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This thesis presents biomimetic control of an anthropomorphic artificial finger actuated by three 

antagonistic shape memory alloy (SMA) muscle pairs that are each configured in a dual spring-

biased configuration. This actuation system forms the basis for biomimetic tendon-driven 

flexion/extension of the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) joints 

of the artificial finger, as well as the abduction/adduction of its MCP joint. This work focuses on 

the design and experimental verification of a new fuzzy pulse-width-modulated proportional-

integral-derivative (i.e. fuzzy PWM-PID) controller that is capable of realizing cocontraction of 

the SMA muscle pairs, as well as online tuning of the PID gains to deal with system 

nonlinearities and parameter uncertainties. One of the main purposes of this thesis is the 

proposed biomimetic cocontraction control strategy, which co-activates the antagonistic muscle 

pairs as a synergistic functional unit. It emulates a similar strategy in neural control, called 

“common drive,” employed by the central nervous system (CNS). In order to maintain a desired 

position of a joint, the corresponding agonistic muscle pairs are cocontracted by the CNS and 

numerical simulations using a dynamic model of the system. The performance advantage of the 

cocontracting fuzzy PWM-PID controller over the original PWM-PID controller is shown by 

experimental results. A successful application of the new controller to fingertip trajectory 

tracking tasks using the MCP joint’s flexion/extension and abduction/adduction is also described. 

Since commercially available SMA actuators used for artificial muscle pairs have limited stroke, 

a new compact design was considered to increase the stroke of SMA actuators with similar 

power capacity. The design and fabrication process of the new SMA actuators are described 

followed by preliminary testing of the actuators’ performance as artificial muscle pairs with the 

designed fuzzy PWM-PID control algorithm.    
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Glossary 
 

Computer Aided Design (CAD) – CAD is the use of computer software such as ProE and 
SolidWorks in precision drawing of physical parts. In this project these software were 
specifically used to create an actuator model in two or three dimensions and produce G-code 
programs for machining purposes. 

Distal Interphalangeal (DIP) Joint – This joint is the distal the human finger joints. 

Fuzzy logic – Fuzzy logic makes the non-numeric linguistic variables to be numeric variables 
with membership functions and fuzzy rules. 

G-code – This is the most commonly used numerical control (NC) programming language for 
machining. 

Light Emitting Diode (LED) – This electronic component is a semiconductor which when a 
voltage is applied it glows. LEDs are able to produce light in a variety of wavelengths such as 
the visual, ultraviolet, and infrared wavelengths. In this project, Visualeyez motion tracking 
system (VZ-3000, Phoenix Technologies Inc.) is used to compute the positions of LEDs that are 
mounted on mounted on the artificial finger in order to track its movement. 

Metacarpophalangeal (MCP) Joint – This is the knuckle joint of the human fingers. 

Proportional, Integral, Differential (PID) Controller – A PID controller is a standard controller 
type where the constants of p, i, and d are multiplied by the error between the desired and actual 
position, the integral of the error and the differential of the error, respectively, and added 
together.  

Proximal Interphalangeal (PIP) Joint – This is defined as the second or middle joint of the finger. 

Pulse Width Modulation (PWM) – This is a commonly used technique for controlling power sent 
to inertial electrical devices such as an actuator. A set voltage is sent to the actuator at a set 
frequency in the form of a square wave. The PWM number is a percentage of a single period of 
the signal where the voltage is at the high value. For example, a 25% PWM signal would be set 
to high for the first ¼ of the period and set to zero for the rest of the period. 

Shape memory alloy (SMA) wire – Shape memory alloy (SMA) is an alloy that remembers its 
original shape so that it is capable of returning to its pre-deformed shape by heating. It is able to 
contract up to 4% of the total length. 
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Chapter 1  Introduction 

1.1 Background and Motivation 

Rehabilitation robotics is a special branch of robotics that aims at building robotic devices as a 

way to help people who have impaired motor control capabilities due to accidents, disorders or 

aging. It includes a wide variety of systems ranging in complexity, from simple adaptive tools to 

advanced microcontroller-driven mechanisms, such as upper-limb myoelectric prostheses and 

lower-limb powered orthoses [1]. Although the field has grown rapidly in the last two decades, 

however, current orthotic and prosthetic devices cannot yet perform as well as their biological 

counterparts. In order to find a solution to this problem, more researchers are focused on not only 

at building mechanical systems that will aid the disabled, but strive toward the development of 

biomimetic (i.e. life-like) systems having the same adaptability, functionality, and cognitive 

abilities as biological systems [1]. The continued advances in human-machine interfaces, 

muscle-like actuators, artificial sensors, and biomimetic control schemes promise to lead us to 

more sophisticated human-like artificial devices in the next several decades [2]. As these 

biomimetic devices become more affordable, lighter in weight, and their ability to autonomously 

aid human motor functions increases in the above component technologies, the range of 

applications in the world of physical therapy, orthotics, and prosthetics will increase 

exponentially. The particular interest of this thesis lies with the problem of building biomimetic 

hand devices for rehabilitation robotics. 

In the field of industrial robotics, significant improvements have already been made in terms of 

actuation, transmission, mechanism design, sensing and control for highly dexterous multi-

fingered hands, such as the Belgrade/USC Hand, Stanford/JPL Hand, and Utah/MIT Hand [3, 4]. 

More recent developments include robotic hands with the appearance of human hands such as 
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the NTU Hand [5], DLR Hand [6], NASA’s Robonaut Hand [7] and the commercially-available 

Shadow Hand (from Shadow Robot Company). One may argue that the above cutting edge 

industrial robotic technologies can also be applied towards building successful rehabilitation 

robotic hand devices. However, the problem of building robotic hand devices for the purpose of 

rehabilitation robotics is fundamentally different from that of industrial robotics. For instance, 

the industrial robotic hands typically operate in a structured environment with predefined tasks 

without consideration to the human interactions [8]. In rehabilitation robotics, consideration to 

human interactions is essential and there are sensitive issues requiring more advanced technical 

challenges to meet the following demands [9,10]: low cost, low weight, noiseless actuation, 

anthropomorphic size and appearance, user safety, and adaptability. In addition, to be more 

effective, rehabilitation robots should also be intelligent enough to be aware of the physical and 

cognitive abilities of the patients/users and adapt to the human requirements [8]. 

Previously, Bundhoo et al. [1], introduced a new biomimetic tendon-driven actuation system 

for powered orthotic and prosthetic hand applications in rehabilitation robotics. The actuation 

system is based on the combination of compliant tendon cables and one-way shape memory alloy 

(SMA) wires that form a set of agonist-antagonist (or differential-type) artificial muscle pairs for 

the flexion/extension or abduction/adduction of an artificial finger joint [11]. Since prosthetic or 

orthotic devices are governed by strict size, appearance, weight, noise, and cost requirements 

[10], use of conventional electric or pneumatic actuation methods tend to be bulky and noisy. 

Thus, SMA was considered as the actuation choice due to its advantages, including no noise, low 

voltage, simple process as resistance heating, and possibility of large maximum strain at compact 

size. The artificial finger developed by Bundhoo et al. [1] is a four degree-of-freedom (DOF) 

system that consists of an active flexion/extension and abduction/adduction of the 
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metacarpophalangeal (MCP) joint, an active flexion/extension of the proximal interphalangeal 

(PIP) joint, and a passive flexion/extension of the distal interphalangeal (DIP) joint, as shown in 

Figure 1.1. This artificial finger was designed via reverse engineering by mimicking a natural 

finger. However, since the focus of the work was on the development of a proof-of-concept 

biomimetic finger system for rehabilitation robotics, less attention was paid to the development 

of an effective and robust controller for the highly nonlinear SMA-based system. A conventional 

pulse-width-modulated proportional-integral-derivative (PWM-PID) controller was employed to 

control the motion of the artificial finger, which consisted of uncertain nonlinear parameters. 

Thus, a more sophisticated controller was required for more effective and robust control of the 

artificial finger. In addition, the range of the motion of the artificial finger was limited due to the 

limited stroke of the off-the-shelf SMA actuators that were employed by the system. In order to 

control the motion of the artificial finger for its entire motion range, a new compact SMA 

actuator with an extended stroke was also required. 

 

 

Figure 1.1: Joint definitions of designed artificial finger. 
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This thesis describes the development of a new nonlinear biomimetic controller for the above 

artificial finger, as well as a new compact SMA actuator with an extended stroke. The new 

controller is synthesized based on fuzzy PWM-PID control and  is capable of cocontracting of 

the artificial finger’s antagonistic SMA muscle pairs in  mimicking natural finger’s movements. 

A new compact SMA actuator design suitable for the application is also proposed along with the 

methods for fabrication of the actuator components. 

1.2 Literature Review 

Powered (motorized) rehabilitative hand devices promises to significantly improve hand 

functionality in people with various hand injuries or conditions. Rehabilitation robotics is a 

special branch of robotics that aims at building robotic devices as a way to help people who are 

impaired by accident, or who require assistance due to age or infirmity [1,9,12]. 

1.2.1 Robotics for hand rehabilitation 

For many decades, remarkable technological progress has been made to rehabilitate the injured 

or lost hand. Technological advances have lead to a significant development in the field of 

rehabilitation robotics, which aims at making robotic devices for rehabilitating, assisting, 

replacing or enhancing impaired human body parts. There are three kinds of rehabilitation robots 

to support the impaired human body parts. 

i)         Therapy or training robots 

These robots not only are more efficient in transferring certain routine physical and 

occupational therapy activities, but also provide significant data of the impaired body parts to aid 

patient diagnosis, customization of the therapy, and maintenance of patient records. An example 

of these robots is MIT-MANUS [12], a robot specifically designed and made for clinical usage 

(See Figure 1.2). This device is able to move smoothly and can rapidly act in accordance with 
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the patient`s movement. MIT-MANUS has two degrees-of-freedom (DOF) for movements of a 

patient`s shoulder, elbow, and hand in a horizontal. Another example is the MIME which uses a 

PUMA robot arm for guiding the patient’s arm movement for the purpose improving its range of 

motion [13]. In addition, wearable devices are also essential components of therapy or training 

devices. These devices utilize relatively small actuator and sensor technology with orthoses, 

prostheses and other therapy devices [14]. They are used to exercise the impaired body parts 

associated with a given set of functional tasks. With hand rehabilitation, wearable devices often 

take the shape of robotic exoskeletons or sensor embedded gloves [15-17]. 

 

 

Figure 1.2: Stroke patient during robot-aided therapy at the burke rehabilitation hospital [13]. 

 

ii)          Assistive robots 

These robotic systems concentrate on mobility or cognition and help impaired body parts in 

their daily tasks. Some examples are the Handy-1, which allows a patient to eat by operation of 
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single switch, and Manus, which is portable assistant robotic manipulator controlled by a 

joystick [1]. 

 Recently, assistive robots with interaction capabilities have been introduced. For example, an 

autonomous assistive mobile robot assists patient rehabilitation by providing monitoring, 

encouragement, and reminders [18]. The robot navigates autonomously, monitors the patient’s 

arm activity, and helps the patient remember to follow a rehabilitation program (See Figure 1.3). 

NICC, a humanoid robot, is designed to mimic the movements of an infant and helps to diagnose 

disorders [19]. Sony Aibo robot-dog is used to test the sensori-motor skills of two to three month 

old babies [20]. 

 

 

Figure 1.3: The robot and a stroke patient during an experiment, where the desired activity is 

to shelve books. The arm sensor is visible on the patient’s right forearm: the patient also wears 

laser fiducials on her leg to make it easier for the robot to recognize  and follow her [18]. 
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iii) Smart prostheses and orthoses 

Prostheses are an artificial extension that replaces a missing body part, while orthoses are 

devices that support or correct musculoskeletal malformation. The most commonly used 

prosthetic devices are body-powered prostheses, such as the VASI hand or the OTTO Bock 

Sensor hand (See Figure 1.4). These devices have one or two DOFs for simple grip [21]. 

Since the availability of these simple prosthetic hands, much research efforts have been put 

towards improving the sensory-motor interface of prosthetic hands. The ultimate prosthetics 

technology aims at the development of myoelectric prosthetic hand which controlled by the 

electromyography (EMG) signals measured under the skin’s surface. Remedi-Hand [22] and i-

LIMB [23] are successful representatives. However, since these artificial hands are powered by 

motor, they have limitations such as heavy weight and noisy actuation, which can present a 

practical problem of people being hesitant to wear them. 

 

 

Figure 1.4: Otto Bock Sensor hand. 
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1.2.2 Artificial hands actuated by shape memory alloy (SMA) actuators 

To move towards a biomimetic actuation system instead of an electric motor, SMA actuated  

artificial hands have been developed in the past. The main R&D focus has been on the SMA 

driven mechanisms in order to create biomimetic hand motion. There have been two noteworthy 

artificial hand actuated by SMA actuator. 

i) Hitachi Hand 

Hitachi Hand, as shown in Figure 1.5, was one of the first built artificial hands that employed 

the artificial muscle technology – the SMAs. Hitachi Hand’s main attributes were high power-to-

weight ratio and compactness. In practically, the Hitach Hand achieved 10:1 reduction in weight 

if compared to other hand designs [24]. 

 

 

Figure 1.5: Hitachi Hand [24]. 
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 The Hitachi Hand composed of three 4-DOF fingers, a thumb, a forearm and a pitch-yaw 

wrist. Many SMA wires were used to actuate in parallel. The contraction of the wire resulted 

from electrical heating. During cooling, the wire returned to its original position. The Hitachi 

Hand made use of 0.02mm diameter SMA wires for the fingers and 0.035 mm diameter SMA 

wires for the wrist. 

ii) Rutgers Hand 

Researchers at the Rutgers University (USA) designed a five fingered, twenty DOF artificial 

hand similar to the human hand [25]. The Rutgers Hand has three phalanges similar to the human 

finger connected by 2 revolute joints. The joints of the hand are actuated by a set of cables which 

attach forward to each joint axis. Tendon cables are directed within the structure of the finger 

through pivot brackets. The distal and middle links are coupled so that their motions are 

dependent, similar to the natural movement of the human finger. From the finger, the cables are 

directed through the middle of the wrist joint and attached an artificial muscle bundle actuator. 

  

Figure 1.6: Rutgers Hand. 
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The actuation of the hand is achieved by combined action of tendon cables and SMA artificial 

muscle wires. The SMA bundle actuator consists of several SMA wires of different diameters 

placed parallel to each other. In the Rutgers Hand, each finger is actuated by four artificial finger 

muscle bundles and the first two bundles are connected to the knuckle and the last two bundles 

are connected to the distal joint. If one bundle actuated, it caused in flexion at the joint while the 

other bundle caused the finger to return to its original position. Thus, the SMA artificial muscle 

is similar to not only structure but also mechanism of human muscle. 

1.2.3 Shape memory alloy (SMA) artificial muscle  

The rehabilitation robotics field deals with a variety of systems ranging in complexity, from 

straightforward adaptive tools, to advanced microcontroller-driven mechanisms such as powered 

orthotic and prosthetic hands. The selection of an actuator, in the case of the latter, requires 

careful consideration of the following factors: light weight, minimal noise, portable size, 

sufficient power, rapid response and good positioning accuracy. SMA actuators have been one of 

the primary candidates for satisfactorily meeting these criteria as artificial finger muscles 

[1,3,11,26]. SMA materials are typically made from nickel-titanium (NiTi) alloys that have 

demonstrated the ability to return to some predefined shape or size when subjected to an 

appropriate thermal procedure. This phenomenon is known as the shape memory effect, and it 

occurs due to a temperature and stress dependent shift in the material’s crystalline structure 

between martensite and austenite phases. The use of SMAs as a power source of a device or 

mechanism has several advantages over traditional actuators including, silent and smooth 

operation, direct actuation, simple operation as a resistive heating device, compact size and 

excellent power to weight ratio. Some of the limitations of SMAs, however, are low energy 

efficiency due to the conversion of heat to mechanical work, slow response and difficulties in 
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motion control [26-29]. Thus, various investigations into shape memory alloy have been 

conducted since the emergence of Nitinol in 1962. Most of the research has been concentrating 

on the shape memory alloy effect. A shape memory alloy is able to remember its original 

appearance or geometry after it has been deformed by heating the alloy above characteristic 

transition temperatures. With using this characteristic, many researchers have created various 

SMA actuators for their own researches. In the field of robotics, Chaduhuri and Fredericksen [30] 

demonstrated some designs of SMA muscles for robot hand and Hitachi [24] proposed that it is 

possible to build a hand actuated by SMAs, without control and cooling problems. Some 

researchers have developed design methodologies for SMA based actuators intended for use in 

large-scale robotic systems [31,32]. 

Hondma et al. [33] discovered, that SMA artificial muscle motion could be controlled and that 

their small size and displacement were ideal for micro-robots. In the field of miniature size 

actuators, Hesselbach and Kristen [34] demonstrated a very compact actuator based on SMA to 

pre-set the gripping range of a robotic gripper and Van Moorleghem et al. [35] presented a 

miniature actuator for loads up to 1N and with an activation time of 0.1s. Caldwell and Taylor 

[36], Fujita [37], Kuribayashi [38] have used SMA in many different robotics system as micro-

actuators. 

When employed in powered orthotic and prosthetic hand applications as biomimetic actuation 

systems [1,12,29], controllers for the SMA actuators need to be robust with respect to 

nonlinearities and parameter variations of the system and environment. 

1.2.4 Control system for SMA artificial muscle 

Several researchers have worked on nonlinear control aspects of SMA actuators. For example, 

Shameli and Alasty [39] proposed a PID-P3 controller that adds a proportional cubic term to the 
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conventional PID controller. They showed that PID-P3

Previously, in Bundhoo et al. [1] and Gilardi et al. [11], a new biomimetic tendon-driven 

actuation system for powered orthotic and prosthetic hand applications was introduced. The 

actuation system was based on the combination of compliant tendon cables and one-way SMA 

wires that form a set of agonist-antagonist (differential-type) artificial muscle pairs, used to 

rotate the joints of an artificial finger. The dual spring-biased configuration of the actuation 

system permits the two opposing SMA muscle pair to co-operatively enable both active flexion 

and extension of the metacarpophalangeal (MCP) and proximal interphalangeal (PIP) finger 

joints, as well as the abduction and adduction of the MCP joint. The joint motion was controlled 

using a pulse-width-modulated proportional-integral-derivative (PWM-PID) controller, and the 

performance advantage of the proposed co-operative control strategy was shown through 

 controllers were more effective than 

conventional PID controllers for precise position control of a miniature SMA actuator. Song and 

Ma [40] developed a sliding-mode controller for the flap movement of a model airplane wing. 

Their system employed two differential SMA actuators for up and down flap movement of the 

wing, by electrically heating them in an alternate fashion. Grant and Hayward [41] demonstrated 

variable structure control for a pair of agonist-antagonist SMA actuators, and obtained improved 

control performances due to the control method’s low sensitivity to parameter uncertainties. 

More recently, Moallem and Tabrizi [42] proposed an inversion-based control scheme with time-

varying gains for tracking control of an antagonistic pair of SMA actuators, by controlling the 

torque calculated by the position controller. However, most of the research on control schemes 

for SMAs is not intended for biomimetic cocontraction control of antagonistic SMA actuator 

pairs, which require co-activation of both actuators (instead of only one at a time) as a 

synergistic functional unit. 
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numerical and experimental results [1,11]. PWM-PID control has the advantages of being robust 

to disturbances, effective in saving energy and easily implementable using microprocessors [12]. 

Therefore, the control method has been used in many motion control applications, e.g., control of 

micro-robots actuated by SMAs [43]. Although the PWM-PID controller [11] was able to drive 

the biomimetic tendon-driven actuation system within a certain degree of position accuracy, the 

desired performance was limited to a small motion range of the joints. One obvious issue was 

that the system exhibited highly nonlinear behavior, and some of the system parameters were 

unknown and/or environment-dependent. The controller also lacked cocontraction capability 

between the opposing agonistic and antagonistic SMA artificial muscles – i.e. the computed 

current is applied only to one SMA at any point in time instead of the pair being co-activated. In 

neurophysiology, the concept of “common drive” is used to describe the co-activation of the 

motor units of the agonist and antagonist muscles by the central nervous system (CNS) [44]. In 

an earlier work, the same group showed the common firing rates of fluctuations among motor 

units belonging to the extensor pollicis longus and flexor pollicis longus muscles while they were 

cocontracting to stiffen the PIP joint of the thumb [45]. More recently, they also showed the 

existence of common drive in motor units belonging to two muscles that are synergistically 

rather than antagonistically related in accomplishing a motor task [46]. Therefore, a biomimetic 

tendon-driven actuation system [9,10] requires a more effective biomimetic controller that is (i) 

robust against the system nonlinearities and parameter uncertainties and (ii) capable of co-

activated cocontraction control of the antagonistic muscle pairs in maintaining a desired position 

of the artificial finger joints. 

It has been shown that fuzzy logic control is robust in controlling nonlinear systems [47,48]. 

Fuzzy control was first introduced in the early 1970’s in an attempt to design controllers for 
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systems that are structurally complicated to model owing to inherent nonlinearities and other 

modeling complexities [49]. Fuzzy control yields results superior to those obtained by 

conventional control methods in situations where the system model or parameters are hard to 

obtain [50,51]. Thus, fuzzy PID controllers, which combine fuzzy control and PID control, have 

been applied to nonlinear systems [47,48,52-55]. Ju et al. [56] have applied a fuzzy PID 

controller to their rehabilitation robot, which assists in the rehabilitation of patients with 

neuromuscular disorders by performing various facilitation movements. Cocaud et al. [57] 

considered fuzzy control of SMA artificial muscles of a 2 DOF robotic arm. Fuzzy PID 

controllers have shown good accuracy and robustness against system nonlinearities and 

parametric uncertainties. 

In this thesis, a new controller based on fuzzy PWM-PID is proposed, which allows for 

cocontracting control of the two opposing SMA actuators. This results in a control scheme that is 

biomimetic with improved position accuracy and response speed. 

1.3 Thesis Objectives 

The primary aim of this work is to realize a biomimetic cocontraction artificial muscle 

mechanism that can be used in the rehabilitation robotics field. This thesis proposes the use and 

control of SMAs artificial muscles for the development of the biomimetic cocontraction system. 

Numerical and experimental results of closed-loop control of the compliant agonist-antagonist 

SMA muscle pairs using a “biomimetic” fuzzy PWM-PID controller are presented. The proposed 

fuzzy PWM-PID controller is applied to all 3 DOF active joints (i.e. the 2 DOF MCP and 1 DOF 

PIP). The proposed controller reinforces the weakness of the previous PWM-PID controller in 

[11] by (i) automatically tuning the PID gains for the entire motion range of each joint, in the 
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presence of system nonlinearities and parametric uncertainties and (ii) realizing cocontraction of 

the antagonistic SMA muscle pairs. 

1.4 Novel Contribution 

The contribution of this thesis is the development of a SMA-based cocontraction scheme which 

permits the artificial finger to move bi-directionally and simultaneously in all of its active three 

joints. The control scheme also allows to effectively dealing with system nonlinearities and 

parameter uncertainties associated with the SMA muscle wires, compliant tendons realized by 

spring-slack elements, and the artificial finger kinematics that mimics the nature finger. The 

design and manufacturing, via micro-machining, of a new compact SMA actuator for an 

increased stroke is another contribution of this thesis. 

1.5 Thesis Organization 

Chapter 2 describes the underlying biomimetic SMA actuated cocontraction mechanism of the 

system. This chapter opens up with a justification of the SMA as the actuator of choice. The 

characteristic behavior of the SMA that stimulated its use as the actuator for the artificial finger 

is summarized. This chapter then offers a detailed description the biomimetic SMA actuated 

cocontraction mechanism implemented for the artificial finger. 

Chapter 3 offers an overview to the mathematical model employed to numerically characterize 

the behavior of the SMA. The mathematical model employed in this work describes the essential 

physics such as the thermomechanical behavior of the SMA with stress rate and phase change 

equations. This chapter also presents the dynamic model of the finger itself (the MCP joint as the 

representative case). 
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Chapter 4 defines the key factors necessary for controlling the biomimetic SMA actuated 

cocontraction mechanism. This chapter proceeds to explain the unique features that are 

incorporated in the proposed fuzzy PWM-PID control algorithm. This chapter provides a 

detailed description about the associated fuzzy control rules that achieves true biomimetic 

cocontraction control. 

The proposed actuation and control strategy are experimentally validated in this work. Chapter 

5 discusses the hardware setup built to perform the experiment tests. This chapter also describes 

the setup of Visualeyez optical motion trackers used as an external reference system to verify the 

experimental results. In addition, this chapter includes analysis of the essential control 

parameters such as the gain range and membership functions. 

 Chapter 6 presents the numerical and experimental results of closed-loop control of the 

artificial finger joint (MCP), including external disturbance tests. This chapter also compares the 

numerical and experimental results between the new fuzzy PWM-PID controller and the 

previous PWM-PID controller. Chapter 7 follows up with a set of fingertip trajectory tracking 

experiments that requires simultaneous control of the artificial finger’s multiple joints. These 

experiments are verified against the Visualeyez motion tracking system. 

Chapter 8 presents an overview of the design objectives for the new SMA actuator, followed by 

Pro-Engineer modeling, micro-machining of the parts and building of the actuator. The 

preliminary results of testing the new SMA actuators on the artificial finger are also presented. 

Chapter 9 concludes the thesis and provides suggestions for future work. 

  



- 17 - 
 

 

Chapter 2 Biomimetic Actuation Mechanism 

2.1 SMA Artificial Muscles 

The designed properties of SMAs which have been used as the biomimetic cocontraction 

system are below: 

• Compact, light-weight with high power to mass ratio: SMAs require less power than 

conventional electric actuators for the generation of equivalent actuating forces. They do 

not need to consume large space and to be low in weight, permitting the realization of 

mechanically efficient actuation. 

• Direct-drive: SMAs are generally used in the form of wires that are activated through 

resistive heating by an electric current. This reduces the complexity of the finger’s actuation 

mechanism by eliminating the need for gears and bulky transmission components, allowing 

more space within the finger structure for tendon cables and sensors. 

• Noiseless operation: SMA actuators are able to be expected extremely silent movements 

since they operate with no friction or vibration. 

However, SMAs also have been restricted to use robotic system because of cooling time 

response. The speed of actuation is dependent upon the rate of cooling and heating of the wire. 

Heating is much faster than cooling of SMAs so cooling techniques such as water immersion, 

heat sinking and forced air have been used to improve the actuation time of SMA wire. However, 

even if these methods improve actuation speeds, they also cause an increase in power 

consumption as more heat is required to actuate the wire. Furthermore, these methods cause to 

reduce lifetime of SMA wire so clever designs that actuate without cooling materials in large 

motions are required. SMA contraction is highly non-linear owing to temperature hysteresis 
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(Shape memory effect), during joule heating of the material so effective controller is also 

required for nonlinear system. 

2.2 Shape Memory Effect 

Shape Memory Effect (SME) illustrates the heat-induced phenomenon whereby SMAs return 

to their original dimensional configuration when heated beyond a threshold phase transformation 

temperature. This phenomenon is referred to as thermoelastic martensite transformation and 

occurs due to a change in the material’s crystallographic structure between two phases: austenite 

and martensite. Martensite phase is low temperature when the alloy is soft and malleable 

whereas austenite phase is the high temperature where the alloy is hard. 

 

 

Figure 2.1: Hysteresis of SMA wire. 
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Heat losses during the phase transformation phases cause hysteresis behaviour of SMAs. The 

shift between the austenite and martensite phases is characterized by four transition temperature. 

As shown in Figure 2.1, Mf and Ms is respectively the temperature where the transition to 

martensite completes upon cooling and launches to cooling. As and Af are respectively the 

temperature which the transformation form martensite to austenite starts and finishes. In this 

figure, ξ represents the martensite fraction. The difference between the heating transition and the 

cooling transition give rise to hysteresis where some of the mechanical energy is lost in the 

process. The material is 100% martensite at Mf. During heating, the crystalline structure of the 

material changes and austenite starts at As. The transformation continues until the material is a 

100% austenite at Af. During cooling, the reverse process occurs but the material does not follow 

the same transition curve as the heating curve. When austenite is cooled, marteniste 

transformation starts at Ms and transformation is completed at Mf. Physically, heating of 

martensite phase causes the material to contract and cooling of austenite phase causes it to return 

original shape or displacement. If SMA wire of 0.3mm diameter and trained for 3.5% elongation 

was used, the transformation temperatures for this wire are: As of 45˚C, Af of 80˚C, Ms of 70˚C, 

and Mf

2.3 Biomimetic SMA-Driven Cocontraction Mechanism 

 of 35˚C. 

The biomimetic tendon-driven artificial finger is shown in Figure 2.2. The key advantage of 

the proposed actuation mechanism is that it allows compliant and bi-directional agonist-

antagonist pulling motion about each joint. This enables the emulation of the key biological 

features of the natural muscle-tendon arrangement in the human hand: (i) the bi-directional 

(flexion/extension or abduction/adduction) motion of the natural finger joints; (ii) the compliance 

in the joints; and (iii) the nominal resting (i.e. unactuated) state of the natural finger. To 
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demonstrate the actuation system’s ability to mimic biological motion, the prototyped artificial 

finger itself was modeled after the natural hand’s kinematics [39,58] and used as a experimental 

testbed (see Figure 2.3). As shown in Figure 1, the artificial finger is made up of three links, 

corresponding to the proximal, middle, and distal phalanges of the natural finger, connected by 

joints. The resulting model is a 4 degree-of-freedom (DOF) system that consists of active 

flexion/extension and abduction/adduction of the metacarpophalangeal (MCP) joint, active 

flexion/extension of the proximal interphalangeal (PIP) joint, and passive flexion/extension of 

the distal interphalangeal (DIP) joint. The two DOF articulations at the MCP joint are replicated 

using a universal joint, which mimics the biaxial nature of this joint. The PIP and DIP joints are 

modeled as hinge joints, with a four-bar linkage mechanism coupling the PIP and DIP joints in 

flexion and extension, and thus replicating the natural motion of the two finger joints. 

 

 

Figure 2.2: Kinematic architecture of the artificial finger [1]. 

 

A schematic representation of the flexion/extension muscle pair is shown in Figure 2.3. The 

abduction/adduction of the MCP joint and the flexion/extension of the PIP joint can be 

represented with a similar scheme. Superscripts E and F are used to define quantities associated 



- 21 - 
 

 

with the upper and the lower SMA actuators, respectively. The point B, which moves with 

respect to the MCP joint centre O, represents the attachment point between the tendons and 

finger structure; the points C 

 

and D along the tendons are fixed points in space with respect to 

the MCP joint, and they are used as the reference points for determining the deformation (i.e. 

contraction and elongation) of each tendon. Note that the exact location of Point D is where the 

tendons actually bend around the exoskeletal structure of the phalanx. Finally, the point CM 

represents the location of the phalanx’s center of mass. The inertial frame is (X,Y,Z) and its 

origin is in point O. One end of each tendon cable is attached to the artificial finger structure, 

mimicking the attachment of the natural tendon to the finger bones, while the other end of the 

tendon cable is connected to the SMA actuator (a picture of which is shown on the top-right of 

Figure 2). Each tendon has a spring in parallel with a slack portion of its length, allowing passive 

compliance similar to natural human tendons (a picture of which is shown on the bottom-right of 

Figure 2). When the upper SMA actuator is powered it contracts, and the spring in the 

corresponding tendon extends until the tendon slack is absorbed and the tendon is drawn taut. 

This spring-slack artificial tendon with passive compliance, effectively mimics the nonlinear 

stiffness of the natural tendon whose stiffness tends to a larger value as it approaches its natural 

limit of extension. 
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Figure 2.3: Differential double spring-biased SMA actuation mechanism at the MCP joint. The 

insets show the actual SMA actuator and spring-slack element used in [11]. 
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Chapter 3 Modeling  

Since each active joint is actuated in an independent manner, the flexion/extension of the 

MCP joint is used as a representative case for the design of the fuzzy PWM-PID controller that 

follows. Figure 3.1 shows a block diagram representation of the overall mathematical model of 

the representative system (adapted from [11]), with the added fuzzy PWM-PID controller. The 

modeling of the proposed biomimetic tendon-driven actuation system is composed of five parts: 

the heat transfer model between the SMA wire and the surrounding environment; the phase 

transformation model between the martensite and austenite phases of the wire; the constitutive 

model of its thermomechanical characteristics; as well as the kinematic and dynamic model of 

the system that describes the motion of the proximal phalanx about the MCP joint. Appendix B 

shows physical model of Figure 3.1. 

 

 

Figure 3.1: Schematic representation of the overall mathematical model of the system. 
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The voltage (V) generated by the proposed fuzzy PWM-PID controller, based on final or 

command joint angle position (θF

3.1 Heat Transfer Model 

), is an input value to the heat transfer model and the increase 

in the temperature (T) is determined from it. The increased temperature (T) causes transition 

from the martensite phase to the austenite phase in the SMA wire. Due to the resulting change in 

the crystalline structure, the wire contracts and the amount of contraction is related to the 

martensite fraction (ξ) within the wire. The martensite fraction (ξ) is obtained from the phase 

transformation model, and the stress (σ) in the wire during phase transformation is determined 

from the SMA constitutive model. Both the phase transformation and SMA constitutive model, 

require initial stress and strain values in the wire. The initial values are first assumed, and then 

the actual values are determined through an iterative process. Based on the stress in the wire, the 

dynamic model for the system is used to find the current angular position (θ), and the resulting 

strain is calculated from the kinematic model. The flexion SMA block is structured exactly the 

same as the extension SMA block, but its details are omitted from Figure 3.1 for simplicity of the 

diagram.  

The voltage through the SMA wire converts electrical energy into heat energy. The heat energy 

increases the temperature (T) of the SMA wire and the amount of the temperature change can be 

determined from the following equation [59-61]: 

 
2

( )w p w amb
w

VM C T hA T T
R

= − −  (1) 

where Mw is the mass per unit length, Cp is the specific heat, V is the applied voltage, Rw is the 

electrical resistance per unit length, h is the heat convection coefficient, Aw is the wire 

circumferential area, and Tamb is the ambient temperature. The specific heat and resistance are 
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treated as constants, neglecting their dependency on the temperature [62]. The SMA wire 

temperature (T) can be obtained from Eq. (1). 

3.2 SMA Phase Transformation Model 

The phase transformation model relates the martensite fraction ξ to the temperature T and the 

stress σ. The temperature increase causes the SMA wire to go through the phase transformation 

from martensite to austenite, resulting in contraction of the wire. When cooled, the wire returns 

or stretches back to the original length.  

i) Heating phase 

The amount of contraction or stretch is determined by the martensite fraction, and during the 

heating phase it can be expressed as 

1
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where ξH is the martensite fraction during transformation from martensite to autenite and AS and 

AF are the austenite phase start and final temperatures, respectively. The austenite phase start and 

final temperatures are obtained from AS = AS0 + σ/cA and AF = AF0 + σ/cA, where AS0 and AF0 are 

the austenite phase start and final temperatures for zero stress, respectively, and cA

ii) Cooling phase 

 is the austenic 

material coefficient. 

Similarly, during the cooling phase, the martensite fraction (ξ) can be expressed as 
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where MS and MF are the martensite phase start and final temperatures, and ξC is the martensite 

fraction during transformation from austenite to martensite. The martensite phase start and final 

temperatures can be found from MS = MS0 + σ/cM and MF = MF0 + σ/cM, where MS0 and MF0 are 

the martensite phase start and final temperatures for zero stress, respectively, and cM

3.3 SMA Constitutive Model 

 is the 

martensitic material coefficient. 

The SMA constitutive model defines the thermomechanical characteristics of the material [63-

65]. In other words, it defines the effect of the temperature on the stress as the SMA undergoes 

phase transformation. The relationships between stress (σ), strain (ε), temperature (T) and 

martensite fraction (ξ) within the SMA wire during phase transformation can be defined as [10], 

 ( )t eq e s T RD D T Dσ ε ε ε θ ε ξ= + + + −     (4) 

where εS is the strain in the spring, εe is the strain due to the SMA wire elasticity, εt is the strain 

due to the SMA phase transformation, and εR is the maximum strain that can recovered through 

the transformation phase. The actual Young’s modulus D is assumed to change linearly between 

martensite and austenite phase, so the equivalent Young’s modulus, Deq

 

 can be defined as 

w
eq eq

w

LD K
S

=  (5) 
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where Keq is the equivalent spring constant of the SMA wire, Lw is the unstretched length of the 

wire, and Sw

3.4 Dynamic Model 

 is the cross sectional area of the wire. 

Contraction or stretch of the SMA wire causes the tendon cable (as shown in Figure 2.3) to pull 

or release, resulting in the rotation of the proximal phalanx. Figure 3.3 shows a schematic 

diagram of the external forces acting on the proximal phalanx due to the pulling and releasing 

action of the tendon cable. The external forces (F(E) and F(F)) are due to the stresses in the SMA 

wire and thus can be described as F(E) = σ(E)Sw and F(F) = σ(F)Sw

 

. Then the resulting equations of 

motion for the proximal phalanx are given by [66-68] 

( ) ( ) ( ) ( ) cosE E F F
CM FrI F b F b mgd Mθ θ= − − −  (6) 

where 

 
( )( | |) | |

| |
Fr DF DF E SF

Fr E E SF

M sign M C if M M
M M if M M

θ θ= + >
= ≤

 
 (7) 

and I is phalanx’ moment of inertia, m is mass, ME is the total moment, MFr is the frictional 

moment, dCM is the distance between the center (O) of the MCP joint and the center of mass 

(CM), b(E) and b(F) are the distance between the joint center O and the tendon cable as shown in 

Figure 3.3, MDF is the dynamic friction moment, CDF is the dynamic friction coefficient, and 

MSF

3.5 Kinematic Model 

 is the static friction moment. 

Kinematic model relates the change in the rotary position of the proximal phalanx, θ, from its 

initial configuration to the total strain variation, Δε. This strain variation is due to the elastic 

deformation in the tendon cable and in the SMA wire, and the deformation associated with the 
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phase transformation in the SMA wire. Furthermore, we assume that the deformation in the 

tendon cable is due to the spring-slack element. 

 

 
Figure 3.2: External forces acting on the proximal phalanx of the artificial finger. 

 

As the proximal phalanx shown in Figure 3.2 rotates, the tendon cable or SMA wire 

experiences strains due to the elastic deformation in the tendon cable (εS) and the SMA wire (εe

 

), 

as well as the deformation associated with the wire phase transformation. It is assumed that the 

deformation in the tendon cable is due to the spring-slack element only. The total strain variation 

(Δε) that occurs during rotation of the phalanx is derived as  

0
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−
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(8) 

where  dCB is the distance between the points C and B in Figure 3.2, and dCB0 represents dCB

 

 in 

the initial state, i.e. when θ = 0. The total strain variation (Δε) is related to the total strain (ε) by 

0ε ε ε∆ = +  (9) 
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where ε = εS + εe + εt and  ε0 

Table 1 shows the main parameters of the system. The SMA wire parameters were obtained 

from the specifications provided by the manufacturer (Miga Motor Company). The geometric 

parameters were directly measured from the actual system. Based on the models developed and 

the parameter values obtained, a numerical code was developed in MATLAB/Simulink to 

simulate the MCP joint motion of the artificial finger system. See [11] for detailed derivation of 

the above system model, which is used for the synthesis of the proposed fuzzy PWM-PID 

controller in the next section. 

is the strain corresponding to the initial configuration. 

 

Parameter Value Parameter Value 

ρ 6450 kg/mw L3 0.385 m w 

d 0.375 × 10w -3 M m 0.01 Nm SF 

C 322 J/kg°C p M 0 Nm DF 

R 8.6 Ωm w C 0.02 DF 

T 23 °C amb K 0 radP 

A

-1 

75 °C S0 K 0 s/rad V 

A 110 °C F0 K 0 sI -1rad

c

-1 

10.3 × 10A 6 I Pa/°C 4.88 × 10-5 kgm

M

2 

85 °C S0 M 1.5 × 10-2

M

 kg 

60 °C F0 d 0.035 m CM 

c 10.3 × 10M 6 V Pa 8 V H 

D 75 × 10A 9 V Pa 0 V L 

D 28 × 10M 9 t Pa 1/1000 s P 

ε 2.3 % R h 70 0 

K 140 N/m S h 0.001 2 
 

Table 1. System parameters used for numerical simulations. 
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Chapter 4 Controller Design 

A fuzzy PID controller has fuzzification, rule base, and defuzzification components. Fuzzy 

controller is assumed to work in situation where there is a large indecision or unknown deviation 

in plant parameters and structures. Generally, the basis objective of fuzzy PID controller is to 

maintain consistent performance of a system in the presence of these indecisions. 

4.1 Fuzzy PID control Algorithm 

Fuzzy logic controller is usually simple to determine what action a fuzzy controller will take 

for a given situation since fuzzy controllers generally have analytic structures. Fuzzy logic is 

encoded in simple rules with a structure such as “if this precursory situation is encountered, then 

take that consequence action” The association of the relationship between the physical world and 

the fuzzy rules is difficult to apprehend, but the consequence action of the controller is simple to 

determine. 

As shown in Figure 4.1, fuzzy logic PID controller in the research requires two inputs which 

are error and error derivative. The fuzzy rule base is formed in the linguistic form “if x is true 

then do y”. According to Lotfi A. Zadeh who proposed first fuzzy logic, a fuzzification unit is 

used to transform the numerical input signal into some fuzzy values, while a defuzzification step 

is used to transform the final fuzzy value into an output signal from the controller. These two 

processes require advanced rules and membership functions to encode the desired finger system 

response and controller dynamics. The output signals from defuzzification are KP,KI, and KD. 

These three parameters are considered as PID controller inputs. It is obvious why the fuzzy logic 

control should be used for nonlinear system. As depending on desired position and current 

position, these parameters are changed through fuzzy rules. 
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Figure 4.1: A schematic diagram of fuzzy logic PID controller. 

 

4.2 Controller design 

The design of a fuzzy PWM-PID controller for the artificial finger consists of the following 

four steps: (1) fuzzification of input and output variables using sets of membership functions, (2) 

development of fuzzy control rules for the membership functions, (3) defuzzification of output 
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membership values, and (4) implementation of pulse-width-modulation (PWM). 

4.2.1 Fuzzification 

Figure 4.2(a) shows the triangular membership functions that were employed to convert the 

input variables, the error E and error derivative dE/dt, into linguistic fuzzy variables. Similarly, 

Figure 4.2(b) shows the membership functions that convert the output variables, KP, KI, and KD

 

, 

which are the PID gains, into corresponding fuzzy variables. Table 2 gives the definition of the 

input and output fuzzy variables associated with the membership functions. For the input 

variables, it is necessary to define the range x of the input membership functions (the output 

membership functions are always between zero and one). In the case of the flexion/extension of 

the MCP joint and PIP joint of the artificial finger, the neutral position is set equal to 

approximately the biomimetic resting position of -40º and 0º, respectively, and their range of 

motion (due to the SMA actuator stroke limitations as well as mechanical constraints) is about [-

80º, -10º] and [-90º, 0º]. Thus, x = 40º (MCP flexion/extension) and 90º (PIP flexion/extension) 

were used as the range of the input membership functions for the error E of MCP 

flexion/extension and PIP flexion/extension, respectively. Based on the results presented in [5], x 

= 30º/s was chosen for the time-derivative of both errors. In the case of the abduction/adduction 

of the MCP joint, the neutral position is naturally equal to 0º, and the range of motion is 

approximately [-15º, 15º]. Hence, x = 15º was applied as the MCP abduction/adduction error and 

again x = 30º /s for its time-derivative. 
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(a) Input variables: E, dE/dt  (b) Output variables: KP, KI, K

Figure 4.2: Input and output fuzzy sets with triangular membership functions for (a) the error 

and error derivative and (b) the PID gains, respectively. 

D 

 

Input Output 

Symbol Definition Symbol Definition 

NB Negative Big S Small 

NM Negative Medium MS Medium-Small 

NS Negative Small M Medium 

ZE Zero MB Medium-Big 

PB Positive Big B Big 

PM Positive Medium Null Zero 

PS Positive Small   
 

Table 2. Definition of the input-output fuzzy variables associated with the membership functions. 

 

The error range (±WZE) of ZE in Figure 4.2(a) is an important value in terms of the coordinated 

control of the SMA muscle pairs as the ZE membership function determines the activation of an 

agonistic (e.g., flexor) or antagonistic (e.g., extensor) actuator. For example, the left fuzzy sets of 

ZE in Figure 4.2(a) activate an agonistic actuator, while the right fuzzy sets activate an 
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antagonist actuator. An optimized error range ±0.0057º(±0.0001 rad) was chosen for WZE

4.2.2 Fuzzy control rules 

 of ZE, 

which was determined by trial and error using a numerical simulation analysis. Within this error 

range, the opposing agonist and antagonist muscle pairs are co-activated, in order to perform the 

proposed cocontraction control of the artificial finger joints and “stiffen” to maintain their 

desired position. Another note is that the membership function Null sets the PID gains to all zero 

(i.e. no closed-loop control), if the fuzzified value belongs to the membership function Null 

according to fuzzy control rules. 

The fuzzy control rules that are associated with the fuzzified values of the error (E) and its 

derivative (dE/dt) that are formulated in order to improve the system response and compensate 

for the nonlinearities and parametric uncertainties of the individual SMA actuators employed in 

the system. Tables 3 and 4 give the complete set of the fuzzy control rules for any subset 

combination assumed by the error and its time derivative (e.g., when E(t) is PS and dE(t)/dt is 

NM, KP, KI, and KD

As can be seen in Tables 3 and 4, their left most or right most three columns are all filled with 

Nulls to avoid co-activation of an antagonist actuator when an agonist actuator is contracting. 

The defuzzified PID gains become all zero when the membership function is Null. In other 

words, the opposing actuators cannot be activated simultaneously, except when the position 

errors fall within the specified error range defined by W

, are MB, MS, and MB, respectively). The “max-min” method with the 

logical operator AND has been used as the inference method, thus the minimum of the two 

values was used as the combined truth value. These rules can be applied to the 

abduction/adduction of the MCP joint and the flexion/extension of the PIP joint as well. 

ZE of ZE. Figure 4.3(a) and (b) illustrate 

the underlying reasoning behind the fuzzy control rules given in Tables 3 and 4. 
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KP/KI/K E(t) D 

( )
dt

tdE
 

 NB NM NS ZE PS PM PB 
NB Null Null Null S/B/S B/S/B MS/MB/MS M/M/M 
NM Null Null Null MS/MB/MS MB/MS/MB M/M/M MB/MS/MB 
NS Null Null Null M/M/M MB/MS/MB M/M/M B/S/B 
ZE Null Null Null S/B/S M/M/M MB/MS/MB B/S/B 
PS Null Null Null M/M/M MB/MS/MB M/M/M B/S/B 
PM Null Null Null MB/MS/MB MB/MS/MB M/M/M MB/MS/MB 
PB Null Null Null B/S/B B/S/B MS/MB/MS M/M/M 

 

Table 3. Fuzzy control rules for the gains KP, KI and KD

 

 of the agonist actuator. 

KP/KI/K E(t) D 

( )
dt

tdE
 

 NB NM NS ZE PS PM PB 
NB M/M/M MS/MB/MS B/S/B B/S/B Null Null Null 
NM MB/MS/MB M/M/M MB/MS/MB MB/MS/MB Null Null Null 
NS B/S/B M/M/M MB/MS/MB M/M/M Null Null Null 
ZE B/S/B MB/MS/MB M/M/M S/B/S Null Null Null 
PS B/S/B M/M/M MB/MS/MB M/M/M Null Null Null 
PM MB/MS/MB M/M/M MB/MS/MB MS/MB/MS Null Null Null 
PB M/M/M MS/MB/MS B/S/B S/B/S Null Null Null 

 

Table 4. Fuzzy control rules for the gains KP, KI and KD

 

 of the antagonist actuator. 

   

 

Figure 4.3: Joint position profiles illustrating the onset of the independent activation and co-

activation of the antagonistic SMA muscle actuator pair in the case of (a) extension or (b) flexion. 

 

      (a) Extension (b) Flexion      
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Note that the resulting fuzzified output value (VF) is dependent on the error range (WZE) of the 

membership function ZE. Both the agonist and antagonist actuators are co-activated at the cross 

mark (  ) point on the plot in Figure 4.3 when the absolute angular position error |E(t)| is smaller 

than WZE, whereas only one actuator is activated at the points of the circle, triangle and square 

marks along the plot when |E(t)| is larger than WZE of ZE. When |E(t)| is less than WZE, the 

fuzzified output essentially becomes ZE. When |E(t)| is larger than WZE, the controller applies 

the fuzzy output of PS, PM, or PB in the case of the agonist actuator (or NS, NM, or NB in the 

case of the antagonist actuator) depending on the magnitude of E(t). For the agonist and 

antagonist actuators, VF

ZE

ZE

| |ZE
| |PS,PM,or PBF

E(t) W
V

E(t) W
≤

=  >

 is defined as 

                                         
(13) 

and 

ZE

ZE

| |ZE
| |NS, NM,or NBF

E(t) W
V

E(t) W
≤

=  >
             (14) 

respectively. 

4.2.3 Defuzzyfication 

The results of all the fuzzy rules that have applied are defuzzified to a crisp value by one of 

several methods. One of the most common methods is the centroid method in which the center of 

mass of the result provides the crisp value. Another is the height method which takes the value of 

the biggest contribution. The centroid method is preferred for the rule with the output of greatest 

area, while the height method apparently is used for the rule with the greatest output value. 

The defuzzification is performed using the centroid method. The resulting defuzzified values 

for the gains, KP, KI, and KD, are normalized values in the [0,1] interval, since the membership 
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functions are defined within the same interval. The actual proportional, integral, and derivative 

gains are determined by 

 

'
max min min

'
max min min

'
max min min

( )
( )
( )

P P P P P

I I I I I

D D D D D

K K K K K
K K K K K
K K K K K

= − +
= − +
= − +

 (15) 

respectively, where the intervals [KPmin, KPmax], [KImin, KImax], and [KDmin, KDmax

 

], define the 

range of each gain. Table 5 summarizes these limits for each actuator for the flexion/extension of 

the MCP joint. All lower limits are set equal to zero (corresponding to no closed-loop control), 

while the upper limits are determined from both simulation and experimental results. The gain 

values in Table 5 can be applied to the abduction/adduction of the MCP joint and the 

flexion/extension of the PIP joint as well since the basic system dynamics are similar to those of 

the flexion/extension of the MCP joint. 

Gain Extensor Actuator Flexional Actuator 

[KPmin, KPmax [0,7000] ] [0,7000] 

[KImin, KImax [0,100] ] [0,100] 

[KDmin, KDmax [0,9000] ] [0,9000] 

 

Table 5. Tuned gain ranges of the fuzzy PWM-PID controller for the flexion/extension of the 

MCP joint. 

 

4.2.4 Pulse-Width-Modulation (PWM) 

As shown in Figure 3.1, the fuzzy PWM-PID controller calculates its output voltage from the 
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error between the final angular position (θF) and current angular position (θ) of the joint. The 

output voltage is in the form of a PWM signal between fully-on (VH) and fully-off (VL) voltages 

(see Figure 3.2). Heating and cooling of the SMA wire can be controlled by switching the 

voltage in the wire between VH and VL and changing the duty cycle (tDC) within the fixed time 

period, tP. For practical purposes, VL

 

 is assumed to be zero. The fuzzy PWM-PID controller 

determines proper values of the duty cycle, i.e. [59-61]: 

%

100
P

DC
t DCt =  (9) 

 % P D IDC K E K E K Edt= + + ∫  (10) 

where E(t) = θF(t) - θ and KP, KD, and KI are the proportional, derivative, and integral gains. 

The corresponding values of the PID gains are determined by the fuzzy algorithm. The value of 

DC% is always between 0 and 100 such that the voltage in the wire is modulated between VH and 

VL within the period tP, and generates a PWM signal based on the desired joint angle, θF

 

. 

 

 

 

 

 

 

 

Figure 4.4: Pulse-width-modulation (PWM) scheme. 

t 

V 

VH 

tDC tP 

VL 
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Chapter 5 Experiment Setup and Parameter Analysis  

5.1 Experiment Setup 

To experimentally verify the performance of the new fuzzy PWM-PID controller, six Miga 

Motor Company’s SMA actuators (DM01-15) were arranged as shown in Figure 5.1(a). These 

actuators are capable of a half inch linear pull stroke and a maximum contracting force of 20 N 

with driving voltages ranging from 8 V to 28 V. Both the artificial finger, which was rapid 

prototyped using a SLA-3500 RP machine loaded with Vantico CibaTool SL5510 resin [3], and 

the six SMAs were affixed to an optical breadboard.  

 

 

Figure 5.1: Experimental setup of the system. 
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As illustrated in Figure 2.3, the passive compliance in the artificial muscles was introduced by 

connecting a spring in parallel to a slack portion of each tendon cable as shown in Figure 5.1(b). 

As mentioned previously, this “hybrid” artificial tendon comprising an inextensible cable and an 

extensible spring, successfully imitates the nonlinear stiffness of the natural tendon. The dual 

spring-biased configuration permits the two opposing SMA actuators to work as an agonist-

antagonist pair, enabling active flexion/extension and abduction/adduction of the MCP joint and 

active flexion/extension of the PIP joint. 

An air gap (5.7 mm) between the six stacked actuators improves air flow and cooling. As 

described earlier, the SMA actuators are operated using pulse width modulated (PWM) signals, 

which enable more controlled heating of the SMA wires as compared to joule heating with a 

direct electrical current. 

A Teflon coated microfiber line (SpiderWire’s Stealth) was chosen for the tendon cables. These 

cables are strong and resistant to twisting and abrasions, and their flexibility allows them to be 

easily routed and fitted within the artificial finger structure, without risking failure through 

frictional contacts or sharp bends. Also, the Teflon coating provided a very low coefficient of 

friction – an important consideration where the tendons need to pass through several guides and 

travel in directions of various angles. 

The main command and communication module, which directs all control experiments, was 

implemented in Matlab/Simulink interfaced with QuaRC rapid control prototyping software from 

Quanser Consulting Inc. An 8-channel Q8 hardware-in-the-loop control board (also from 

Quanser) was used to interface between the host PC and the artificial finger. 

In Figure 5.2, a schematic diagram of the overall experimental system is represented. 
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Figure 5.2: Schematic diagram of the experimental test setup. 

 

 A rotary potentiometer was used for each of the two MCP joint axes (flexion/extension and 

abduction/adduction) and the PIP joint axis (flexion/extension). The 3D fingertip positions were 

calculated from the rotary potentiometer measurements using an inverse kinematic model of the 

artificial finger. In addition, a Visualeyez optical motion tracking system (VZ3000 from PhoeniX 

Technologies Inc.) was used as a gold-standard reference system.  

The main purpose of using this system was to verify the positional accuracy of the artificial 

fingertip during trajectory tracking control experiments that were carried out in the next section. 

Using the Visualeyez system, the finger motion is tracked by mounting a set of nine light-

emitting diodes (LEDs) on the finger (see Figure 5.3): three on the optical breadboard to 

establish an inertial reference frame, two on the proximal phalange, two on the middle phalange, 

one at the base of the finger as a reference for plotting, and one on the distal phalange for the 

motion tracking of the fingertip. The Visualeyez system tracks the 3D position of the above 
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LEDs at 100 Hz sampling frequency, and its output represents the position of each LED with 

respect to the user-defined inertial reference frame. 

 

 

Figure 5.3: Placement of LED sensors on the artificial finger for motion tracking with the 

Visualeyez system. 

 

5.2 Parameter Analysis of Fuzzy PWM-PID Controller 

The motion control performance of the artificial finger is influenced by many parameters such 

as the ZE of the error range (WZE) in the membership function and the maximum PID gains 

(KPmax, KImax, KDmax). In order to improve the motion control performance, it is essential to 

understand the effects of these parameters on the finger motion. Thus, numerical simulations 

were used to find the optimal parameter values for the subsequent experiments. Also, in order to 

show the effectiveness of the proposed controller, the results from PWM-PID and fuzzy PWM-
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PID control of the flexion/extension of the MCP joint at different angular positions were 

compared through simulations and experiments. Furthermore, the experimental results of using 

the fuzzy PWM-PID controller in tracking various finger tip trajectories are presented. 

The initial MCP joint position of the finger is -40˚ (for the flexion/extension) and 0˚ (for the 

abduction/adduction). First, a parametric analysis was carried out by applying a constant voltage 

of 8V until the flexion/extension axes reached -55˚. Several parameters were varied one at a time, 

including the shape and ranges (the total range and component range) of the membership 

functions, applied voltage, initial length of the two spring-slack elements in the agonist-

antagonist muscles, and PID gains. As expected, the simulation results showed that the system is 

particularly sensitive to the parameters of the membership functions (e.g., the ZE) that define the 

error range (Er) and derivative error range (dEr

 

) and the PID gains for the PWM-PID controller. 

In order to achieve high accuracy and fast response, the parameters chosen as follows: the ZE of 

the error range is set to 0.0001 rad. 

Figure 5.4: Results of changing the ZE in the membership functions changed. 
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Figures 5.5 and 5.6 show the result of varying the gains (KP,KI,KD) of proposed fuzzy PID 

controller and PID controller. Each gain (KP,KI,KD) of PID controller is applied with middle 

value (e.g. KP

 

=4000 for flexion/extension of MCP joint) of the gain range in fuzzy PID 

controller. As the plots shows, the response of the fuzzy PID controller is faster than that of the 

static/linear PID controller. The fuzzy PID controller also shows much improved steady state 

error. Unlike the PID controller, the fuzzy PID controller is able to vary the PID gains according 

to the fuzzy rules and is more capable of handling the nonlinearity of the system model. As a 

result, the above parametric analysis yielded the ranges of the gain values given in Table 5. 
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Figure 5.5: Results when gains KP,KI,KD of fuzzy PID controller are changed. 
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Figure 5.6: Results when gains KP,KI,KD 

 

of PID controller are changed. 
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Chapter 6 Simulation and Experiment Results of the Biomimetic Actuation 

Mechanism 

The motion control performance of the artificial finger is influenced by many parameters such 

as the ZE of the error range (WZE) in the membership function and the maximum PID gains 

(KPmax, KImax, KDmax). In order to improve the motion control performance, it is essential to 

understand the effects of these parameters on the finger motion. Thus, numerical simulations 

were used to find the optimal parameter values for the subsequent experiments. Also, in order to 

show the effectiveness of the proposed controller, the results from PWM-PID and fuzzy PWM-

PID control of the flexion/extension of the MCP joint at different angular positions were 

compared through simulations and experiments. Furthermore, the experimental results of using 

the fuzzy PWM-PID controller in tracking various finger tip trajectories are presented. Note that 

the gains (KP, KI, KD

The initial MCP joint position of the finger is set at -40˚ for the flexion/extension and 0˚ for the 

abduction/adduction. First, a parametric analysis was carried out by applying a constant voltage 

of 8 V until the flexion/extension axis reached -55˚. Several parameters were varied one at a time, 

including the shape and range of the membership functions. It was found that the system is 

particularly sensitive to the error range (W

) used in the PWM-PID controller are tuned via trial and error. 

ZE) of the ZE membership function as shown in Figure 

6.4. Both the overshoot and steady state error increased and the response time decreased when 

WZE is increased, and vice versa. In order to have smaller overshoot and steady-state error and 

appropriate response time, the error range (WZE) of the ZE membership function was set to 

0.0001 rad by trial and error. Table 5 summarizes the results of tuning the maximum PID gains 

(KPmax, KImax, KDmax) for the fuzzy PWM-PID controller based on the numerical parametric 

analysis.  
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6.1 Simulation Results 

Figure 6.1 compare the closed-loop control simulations results obtained with the conventional 

PID (left plot) and fuzzy PID (right plot) when given desired angular positions as step inputs. 

When an actuator travels to small or large position changes, it must be moved along hysteresis 

curve of SMA. In the case of small position changes (e.g., movement from -40° to -45°), there is 

overshoot because of thermal inertia in SMA hysteresis, which occurs due to sudden contraction 

when the SMA actuator’s temperature is increased to Austenite phase. Note that after the 

overshoot, return to the desired position is faster with the fuzzy PWM-PID controller because of 

co-operative control scheme of the fuzzy PWM-PID controller whereas PWM-PID controller 

relies on cooling of the SMA actuator to return to the desired position. Figure 14 shows a series 

of step responses at different desired positions. The finger first flexes from the initial position      

-40˚ to -60˚, then extends to -35˚, then flexes -50˚ before coming back to the initial position. 

While the PWM-PID controller takes about 4.96s to go from -35˚ to -50˚, the fuzzy PWM-PID 

controller takes about 4.53s (8.7% reduction in time) and while the PWM-PID controller has 

average 0.57˚ steady state error from the desired position, the fuzzy PWM-PID controller has 

0.11˚ (80.7% reduction in steady state error). The co-operative control scheme for the fuzzy 

PWM-PID controller is well displayed in actuator command signals shown in Figure 6.2. Return 

to the desired position after overshoot and holding at the desired position are achieved through 

cooling with the PWM-PID control whereas they are achieved through co-operative control with 

the fuzzy PWM-PID control. For example, either agonist (V1) or antagonist (V2) actuators is 

actuated at each step response by the PWM-PID controller at each step response, i.e., an agonist 

actuator is activated by V1 from 15s to 30s and an antagonist actuator is activated by V2 from 

30s to 45s. However, both actuators are co-operated by the actuator command signals with the 
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fuzzy PWM-PID controller as can be seen in Figure 6.2. This co-operation results in better 

performance in terms of smaller overshoot with faster return to the desired position and smaller 

steady state error. 

 

 

 

Figure 6.1: Comparison of simulated step responses with PWM-PID controller (left) and fuzzy 

PWM-PID controller (right). 
   



- 51 - 
 

 

 

 

Figure 6.2: Simulation comparison of step responses and actuator command signals in the 

flexion/extension axis of the MCP joint using PWM-PID and fuzzy PWM-PID controllers. 

 

6.2 Experiment Results 

Figures 6.3 and 6.4 show the corresponding experimental results for the cases presented in 

Figures 6.1 and 6.2, respectively. The closed-loop performances of the simulation results are 
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better than that of the experimental results due to the inherent unmodeled dynamics such as the 

joint and tendon friction in the actual system. Due to the increased frictional damping of the 

experimental system, in general, the steady-state error becomes more evident, while the 

overshoot amount decreases. Nevertheless, an improvement in the closed-loop performance of 

the fuzzy PWM-PID controller is evident from the figures, as predicted by the simulation results. 

The same step responses shown in Figure 6.2 are performed experimentally, and the results are 

shown in Figure 6.4. Improvements in the response time and steady state error with the fuzzy 

PWM-PID controller are substantial and better than improvements obtain in simulations. While 

the PWM-PID controller takes about 5.7s to go from -35˚ to -50˚, the fuzzy PWM-PID controller 

takes about 2.6s (54% reduction in time) and while the PID controller has average 0.97̊  different 

from final position as steady state error, the fuzzy PID controller has 0.08˚ ( 91.8% reduction in 

steady state error). The actuator command signals (V1 and V2

 

) show co-operation of the 

actuators with the fuzzy PWM-PID controller as predicted by the simulation results. 

 
Figure 6.3: Comparison of experimental step responses with PWM-PID controller (left) and 

fuzzy PWM-PID controller (right). 
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Figure 6.4: Experimental comparison of step responses and actuator command signals in the 

flexion/extension axis of the MCP joint using PWM-PID and fuzzy PWM-PID controllers. 

 

6.3 External Disturbance Test 

 As mentioned in Sections 6.1 and 6.2, the fuzzy PWM-PID controller performs than PWM-

PID controller. However, since the performance were without any external disturbance, it is also 

important to confirm the controller’s robustness against external disturbances. Thus, further 
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experiments were conducted to verify the controller performance against external disturbances. 

Three types of external disturbances were tested: (i) robustness against obstruction, (ii) 

robustness against interference and (iii) robustness against variation in the system. 

6.3.1 Test for robustness against obstruction 

Figure 6.5 shows the motion control performance of artificial finger when the finger’s motion 

was obstructed for a short duration (1-2 seconds) during its step response. Thin green arrow 

represents external obstructions for PWM-PID controller and thick black arrow indicates 

obstruction for fuzzy PWM-PID controller. As can be seen from the figure, improvements in the 

response time and steady state error are significantly better with the fuzzy PWM-PID controller. 

The PWM-PID controller was not able to approach or not even close to the desired position in 15 

seconds. On the other hand, the fuzzy PWM-PID controller was completely able to follow the 

desired position in -40˚ to -60˚, -35˚ to -50˚, and -50˚ to -40˚ because PWM-PID controller was 

tuned by fuzzy controller. While the PWM-PID controller has an average steady-state error of 

3.5˚, the fuzzy PWM-PID controller exhibits only 0.26̊  (92.6% reduction) of the steady-state 

error. 

 

Figure 6.5: External force applied for the interference. 
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6.3.2 Test for robustness against interference 

Figure 6.6 shows the motion control performance of the finger when the finger’s motion was 

interfered for a short duration (1 or 2 seconds) during approaching the desire position. Thin green 

arrow represents external interference for PWM-PID controller and thick black arrow indicates 

interference for fuzzy PWM-PID controller. As can be seen from the figure, improvements in the 

response time are notably better with fuzzy PWM-PID controller. The PWM-PID controller was 

very slow to return to the desired position since PWM-PID controller was not able to apply with 

cocontraction algorithm. However, the fuzzy PWM-PID controller was quickly able to return the 

desired position because of cocontraction algorithm. The cocontraction algorithm is necessary to 

improve accuracy of the motion control performance since antagonist actuator prevents from 

interference. In the other words, while the finger controlled by the PWM-PID controller was 

easily affected even by small force, the finger controlled by fuzzy PWM-PID controller 

represented robustness against interference since agonist and antagonist actuator work in turn or 

both actuators activate simultaneously as cocontraction algorithm. 

 

 

Figure 6.6: External force applied for the unstable. 
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6.3.3 Test for robustness against variations in the system 

In order to verify the controller performance against variations in the system, masses with 

known weights were tied to the DIP joint and then the artificial finger was commanded to follow 

the desired positions. Six different masses with 1.353g, 2.633g, 3.884g, 5.237g, 7.900g, and 

11.024g were used as external loads. Figure 6.7 (a) and (b) show the motion control performance 

of the finger at different loadings. As can be seen, improvements in the response time and steady 

state error  with the fuzzy PWM-PID controller are noteworthy. The PWM-PID controller was 

not completely able to following the desired positions since the system was changed by the 

weight, thus gain tuning was required. However, the fuzzy PWM-PID controller was able to 

follow the desired position. With the PWM-PID controller, while the finger without any load 

takes 3.8s to move from -50˚ to -40˚ as shown in Figure 6.4, with loads, it takes average 5.2s 

(26.9% increase in time). The average steady-state error also increased from of 0.97̊  to 3.8˚ 

(74.5% increase) with the PWM-PID controller as weights were added to the finger. With the 

fuzzy PWM-PID, it takes 3.2s from -50˚ to -40˚ without any load as shown in Figure 6.4. As 

loading is added, however, it only takes 3.4s (5.8% increase in time). The average steady-state 

error also increased from 0.08˚ to only 0.09˚. This shows that the fuzzy PWM-PID controller 

performs much better against variations in the system.  
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(a) PWM-PID controller  

 

(b) Fuzzy PWM-PID controller 

Figure 6.7: External Load applied for(a) PWM-PID controller and (b) fuzzy PWM-PID 

controller. 
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Chapter 7 Trajectory Tracking Experiments 

In this section both the flexion/extension and abduction/adduction axes of the MCP joint are 

simultaneously actuated to perform a more complex task. The aim is to verify the ability of the 

proposed PWM fuzzy PID controller to follow a desired trajectory. Figure 7.1 shows a schematic 

representation of the configuration used. The inertial frame O-XYZ of the artificial finger is 

centered about the MCP joint at point O (see also Figure 2.3). Angles θ1, θ2, and θ3 are, 

respectively, the MCP flexion/extension angle, the MCP abduction/adduction angle, and the PIP 

flexion/extension angle. The artificial finger is initial stretched out as shown in the figure, with 

initial angular positions at t = 0 given by θ1
(0)=-40˚ and θ2

(0)= θ3
(0) 

 

= 0̊ .  The task consists in 

forcing the MCP joint to follow a specified trajectory, and since the PIP joint angle is always 

kept at zero, also the fingertip will describe the same type of trajectory. The PIP joint trajectory 

lies on the plane y-z defined by the coordinate frame o-xyz at Point A. Note that this frame is also 

an inertial reference frame, i.e. it is not moving with the artificial finger, and its position and 

orientation are related to the finger initial configuration. 

Figure 7.1: Schematic diagram used for the trajectory tracking cases. 
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The position XA

 

 of point A and the rotation matrix R between frames (x,y,z) and (X,Y,Z) are 

given by: 
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Where d is the constant distance between the two frames along the initial position of the 

proximal phalange. The relationship between the MCP joint variables and the fingertip, XFT

 

, is 

given by: 
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where L is the constant distance between the MCP and the fingertip (which is the sum of all 

phalange lengths). Finally, the trajectory XTR

 

 with respect frame (X,Y,Z) is defined as: 
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where y(t) and z(t) define the desired PIP joint trajectory with respect to frame A-xyz. Based on 

the geometry, L = 8.87 cm from Table 7, and d is assumed equal to Lcos(12º) = 8.68 cm, where 
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±12° the maximum range for the MCP abduction/adduction. 

 

Phalangeal Length (cm) 

Proximal 4.48 

Middle 2.62 

Distal 1.77 

 

Table6. Phalangeal length estimates [1]. 

 

7.1 Circular Trajectory 

A circular trajectory tracking experiment defined by y(t) = Rcos(ωt) and z(t) = Rsin(ωt), is 

followed. The radius R is given by Lsin(12º) = 1.84 cm, while ω = 5 º/s is the angular velocity. 

The center of the circle coincides with XA and a full loop is completed in 72 seconds. Figure 7.2 

shows the final and actual angular position for the flexion/extension of the MCP joint (left plot) 

and abduction/adduction of the MCP joint (right plot). Figure 7.3(a) shows the actual circular 

trajectory in the (θ1, θ2) plane. The desired angles θF1 and θF2 are determined by setting XTR = 

XFT and using the inverse kinematics in Eq. (17). As shown in Figure 7.3, the fingertip follows 

the desired trajectory well. Figure 7.3(b) shows measurement of the fingertip positions using the 

Visualeyez motion tracking system. It shows that with the fuzzy PWM-PID controller, the finger 

is able to track the circular trajectory with small error. The mean error (µp) between the 

experimental fingertip positions (PC) and desired fingertip motion (PF

 

) is calculated to be -0.14 

cm with standard deviation of 0.19 cm. 
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Figure 7.2: Desired and actual angular position of the flexion/extension (left) and 

abduction/adduction (right) MCP joint for the circular trajectory experiment. 

 

 

Figure 7.3: Fingertip position plots from the circular trajectory tracking control experiment.3D 

plot with respect to O-XYZ (PF – desired and PC – Visualeyez measurements): (a) 2D plot in the 

θ1-θ2 plane (θF – desired and θ – actual), (b) 3D plot with respect to O-XYZ (PF – desired and 

PC 

 
– Visualeyez measurements) 

7.2 Triangular Trajectory 

A triangular trajectory is also used to examine the tracking ability of the finger controlled by 

(a) 
(b) 
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the fuzzy PWM-PID controller. The triangular trajectory is defined by the functions y(t) and z(t), 

which are defined as:  

 





+−=
+−=

<≤
04.173.1

9.02
200

yz
vty

t                                               (19) 





++=
+−=

<≤
04.173.1

9.02
4002

yz
vty

t                                              (20) 





−=
−=

≤≤
517.0

5.4
6040

z
vty

t                                                         (21) 

 

where v = 0.09 cm/s is the velocity along the trajectory. The resulting trajectory, completed in 60 

seconds, is an equilateral triangle with its centroid in XA and with sides 3.08 cm long. The 

forward and inverse kinematics is always given by Eq. (17). Figure 7.4 shows the final and 

actual angular position for the flexion/extension of the MCP joint (left plot) and the 

abduction/adduction of the MCP joint (right plot). Figure 7.5(a) shows the actual triangular 

trajectory in the (θ1, θ2) plane. As shown in Figure 7.5(a), the artificial finger is able to 

satisfactorily track the triangular trajectory as well. Figure 7.5(b) shows triangle trajectory of 

experimental fingertip motion (PC) and the desired fingertip trajectory (PF), measured using the 

Visualeyez motion tracking system. The mean of the error (µP) between PC and PF is computed 

to be 0.05 cm and the standard deviation (σP

  

) 0.09 cm. 
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Figure 7.4: Desired and actual angular position of the flexion/extension (left) and 

abduction/adduction (right) of the MCP joint for the triangular trajectory experiment. 

 

 

Figure 7.5: Fingertip position plots from the triangular trajectory tracking control experiment: 

(a) 2D plot in the θ1-θ2 plane (θF – desired and θ – actual), (b) 3D plot with respect to O-XYZ 

(PF – desired and PC 

 

– Visualeyez measurements) 

(a) (b) 
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Chapter 8 Design and Fabrication of New SMA Actuator 

8.1 Design Objectives 

The commercially available Miga Motor’s actuator has limited stroke and thus could not be 

used to move the artificial finger to full range of motion. Also, it consists layers of SMA wires 

wound in layers, with the SMA wire layers sandwiched between plastic plates. The plates glided 

with respect to each other on SMA contraction resulting in the linear motion of the output shaft. 

Firstly, it was observed that the friction between the plates was substantial. Secondly, as the 

temperature of the wires increased, they melted into the plates resulting in what we refer to as the 

‘sticky’ effect. This prevented smooth motion of the output shaft, and hence smooth motion of 

the finger when actuated. Moreover, the SMA wire was soldered in place near the output shaft. 

This is not recommended given the SMA wire’s sensitivity to temperature. 

The main objective in this chapter is to design an SMA actuator that is compact with sufficient 

contracting force and stroke and hence suitable as artificial muscles. Many SMA actuators have 

been designed and manufactured by researchers and industry, but because of the limited force or 

stroke as there is trade-off between force and stroke, application to rehabilitation was limited. 

Preliminary work in terms of the artificial finger analysis was performed at UVic, and according 

to the analysis, the maximum actuator force required for MCP adduction/abduction motion was 

calculated to be 28.9N for lateral pinch postures. The required maximum actuator force for the 

MCP and PIP flexion movements were found to be 54N and 50N respectively. These force 

values were used as the starting point for actuator selection. 
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8.2 Literature Review on SMA Actuator Designs 

As shown in Figure 8.1, Song et al. [69] presented the design of using a SMA wire as an 

actuator for position control of composite beam. The composite beam measured 30.48cm in 

length, 5.08cm in width, and 1.32cm in thickness. There were in all 16 SMA wires (diameter 

0.381mm), two sets of eight wires electrically wired in parallel, embedded in the compliant face 

sheet. This actuator generates 70N force and 14.58cm stroke. 

 

 

Figure 8.1: The composite beam with embedded SMA wire actuators and some SMA wires [69]. 

 

Lu et al. [70] demonstrated high strain SMA tension actuator as shown in Figure 8.2. The size 

of actuator is 147mm in length and 15mm in diameter. The high strain SMA actuator consists of 

a number of thin SMA wires in a counter rotating helical pattern around supporting disks. The 

disks are separated by preloading springs that keep the wires under tension when relaxed. When 

the wires are heated, they contract pulling the disks together.  This actuator produces 38N force 

and 25mm displacement. 
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Figure 8.2: Shape Memory Alloy Actuator [70]. 

 

Miga Motor’s Company manufactured DM01 series Displacement MultipliedTM

 

 Shape 

Memory Alloy (SMA) Actuator is shown in Figure 8.3. The size is around 80mm in length, 

16mm in width, and 7mm in thickness. This actuator’s body is designed to be mounted on a flat 

plane. 

 

Figure 8.3: DM01-15 SMA actuator. 
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SMA actuators from Miga Motor Company were initially selected. Miga Motor Company was 

found to be the only company, to the author’s knowledge, to provide a commercial line of 

modular SMA actuators. The highest end of the available modular actuator, the DM01-15, was 

chosen. The DM01-15 SMA actuator is capable of a half inch linear pull stroke and a maximum 

contracting force of 20N with actuating voltages ranging from 9V to 28V. This actuator did not 

meet the exact stroke and force requirements as calculated. However, it was supposed to be 

acceptable for preliminary testing purposes since the joints did not have to be actuated 

throughout the full range of motion. Furthermore, no or minimal external forces were to be 

applied to the artificial finger during the experimental testing. Coupled with the smaller ranges of 

motion, a 20N actuation force was estimated to be sufficient. Results of experimental testing 

with this actuator were described in the previous chapters. The purpose of new SMA actuator 

design is to increase the range of motion for the joints in order to better mimic real human 

fingers. 

8.3 SMA Actuator Design and Machining of Components 

An SMA actuator is designed and developed in similar size to the Miga Motor’s SMA actuator 

(see Figure 8.3). Figure 8.4(a) shows the assembly drawing of the SMA actuator designed to 

increase the stroke compared to the Miga Motor’s SMA actuator. The size of the proposed 

actuator is 88mm in length, 26mm in width, and 10mm in thickness as shown in Figure 8.4. 

Figure 8.4 also shows the actuator assembly (b) before contraction and (c) after contraction.  
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Figure 8.4: New SMA actuator design: (a) actuator Assembly, (b)actuator before 

contraction, and (c) actuator after contraction. 

 

The SMA actuator design is composed of 11 SMA wires of different lengths, 11 connectors for 

connecting the wires, and the case that allows 3-dimensional stacking of the wires. A spring is in 

between all the connectors to push the connectors to the original position during the wire cooling. 

As opposed to 2-dimensional stacking of the SMA wires to achieve longer stroke, which was 

done in the Miga Motor’s actuator, 3-dimensional stacking of the SMA wires allowed significant 

increase in the stroke (greater than 1 inch) within the proposed size of the actuator. The end view 

(a) 

(b) (c) 
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of the actuator (looking at the wires as points) shows the connecting the wires similar to a square 

wave. The design also allows minimal contact between connectors that connect individual wires 

to maximize the possible contraction force. The resulting contraction force was measured to be 

18.7 N when 8 volts were applied. The 1 inch stroke and the contraction force are sufficient for 

the full range of motion in MCP and PIP joints. 

Figure 8.5 shows the micro-machine tool used to machine the components for the actuator 

design. The micro-machine tool is custom built specifically for machining small parts. This 

custom-built stage can perform 5 nm encoder resolution and the system repeatability of +/- 2 

encoder counts. Precision anti-skid roller bearings are employed and enable ~2 µm parallelism 

for the micro machining. Plus, the maximum traveling speed is greater than 1 m/s. 

The machine tool is controlled using PMAC, which stands for Programmable Multi-Axis 

Controller. It is a family of high performance servo motion controllers capable of commanding 

three axes (x, y, and z) of motion simultaneously with a high level of sophistication. Operating 

languages for the controller is composed of two: Motion Programs (MPro.) and PLC programs, 

which languages feature in G, M, T, and D-codes and I, Q, M, and P-codes respectively. G-codes 

typically used in computer numerical control (CNC) machining are used to command the tool 

paths for machining the components. CNC refers to the automation of machine tools that are 

operated by abstractly programmed commands (e.g., G-codes). In modern CNC system, 

component design is highly automated using computer aided design (CAD) and computer-aided 

manufacturing (CAM) programs. Pro-Manufacture within the Pro-Engineer software was used to 

generate the G-codes to machine the components. A fixture also had to be designed and 

machined for machining of the connectors. Samples of drawing for the components as well as the 

fixture are shown in Appendix A. 
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Figure 8.5: XYZ linear motor stage with nanometer resolution and repeatability for micro-

machining. 

 

Figure 8.6 shows the connectors machined out from a brass plate. The connectors have holes of 

600 µm along the connector on both sides. In order to drill the holes, a fixture was designed and 

machined so that the connectors properly sit and are fixed properly for drilling. Figure 8.7 shows 

machining of the fixture to have all the connectors fixed within the fixture for drilling of the 

holes. 
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Figure 8.6: The machined Connectors. 

 

 

Figure 8.7: Machining for connector fixture. 

 

Delrin, which is Polyoxymethylene (commonly referred to as POM and also known as acetal, 

polyacetal or polyformaldehyde), was selected to make the case due to its high stiffness, low 

friction, and excellent dimensional stability. Figure 8.8 is the assembly of case without the SMA 
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wires and connectors. The inside of the assembly and the completed assembly is shown in Figure 

8.9. 

 

Figure 8.8: Assembly with crimps and cases. 

 

 

(a) Inside of SMA actuator assembly 

 

(b) Completed SMA actuator assembly  

Figure 8.9: Completed SMA actuator assembly. 
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8.4 Testing of the New Actuator 

The new actuator was tested to compare to its performance against the Miga Motor’s SMA 

actuator. Experiments were conducted in similar fashion to the experiments described in Chapter 

6 (see Figure 6.4) for controlling the artificial finger. The same desired positions as shown in 

Figure 6.4 were used with the same voltage (8V) applied to the actuator. Figure 8.10 shows the 

experimental results. While the Miga Motor’s actuator takes about 8.7s to go from -60˚ to -35˚, 

the new designed actuator takes about 12.8s. This implies that that the new actuator is slower by 

about 32%, which is a direct result of increasing the overall length (85 cm) of the SMA wire 

employed within the compact size for new actuator. However, due to the same reason, the 

resulting stroke is larger with the new actuator than the previous one. Figure 8.11 shows the 

control of the artificial finger over the full range of motion: from -80o to -20o

 

, which was not 

possible with the Miga Motor’s actuator due to the limited stroke. 

 

Figure 8.10: Finger test with new design actuator. 
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Figure 8.11: Full range test of the finger with new design actuator. 

 

The speed of the actuator can be increased with the new design by introducing higher voltage. 

Figure 8.12 shows the response of the artificial finger over the full range of motion with the new 

actuator when 17V was applied. It shows that the speed of the artificial finger is about 4o/s, 

which is slightly faster than the speed of the artificial finger (3.2o

 

/s) when the Miga Motor’s 

actuator was used at 8V. 

Figure 8.12: Repetitive full range with new design actuator. 
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Overall, the new actuator shows promise in achieving the required stroke with the compact 

design and relatively suitable force and speed. Further design optimization is required to improve 

the performance of the SMA actuator. This is discussed in the Future Work section. 
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Chapter 9 Conclusion and Future work 

9.1 Conclusion 

We have developed a fuzzy PWM-PID controller, which can co-activate and cocontract 

agonist-antagonist SMA muscle pairs of a biomimetic artificial finger. The controller was 

evaluated and verified using a prototyped tendon-driven, anthropomorphic artificial finger 

through a series of experimental tests. The dual spring-biased, agonist-antagonist configuration 

of its SMA actuation system allows compliant and bi-directional flexion/extension or 

abduction/adduction movement of the finger joints (MCP or PIP). In order to design the 

proposed controller, a dynamic model of the system was used to perform a numerical parametric 

analysis. The simulation and experimental results confirmed that the fuzzy PWM-PID controller 

outperformed the original PWM-PID controller. The fuzzy PWM-PID controller showed 

improvements in both steady state error (by 91.8%) and response time (by 54%) over the PWM-

PID controller in a series of experimental step response tests. Moreover, the fuzzy PWM-PID 

controller showed superior stability in external disturbance. Lastly, a successful application of 

the new controller to fingertip position tracking of circular and triangular trajectories was 

demonstrated, comparing with measurements from a Visualeyez optical motion tracking system. 

Because the commercially available SMA actuator motor has limited stroke and thus cannot be 

used to move the artificial finger for the entire range of motion. In order to increase the stroke, a 

new actuator design is proposed and fabricated. The new actuator is compact and similar in size 

to the commercially available actuator with increased stroke. The new actuator is also evaluated 

with the artificial finger and is capable of achieving the full range of motion of the artificial 

finger. 
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9.2 Future Work 

One of the major challenges encountered in the design of the artificial finger was due to its 

small size. It was difficult to incorporate all the necessary physical features and produce a 

somewhat equivalent biological shape and size. The implementation of all four DOFs implied 

limited space within the finger structure for tendon cables and sensors. Much design effort was 

put in order to ensure that the tendons running in the finger structure did not rub against each 

other or get entangled. This was especially of consideration since the PIP extensor and flexors 

and the MCP adduction and abduction tendons all passed through the universal joint at the MCP. 

Furthermore, we needed to make sure that the tendons running on the outer skull did not interfere 

with finger joints during flexion movements. This was mostly a concern for the extension cables 

running over the PIP and DIP joints. Since the stereolithographed finger parts are too fragile to 

sustain heavy loads or hard impacts, the next step would be to have the links cast out of a more 

robust material for durability. 

A new actuator was design and developed to overcome the limitation of the Miga Motor’s 

actuator in terms of the stroke. However, cooling of the SMA wires is still an issue because the 

wires are within PEEK tubes for support. Slow cooling was partly the reason why the response 

time of the actuator was long. Also, slow cooling can also cause overheating of the SMA wires 

to alter the material properties of the wire resulting in loss of the shape memory effect. Thus, 

improvements in the actuator design is required to more rapidly cool the SMA wires. 

As components of the actuator are quite small, methods for machining the components need to 

be investigated. Even after new designs are proposed to increase the cooling rate, increase the 

force, etc, it may be difficult or quite expensive to fabricate the components. Thus, limitations of 
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the current machining technologies need to be examined and studied to design the components of 

the new actuator to be ‘manufacturable’. 
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Appendix A – Sample drawing of Parts 

The following diagrams are samples of the engineering drawings in Solidworks.  
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Connector’s fixture 
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Top case 
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Bottom case 
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Crimp 
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Appendix B – Matlab Simulink model 

Whole actuation system model 
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Controller Model 
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SMA Model 
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