attached at the end. The actuator dimensions were:
outside diameter = 0.98 mm, inside diameter = 0.60 mm, and a length of 23 mm.
The slow response of the actuators can be explained as follows. In the case of wet test
(configuration II) the response time is lower than the dry test (configuration I). Previously, it has
been shown that in addition to diffusion of the ions occurring at the electrolyte/polymer interface,
the actuation response is also dependent upon the amount of water absorbed into the actuator
under the applied electric field, the gap between electrodes and the applied voltage. The response
of the actuator also depends on the counter electrode material, where a higher strain rate was
observed for polymer counter electrode as compared to that of steel. Okuzaki and Funasaka,
1999 have shown the effect of humidity on the contraction of the PPy film where a large
response was obtained with increasing humidity. Thus, the difference between the dry and wet
test indicates that helical actuator synthesized from PLA based core has dependence on all these
variables. The force generation for thin profile actuators (wall thickness ~ less than 200 µm)
follows the frequency of the excitation voltage. However, thick film actuators did not follow the
input signal. This result is in agreement with that reported in literature. It has been shown that the
electrolytic efficiency (oxidation / reduction) decreases from 60 % to 5 % when the film
thickness increases from 0.07 μm to 2.1 μm. This difference could be related to various factors
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including enhanced barrier in diffusion of the cation from electrolyte to the center of film,
surface microstructure, and osmotic effect.
In case of wet test conducted using configuration II, the slow response could be due to
the large gap between the counter electrode and the actuator which affect the solution resistance;
the morphology of the PPy film and size of the diffusing species. The physical parameters such
as size of diffusing species and gap between electrodes are associated with the resistance and
capacitance of the actuator-electrolyte system and any change in their distribution will alter the
equivalent circuit. Further, the interaction of active species within the solution such as free
radicals of potassium, chloride, perchlorate and tetrabutylammonium will change the capacitance
of the system.
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applied voltage at various frequencies. (c) Time

(b)

response of force for various frequencies: ( i) 1
Hz, (ii) 0.5 Hz and (iii) 0.1 Hz.

4.5 Synthesis of PPy–metal composite actuator in aqueous solution
with higher concentration of monomer
A study was conducted on two samples synthesized using the method described in
section 4.3. To attain a rigid PLA core substrate, the PLA fibers were melted and extruded for a
desired diameter. Next, the PLA rods were coated with gold by sputtering and platinum wires
were wound around the gold coated rod. The polymerization of pyrrole in the presence of doping
ions TBAP and KCl was performed with higher concentration of monomer. Sample 1 was
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synthesized in aqueous solution containing 0.05 M pyrrole, 0.02 M TBAP and 0.1 M KCl and
sample 2 was synthesized in five time higher concentration than sample 1 ( 0.25 M pyrrole, 0.10
M TBAP and 0.5 M KCl). One layer of 76µm platinum winding was applied on a gold coated
polylactide rod and polymerization was done in three electrode electrochemical cell for 12 hrs
using cyclic voltammetry. The electrodes in the electrochemical cell consisted of a platinum
counter electrode (52 mm length, 5.5 mm width and 0.07 mm thickness), a standard Ag/AgCl
reference electrode and a working electrode with platinum winding on PLA rod (1 mm diameter
and 55 mm length). Fig.4.14 (a) and (b) shows the images of sample 1 before and after the core
substrate was dissolved. Figure 4.14(c) and (d) shows the images of sample 2. It can be seen that
for higher monomer concentration the coating was uniform and thicker. Typical cyclic
voltammograms for the synthesis conditions are shown in Fig.4.14 (e) and (f). Sample 1 had the
peak anodic current of 0.6 mA whereas sample 2 had the peak anodic current of 3 mA. The
lowest current for sample 1 was -1.6 mA while that for sample 2 it was -10 mA. The synthesized
long actuators are shown in Fig. 4.15.A 76 µm platinum wire was used to wrap around the PLA
rods by using a home-built helical winder machine. The spacing (pith) between the winding was
3-4 turns per millimeter. Once the substrate was coated with polypyrrole, the core polylactide
fiber was dissolved in a solution containing mixture of dichloromethane and 0.05 M HCl. The
dissolving solution consisted of 0.05 M HCl and dichloromethane in 1:4 ratios by volume.
Successful fabrication of actuator with length greater than 50 mm was achieved. As can be seen
in Fig. 4.15, Sample 1 yielded lower connectivity of polypyrrole around the Pt winding. This is
attributed to smaller thickness of PPy layer during the synthesis.

155

(b)

(a)

(d
)

(c)

(f )

(e)

Fig.4.14 PPy composite actuator: (a) sample 1 before and (b) sample 1 after polymerization (c)
sample 2 before and (d) sample 2 after polymerization, (e) voltammogram for sample 1 and (f)
voltammogram for sample 2. Scan rate 0.1V/s.
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Fig. 4.15: Pictures of sample 1 and 2, (a) before and (b) after, dissolving core substrate.

4.6. Electromechanical characterization
4.6.1 Free-strain
The free deflection measurement of the actuator was conducted in a two electrode
electrochemical cell. The actuator was connected to the negative terminal of a DC power supply
(reduction state) and a Pt plate was used as counter electrode maintaining a 5 mm gap from the
actuator. The DC potential was applied on the electrochemical cell for 80 s. The actuation was
recorded with a microscope camera and the tip deflection was tracked by using an image
processing program in MATLAB. Video characterization was found to be helpful in observing
the electrochemical actuation as well as to extract the experimental data. The characterization
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indicated that the actuator exhibited bending type of movement with DC voltage. The testing was
conducted in similar fashion as described by Spink et al., 2005 except the displacement was
extracted from video recordings. Fig.4.16 shows the free strain of actuator for applied input
voltage amplitude of 3V and 6V. At 3V, a progressive increase of bending strain up to 1.5 %
(0.76 mm) was observed for the first 30s of applied voltage. After that, slight decrease to 1% in
between 30 and 75s and finally strain saturated at 1.5%. The maximum strain observed for
applied potential of 6V was 6% (3 mm) after 55 s of stimulation. The test result for sample 1 are
not presented as the actuator was bent at the tip and didn‟t maintain structural rigidity during
testing. In conclusion, the free strain for sample 2 synthesized with 0.25 M Pyrrole, 0.10 M
TBAP and 0.5 M KCl aqueous solution varies between 1.5 – 6 % for applied voltage between 3 –
6 V DC with 80 s stimulation time.

Tip movement
8
3V
6V

Strain(%)

6
4
2
0
0

10

20

30

40
Time(sec

50

60

70

80

Fig.4.16 Free strain of PPy actuator synthesized with aqueous solution of .25 M Pyrrole, 0.10 M
TBAP and 0.5 M KCl (sample 2) and tested in 0.1 M TBAP solution actuator connected to the
negative DC power supply (reduced state).
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Electrochemical strain in oxidized state for applied DC potential was also measured from
digital camera recording. In this case, the actuator was connected to a positive terminal of the DC
power supply and the counter electrode to the negative terminal. The gap between counter
electrode and the actuator was 4.8 mm. As can be seen in Fig 4. 17, the strain didn‟t start rising
until 25 s and increases with a slope of 0.25 % /s and reaches 6 % within 60 s. It was observed
that the actuator moved away from the counter electrode while bending.

A six degree

polynomial was found to predict the trend of the data. The strain response was dependent on the
charge accumulated in the testing cell. If testing is performed without waiting for a certain period
then subsequent testing will be affected by the charges accumulated. Therefore, it is important to
wait for some time during a sequence of testing.
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Fig 4.17 (a) Free strain measurement of PPy metal composite actuator at +6V (Oxidized state)
tested in 0.1 M TBAP solution, and (b) cropped image of the actuator processed from video
sequence.
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4.6.2 Strain against load
The electrochemical strain under a given load was measured by suspending a tip mass at
the end of the actuator in aqueous solution of TBAP electrolyte. For sample 2, a mass of 0.171
gm was attached at the tip. This mass was 1.7 times higher than the overall actuator mass (m =
0.099 gm). The stain was measured by capturing images at fast speed. The images were
processed in MATLAB and filtered to extract the deformation as a function of time. The time
domain strain response of the actuator against a load corresponding to 8.3 kPa is shown in
Fig.4.18(a). It can be inferred from this figure that the strain progressively increases with time up
to 80s and starts to saturate at 3% strain. The stress–strain relationship can be constructed for this
actuation behavior and is shown in Fig. 4.18 (b). For applied DC voltage of 6V the maximum
current consumption was found to be 22 mA indicating overall power consumption of 132 mW.
The gap between counter electrode and the actuator was 7.4 mm. The blocking stress in this case
was estimated to be 18 kPa.
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Fig.4.18 Electromechanical characterization: (a) time domain strain measurement against a dead
load for sample 2 with +6V DC voltage ( oxidized state) (b) stress- strain diagram.
Strain measurement under a suspended tip mass (0.171 gm) was also conducted for
higher potential voltage in 0.1 M TBAP solution and the result is shown in Fig.4.19. The actuator
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was tested in a reduced state and the gap between counter electrode and the actuator was 7.5 mm.
The strain output for voltage amplitudes, 6V, 7V and 9V, indicates that the strain increases as the
input potential increases. However, the overall magnitude was less than the one obtained at 6V
measured at the beginning of the test. The reason for this behavior may be related to the fact that
strain amplitude as well as force output of a polymer actuator decreases in successive tests due to
electrical degradation. It has been shown previously in Fig.4.12 (d) that the first and the second
cycles do not generate the saturated magnitude of force. The effect of addition of KCl salt was
also tested but no significant change in the strain behavior was observed.
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Fig 4.19 Strain response of Sample 2 under 0.1 M TBAP aqueous solutions for high voltages in a
reduced state.
An interesting behavior was also observed during the first testing of the actuator strain
against a load. The PPy-metal composite actuator demonstrated a rotational type of motion about
its own axis besides the slight side movement. Representative images of the rotation are shown
in Fig.4.20. As shown in the figure, a hexagonal nut which was used as a dead weight turns
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slowly and reaches 900 after 80sec. The gap between the actuator and counter electrode was
maintained at 9 mm. The observed angle at 20, 40, and 60 sec were estimated to be 450, 600, and
900 respectively. For the rotation effect demonstrated in Fig.4.20, the strain response was
extracted and shown in Fig 4.21.

(a)

(b)

(c)

(d)

Fig.4.20 Rotational type of actuation in PPy-metal composite actuator.
The strain response shown in Fig. 4.21 indicates that the tip movement starts increasing
from zero and after 20-30sec while the strain remains almost constant. At this moment, the
actuator is performing a pure rotary motion about its axis. The snapshot of the image at 20sec
was shown in Fig.4.19 (b) which was oriented at 450 with the principal front plane. Considering
the strain again in Fig. 4.21, similar rotation can be observed between 40-50 sec and 60-70 sec.
The corresponding snapshots for both cases are shown in Fig. 4.20(c) and (d). The reason for the
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rotational behavior could be the stored potential energy stored during winding of the platinum
wire applying a turning effect as well as the polymer swell during actuation.
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Fig. 4.21 Strain response of PPy-metal composite exhibiting both translation and rotation.

4.7 Microscopy
The structure of the tubular PPy-metal composite actuator was observed with scanning
electron microscope before and after the core PLA was dissolved. The SEM micrographs are
shown in Fig.4.22 (a) and (b). It can be inferred from the SEM micrograph that the core PLA rod
appears as a whitish circular island before it is dissolved (Fig 4.22(a)). The interface between
PLA rod and the PPy surface is indicated in

inset and the magnified view is shown in

Fig.4.22(c). The magnified view reveals that there is a clear boundary between the two interfaces.
After the core PLA is dissolved a hollow tube structure is obtained and illustrated in Fig.4.22 (b).
The internal wall surface of the tube appears as distinct from the PPy outside layer which
indicates that gold layer is not altered. An inset of the wall of the actuator is depicted in Fig.4.22
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(d) and it can be easily seen that the 76 µm Pt winding wire being covered by the PPy from both
inside and outside.

PLA rod dissolved
(a)

(b)

dissolved

PLA rod

Pt winding covered
with PPy
(d)
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PPy
PPy

Pt

PPy

PLA rod

Fig 4.22 Scanning electron micrograph (SEM) of synthesize actuator with 0 .25 M Pyrrole, 0.10
M TBAP and 0.5 M KCl (a) Top view of the Au coated PLA rod before dissolution. (b) after
dissolution (c) closer view of PLA rod and PPy covered (d) magnified view of the wall of the
actuator after dissolution.
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The average outside and inside PPy layer thickness was 92 and 81 µm respectively covering the
platinum coil. It was also observed that remnant PLA films cover some portion of the actuator.
Physically such films are observed during dissolution with dichloromethane and dilute HCl. To
avoid such films covering the actuator surface, changing the dissolving solution three or four
times is required during fabrication. The existence of remnant film can be easily checked by
taking the actuator and dip it into a water bath and then if there is a film, it will create a slight
isolated layer on the water surface. In such cases, dissolving in another dichloromethane solvent
removes it completely.
The SEM images confirm that a tubular PPy- composite actuator can be fabricated using
the dispensable polylactide substrate as a core and the surface morphology was not affected by
the solvent utilized during the synthesis. One of the reasons to use polylactide core substrate as a
dispensable material was its dissolution with organic solvent such as dichloromethane without
affecting the polypyrrole. The other reason for using polylactide is hydrolysis with acid and
water.

4.8. Summary
Helically interconnected polypyrrole – metal composite tubular actuators with annular
cross-section were synthesized using cyclic voltammetry. This technique was found to provide
uniform deposition over a large surface. The synthesized actuators (Do = 0.50, Di = 0.12 and L=
25mm) through mechanical removal of the core process provided a maximum force of 50mN.
The actuators exhibited a non-linear response after an applied potential of 0.25V under test
configuration I. An interesting actuator profile was synthesized by varying the orientation of the
counter electrode position relative to the working electrode. Further, a novel synthesis technique
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was devised to obtain tubular helically interconnected PPy actuators using a sacrificial
(dispensable) layer of PLA fibers and subsequent etching. This actuator exhibited a decent force
response, but the time constant to generate a steady maximum force was 60s. Further studies are
required to improve the time constant of this actuator. A generalized mathematical expression
which accommodates the actuator testing configuration was proposed and simulations were
carried out for configuration II (testing in electrolyte environment). Inductance of the coil affects
the response time but not significantly for short actuators. Summary of the actuators studied in
this paper are presented in Table IV.
Synthesis of PPy actuator was conducted with high concentration of monomer. The
actuator consisted of a single layer of platinum winding on core substrate. Uniform film of PPy
was obtained by adjusting the potentiodynamic growth conditions. Electrochemical
characterization for free strain and blocking stress was conducted. For a sample synthesized with
aqueous solution containing 0.25 M Pyrrole, 0.10 M TBAP and 0.5 M KCl and tested in 0.1 M
TBAP solution, a 6 % free bending strain was obtained at an applied potential of 6V DC after 80
s stimulation time. The blocking stress of 18 kPa was estimated by extrapolating the strain
magnitude on stress-strain diagram.
Generalized equation for Metal-coil PPy actuator was proposed and parametric study was
conducted by simulation indicating that the thickness of polymer and diffusion resistance limit
the response of conducting polymer. And Inductance of a coil in PPy lowers the response time
but not significantly for short actuators.

166

Table 4. IV: Summary of tubular actuator geometry investigated in this study for cyclic testing:
Dimension
Do = Outside diameter;
Di = Inside diameter;
d = Wire diameter;
L= length and A = area.
Thick PPy actuator
-Synthesized in
0.05 M pyrrole,
0.02 M TBAP and
0.1 M KCl
Thin Ppy actuator
-Synthesized in
0.05 M pyrrole,
0.02 M TBAP and
0.1 M KCl
Thick Ppy actuator
-Synthesized in
0.05 M pyrrole,
0.02 M TBAP and
0.1 M KCl

Thin PPy actuator
- Single winding
- Synthesized in
0.25 M pyrrole,
0.10 M TBAP and
0.5 M KCl)

Di= 0.50
Do= 1.80
L = 48mm
d = 76µm
A= 2.35 mm2
Di = 0.12
Do = 0.50
L = 25 mm
d = 25 µm
A= 0.18 mm2
Di = 1.63mm
Do = 2.35mm
L = 20mm
d =76µm
A = 2.25 mm2

Max Generated
Force

F=10 mN

Activation
Potential

V= 2V and
5Hz

Testing Method

Configuration II

F= 40 mN

V=5V and
1Hz

F= 50 mN

V=0.5V and
1Hz

Configuration I

F= 3 mN

V=5V and
0.1Hz

Configuration I

For time domain stain characterization
Di = 0.763 mm
Do = 0.915mm
-Stress = 18KPa
DC Voltage
L = 51mm
(extrapolated)
d =76µm
- Strain 6%
3- 9V
A = 0.20 mm2
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Configuration II

Chapter 5
Twelve Degree of Freedom Baby Humanoid Face
using Shape Memory Alloy Artificial Muscles

5.1 Shape memory alloy actuated humanoid head architecture
First, a baby doll was selected as the model for fabricating the baby head. The model was
scanned using laser scanner (CYBERWARE 3030 RGB/MS) from which three-dimensional
solid meshed geometry was obtained which can be opened in CAD software such as Solid
Works. Mechanical features were created on the CAD model by constructing several auxiliary
planes to create features such as jaw, eye opening, teeth and also creating a hollow space by
revolving a cutout so that mechanical elements be mounted. As shown in Fig. 5.1, the head
encompasses a structure which houses 35 pulleys each of 12mm outer diameter and 5mm
thickness made from zinc plated steel, a perforated mid plate for SMA routing lines, three DOF
neck mechanism, and a stationary fire wire CMOS camera for vision system. The outside of the
skull structure was covered by elastomeric silicone skin. Details on the fabrication and
optimization of skin material can be found elsewhere (Tadesse et al., 2009) . Nine actuation units
(AU) on face and a separate jaw actuation were employed for demonstration of facial expression.
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The number of actuation points was limited by the available space inside the skull. The space
also has constrains on the SMA wires which need to be routed inside the skull without touching
each other. One end of each SMA actuator was attached to the action units and the other end was
secured to the skull structure after passing through a series of pulley system. Therefore, the total
degree of freedom which includes skin actuation and neck motion was twelve (12 DOF). To our
knowledge, this head has the highest DOF to overall volume ratio in the head. The SMA
actuators were controlled by custom-built microcontroller based driver circuit which can control
sixteen SMA actuators by enabling the microcontroller output port. The development process of
baby head from the CAD model to the prototype are shown in Fig. 5.1 in a more descriptive way.
Fig. 5.1 (a) and (b) illustrate the topology of the pulley system in spacial space within the skull
and their arrangement from the front isometric and rear point of view. Fig. 5.1(c) is another
isometric view that shows the machine elements as the back cover of the head is removed. It can
be seen that pulleys are distributed within the mid plane and also on the wall of the skull. One
advantage of using a pulley system configuration is that it allows replacement of SMA actuator if
any damage occurs. Fig. 5.1(d) shows the inside parts of the head system as the top cover is
removed revealing details of mounting mechanism for pulley and eye. As a standard material is
utilized for the mechanical system, the stress generated due to SMA actuation doesn’t produce
significant amount of stress within the component. A fail safe-design approach is adapted in
most of the action units. In other words, if one of the actuator fails, the other works with less
amount of deformation in the face.
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(a)

(b)

(c )

(d)

Fig. 5.1. CAD design of robotic head (a) Isometric view of CAD (front), (b) Rear isometric
view, (c) internal head details, and (d) mounting method for pulley system and camera.
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5.2 Prototyping and Hardware Elements
The skull is the basic structure which keeps the skin (the morphing shape) in its neutral
position. We found that a fully solid skull structure doesn’t provide a human like facial
movement. A supporting skull structure adapting the skeleton of natural human skull guides the
directional movement of skin material and provides better performance. The prototype skull
structure is shown in Fig. 5.2 which consists of sectioned solid material that reduces friction
between the skin layer and skull. The head structure should have low mass and moment of inertia
for efficient neck motion and therefore rapid prototyping fabrication method with sparse
configuration rather than dense solid was used. As can be seen in Fig. 5.2(a) the curved surface
of the prototype has polygonal elements which will increase the surface roughness of skull and
therefore require large force to pull the skin. The actuation behavior of skin is dependent on the
attachment between the skin and the skull. The portion of the skull which directly contacts with
the skin was removed in order to reduce the force required by SMA actuators as shown in
Fig.5.2(b).

(a)

(b)
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(c)
Fig. 5.2 Pictures of prototype robotic head
development

(a)

prototype

solid

support

structure, (b) modified natural looking skull
structure, and (c) elastomeric skin with the
skull

The vision of robotic head consisted of a firewire camera installed within the skull. The
choice of the fire wire camera with on board processor helps in processing images and visual
perception rapidly. Fire wire communication scheme provides the fastest transmission of data
and allows quick response for external environmental interactions. In this study, the eyes were
kept fixed in the mid plane which could be moved following the action of neck. The available
space on small biped doesn’t allow mechanical movement of the cameras separately. However, if
eye movement is a priority other small cameras with driving units could be employed in such
small biped mountable heads. Figure 5 illustrates a modular picture of stereo eye system. The
eye mechanism is not unique for this design, but intended to make capable of reconstructing
images in 3D perception. It is to be noted that there is some tradeoff between developing high
degree of freedom in facial movement on a very small scale and embellishing all kinds of
biological facial emotion on the prototype.
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(b)

(a)

Fig. 5.3 Vision system (a) pictures of the vision system of the head. (b) CAD drawing

The skin material was synthesized from commercial platinum cured silicone elastomeric
material composed of mainly polyorganosiloxanes, amorphous silica and platinum-siloxane
complex compound, foaming agents comprising of sodium bicarbonate and diluted form of
acetic acid and silicone thinner. The mixture with foaming agents was casted within a
polyurethane mold. Characterization of each facial action was done by mounting the skull–skin
assembly on translating stage with force transducer attached at the end of a fishing wire which
was then connected to the respective anchor points. The picture of the experimental setup is
shown in Fig. 5.4(a) and a schematic diagram describing the characterization technique is shown
in Fig. 5.4(b). The testing was done by translating the linear stage by a distance which is equal in
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magnitude to that of facial deformation and measuring the force required to create the
translation. The force sensor was calibrated beforehand and the voltage output (Vsen) was
converted into the corresponding force (Fs) using the expression (Fs = 972.06 Vsen + 146.78). It
can be seen in Fig. 5.4(c) that the force requirements are below 2.5 N (250gm) force. The highest
force being the force required to move the jaw.

(a)

(b)
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3.5
AU1
AU2
AU3
AU4
AU5
AU6
AU7
AU9
AU10

(c)
3

Force(N)

2.5
2
1.5
1
0.5
0
0

2

4

6
8
10
Displacement(mm)

12

Fig 5.4. Skin characterization. (a) Picture of the experimental set-up, (b) Schematic diagram of
the experimental set-up, and (c) Force vs. displacement diagram for the synthesized skin along
the deformation lines shown in inset.

5.3 Action units and actuator configuration
Based on FACS and by observing the feature points on face, the action units were
selected as shown in Fig. 5.5 In our small prototypic head, 10 AUs were used including the jaw
movement. In Fig. 5.5, we have used a notation x-LLL-Ty to define the actuator parameters, the
first entity stands for the number of SMA wires utilized at that particular action unit. The second
entity stands for the length of SMA wire which is rerouted around the pulley within the skull.
These values determine the facial deformation of face as the SMA provides a practical strain of
4%. The last entity is the type of SMA actuators utilized where FL stands for Flexinol and BMF
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stands for Biometal fiber. Initially, we used a combination of Flexinol and Biometal fiber
actuators in the face by distributing BMF in fast moving areas and Flexinol in other areas since
BMF is relatively expensive than Flexinol. This was also done so that one can conduct a
comparative study on these two SMAs.
The location of action units (AU) or control points were chosen for basic emotional
demonstration which happens to be few control points. Since the size of the skull is the same as
that of a normal palm, there is a serious space constraint which limits the number of actuation
points. Fig.5.5 illustrates the actuation points and their direction on the frontal plane. The action
units (AU) are listed in table 5.I. The other parameters in this table are the number of actuators at
each action unit, the length and type of actuator used. The neck used the servo motors to
implement a parallel chain driven on ball and socket joint pivoting about an axis. The head was
balanced by four springs which were tightened to hold the head in equilibrium position. This
mechanism helps the head to be stable at all times and requires less driving torque from the
motor.
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(a)

(b)

(d)

(c)

Fig.5.5: Action unit and direction of movement on the skull. (a) Schematic diagram in frontal
view, (b) Side view, (c) Frontal view of the actual prototype, and (d) Pictorial view of prototype
skull.
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Table 5.I: Actuator parameter used on the face
Name of

Length

Number of

Resistance

Action unit

(mm)

Actuators

Measured (Ω)

Au-2

265

2 BMF

19.2

Au-2L

265

2BMF

17.8

Au-3

230

1 BMF

31.5

Au-4L

220

2 BMF

14.8

Au-7

275

2FL

19.3

Au-7L

150

1FL

10.5

Au-8

360

2FL

12.6

Au-9

255

2FL

8.9

Au-10

275

4BMF

8.4

Au-11

270

2BMF

18.2

The effect of number of actuators on force and displacement when connected in parallel
configuration can be determined by measuring the deformation for each action units. It is known
that SMA actuator exhibits nonlinearity however this behavior can be ignored since the applied
currents are below the critical level. Considering Fig. 5.6(a) for one SMA actuator with a
blocking force 𝐹𝑏 and a practical free strain 𝜀𝑓 , the relationship can be expressed by a linear line
with negative slope. If two SMA actuators of the same length are used together, the force will be
amplified by two times and the strain will remain the same. Therefore, the force gets amplified
by the number of SMAs attached at a particular point. The skin characteristic curve is a positive
slope line. The action unit can be connected to a number of shape memory alloy actuators with
each action unit having its own unique displacement characteristics because the thickness of skin
at each action unit could be slightly different that results in force anisotropy. Therefore it was
important to study the force and displacement relationship rather than stress-strain relationship.
Figure 5.6(a) demonstrates the shape memory actuator force displacement characteristics. The
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governing equation for multiple SMA actuators connected at an action unit can be considered as
a linear line:
D

F  iFb 
 1


 f


(2)

where 𝐹 is actuator force, 𝐹𝑏 is the blocking force of SMA, 𝑖 is the number of actuators with the
same diameter, 𝐷 is the displacement and 𝜀𝑓 is the free strain. The load line could be variable
across the face of the robot and it can be determined experimentally. This relationship can be
represented as:

F  mv D

(3)

where F is the force, mv is the slope of the skin characteristic (determined experimentally) and
D is the displacement. The operating point of the action unit on the face can be determined from
the intersection of Eq. (2) and (3) given as:
 iF

Doi  iFb  b  mv 


 f


1

(4)

Equation 4 depicts how the operation point, which is the point of interest of action unit, is
displacing under different configuration of SMA arrangement at an action unit.
The blue dashed line in Fig. 5.6(b) indicates force and displacement characteristics of
each action unit measured experimentally. The intersection of actuator line and load
characteristic curve provides the operating point of a particular action unit. For example, for jaw
movement (AU10) shown in Fig.5.6.b-vi, one Flexinol actuator (blue) line can provide a mouth
opening of around 5.5 mm, two SMA (green line) can provide 7.5 mm and three SMA (purple
line) can provide 8.5 mm. In comparison, one Biometal fiber (blue) line can provide a mouth
179

opening of 7 mm, two can provide 9 mm and three can provide (purple line) 10 mm. Using
several SMA actuators might not be desirable due to heat dissipation and high power
consumption and thus there is a trade-off. A comparative plot of skin-actuators relationships for
Flexinol and BMF with respect to each action lines was taken into consideration in making the
selection. The left side in Fig.5.6 represents the data for Flexinol actuator and the right side for
biometal fiber actuator. The force and displacement axis of each plot were made to be the same
to indicate that there exist a variation of force displacement characteristics during actuation of
skin. Such a behavior is due to variable thickness of skin, roughness of supporting structure and
the existence of support structure around action unit. The blocking stress of Biometal fiber
actuator is 500MPa. The vendor for Biometal fiber actuator lists the performance of actuator in
terms of practical force produced at optimum driving conditions in order to indicate the useful
kinetic force (available online http://www.toki.co.jp). The maximum pulling force of a 127µm
(0.005”) Flexinol wire is 2.25 N (230gm) force and obtained from the manufacturer, Dynalloy
Inc ( http://www.Dynalloy.com).
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Fig. 5.6 SMA actuator-skin deformation relationships (a) Generalized actuation characteristics
(b)– (g) Comparative force- displacement characteristics of Action units utilizing Flexinol wire
(127 µm wire) and (h) - (m) biometal fiber (100 µm wire) in parallel configuration at action
units(AUs).

5.4 Integration issues
Realizing human-like facial expression requires best combination of constituent elements,
the skin, the skull, the actuator attachment to skin, and the attachment of skin to the skull. After
synthesizing the skin, control points on inside part of the skin were selected according to FACS (
Ekman and Friesen,1978). The mechanical support structure system was assembled and the skin
was attached with SMA actuators at the action units. Next, the skin and SMA assembly were
mounted on a skull having feature points which exactly fitted the section created on the skull.
The challenge of packaging the baby head is to reroute the SMA wire without touching each
other within the skull compartment and keeping the outer skin in a consistent landmark points.
Another aspect is the heat generation within the compartment which needs to be removed to
actuate the face effectively. To this end, the back side of the skull cover was made to be
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perforated. A forced convection system might be considered to excavate the heat inside. Figure
5.7 (a) – (c) illustrates the front face, the inside of skull and the assembled head from the back
side. One end of each SMA actuator was connected to the skin with a ring terminal hooked
inside the skin so that it will not be visible from outside part of skin. The SMA actuators then
passed through the sinking points on the skull, rerouted on pulleys inside the skull and finally
anchored on the other end.

Fig. 5.7: (a) Skin-skull-actuator assembly, (b) back side of the head with a slot created in the
skin to access inside of the head which can be sealed using zipper, and (c) inside of the head after
completing the assembly.
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5.5 Driving electronics and Control
Integration of hardware and software for robotic system requires implementation of
microcontroller or microprocessor based system to incorporate pre-programmed sequence of
commands and also real-time decision making. Application of microcontroller based circuits has
been demonstrated on various robotic platforms such as actuator arrays (Velázquez et al., 2005;
Angelino and Washington, 2002), Jellyfish inspired unmanned underwater vehicle (Villanueva,
2009) climbing robots (Pack et al., 1997), mobile robots( Li and Yang, 2003), robot localization
(Hernandez, 2003), and automatic guidance (Ruffier and Franceschini, 2005). Building upon this
prior information, the basic constituents of the driver system implemented in the head included a
microcontroller, an amplifier chip, a voltage regulator and other passive circuit elements. PIC 16
series microcontroller (16F874) was used for programming and interface. PIC is a CMOS
FLASH-based 8-bit microcontroller with electrically erasable programmable read-only memory
(EEPROM), 40 pins, and four ports that can be configured as input and output. It has three
internal timers that can be used to generate real-time interrupt routines. The principle of
operation for the developed driving circuit is as follows. The microcontroller sends signal to the
enabling port of the current amplifier chip. A TTL logic high is connected to other ports of the
amplifier chip and makes the logic input to be “True” all the time. The sequential driving of
SMA actuators attached to the output terminal of the current driver chip is done by providing a
wavelet type signal by programming the microcontroller. The controller utilizes a 20 MHz
crystal oscillator. One of the ports of microcontroller was configured as an input and attached to
external switch. The external switch was made in such a way that it can be set manually or it can
be triggered from the main processor of the biped torso. This enables to test the robotic head on a
separate table top or by mounting the head assembly on to a biped robot. Microprocessor
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requires external support hardware such as external RAM, ROM and peripherals whereas
microcontroller needs very little external support hardware as the RAM, ROM and peripherals
are built on the chip. The programming of microcontroller was done in assembly language using
MPLAB IDE (Integrated Development Environment) and development board PICDEMTM 2
PLUS. The sequencing of port activation was done by calling a delay loop. First, a delay loop
routine was written for one second and the output ports, PORT B and PORT C were configured
as TRISTATE. The ports were active by setting them high using BCF and resetting with BSF
instruction sets and calling the delay in between these commands. The advantage of using
assembly language is that very few instruction sets are required for the controller which increases
the efficiency and memory space utilization.
Figure 5.8 shows the schematic diagram of the circuit. In this figure, manual trigger,
power supply to the digital logic input, clock and driver module are shown as dashed lines. The
manual control module includes a master clear (MC) and activation (AB) push button which are
used to test the facial activation code downloaded to the microcontroller. The master clear to
reset the program and the activation button is used to trigger the facial expression routine code
during table top testing. Once the AB button is triggered the microcontroller can trigger the
driver module autonomously depending on the code embedded in the microcontroller and
activating the corresponding set of SMA actuators. In the case of biped mounted head, the
activation button can be turned on by the main processor of the robot.
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Fig.5.8 Schematic diagram of the driving circuit for the SMA head.
Typical sequence of actuation of each action unit is shown in Fig.5.9. The measurement
was done for an open loop terminal voltage using National instrument (NI 2121) data acquisition
card with 8 channel analog input. For example in Fig.5.9, AU8 and AU3 are activated at the
same time for 2 sec for demonstrating a “surprise” type of expression, while AU2 and AU4 are
activated together for mild smile. The pulse train presented in Fig.5.9 is one subroutine executed
for 50 sec facial activation implementation. The delay between each sequence, the activation
time, and simultaneous engagement of action units determine the facial emotion of the prototype
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face. Therefore, it is important to adjust these parameters during programming the
microcontroller. The characteristic of current amplifier L298 chip was measured by sweeping a
constant resistance and recording the voltage and current simultaneously. The resistance value
was chosen in the range of the resistance of shape memory alloy actuators. Chip A and B gets
the voltage and current characteristics from a 5V regulator 8705 chip which limits the voltage
below 5V. Chip C represents the current and voltage of a DC power battery source directly
attached to the amplifier chip. This configuration helps in studying the behavior of the circuit
under different circumstance. It should be noted here that an adjustable potentiometer driving
circuitry is required to control the exact magnitude of voltage and current. All the circuit
components were vertically stacked on the board. The servo motors used in neck mechanism
were controlled by using commercially available Polulo controller with a USB interface. The
head was balanced by four springs which were tightened to hold in equilibrium position. This
mechanism helps the head to be stable at all the times and reduces driving torque of the motor
during actuation.
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Fig.5.9 Sequence of facial activation for one cycle
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Fig.5.10 Characteristics of the driver circuit
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35

5.6 Face Characterization
Facial expressions were characterized by recording a video sequence. The face
deformation can be recognized by visualizing marked points on the face in the area where an
action unit was deployed. The first characterizations were performed near the mouth area. Fig
5.11(a) – (d) shows the normal position, jaw opening, upper lip moving upward and lower lip
drawn inwards. The deformations on the face are mainly dependent on the attachment points and
the direction movement of the actuators.

(a)

(b)

(b)

(c)

(d)

Fig.5.11. Facial expression around the mouth (a) Lips normal position (b) mouth open by lower
jaw movement (c) upper lip protruded outward (d) lower lip pulled inwards
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Face characterization as can be seen in the frontal view of the face are shown in Fig. 5.12.
Multiple human-like expressions can be observed such as worry, surprise and exclamation.

(b)

(a)

(c)

(d)

Fig. 5.12 Surprised facial expression of the baby head (a) worried facial emotion (b) surprised +
angry face (c) shocking emotion (d) “uhh”.
Next, the robotic head was mounted on DARwIn (Dynamic Anthropomorphic Robot with
Intelligence) humanoid robot capable of bipedal walking and performing human like motions.
DARwIn version III is 600 mm tall, 4 kg robot with 21 DOF where each joint is actuated by
coreless DC motors and utilizes a distributed control strategy. DARwIn can implement humanlike gaits while navigating obstacles and complex behaviors such as playing soccer (Hong, 2006,
Muecke and Hong, 2007). A lab view program for nodding and tilting was tested with frequency
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of 0.25 Hz and 20 varying amplitudes of servo position. Human-like nodding and turning was
observed and quantified using the video images. Figure 5.13 shows the tilting and the nodding
motion of the head. The side view of actuation mimics similar nodding gesture.

(a)

(b)

(e)

(d)

(c)

(f)

Fig.5.13. Nodding and tilting of the head mounted on biped DARwIn. (a) –(c) Left and right
titling, (d)- (f) nodding gesture motion.
Representative facial movement of smiling was measured by gluing a black circular disc
on the tip of the lip and tracking the movement from a video record synchronously sampled with
the input voltage from the microcontroller driver described in the previous section. The centroid
of the disc was tracked with image processing program in MATLABTM. The choice of black disc
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was to create as a good contrast between the disc and background so as to make image
processing easy. The images at each frame were cropped, segmented and analyzed. Fig.5.14 (a)
illustrates the time domain response of smiling. Fig.5.14(b) and (c) shows the physical
appearance of smiling before and after the smile action unit is activated.
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Fig.5.14 Face movement characterization (a) displacement response for two period activation
(b) before smiling action unit (AU2) is activated (c) after AU2 is actiavted

The jaw movement was measured similar to the face characterization described
previously except that a circular disc with a pin mounted on the tip of the lip and tracking the
movement from a video record synchronously with the input voltage from the microcontroller
driver circuit. The centroid of the disc was tracked with image processing program in
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MATLABTM. The background of the scene was made to be a uniform dark to create a good
contrast of the disc and background at each frame.

Fig.5.15 (a) and (b) illustrate the how the

measurement of the jaw movement was recorded and
(b)

(a)

(c)

(d)

Fig. 5.15 (a) gray scale image of the face (b) object identification with dark value 100
amplitude (c) normal position of the mouth with centroid tracking (d) mouth opening when
jaw is activated

Fig.5.16 shows the resulting angular movement for a square pulse with 2 second time.
The period of activation is according to the sequence of facial activation code demonstrated in
the previous section. This period can be programmed as required but the aim of this section is to
quantify the jaw movement and associated dynamics which result in the overall goal of
mimicking the jaw movement. From Fig.5.16 it can be inferred that the jaw moves down to an
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angle of 50 at the beginning of the pulse and exponentially decays once the activation is stopped
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and then return back to its original position.
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Fig.5.16 Measurement and characterization of the jaw movement (a) pictures of circular disc
mounted on the lip. (b) Cropped image processed (c) jaw response for a square wave 2 sec
activation and 6V amplitude.

5.7 On the modeling of baby head
This section deals with the dynamic modeling aspect of the baby head in relation to shape
memory alloy actuator material properties, configuration of SMA routing mechanical system
and the performance of conveying emotion focusing on mouth opening and smiling. Parameters
responsible for the performance of the facial emotion are investigated numerically and
experimentally. Initially, the overall architecture of artificial muscle (SMA) – skin arrangements
confined in spatial space within the skull are presented pictorially and the governing equations of
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SMA actuator that resulted for the performance are briefly described mathematically.
Representative numerical simulation results using Simulink models are also presented by taking
practical values of material constants for the numerical analysis. It worth to mention in this
compact design of baby head that numerical simulation using a Simulink diagram reveals
several state variables which are often difficult to measure practically or require several sensory
elements.

5.7.1 Modeling Skin-SMA configuration
The modeling of baby head includes determination of length of SMA wire from the
architecture of the head system, constitutive relationship of SMA, dynamics and heat transfer.
Fig.5.17 shows the arrangement of mechanical system, SMA wire configuration and their
confinement within the skull. The action units (AUs) represented by a dot mark, are attached to
the SMA wire after passing over a series of pulleys and anchored at the back of the head. Such
design of robotic head enables the replacement of actuators in case of any damage or loss of
performance of actuator occurs. Each action unit passes through three or four pulleys. A typical
pulley configuration for Au3 is shown in Fig. 5.17. The origin of action unit attached to the skin
from reference coordinate is indicated as 𝐴𝑢. Ignoring the curvature, the vector location of each
pulley are represented by 𝐴 - 𝐷. The end point of the Actuator securely fixed at the back side
of the head is indicated as 𝐴𝑛. Therefore, the total length of SMA actuator can be obtained from
the vector sum as follows:










L  Au  A  B  A  C  B  D  C  An  D
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(5)

To fully account the total length of SMA wrapped around the pulley, additional length factor on
the sector of the pulley can be included in the overall length and given as:

La  L 

r
 A   B   C   D 
180

(6)

Where 𝜃𝑖 refers to the sector angle in contact with the pulley. It should be noted that the
minimum bend radius of SMA actuator should not be less than 6mm. The SMA actuator
configuration for most of the action unit is as described in the previous section where the linear
contraction of the actuator is attached to the skin at one end point. The other configuration of
SMA actuator implemented in the jaw mechanism utilizes a lever arm mechanism.

Fig. 5.17 Architecture of pulley system and SMA actuator. (a) pictorial view (b) schematic diagram
(Note that Au represent Action unit)
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The general one dimensional governing equation for SMA actuator can be obtained from the
constitutive relationship as:

   0  E   0      0    T  To 

(7)

Where 𝜎,  ,  and T represent the stress, strain, fraction of martensite and temperature in the
SMA actuator respectively. The respective subscript in each symbol represents the initial
condition; 𝐸 is the young’s modulus;  is the temperature expansion coefficient; Ω is the
transformation coefficient of material constant which can be determined from hysteresis loop of
SMA( Ω = 𝐸𝜀𝑙 ). Fraction of martensite ranges between 0 and 1 (𝜉 = 1 for martensitic phase and
𝜉 = 0 for austenitic phase). The average value of modulus of elasticity of austenite and martensite
in SMA modeling provides a close approximation (Elahinia and Ashrafiuon, 2002). In another
scenario, the modulus of elasticity of the SMA actuator is dependent on the fraction of martensite
and varies as the internal temperature states changes in time (Zhu and Zhang, 2007). The change
in modulus can be written as:

E   Ea   Em  Ea 

Variable modulus

(8a)

E  0.5Ea  Em 

Constant modulus

(8b)

The fraction martensite is a function of transition temperature and can be obtained from kinetic
law. The four characteristic temperature martensite start (Ms) martensite finish (Mf), austenite
start (As) and Austenite finish (Af) are dependent on the stress level. Considering the austenite –
martensite and martensite – austenite transformations as harmonic functions of cosines, the
fraction of martensite with non zero stress state can be expressed by Eq.9 ( Leo D.J 2007).

M A 

aA  
1 
   1
cos a A T  As  
2 
CA  

(9,a)
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Where a A 

 A M 


A f  As

aM  
1 
   1
cos a M T  M f  
2 
CM  

Where a M 

(9,b)


Ms  M f

The condition for the switching martensite fraction function, according to the enhanced
phenomenological model [60] is dependent upon the stress, temperature and the rate form of
stress and temperature in the SMA. The condition can be written as :




 A f and T 
0
CA
CA

Martensitic phase if

As  T 

Austensitic phase if

Mf T 




 M s and T 
0
CA
CA

(10,a)

(10,b)

The slope of stress and transformation temperature sometimes called stress influence coefficient
provides the value of 𝐶𝐴 and 𝐶𝑀 which corresponds to the austenite and martensite respectively.
The rate form of constitutive relationship of SMA actuator can be obtained by taking the first
derivative of Eq.7 and 9 and given by:
         T  T    T 
  E    0   E    
0
o

1
2



1
2



M  A   sin a A T  As  



a A  
a
  a A T   A  
C A  
CA 

A M   sin a M T  M f  



a M  
a
  a M T   M  
C M  
CM 
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(11)

(12,a)

(12,b)

Usually, the input to the SMA wire is provided through a recommended amount of voltage
depending on the length. The governing differential equation of lumped capacitance heat transfer
is obtained as:

T 


1 V 2
 hAc T  T 

mc p   R


(13)

Where m = mass of the actuator, h= the convective heat transfer coefficient, cp = is the specific
heat capacity of the SMA alloy , V = input voltage, Ac = the surface area of the SMA actuator, T
= the temperature of the wire and Tinf = is the ambient temperature.
Eq. 11- Eq.13 are coupled equation and cannot be solved explicitly. However, the equations can
be solved numerically using a software package. SimulinkTM block diagrams were created to
simultaneously obtain the state vector (stress, strain, fraction of martensite, input voltage and
Temperature) for both skin actuation as well as jaw movement.

5.7.2 Jaw mechanism modeling: Pivoting type configuration
Facial expression often involve wide opening of the mouth. The jaw mechanism utilizes
two pair of SMA anchored at the bottom of the lower jaw and creates a pivoting action about a
horizontal plane by rolling over pulleys. Isometric view of the jaw mechanism along with the
local coordinate of each pulley is shown in Fig 5.18(a). The front and top view of the jaw
mechanism along with routing pulleys are as also shown in Fig.5.18 (b) and (d) respectively. The
isometric view is shown in Fig.5.18 (c).
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(a)

(b)

(c)

(d)

Fig.5.18 Jaw mechanism (a) Isometric view of Jaw - SMA routing pulley (b) Frontal view
indicating local coordinates of pulleys (c) isometric view of Jaw (d) Top view

To model the mouth opening, a free body diagram of the jaw mechanism was constructed
as shown in detail in Fig.5.19. The rigid body model was developed following the principles of
dynamics. The action and reaction forces (i.e Spring force (Fs), Weight (Wj), SMA torque (Tsma)
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that creates pivoting action about point O are depicted in the figure. Geometrical parameters are



also shown. The line ao is the original position of the anchor point and b o is after it rotates θ
degree. The red lines are the SMA wires.

Fig. 5.19 Free body diagram of SMA actuated jaw
From the free body diagram Fig.5.16, the equilibrium condition of the torque is given as:

TJ  Td  Ts  Tsma  Tw

(14)

Where 𝑇𝐽 is the angular inertia torque, 𝑇𝑑 is the damping torque, 𝑇𝑠 is the spring torque, 𝑇𝑠𝑚𝑎
the torque applied by the SMA wire, 𝑇𝑤 is the torque due to gravity. The torque applied by the
SMA actuator can be obtained from:

Tsma   sma ALsa  

(15)

Lsa    R1 sin 

(16)
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A is the cross-sectional area of the SMA actuator, 𝜎𝑠𝑚𝑎 is the stress in the SMA wire, 𝑅1 is the
distance of the SMA from the pivoting point O. In the current model 𝑅1 = 44mm.
The angle γ ( oaˆc or obˆc ) is used to determine the variable moment arm of the SMA.
 H  R1 sin   

 R1 cos  

    tan 1 

(17)

𝐻 is the height from the pivoting point to the fixed pulley (𝐻 = 32mm). 𝐿𝑠𝑚𝑎 is the length of
SMA actuator, 𝜀 is the strain in the SMA. The torque due to weight can be obtained from:

Tw  mgLw    mgR2 cos 

(18)

𝑚 is the mass of the jaw, 𝑔 is gravitational acceleration, 𝐿𝑤 (𝜃) is the arm length of the weight
from the pivoting point. 𝑅2 is the distance of the centroid to the pivoting point O (𝑅2 =33mm).
The spring force 𝐹𝑠 is a function of potion angle and spring stiffness that hold the jaw in the
closed state during neutral position. The spring force can be expressed as:
   0 
Ts  Fs  Lsp    2 KR3 sin
 R3 sin  
 2 

(19)

Where K is the spring stiffness of the coil spring. 𝑅3 is the distance of the end of the spring from
the pivoting point O (𝑅3 = 34mm). 𝜃 is the rotation angle from the horizontal axis. 𝜃0 is the
initial angle at neutral position.  is the angle between the action line of the spring and the arm
length 𝑅3 at any angle 𝜃. Considering triangle Δdfo, the angle  can be obtained as:

sin  

do
sin 
df

(20)

The initial spring rotation angle with respect to the pivoting axis is  0 (for the current model  0
= 300).
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Since the rotation is a complete rigid body motion, the angular relationship can be written as
follows:

    0  0
df 

do

2

(21)

 R32  2 R3 * do * cos 



(22)

do and R3 are fixed length ( do = 36 mm and R3 = 34 mm in the current jaw mechanism). Eq.14

can be written in terms of the angular motion of the jaw rotation about a pivoting point O and
given as:
J Jaw  C  F  Lsp     sma ALsa    mgLw  

(23)

Where 𝐽𝐽𝑎𝑤 is the polar moment of inertia of the jaw. The geometry of the lower jaw is
complicated and difficult to estimate from the integral equation. However, the initial estimated
value can be determined from the CAD. 𝐶 is the damping coefficient of the system during Jaw
movement. 𝐹𝑠 (𝜃) is the spring force of the jaw which is dependent on the position angle 𝜃. The
arm length 𝐿(𝜃) is also a function of 𝜃. 𝜎𝑠𝑚𝑎 is the stress in the SMA wire, 𝐴 is the cross
sectional area of the SMA wire and 𝐿𝑠 (𝜃) is the arm length for the SMA wire from the pivoting
point.
The strain in the SMA wire can be calculated from the derivative of length Lg (in Fig.5.19) and
given by:
 

R1 cos  H  R1 sin    R1 sin  
Lsma

H  R sin 
1

2

 R1 cos 

2



(24)
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5.8 Simulink Block Diagrams Models
The numerical simulation of the equation described in the previous section has been
implemented in MatLAB / Simulink. The block diagram is shown in Fig.5.20. In this diagram,
input block supply voltage to heat transfer block which then converts into rate of temperature ( T
). The rate of temperature is provided to the phase transformation block and constitutive
relationship sum block. The constitutive blocks determine the martensite fraction depending on
the stress, stress rate, temperature and temperature rate using a switching function. The stress
rate output from the constitutive block is provided to the Skin-SMA relationship. The
transformation temperatures are taken out as state variables from the constitutive block indicated
as Asp, Afp, Msp, and Mfp. The advantage of overlaying the parameters in this manner is that
all desired state variables can be easily seen in a scope. The integration was done using fourth
order Runge –Kutta ODE45 with variable step size.
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Fig.5.20 Simulink Block diagram of SMA –skin Model with constant modulus
For the pivoting mechanism utilized in the jaw, the Simulink Block diagram remains the same
except the Skin-SMA block. The skin-SMA block is replaced by a dynamic block which
includes all the dynamic equations described in the dynamic modeling (Eqs.14-24). Using the
Simulink model, the effect of various parameter such as torque due spring, due to SMA, due to
gravity, inertia effect, damping effect can all be observed in a scope or be stored.
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Fig.5.21 Simulink Model of SMA actuated Jaw with constant modulus

5.9 Numerical simulation
Numerical simulation is a useful tool for fundamental research to study parametric
change of variables in the design process of a physical system. For SMA actuated head presented
in this paper, the mathematical equations are highly non linear and coupled. There is no explicit
mathematical solution to the coupled equations of the phase transformation, heat Transfer,
constitutive relation, and second order dynamic equation of motions.
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Therefore numerical

simulations were carried out by taking practical values of material constants of shape memory
alloy and the dynamic system. The parameters of SMA: diameter of wire, length, density,
specific heat, resistivity, modulus of elasticity, transformation temperatures and recommended
voltage are obtained from vendors website (Dynalloy Inc.). The stress influence coefficient Cm
and Ca obtained from literature and ranges from 5 -12 MPa/0C (Elahinia and Ashrafiuon, 2002;
Elahinia and Ahmadian, 2005; Prahlad and Chopra, 2003).

The convective heat transfer

coefficient for free convection ranges from 10- 120 [W/m2 0C] (Elahinia and Ashrafiuon, 2002;
Jayender et al., 2005; Tabrizi and Moallem, 2007; Prahlad and Chopra, 2003). This parameter is
typically dependant on environmental conditions, whether the actuator is in horizontal or vertical
configuration, air flow velocity and for forced convection it ranges up to 300-2800 W/m2oC
(Tadesse et al., 2009). Dynamic parameters of the jaw are obtained from the computer CAD
model. Damping coefficient is estimated and varied. Summary of the simulation parameters are
shown in table II.
Table 5. II. Simulation parameter of SMA wire and baby head
Parameter

Magnitude

unit

Ref.

Diameter of SMA wire

d =127e-6

[m]

Dynalloy Inc

Length of SMA

L = 275e-3

[m]

measured

variable
Density of SMA

ρ = 6.45e3

[kg/m^3]

Dynalloy Inc

Resistivity of SMA wire

ro = 70

[Ohm/m]

Dynalloy Inc

Specific heat capacity

0

cp = 320

[J/kg K]

Dynalloy Inc
Elahinia, and Ashrafiuon,
2002;Tabrizi, and Moallem,

†

‡

₴]

h = 120 , 35 , 48 ,
Convective heat transfer coefficient

10, 52.8

†††

2007; Luo et al., 2000;
20

[W/m C]

(free)

Prahlad, and Chopra, 2003;
Potapov,
2000,
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and

Da

Silva,

Mass of SMA

m = ρ *pi*d2*L/4;

[kg]

calculated

[m2]

calculated

(m = 2.2457e-5)
Area circumference

Ac = pi*d*L;
( Ac = 1.097e-4)

Resistance

[Ω]

R = ro*L

Dynalloy Inc

( R=19.25)
[0C]

Initial temp

T_ini = 20

Ambient Temp

Tinf = 20;

Thermal expansion coefficient

Tec = -0.55e6 ,

measured

[Pa/0C]

-11e-6 , 6e-6

Elahinia and Ashrafiuon,
2002 ; Jayender et al.,
2005; Tabrizi and Moallem,
2007;

Modulus of Austenite

Ea = 75e9;

[Pa]

Dynalloy Inc

Modulus of martensite

Em = 28e9;

[Pa]

Dynalloy Inc

Transformation Temperature
Austenite start
Austenite finish

[0C]

As = 88
Af = 98

Dynalloy Inc

0

Dynalloy Inc

[ C]

Martensite start

Ms = 72

[ C]

Martensite finish

Mf = 62

[0C]

Stress influence coefficient austenite

††

Dynalloy Inc
0

cA = 10 , 8 ,
6.89

Dynalloy Inc

0

[MPa/ C]

‡‡‡

Elahinia and Ashrafiuon,
2002 ; Prahlad, and Chopra,
2003.

Stress influence coefficient
martensite

Elahinia and Ashrafiuon,
[MPa/0C]

cM = 10,
††

12 , 6.89

‡‡‡

2002; Elahinia, and
Ahmadian, 2005.

Elastomeric Skin
Skin elasticity

Kst = [46 57 74
89

130 ]

[N/m]

measured

‡‡

Input voltage
Step Voltage input

V = 4.8

[V]

-

Gravity radius

R2 = 33e-3

[m]

CAD

Spring radius

R3 = 34e-3

[m]

CAD

Inertia radius

R1= 44e-3

[m]

CAD

Length of fixed position

do = 36e-3

[m]

CAD

Length of SMA to first pulley

Lg = 36e-3

[m]

CAD

Dynamics of the jaw
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Vertical height fixed

h_l = 36e-3

[m]

CAD
2

CAD
Elahinia, M. H. and

Polar moment of inertia

Ie = 17.4e-6

[kg m ]

Damping coefficient

C = 0.016, 0.02*

[Kg*m/sec]

0.025 ,2

Ashrafiuon, H., 2002, and
also by estimation .

Mass of Jaw

Mj = 0.017

[kg]

(from CAD)

CAD
Measured

Mj= 0.0128
(measured)
Initial angular velocity

d(θ0)/dt = 0

[rad/sec]

Initial angle

θ0=40*pi/180

[rad]

CAD

Initial angle of the spring end

β0= 30 *pi/180

[rad]

CAD

Spring constant supporting Jaw

K = [ 210 280]

[N/m]

†

Assumed

Measured

Convective heat transfer of SMA actuator (A=4.712e-4) used for robotic manipulator in open air environment.

‡
₴
††
‡‡

SMA (Ti51at%Ni),
First order term approximation
0.381mm diameter SMA wire
see Fig.6 for skin elasticity determination

†††
‡‡‡

free convection on 0.381mm diameter 900C Flexinol
Low temperature SMA wire

* Viscous friction damping of link mechanism and SMA wire
CAD = from the Computer Aided Design model

5.10 Numerical results and discussion
For the simple Skin-SMA relationship case, the same values of stiffness of the
elastomeric skin (Kst) for each action units were used in the simulation.

The strain vs

temperature curves are shown in Fig.5.22 (a). From this figure as the stiffness of the skin
decreases, the hystersis loop moves to the left. In other words, less amount of temperature is
required to phase transformation and hence less temperature required to achieve 4% strain.
Fig.5.22(b) illustrates in 3D that as the stiffness of the skin increases the SMA actuator produce
209

much higher stress with a higher slope and reach a 4% strain. The volume fraction of martensite
shown in Fig.5.22(c) is similar to Fig. 5.22(a) in profile and in this case as the stiffness increases
the fraction of martensite loop moves to the left

with increased transformation temperature.

The time domain displacement graph is shown in Fig.5.22 (d). In this case, the increase in
stiffness produced less steep displacement response. Fig. 5.22(e) illustrates the temperature
profile of SMA actuator for a square wave with two second activation time and the
corresponding four stress induced transformation temperature, martensite start(Msp), martensite
finish(Mfp), austenite start(Asp) and austenite finish(Afp) depending on the stress state. In this
figure, the dashed line with the subscript (Msp1, Msp2, Msp3, Msp4, & Msp5) represents stress
induced martensite transformation temperature for the stiffness value 46, 57, 75, 107 and 125
N/m. respectively. Similarly the terms Mfp1, Mfp2, Mfp3, Mfp4, & Mfp5 correspond to the
martensite finish temperatures. The same analogical expression hold for the austenite stress
induced temperatures.
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Fig.5.22 Numerical results of skin–SMA actuator actuation. (a) Strain vs.Temperature,(b) 3D
Stress-Strain-Temperater,(c) Fraction of martensite vs Temperature, (d) Time domain stress,(e)
time domain Temperature and stress induced transformation temperatures

(Tec=-11e-6Mpa/0C,

Ca=10.3e6MPa/0C; Cm=10.3e6MPa/0C; h=110 W/m2 0C, V= 4.8 V amplitude square wave 2 sec
pulse period)
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The equations described in the jaw modeling were studied by varying the parameters of
the jaw (SMA properties and jaw dynamics). It is interesting to investigate the effect of each
variables and their overall magnitude in moving the jaw and open the mouth. The study includes
the time domain response of the jaw variables such as the magnitude and time response of the
torque due to SMA, due to gravity, due to the spring. These variables are non linear because the
moment arm changes its magnitude depending the current angle and if it is desired to measure
these variables, many sensors are required. Especially in the current baby head the available
space is so limited to place other peripherals. Therefore the Simulink model guides experimental
work by identifying these variables and their role in terms of magnitude as well as time domain
response. Fig.5.23 presents several simulation result obtained from Simulink model shown in
Fig.5.20. For various magnitude of damping constant, in Fig. 5.23(a), the strain vs temperature
curve show hysteresis loop in the range of transformation temperature 60-100 0C. As the
damping factor is increased from 0.01 to 0.4, the strain reaches 4% during the heating phase for
all damping factor and during the cooling phase it remain in a strain between 0 .3-1.5 % strain.
The rotation angle results are shown in Fig.5.23 (b) where the total magnitude rises up to 180 for
the magnitude of gain used for the simulation and similar to the strain response the angles return
toward zero during the cooling phase but remains above 00. The martensite fraction curve is also
shown in Fig.5.23(c) where damping coefficient of 0.04 not full transformation of martensite was
observed in the cooling phase. The stress - strain curve shown in Fig. 5.23(d) demonstrates the
shape memory effect of shape memory alloys where the strain reaches 4% during heating and
returns back to zero stress during cooling with a certain slope. Fig.5.23 (e) illustrates the torque
only due to the SMA, in this case the magnitude of torque reaches steady state 0.025Nm of all
damping except for 0.04 damping factor where a hump at the being is observed. Note that four
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SMA actuators are pulling the jaw to open the mouth and each SMA is assumed to contribute the
same amount of stress and hence the same torque. Fig.5.23 (f) shows the spring torque where the
magnitude reaches 0.1 Nm for all damping during the heating and exhibit different steady state
torque during cooling. All the transformation temperatures, martensite start, martensite finish,
austenite start and austenite finish temperature for all damping case are shown in Fig.5.23 (g). In
this case the damping didn’t affect the profile of the transformation temperature significantly.
The temperature state of the wire is shown crossing the four stress induced transition temperature
reaches 110

0

C and exponentially decays according to the time constant of the heat

transformation equation. The time constant is a function of specific heat capacity (cp),
convective heat transfer coefficient (h), mass of the actuator (m) and surface area of the actuator
( Ac). The torque due to gravity is shown in Fig.5.23 (h) and the magnitude of the torque is in
the range of 0.001Nm, relatively lower than the toque due to SMA and the spring. By
considering its magnitude the torque due to gravity may be ignored during the modeling of the
biomimetic system described here.
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The numerical simulation shown in Fig.5.23 b underestimate the experimental measured angle
for the value of stiffness and damping coefficient considered. The main idea of simulation result
in Fig.5.23 is to provide an insight to all state variables which resulted to its performance. The
simulation result can be tuned by taking accurate measurement of SMA material properties and
simulation parameter listed in Table 5.III. The dynamic performance of jaw movement can
further be investigated by considering only the dynamic block model and providing step input
stress. The operating point of jaw motion as shown in Fig.5.24 is around 2.5N (50MPa in each
SMA). Therefore, simulations were carried out by providing 50MPa step input stress and
assuming the four number of SMA actuator create additive effects in moving the jaw. The
damping coefficient assumed in simulation affects the response time significantly. Assuming a
linear spring constant value, the variation of spring stiffness which includes elasticity of skin
material covering the artificial skull, affects the steady state angle of the jaw movement.
Therefore numerical simulations were carried out by varying the spring stiffness Ks and
damping. The measured angle and simulation result are shown in Fig.5.24. It can be seen in
Fig.5.24 (a) that a measured spring constant value and low damping didn’t provide the profile of
jaw movement. However, for higher damping value and a range of stiffness the jaw movement
numerical simulation and experiment follow similar profile and amplitude.
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Fig. 5.24 Numerical and experiment angle of jaw movment for a 50MPa step stress input to the
dynamic block

5.11 Experimental characterization
Experimental characterization of two commercially available SMA actuators under
various pre-stress loads was performed to investigate the actuation behavior. The experimental
setup consists of Polytec laser vibrometer (Model OFV3001), linear stage, biasing spring, force
transducer, and National Instruments data acquisition system (NI 9215) with a computer
interface and LabVIEW program. SMA wire with ring terminals was attached to the biasing
spring that was connected to the force sensor mounted on a linear stage to detect the force during
preloading as well as SMA actuation. Power was supplied to the SMA actuator terminal using
Agilent Dual output E3648A, power supply. The time domain the stress and strain for a
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recommended input voltage was measured. Schematic diagram of the experimental setup is
illustrated in Fig.5.25

Fig. 5.25 Schematic diagram of the experimental setup for characterization of the effect of prestress.
Generally at zero pre-stress, SMA actuators produce highest force with the fastest rise
time which decreases as the pre-stress is increased. This can be quantified by the change in slope
of output force and displacement. However, different SMA materials exhibit different behavior.
Figure 5.26 (a) shows the force and corresponding displacement of Biometal fiber under varying
pre-loading force. It can be noticed from this figure that for wide range of pre-loading force: (i)
amplitude of generated force was nearly constant, (ii) slope change was small, and (iii)
displacement range was 4 - 4.7 mm (4% strain). Fig. 5.26 (b) and (c) shows the variation of
displacement and force output for the Flexinol actuator with two different diameters of 100µm
(0.004”) and 127µm (0.005”). The results in these figures show that: (i) amplitude of output
force decreases as the pre-loading increases, (ii) slope of force generation with respect to time
axis was much higher than that of Biometal fiber, and (iii) displacement amplitude decreases as
the preloading was increased with higher slope compared to Biometal fiber. The results of Fig.
5.26 show that under identical driving and pre-loading conditions, Biometal fiber provides better
response time with smaller degradation in magnitude of displacement and force. It is to be noted
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that the initial elongation of the actuator due to pre-stress was deducted and the displacement due
to actuation is presented in each displacement diagram.
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Fig.5.26

Force and displacement characteristics of (a) 100µm diameter Biometal fiber (b)

100µm diameter Flexinol and (c) 127µm diameter Flexinol actuator. (Note that the F1 up to F12
represents the preloads in gm)
The output force of Flexinol decreases appreciably with the increase in pre-stress while
that for Biometal remains nearly constant. By analyzing the rising and falling edge of the SMA
actuation, the relationship between pre-stress amplitude and force generation rate can be
established. The result is illustrated in Fig.5.27 for both Flexinol and Biometal fibers. Flexinol
force generation rate was of the order of 1 – 7 MPa/s for a pre-stress range of 0 – 160 MPa
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whereas for Biometal fiber the force generation rate was 10 – 80 MPa/sec in preload range of 0 –
320 MPa. Fig.5.27 also shows the resulting non-linear relationship between response time and
preload condition.
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Fig.5.27 Force generation rate for pre-stress applied on shape memory alloy actuators. Note that
the left axis is for Flexinol actuator and the right axis is for the Biometal fiber.

The Simulink model presented in section 5.8 was compared with experimental results. In
this case a 127µm diameter 900 Flexinol wire was chosen to compare the numerical simulation.
This was done similar to the experimental measurement. The actuator was subjected to 10 sec
activation with a step input voltage and the resulting stress and strain are compared. Fig.5.28
presents

both experimental and numerical simulation results of 127µm Flexinol wire for pre221

stress conditions (0 and 20MPa). From the displacement curve, the experimental values rise
exponentially to the 4 % strain with in 5 sec and cools off slowly to reach to the original position.
The simulation result rises sharply in less amount of time. Similar behavior is observed in the
stress response plots.

Both the stress and strain amplitude are bounded by the numerical

simulation result, however the decay in the experimental result is not observed in the numerical
simulation. This could be caused by the variation of estimated parameters and model
simplification.
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Fig.5.28 Numerical and experimental result of time domain Force, displacement for
square wave input voltage under pre-stress condition (SMA wire diameter =127 µm)
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5.12 Skin-SMA Attachment reliability
The reliability of skin-SMA actuation mechanism is limited by the reliability of the SMA,
the attachment points and the operating conditions. The life span of the SMA is 106 cycles and is
usually provided by the manufacturer.

The given specifications are for the recommended

operating power inputs. Using higher power to actuate the SMAs dramatically reduces their
lifespan. This limitation can therefore be avoided during operation of the Baby Face. The other
limitation comes from the attachment points. These are custom made and present the possibility
of failure which needed to be characterized in order to determine if they dictate the lifespan of
the system. The Baby Face silicone-SMA attachment mechanism was tested through a simplified
experiment. A single SMA was attached to a piece of silicone as seen in Fig. 5.29. This test
setup mimics the attachment configuration inside the Baby Face. The actuator pulls at an angle
of approximately 10⁰ and relies on the resilience of the skin to regain its original position. The
skin is clamped at each end with minimal tension. The silicone-SMA attachment is made the
same way as in the face.

a) SMA
Attachment

c)

cDAQ

Skin

b)
Laser

Amplifie
r

Figure 5.29: Reliability testing (a) Front showing silicone skin and SMA actuator, (b) back
showing silicone skin, displacement sensor, reflective tape, (c) test setup
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A Micro-Epsilon displacement laser (optoNCDT-1401) was used to measure the
displacement of the skin during actuation. The displacement was measured as a voltage output
from the laser and collected using a data acquisition system (cDAQ – 9172, NI 9221 module).
The voltage across the SMA was also recorded throughout the experiment. An output signal was
created in Labview and sent through the same data acquisition system (NI 9263 module). The
signal was amplified using an amplifier (NF HAS 4052). The attachment was tested with a
square wave output of 4 V amplitude, 0.25 Hz frequency and 50 % duty cycle. The operating
frequency is made to be the same as the sequential activation of action units described in section
5.5. The life span test was conducted over a period of 42 hours. The resulting displacement as a
function of the number of cycles is shown in Fig. 5.30. Both the maximum position reached
during contraction and minimum positions recovered during relaxation are shown. The signal is
post processed with a second order Butterworth low pass filter. The position amplitudes for a

Displacement

given cycle are taken as an average of ten cycles before and after the selected point.

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

# of Cycles
Figure 5.30: Displacement of the skin over the number of cycles for the actuated (blue) and
relaxed (red) positions
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The result in Fig. 5.30 shows that the maximum displacement decreases with the number of
cycles from 3.5 to 1.5 mm. As the same time, the relaxed position also decreases which means
the silicone recovers more of its original position. Failure of the attachment occurred after
approximately 37500 cycles. A sharp decrease in displacement is observed during failure of the
attachment point. Partial failure of the attachment occurs as the glued area comes off the skin.
This leaves less area for the SMA to actuate the skin which in this setup results in a reduction of
skin displacement. This phenomenon is shown in Fig. 5.31 (a)-(c).

(a)

(b)

(c)

Fig. 5.31: Silicone-SMA attachment a) relaxed, b) actuated, c) actuated top view. The images
are taken after partial failure of the attachment.

5.13. Summary
Small scale biped robot could be used for child education, entertainment and household
activities. The focus of this paper is on the mechatronic approach of developing humanoid head
for small scale biped robot using shape memory alloy wires. Human–like facial expressions were
demonstrated by combining the SMAs with elastomeric skin, mechanical components, and
microcontroller based driving electronics.

A relationship between actuator parameter, skin

properties, and actuation system has been studied and characterization of facial expression and
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gestures on humanoid platform has been demonstrated. Several practical issues in humanoid
head development have been discussed extensively. The unique feature of the baby head is the
ability to integrate numerous actuators with their 35 routine pulleys, two fire wire CMOS
camera that serve as eyes, in a just 140mm x 90 mm x 110mm dimension skull size . The battery
powered microcontroller base driving circuit for actuating all the muscles and allows either as
standalone facial expression platform or mountable on small biped. The microcontroller was
programmed in assembly language, executes the facial emotion routine sequentially and could be
programmed as many times as required. The humanoid baby face with 12DOF along with
DARwIn (Dynamic Anthropomorphic Robot with Intelligence) robot which has 21 DOF
articulated movement resulting in a total of 33 DOF system. To our knowledge the combined
Baby-DARwIn is the highest degree of freedom facial expressive small humanoid biped robot.
A non linear mathematical formulation describing the dynamic behavior of a humanoid
head focusing on the jaw has been presented and numerical simulations as well as experimental
data are presented to quantify the performance of the prototype face. Simulink models developed
were able to provide inaccessible state variables which would have required several sensors to
predict behavior the physical quantities. The parametric study carried out to study of the
influence of variables such as damping and stiffness provide insightful ingredient to the
simulation result.
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Chapter 6
Graphical Facial Expression Analysis and Design
(GFEAD): An Approach to Determine Humanoid Skin
Deformation
6.1. Introduction
In order to construct a human like complex facial expression, the sinking points on the
face needs to be actuated sequentially or independently. The location of sinking points
(terminating points) of the actuator on the skull needs to be selected appropriately as this
determines the facial emotion on the face of the robot. It has been shown in literature (Ekman
and Friesen, 1978; Kanade et al., 2000; Tian et al., 2001) that action units on the face are close to
the features on the face such as tip of the mouth, nose, edge of cheek muscle, frontal eyebrow
etc. However, a more precise method for identification of sinking point position is required. This
chapter investigates the method for determining the sinking points that controls the direction of
facial movement in a single orthographic plane. The method termed as “Graphical Facial
Expression Analysis and Design (GFEAD)”, will be useful to develop an expressive humanoid
face platform using computational graphical techniques. The graphical method of analysis
provides desired information in the required format and thus has inherent advantage in the design
of robotic faces. GFEAD method uses several auxiliary views to observe the movement of the
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true length of contractile actuator and direction of action. If control points are attached in
different configuration such as multiple connection points from action units, the facial movement
will be different. In most cases, the direction and magnitude of facial movement cannot be seen
in the principal plane of a view (front or side). Therefore auxiliary views are needed for exact
movement of action units. The auxiliary views are orthographic views taken from a direction of
sight other than top, front, right side, left side, bottom, or rear. Primary auxiliary views are
projected onto a plane that is perpendicular to only one of the principal planes of projection and
is inclined to the other two at certain angle. Secondary auxiliary views are projected from
primary auxiliary views.
The prototype robotic head used for investigation utilizes Biometal fiber shape memory
alloy (SMA) wire for actuation. Biometal fiber is commercially available from Toki Corp.,
Japan. The robotic head was constructed using the procedure described in detail in chapter 5. The
artificial skull was made from ABS plastic on which elastomeric artificial skin was attached.
Inside the skull, several pulleys for routing the SMA wires were mounted and the SMA was
connected with the sinking points on the skin.

6.2 Facial expression analysis techniques applied to humanoids
Prior research on design of facial expressions have mainly focused on computational
algorithms and programs such as gesture synthesis from a sign language for animated humanoid
(Papadogiorgaki et al., 2006), synthesis of images from audio and video for virtual reality
(Lavagetto etal., 1996), interaction between human and humanoid accounting for the reaction to
a subject group (Chaminade et al.,2005; Kikuchi et al.,2004; Laschi et al., 2003), and a model
of mascot face based on transformation matrix between an affect space and expression face (Lee
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et al.,2006). There has been emphasis on implementation of these techniques for preeminent
interaction between a human and machine interface (Hasanuzzaman et al., 2005; Sekmen et al.,
2002; Shiomi et al.,2004; Breazeal 2004). However, there was very little emphasis on the
methodology for design of human-like faces using artificial actuators and thus these techniques
from literature are not directly applicable. A variety of approaches have been proposed for
construction of 3D face from 2D portrait by using a database of pre-recorded facial motion. In
this case, the 2D portraits are edited incorporating fine details and then combined to generate
corresponding 3D facial expressions (Sucontphunt et al., 2008; Kim et al., 2007; Jaeckel et al.,
2008). These methods were found to be effective for generation of facial features in autonomous
robotic systems developed from 2D point coordinates of facial features or visual cues but do not
contribute towards design of artificial facial expression.
It is worthwhile to mention here that there has been progress in the understanding of
facial expression in human beings of diverse ethnicity. Carnegie Mellon researchers have
developed comprehensive action unit coded image database which includes about 2105 digitized
image sequences from 182 adult subjects performing multiple actions of most primary FACS
action units (Kanade et al., 2000). Automatic Face Analysis (AFA) system (Pantic and
Rothkrantz, 2000) enables us to understand and analyze facial expressions based on both
permanent facial features (brows, eyes, mouth) and transient facial features (deepening of facial
furrows) in a nearly frontal-view image sequence. A finite element based model that combines
anatomical facial muscle structure with physical model of human face has also been presented
(Trezopoulos and Waters, 1990). This method formulates a second order discrete differential
equation to simulate facial tissue using a hexahedral deformable lattice element. Another
approach following parametric normalization and deformation schemes has been proposed to
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generate facial expression for robotic head system with high recognition rate (Fukuda et al.,
2004). The percentage change of facial features with respect to normal feature positions was
taken as a normalized parameter to quantify various expressions. A kinematic link model with
revolute and prismatic joints has been used to show the six basic facial expressions through
simulations of a character face.

6.3 GFEAD Description
The analysis and design of facial expressive prototype can be done graphically in a two
dimensional plane. The method basically formulates successive auxiliary planes to find the exact
plane in which the facial control points are located. Once the orthogonal plane holding the
control point and Action units with their exact length have been identified, the effect of each
SMA actuators (or any other contractile actuator) attached to control point can be analyzed. The
analysis can be done by observing the effect of contractile actuator independently or in
combination with other contractile actuators for displacement amplification. The analysis can
identify the direction of movement in auxiliary plane and provide its projection in the frontal
plane of the face. Two terms are frequently used in this chapter and for clarity we define them as
follows: (i) Anchor point (AP) is an ideal point on the elastomeric skin that is free to move in any
direction governed by the supporting structure beneath; (ii) Sinking point (SP) is a point on the
artificial skull where the contractile actuator or string wire passes or terminates; and (iii) Action
unit (AU) is an element which is responsible for the face deformation. It is a directional vector
consisting of an actuator with an anchor point as origin and directed to a sinking point; (iv)
principal plane: an orthographic plane that shows either the front, bottom or side view of the
skull; (v) auxiliary view: An orthographic view projected from adjacent orthographic view.
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Two cases are presented to illustrate the GFEAD method for design of humanoid face
and analysis – Case I: Given the location of sinking points (A and B) with two actuators
connected to a single anchor point on the skin (O) and we want to achieve the directional control
of facial movement as shown in Fig.6.1(a), and Case II: Given a desired direction of facial
movement from action units with angle θ and β from reference axis on the principal plane as
shown in Fig. 2(a) and try to determine the favorable location of sinking points for two or more
action units originating from an anchor point. Let us illustrate GFEAD method for these two
cases by considering step by step procedure.
Consider two views of a skull geometry utilized for support structure as shown in Fig.
6.1(a). For Case I, this schematic can be simplified to that shown in Fig. 6.1(b) and suppose two
SMA actuators ( 𝑂𝐵 and 𝑂𝐴 ) originate from Action unit at point “O” and pass through sinking
points, “A” and “B”. Further we assume that the projection of Point A & B in the frontal (F)
plane is AF and BF respectively, and the orthographic projection of A and B in the bottom plane
([B]) is AB and BB. The coordinate of these points can be obtained from the CAD model in the
deign process of the skull. Note that the actuation point that affects the facial expression is point
“O”. In order to find the locus of this point (Action unit) when each actuator (SMA1 and SMA2)
are activated independently or simultaneously, successive auxiliary views need to be constructed
which enables to identify the plane containing the points. The procedure for both case I and case
II are shown in the next section.
6.3.1 Description for Case I
Fig. 6.1(b) shows the boundary of frontal view of the skull which limits the domain of the
controlling parameters. The center lines shown as S-F, F-B, and S-B represent the boundary of
orthogonal planes Side – Front, Front – Bottom, and Side – Bottom respectively. The frontal and
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bottom view planes are represented by [F] and [B] in a rectangular block to identify each planes.
Contractile actuators such as SMA are represented by arrow 𝑂𝐴 (SMA1) and 𝑂𝐵 (SMA2) in this
figure. The position of the end points from the reference plane are shown by small letters a, b, c,
etc. The section below describes the step-by-step analysis of this problem.
Step I (Ref.Fig.6.1 (c)): The first auxiliary plane [A1] that provides the true length of line (OFAF)
can be constructed by drawing a reference line (B-1) parallel to OFAF. By projecting a
perpendicular line from the points on the frontal plane (F) to the auxiliary plane [A1] and
mapping the distance (g, h, i) from the previous auxiliary views (bottom view), the location of
A1, B1 and O1 can be obtained. For example, O1 has the same distance from reference line F-B
and B-1 as shown in Fig. 6.1 (c). Note that the boundary of the face curve was not projected on
auxiliary plane in order to reduce the complexity.
Step II (Ref.Fig.6.1 (d)): Construction of auxiliary plane ([A2]) to find the edge view of the
plane O1A1B1 or the point view of the line O1A1. The reference line 1-2 is perpendicular to the
true length of line O1A1 and all the points were projected on auxiliary plane A2 by transferring
equal distance (k, j) from the front view as shown in Fig. 1 (d).
Step III (Ref.Fig.6.1 (e)): The third auxiliary plane ([A3]) which provides us normal view of the
plane O2A2B2 and its exact shape and size can be obtained by drawing a reference line (line 2-3)
parallel to A2B2 and projecting the points on plane [A3]. On this plane, one can analyze the
deformation due to each SMA actuators. The points A3, O3, B3 were projected using the
reference line 2-3 and distance (m, i, o) were transferred from the next secondary auxiliary view
([A1]) as shown in Fig.6.1 (e).
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Step IV (Ref.Fig.6.1 (f)): If one of the SMA actuator is activated, the position of anchor point O3
will be determined by the intersection of circles. For example, if only SMA1 is activated, the
position of anchor point O3 will be determined by the intersection of the circles 1 and 2. The
circles are constructed by using the radius A3O3 centered at A3 and another circle with a radius R
= B3O3 - 4 % (length of SMA1) centered at B3. The intersection point can be projected back on
the successive auxiliary views and principal plane and then the actual deformation in the frontal
and top plane can be obtained as illustrated in Fig 1(f). The proper length of SMA actuator can
be determined by considering the available space within the skull.
Step V (Ref.Fig.6.1 (g)): The intersection of the two arcs drawn in Step IV provides the position
of action unit in auxiliary plane [A3]. The direction of SMA actuators is shown by arrow B3O3 &
A3O3 before actuation and B3O3a & A3O3a after actuation in Fig. 1(g). Since one of the SMA
actuator (B3O3) is activated, the other one (A3O3) simply rotates. The total deformation of SMA
actuator need not be in excess of the length B3O3.
Step VI (Ref.Fig.6.1 (h)): Projecting back the action units to auxiliary plane [A2]. Since the plane
appears as a line, the action unit O3a lies on this line. The point can be projected to the first and
principal plane successively by drawing a line perpendicular to the respective reference lines as
shown in Fig.6.1 (h).
Step VII (Ref.Fig.6.1 (i)): The new positions of the action unit are projected in all the planes and
the respective distance from the reference axis are mapped from the previous adjacent auxiliary
view are shown by black triangular marker point in Fig.6.1 (i). In auxiliary plane [A1], the
position of the new point O1a from the reference line 1-2 is “n” unit which was mapped from
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plane [A3]. Similarly, the position O3F, can be allocated on the frontal plane by mapping a
distance “p” from auxiliary plane [A2].
Step VIII (Ref.Fig.6.1 (j)): Finally, the new position of the anchor point and the sinking points
can be connected with a solid line in the frontal view. As shown in Fig.6. 1(j), the deformation
on the face can be observed as shrinkage. It should be noted here that this method assumes that
the points considered (A, B, O) lie on same plane. But in practical conditions, the supporting
skull structure might have a curved geometry which guides the directional movement of the
facial deformation. In that condition, this method can be modified by discretizing the curved
plane with triangles and using the Steps I - VIII.

Fig 6.1(a)
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Fig.6.1 (b)

Fig.6.1 (c)
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Fig.6.1 (d)

Fig.6.1 (e)
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Fig.6.1 (f)

Fig.6.1 (g)
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Fig. 6.1(h)

Fig.6.1 (i)
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Fig.6.1 (j)

Figure 6.1: Illustration of Graphical Facial Expression Analysis and Design (GFEAD) method
using contractile actuators and supporting skull structure. Steps (a)- (j) demonstrate the method
for Case I.

6.3.2 Description of the method for Case II:
Given desired direction (θ & β) and magnitude of muscle movement as shown in Fig. 6.2(a), we
want to determine the location of sinking points with two actuators connected to a single anchor
points on the skin. Additionally, we want to determine the activation direction of SMA actuators
for directional control of facial movement.
Step I (Ref.Fig.6.2 (b)): The first step in this case is to pick any two arbitrary points on the
directional line. For simplicity, one point can be taken on the given directional line and another
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point on the anchor point itself (point O). This provides a line segment with fixed length of OFPF
in the front and OBPB in the bottom views as shown in Fig 6.2 (b).
Step II (Ref.Fig.6.2 (c) and (d)): Obtain the true length of line OBPB in one of the principal plane
by projecting the point in the auxiliary plane [A1] as shown in Fig. 6.2(c). Next, obtain the point
view of the line as shown in Fig. 6.2(d). The actual magnitude of deformation can be set in this
auxiliary plane [A1]. The magnitude can be fixed on the line segment as indicated in Fig.6.2 (d).
Step III (Ref.Fig.6.2 (e)): In auxiliary plane [A2], one has to determine which direction the holes
(sinking points) need to be located. Therefore, we construct the edge view of the plane holding
the sinking points and the action units with angle γ with respect to reference line 1-2 as shown in
Fig. 6.2(e). The angle γ can be constructed in any orientation which represents the edge view of
the plane that holds all the points.
Step IV (Ref.Fig.6.2 (f)): Introduce a reference line parallel to the edge view drawn in Step III
and project the directional line in Auxiliary plane [A3]. In this plane again, the true length of
actual deformation “mag” can be observed as shown in Fig.6.2 (f).
Step V (Ref.Fig.6.2 (g)): The sinking points can now be constructed in auxiliary plane [A3] by
drawing a circle with radius R1 centered at O3. Draw another circle with radius R2 and centered at
Q3. The difference between the radius R1 and R2 corresponds to the change in length of the
SMA actuator during actuation as shown in Fig. 6.2(g). Another circle can be drawn by taking
radius R3 centered at O3 and R4 centered at Q3 for alternative points.
Step VI (Ref.Fig.6.2 (h) and (i)): The intersection of the arcs drawn in Step V can be marked for
projection back to the secondary auxiliary plane. The first two candidate points obtained by the
intersection of arc 1 and 2 are labeled as star and circular points respectively and other candidate
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points are indicated as rectangular mark in Fig. 6.2(h). Next these points are projected back to
auxiliary plane [A2]. If the edge view line is short then it can be extended to meet the projection
requirements (Ref. Fig.6.2 (i)).
Step VII (Ref.Fig.6.2 (j) and (k)): Project the sinking points back to auxiliary plane [A1]. It can
be seen in Fig. 6.2(j) that the equal distances i, j, k from the reference line 2-3 are transferred to
auxiliary plane [A1]. Similarly the points are transferred to the frontal principal plane by taking
the distances (n, l, and m) from auxiliary plane [A2] as shown in Fig. 2(k).
Step VII (Ref.Fig.6.2 (l)): Finally, the points (U, S, T) are transferred to the frontal principal
plane [F] by projecting the points from plane [A1] and taking the respective distance (r and s)
from the reference line B-1. It can be seen that the location of point SF lies outside the boundary
of the face and lies directly on the lower jaw. Therefore this point can be ignored for selection of
sinking points as shown in Fig 6.2. (l). The required magnitude of deformation and direction can
be achieved by using U as a sinking point and T as another sinking point. Both action units
originating from point O must be activated. That is, 𝑂𝑈 must deform with a magnitude
corresponding to R3-R4 and 𝑂𝑇 with an amount R2-R1.

241

Boundary
of skull

Anchor
point
Boundary
of skull

Anchor
point
Fig.6.2 (a)

Fig.6.2 (b)
242

Fig.6.2(c)

243

Fig.6.2 (d)

244

Fig.6.2(e)

245

Fig.6.2(f)

246

Fig.6.2 (g)

247

Fig.6.2 (h)

248

Fig.6.2(i)

249

i
i

j
j

k

k

Fig.6.2(j)

250

Fig.6.2(k)

251

Fig.6.2 (l)
Fig.6.2 (a)-(l) Illustration of the steps for Graphical Facial Expression Analysis and Design
(GFEAD) case II

6.4 Application of GFEAD method towards a prototype face
GFEAD method was implemented on a prototype face developed by using shape memory
alloy as actuators discussed in detail in chapter V. This section describes how the deformation
and direction of movement be analyzed using GFEAD method. For a given set of sinking points
and anchor points, the effect of actuators being driven independent or in combination to each
other was analyzed by considering representative configuration of anchor point - sinking points
arrangement. The configuration of the actuator as observed on the skull is shown Fig. 6.3. The
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arrangement for the right cheek movement shown in the frontal view of Fig.6.3 consists of two
sinking points A and B, anchor point O, and action units AU2 and AU2L. The corresponding
distances from reference plane are shown in the figure. Following the procedure described in
Case I and referring Fig.6.3, the auxiliary plane that provides us the actual deformation of action
units can be obtained as shown in square bracket A3. In the auxiliary plane [A3], three cases are
analyzed as follows: (1) when the lower action unit AU2L (line OB) is activated, (2) the upper
action unit AU2 (Line OA) is activated independently, and (3) when both are simultaneously
actuated. All the three cases are shown in each plane with indices and after projecting back to the
frontal view of interest, the total apparent deformation can be obtained. The following
assumptions are made in the analysis: (i) the SMA generates maximum strain, (ii) there is no
friction between the SMA and underlying skull, and (iii) the origin of the action unit is estimated
accurately. Considering the actuator length at the action unit AU2 and AU2L (265 mm) and 4 %
strain, different cases can be studied. A detailed view of the deformation direction and magnitude
is shown in Fig. 6.4. On the frontal plane ([F] ) of this figure, it can be seen that: (1) actuating
the upper action unit provides a 10 mm deformation directed towards the sinking point AF (860
with respect to the horizontal line), (2) if the lower action unit is activated with 4 % strain, the
deformation in the front will appear as 8mm projected towards the sinking point with 190 angle,
and (3) In the case where both actuators are activated, the magnitude is amplified and appears as
14 mm with 600 angle. The length of the actuator taken was 265 mm for both action unit AU2
and AU2L. The deformation magnitude and direction computed here is the theoretical value
when elastomeric skin is not mounted on the skull. To account for the effect of skin elasticity,
thickness, mounting configuration, the deformation can be predicted by taking efficiency of
deformation as a variable. The direction of deformation will be same with skin and without the
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skin as long as the origin and sinking points are determined to a reasonable accuracy in the
analysis.

[A2]

[F]

[A3]

[A1]

[B]

Fig.6.3 Analysis of facial expression on a prototype face.
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Fig. 6.4 Detail view of three cases indicating the position and direction of control points.
Sometimes the control point (anchor point) may not be determined accurately since they
are embedded in the skin and mounted on the skull assembly. In that case, GFEAD method can
be used to study the variation in the vicinity of the estimated action unit origin. Prototypic facial
expression is often displayed by a number of discrete actuators rather than a continuous sheet of
skeletal facial muscles and fibers in biological systems. Therefore, different configuration of
actuator arrangement can be encountered during the design phase of prototypic face. We
illustrate here an example arrangement of sinking points and action unit as shown in Fig. 6.5. In
this case, an interesting phenomenon can be observed when one of the actuator demonstrates a
slacking effect rather than rotation. The arrangement of sinking point and action unit are labeled
in the frontal and bottom view of the skull coordinate system as shown in Fig. 6.5. After
projecting the points in the auxiliary plane that provides the real deformation in plane [A3], the
slacking phenomena will occur in one of the actuators. This implies that the given arrangement
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of sinking points and action unit allows one actuator to lose the tensile stress. This happens when
the actuator shown in A3O3 deforms 4 % while B3O3 is not activated. Note that the illustration
shown in Fig.6.5 are practical values measured from the prototypic face considering different
control points attached to the skin. Details of the procedure are shown in Fig. 6.5 following
similar procedure as described in previous sections.

[A2]
[F]

[A3]

[A1]

[B]

Figure 6.5: Illustration of the slacking phenomena
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6.5. Prototype face characterization from video imaging and model
verification
The face deformation can be accurately characterized by either taking a video recording
parallel to the surface in deformation or two orthogonal sets of image. In our case, measurements
on a prototype baby face were done by a digital camera aligned parallel to the surface in motion
after the skin has been assembled. The smiling expression was considered for representative
analysis focusing on the mouth area. The control point near to the edge of the mouth was
connected to action unit AU2 and AU2L. Both action units can be activated separately or
independently to control the direction of motion and magnitude of deformation. The direction of
movement and magnitude were determined by tracking a circular disc which was glued to the
edge of the lips. Three cases shown in Fig.6.6 demonstrate the magnitude of deformation and
direction of movement. In Fig. 6.6 (a), when the upper SMA wire was activated (sinking point
indicated as a hollow triangular mark) the deformation direction moved 3.5 mm towards the
sinking point with 660 angles from the horizontal. The corresponding directional vector on the
prototype face is shown in Fig. 6.6(b). In the case where only the lower SMA wire was activated,
a 5 mm facial deformation having 40 angle with respect to the horizontal plane was observed
which was directed towards the sinking point of SMA wire 2 (AU2L). Fig.6. 6(c) and (d)
illustrate the facial movement and direction of the motion vector respectively. In the third case,
where both SMA actuators were activated, an 8 mm deformation having 100 angles with respect
to horizontal plane was measured. The direction of movement was in between the two extreme
cases. All image processing was done in MATLab image processing tool Box.
The configuration of control points and sinking points characterized was closer to the
analysis presented in Fig.6.3. Comparing the deformation measured on the elastomeric skin and
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the magnitude determined by the graphical method shown in Fig. 6.3, the experimental values
were less. This can be attributed to the inconsistency in allocating holes from CAD to
prototyping, the friction between the skull surface and the skin, attachment point’s performance,
elasticity of the skin and also alignment of camera during measurement. These values can be
accounted by computing the efficiency of deformation transfer. The direction of movement in
both cases will be in the same range.

Fig.6.6 Three different facial deformations on a prototype face (a)-(b) upper SMA
activated by 3.5 mm, (c)-(d) Action unit AU2 activated resulting in 5 mm deformation, (e)-(f)
both upper and lower SMA activated by 8 mm.
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6.6. Significance of GFEAD method
1. The significance of graphically solving the parameters for facial expressive humanoid
prototype (location of terminating points or sinking points; deformation amplification with
different configuration of attachment points, and directional control of movement) can be easily
visualized in a two dimensional surface.
2. Facial actuation coding system (FACS) was established in 1978. However, the replication of
FACS on humanoid prototypes has been limited. In this regard, our method contributes in
analyzing humanoid facial expression for practical applications.
3. The operations involved in the analysis are simple such as mapping positions from auxiliary
plane or inscribing a circle of known radius. Thus, this method can be adopted for routine
analysis.
4. GFEAD describes or reveals singular points or complex configuration of muscle–skin
arrangement used in the design process. Any magnitude of deformation assumed in the initial
stage can be cross-checked.
5. Three-dimensional models are often difficult to work with and require high speed
computation. This method however uses only two dimensional planes to analyze facial
expression and thus it does not need any computational power.
6. GFEAD method can be easily modified for supporting skull structure with action unit and
terminating point’s falling on curved geometry by discretizing the curved plane with triangles.
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7. GFEAD significantly reduces mathematical error as it does not require the explicit
mathematical representation of vector space and different configuration of muscle action unit
arrangement.

6.7. Summary
Creating human–like expression comprised of artificial muscles, elastomeric skin, and
mechanical components, requires a computational tool to analyze the architecture of prototype.
In this chapter we have presented a method for determining the sinking points that controls the
direction of facial movement and analyzes the configuration of actuators by utilizing only two
dimensional orthographic planes. The control points at the action units are assumed to be known
beforehand. We considered two cases for the demonstration of the method – Case I:
determination of direction of movement and magnitude for a given configuration, and Case II:
given only desired direction and magnitude of movement on a prototype face, determining the
sinking points of the contractile actuator. The proposed analysis and design tool was
implemented on a CAD design of a prototypic robotic face and encouraging result were obtained
within the limit imposed by the error in estimation of action units in the CAD design and
elasticity of skin.
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Chapter 7
Summary, Contributions and Future Works
In this dissertation, extensive study was conducted on design and development of
expressive human-like face utilizing the currently available actuator technologies, namely
piezoelectric motor, servo motor, and shape memory alloy contractile wire. It was found that
current actuation technologies have limitation in terms of meeting all the requirements for
creating facial expressions. Thus, investigations were also conducted on synthesis of high energy
density actuators based upon conducting polymer, PPy, system which has the potential to meet
the requirements of artificial muscle.

7.1 Dissertation Summary
The first chapter provides literature review of various expressive robotic head listing their
unique physical characteristics. A detailed review of artificial muscle technologies focusing on
PPy actuator was conducted. A thorough review of various computational methods proposed in
literature for designing the facial expression was also provided. These reviews showed that there
is little information available on design and fabrication of robotic head that can mimic the
human-like appearance and functionality. Further, it was found that current generation artificial
muscles did not satisfy actuator requirements for expressive robotic head.
First, a robotic face based upon piezoelectric motors was developed. Piezoelectric motors
have several advantages such as silent drive, low power consumption, intrinsic steady-state auto261

locking capability, and less heat generation. However, for expressive robotic head platform the
main drawback of piezoelectric motor technology was its large controller size and complicated
control strategy. Second, design, analysis and fabrication was conducted on realization of
expressive robotic head and neck mechanism using servo motors. The dynamics of head
mechanism were studied by deriving the equations from the basic laws in order to correlate all
the variables that affect the response of the neck turning and nodding. Low cost RC servo motors
are often employed to mimic human behavior; however the performance of such a motor along
with a kinematic chain was not investigated previously. The results obtained in this work
indicate that the neck mechanism attained the performance similar to that of human neck after
RC servo motor employed external PD controller to reduce inherent overshoot of the dynamical
systems. The specific contributions on the RC servo based head were: (i) a method to set
parameters of neck with a four-bar mechanism to meet specific characteristics, (ii) modeling of
the combined servomotor, four-bar mechanism and irregular shaped robotic head to realize neck
mechanism, (iii) method for tailoring the performance through RC servo motor control system,
and (iv) a procedure for design and mathematical modeling of the neck mechanism. The primary
objective has been to keep the "costs" low both in terms of material as well as design complexity.
Third, a mechatronic approach for developing humanoid head for small scale biped robot
using shape memory alloy wires was investigated. Human–like facial expressions were
demonstrated by combining SMAs with elastomeric skin, mechanical components, and
microcontroller based driving electronics. A relationship between actuator parameter, skin
properties, and actuation system was studied and characterization of facial expression and
gestures synthesis on humanoid platform was conducted. The unique feature of the baby head
was its design that incorporates numerous actuators with their 35 routine pulleys within a
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confined space of 140 mm x 90 mm x 110 mm skull along with two fire wire CMOS camera that
serve as eyes. The developed battery-powered microcontroller base driving circuit for actuating
all the muscles can be used to create standalone facial expression platform or it could be used to
create small bipeds. The microcontroller was programmed in assembly language that executes
the facial emotion routine sequentially and could be programmed as many times as required.
The humanoid baby face with 12DOF and DARwIn (Dynamic Anthropomorphic Robot with
Intelligence) robot which has 21 DOF resulted in a total of 33 DOF system. For the analysis of
SMA-based robotic head, a non linear mathematical formulation describing the dynamic
behavior of humanoid head with focus on jaw was presented. Numerical simulations as well as
experimental analysis were presented to quantify the performance of prototype face. Developed
Simulink models were able to provide inaccessible state variables which would have required
several sensors to predict the behavior of physical quantities influencing the performance of
SMA-based head. The parametric study conducted to study the influence of these dynamic
variables such as damping and stiffness provided insightful information for future optimization
of the performance.
Fourth, a method for determining the sinking points that controls the direction of facial
movement and the analysis on the configuration of actuators by utilizing only two dimensional
orthographic planes was developed and implemented in analyzing the cheek movement of the
SMA based robotic head. Two cases were selected for the demonstration of the method – Case I:
determination of direction of movement and magnitude for a given configuration, and Case II:
given only desired direction and magnitude of movement on a prototype face, determining the
sinking points of the contractile actuator. This graphical method of analysis and design will lead
to more accurate facial structures.
263

Fifth, an artificial muscle based on PPy-PVDF composite actuator was electrochemically
synthesized using potentiodynamic film growth from aqueous media. The relationship between
the number of current-voltage cycles and thickness of the deposited PPy film was determined to
optimize the fabrication technique. Zigzag and stripe actuator designs were modeled, fabricated,
and characterized. The stripe actuator (11 x 5 mm and 63 µm thickness) was able to provide 0.14
mN force with a displacement of 0.7mm. Three segment zigzag actuator (segment length 15x2.5
mm and 63 µm thickness) was found to result in 1.5 times amplification in displacement as
compared to the stripe actuator design. Application of conducting polymer for jellyfish umbrella
was demonstrated and encouraging results were obtained. In order to create bundle of artificial
muscles providing high force and displacement, helically interconnected polypyrrole – metal
composite tubular actuators with annular cross-section were synthesized. The synthesized
actuators (Do = 0.50, Di = 0.12 and L= 25 mm) through mechanical removal of the core process
provided a maximum force of 50mN. The actuators exhibited a non-linear response after an
applied potential of 0.25V. An interesting actuator profile was synthesized by varying the
orientation of counter electrode position relative to the working electrode. Further, a novel
synthesis technique was devised to obtain tubular helically interconnected PPy actuators using a
dispensable core substrate made of PLA fibers and subsequent dissolving. This actuator
exhibited a decent force response, but the time constant to generate a steady maximum force was
60s. Further studies are required to improve the time constant of this actuator. A generalized
mathematical expression which accommodates the actuator testing configuration was proposed
and simulations were carried out for configuration II (testing in electrolyte environment).
Inductance of the winding coil affects the response time but not significantly for short actuators.
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7.2 Contributions
The major contributions of the thesis are as following:


Humanoid face and neck with servo motor
A prototype face and neck was developed using servo motors and extensively

characterized. For actuation, a mathematical model which takes into account the hardware
variables for facial structure, stiffness of skin, control points, and position and orientation of
driving actuators was developed. A humanoid facial expression is a synchronous movement of
the control points that in turn create the deformation on skin which in turn is dependent upon the
stiffness and isotropy. In order to derive the control points for attaining desired magnitude of
deformation on skin, the rotation angle of servo arm connected to the control point should be
determined which in turn requires the knowledge of a functional relationship between the
deformation vector of each servo’s local coordinate with respect to the global coordinate and a
local compliance parameter. These relationships were theoretically established and then
experimentally verified.
Extensive investigation was conducted on the design, fabrication and characterization of
neck mechanism for humanoid head with serial chain. The modular neck prototype simplifies the
assembly and maintains static equilibrium thus reducing demand on torque of the actuator during
actuation with less costly RC servo motor. The design, modeling and characterization of the neck
nodding and turning system using a four bar mechanism was demonstrated in real-time
scenarios. Detailed mathematical model of the interaction of two dynamical systems, head-neck
and servomechanism was presented. To overcome the overshoot associated with servo dynamics,
a PD controller was implemented and motion similar to that of human neck was realized.
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Polymeric artificial muscles for application in human-like facial expressions
Composite

stripe

and

zigzag

actuators

consisting

of

sandwich

polypyrrole

(PPy)/poly(vinylidene difluoride)(PVDF)/PPy structure were synthesized using potentiodynamic
film growth on gold electrodes. The synthesis was done from an aqueous solution containing
tetrabutylammonium perchlorate and pyrrole by polymerization at room temperature. The
actuator displacement was modeled using finite element simulations. For depositing thin PPy
films and thereby minimizing the response time, an experimental optimization of the deposition
conditions was performed. The number of current-potential (potentiodynamic) growth cycles and
the thickness of deposited PPy film were found to be highly correlated in the initial stages of
polymer film growth. Strip actuator of size 11 x 5 mm2 with 63µm exhibited a deflection of 3mm
under 1V DC voltage and 2mm deflection under 8V AC voltage at 0.5 Hz. It was found that
three-segment zigzag actuator of segment length 15x2.5 mm and thickness 63µm amplifies the
displacement by 1.5 times. The measurements indicated that the zigzag shaped actuators provide
promising properties for application in artificial muscle.
A detailed study was conducted on the synthesis and characterization of thick and thin
film polypyrrole (PPy) – metal composite axial type actuators for application. The fabrication
method consisted of three steps based upon the approach proposed by Ding et al., 2003 (J. Ding,
L. Liu, G. M. Spinks, D. Zhou, G. G. Wallace, J. Gillespie, Synthetic Metals 138, 391-398
(2003)): (i) winding the conductive spiral structure around the platinum (Pt)-wire core, (ii)
deposition of PPy film on the Pt-wire core, and (iii) removal of the Pt-wire core. This approach
yielded good performance but was complex to be implemented due to the experimental
difficulties in third step. To overcome the problem of mechanical damage occurring during
withdrawal of Pt-wire, the core was replaced with a dispensable gold coated polylactide fiber
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that could be etched at the end of deposition step. Experimental results indicate that thin film
actuators perform better in terms of response time and blocking force. A unique muscle-like
structure with smoothly varying cross-section was grown by combining layer-by-layer deposition
with changes in position and orientation of the counter electrode in reference to the working
electrode. Synthesis of polypyrrole–metal coil was conducted in aqueous solution containing
0.25 M Pyrrole, 0.10 M TBAP and 0.5 M KCl. The actuator consisted of a single layer of
platinum winding on core substrate. Uniform film of PPy was obtained by adjusting the
potentiodynamic growth conditions. Electrochemical characterization for free strain and blocking
stress was conducted 0.1 M TBAP solution and a 6% bending free strain was obtained at an
applied potential of 6V DC after 80 s stimulation time. The blocking stress of 18 kPa was
estimated by extrapolating the strain magnitude on stress-strain diagram. A performance
expression was proposed for polypyrrole-metal composite tubular actuator that takes into
account the effect of magnetic field due to the winding into account.


Twelve degree of freedom facial expressive biped mountable baby face
A biped mountable baby head was developed through combination of Biometal fiber and

Flexinol shape memory alloy actuators (SMAs) which serve as artificial muscles. SMAs were
embedded inside the supporting structure that serve as skull and connected to the elastomeric
skin at control points. An engineered architecture of skull was fabricated that allows to
incorporate all the actuators with their 35 routine pulleys, two fire wire CMOS camera that serve
as eyes, and a battery powered microcontroller base driving circuit within the total dimensions of
140 mm x 90 mm x 110 mm. The driving circuit was designed such that it can be easily
integrated with biped. The humanoid face with 12 DOF was mounted on the body of DARwIn
(Dynamic Anthropomorphic Robot with Intelligence) robot which has 21 DOF resulting in a
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total of 33 DOF system. The combined head-torso prototype, baby-DARwIn, is the highest
degree of freedom facial expressive baby robot. Characterization results on the face and
associated design issues were described that provide pathway for developing human-like facial
anatomy. Numerical simulations along with experimental result on performance of the prototypic
robotic face were presented focusing on the jaw movement. The non-linear dynamics model
along with the governing equation of shape memory alloy actuators which have transcendental
and switching functions was solved numerically. Simulink model that could be easily adapted to
other prototypic robotic head was presented. A full coverage of mechatronic approach for a
robotic head prototype from material perspective, electronics, embedded programming has been
discussed.


Graphical Facial Expression Analysis and Design (GFEAD) method

The structural arrangement of human face is the most complex part of a body and it is
composed of 268 voluntary muscles that are responsible for creating face expression. In order to
replicate facial expression on a humanoid platform by connecting discrete actuators on artificial
skull to the critical points is required. To this end, a novel approach to analyze the design of
humanoid face graphically was developed. The analysis technique Graphical Facial Expression
Analysis and Design (GFEAD) assumes that the origin and terminating point (sinking points) are
aligned on one plane. This method can be universally implemented to design a range of
prototypic facial expressive robotic faces irrespective of the artificial muscles utilized. Further, it
divulges singular points of facial control points.
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7. 3 Future Work
The following recommendations are listed for the future extension of this thesis:


To fully develop a human-like face using polymeric actuators the effort should be
directed towards optimizing the synthesis of muscle bundles and improving the response
time. Following parameters should be investigated: chemical composition of the actuator,
geometrical affects specifically the consistency of winding of platinum wire, gap between
counter electrode and the working electrode during synthesis and atmospheric conditions.
The geometrical factors for axial type actuator should be delineated to identify the
specific effect on performance and then experimentally implemented during
experimentation.



Another approach for implementing polymeric actuator in robotic face is to utilize the
strip PPy-PVDF composite actuator geometry and study the effect of stacking the
actuator on overall performance. In current form, the PVDF-PPy composite actuator can
deform a thin plastic film mounted on a skull. However, the layering strategy could solve
the force required to deform elastomeric skin.



Development of computational tool for implementation of GFEAD on prototype faces
and analysis of the arrangement of action units with sinking point. Such tool will provide
the available space and allow optimization under different configuration of muscle–skin
arrangement. A graphical interface can be developed and commercialized based upon the
mathematical models proposed in this thesis.
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