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DESIGN AND CONTROL OF A LAPAROSCOPIC SURGERY DEVICE

SUMMARY

This thesis focuses on grasping mechanism in laparoscopic surgery where an excessive
grasper force can lead to an unnecessary harm to tissue. The dynamics of grasping
mechanism of a conventional laparoscopic grasper is investigated analytically and
experimentally. Relative error values are obtained up to %13.

In this design a Nickel-Titanium based shape memory alloy actuator is used. Shape
memory alloys (SMAs) are alloys, which can remember their original shape. In this
thesis, SMA wire that is provided from Dynalloy, is used. This actuator is composed of
a shape memory alloy wire and a linear antogonistic spring. The actuator is integrated
to laparoscopic tool, instead of the conventional tool’s shaft. Unlike conventional
laparoscopic tools which are generally based on lever mechanism or other mechanical
simple machine mechanisms, SMA actuated devices reduces surgeon’s hand fatigue
and by achieving this, it improves surgeon’s comfort during operation due to electrical
actuation system compared to manual mechanical actuation. Considering the small
incisions up to 15 mm, the tool’s shaft diameter must be no larger than 15 mm.
Actuation mechanism is based on SMA wire which must be no longer than 300 mm.
The tool’s handle must be ergonomic. Due to containing electrical parts, the tool must
not shock the patient and the surgeon. Additionally, voltage and current level must
be as minimum as possible in electronic parts. These will lead to a surgical tool with
lower power usage and lower harm risk.

The grasper force is controlled through the actuator by different controllers where
structure of the controller effects are examined. Force control of shape memory alloy
actuator allows a force limit. This means grasper force can be controlled with no harm
on the tissue. This actuator is controlling the grasping force with a PID and a SMC
controller.

Closed-loop dynamics of the grasper mechanism is achieved with %3.34 overshoot and
zero steady state error with SMC controller. Cooling procedure is applied to actuator
where the response time of the actuator greatly improves, steady-state error goes to
zero.
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LAPAROSKOPİK CERRAHİ ALETİ TASARIMI
VE KONTROLÜ

ÖZET

Bu tez, cerrahi operasyonlarda kullanılan ve tutucu mekanizmasına sahip, açısal
açılma-kapanma mekanizmasına sahip bir laparoskopi aletinin, dokuya zarar vermeden
cerrahi operasyon yapılabilmesini sağlamayı amaçlamıştır. Tutulan dokunun
hangi organda olduğuna göre değişiklik gösteren bir kuvvet limiti öngörerek,
cerrahı da yormadan ve cerrah da dahil olmak üzere ortama herhangi bir zorluk
çıkarmadan gerçekleştirilmesi amaçlanmıştır. Öngörülen kuvvet limitleri daha önceki
çalışamalardan elde edilen bilgilerden 1-3 Newton aralığıdır. Bu demektir ki, 3
Newtonun üzerindeki durumda dokuda zedelenme, yaralanma veya daha kötü bir
durum oluşturabilir.

İlk olarak minimal invaziv cerrahide kullanılan geleneksel laparoskopi aleti
irdelenerek, mekanizma yapısı ve kuvvet mertebeleri, hem analitik hem de deney
ortamında gerçeklenmiş ve %13 e varan hatalar elde edilmiştir. Bu hata oranı
biraz fazla olsa da karakterisik açıdan bir sıkıntı gözlemlenmemiştir. Analitik
analizler için bazı hesaplamalar yağılmışıtr. Ayrıca laparoskopi aleti bütün parçalarına
ayrılarak gerekli ölçüler alınmıştır. Bu hesaplamalar deneysel düzeneğin yanında
bilgisayar ortamında da incelenerek laparoskopi aletinin yapısı eyleyici eklenmeden
incelenmiştir. İnceleme hem matematik denklemlerle hem de animasyonla incelenerek
bütün hesaplar birbirleriyle örtüştürülmüştür. Bu aşamanın önemi büyüktür, daha
sonra özel eyleyicimizi ekledikten sonra herhangi bir düzensizlikle karşılaşmak doğru
olmaz. Deney düzeneğinde şaftın hareketi için bir doğrusal motor kullanılmış ve bu da
çene açıklığını ve kuvvet mertebelerini bize doğru biçimde verebilmiştir. Yayların
doğrusal olmasıyla bu durum kolayca sağlanıp sistem kuvvet durumu ve konum
durumları elde edilmiştir.

Cerrahın fazla yorulmaması ve tutucu kuvvetinin kontrolü için geleneksel laparoskopi
aletinin bir eyleyici ile kontrolü gerekmektedir. Bu dizaynda kullanılacak olan eyleyici
şekil hafızalı alaşımdır. Bu şekil hafızalı alaşım denilen malzeme belirli koşullarda
ısıya maruz kalınca hafızasındaki şekline dönen özel bir malzemedir. Burada
kullanılacak olan bu malzeme, alaşım, Dynalloy firmasından temin edilen Flexinol R©
malzemesidir. Bu alaşım günden düne daha da ön plana çıkan bir malzemedir.
Süperelastisite özelliğinden dolayı kolayca şekil verilebilen ve belli ısı altında
hafızasındaki şekle geri dönebilen ve özellikle mikro yapıdaki robotik çalışmalarda
ön plana çıkmaktadir. Bu malzemenin düzgün çalışması için karşıt bir kuvvete
ihtiyaç vardır. Bunun nedeni ise, malzemenin tek taraflı olarak daralma karakteristiği
göstermesidir. Bu şekil hafızalı alaşımla birlikte kullanılan yay, laparoskopik aletin
şaftı yerine yerleştirilmiştir. Geleneksel laparoskopi aletlerinin kaldıraç mekanizması
veya basit mekanizmaların aksine, şekil hafızalı alaşımla tasarlanan bu eyleyici,
cerrahın el yorguluğunu ortadan kaldırır. Ayrıca cerrahın konforunu biraz artırır.
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Bunun nedeni mekanik güç yerine elektrik devreleri ve kontrol kartları kullanılmıştır.
15mmye varana küçük çizikler (ameliyatın yapılacağı hasta vücudundaki noktalar)
düşünüldğünde, laparoskopi aletinin şaftı 15 mmyi geçmemelidir. Ayrıca standart bir
laparoskopi aletinin şaft uzunlupu 300mm olduğundan dolayı, şaftın içine yerleştirilen
eyleyiciyle beraber şaft toplam 300 mmyi geçmemelidir. Bütün bunların yanında
cerrah için aletin tutulan kısmı da ergonomik olmalıdır. Elektrik devreleri ve kontrol
kartlarının bulunduğu bu kısım tamamen topraklanmış olmalı ve cerrahı herhangi bir
elektriksel güçle rahatsız etmemelidir. Ayrıca elektrik devreler için kullanılacak güç
tutma kısmını fazla ısıtmamalı ve sistemi besleyen elektrik güçü fazla olmamalıdır.
Tabi bu durum elektrik kaçaklarının da önüne geçmede etkili olacaktır veya riski
azaltacaktır.

Bu laparoskopi aletinin tutucu kuvveti söylendiği gibi belli limitlere göre belirlenmeli
ve tutucu kuvveti istenen seviyede bir kuvvetle kontrol edilmelidir. Belli kuvvet
değeri için sistem iki tip kontrolcü ile kontrol edilmiştir. Bu kontrolcüler ise, PID
(Proportional-Integral-Derivative) kontrolcü ve SMC (Sliding Mode Controller)’dir.
Bu kontrol esnasında belirlenen tutucu kuvvet aslında şekil hafızalı alaşımın daralma
ve gevşeme esnasındaki haeketleri ile elde edilen kıuvvetin kontrolü demektir. Yani,
şekil hafızalı alaşımın üstündeki kuvveti kontrol ederek tutucu kuvvetini belli seviyeler
altında tutarak dokuyu tutma işlemi gerçeklenmiştir. Kuvveti ölçme işlemi ise,
laparoskopik aletin tutucu kısmının çenesinin altına yerleştirilen bir yük hücresi
yardımıyla ölçülmüştür. Laparoskopi aletini tanıma aşamasında da aynı şekilde bir yük
hücresi kullanılmıştır, bu da şaftın geri kısmına yerleştirilerek çene kısmıyla arasında
kuvvet ilişkileri de sistemi tanımaya yardımcı olmuştur. Çene kısmındaki kuvveti direk
olarak ölçülemeyeceği için, doğrusal bir yay çene ile yük hücresi arasına yerleştirilmiş
ve bu yayın da karakterizasyonu yapılarak tutucu kuvveti ölçülmüştür.

Bu kontrol eklemeleri sisteme uygulandıktan sonra tutucu kuvveti çok az hataya
varan sonuçlarle kontrol edilmiştir. Kontrol gerçek zamanlı olarak Labview üzerinden
kontrol edilmiştir. Labview ortamı şekil hafızalı alaşımları süren, sürücü devresine
bağlıdır. Bu sürücü devre de şekil hafızalı alaşımı yük olaral algılayıp çalışacağı
aralıkta elektrik akımı, güç, sağlayarak ısınma işlemini gerçekleştirir. Bu şekilde
de laparoskopi aletinin açılması/kapanması sağlanmıştır. Isınma işlemi en fazla 3.2
amper akım değerleriyle sağlanmıştır. Bunun üzerindeki değerlerde şekil hafızalı
alaşımın kimyasal yapısına zarar gelebilir ve bir daha istediğimiz gibi çalışmayabilir.
Bu da akımı sınırlanmış bir güç kaynağına ihtiyaç olduğunu gösterir. Isı verim işlemi
normalde uzun sürerken burada 1 saniye süresinden daha az bir sürede çene kısmı
kapanabilmekte veya istenilen kuvvet kısa bir sürede kontrol edilebilmektedir. Kapalı
çevrim sonuçları için %3.34 yüzde aşım ve sıfır hata ile tutucu kuvveti kontrol elde
edilmiştir. Bütün bunlara ilave olarak soğutma da sistemin çalışmasını etkilemiştir.
Isınma esnasında sistem hızlı olsa da şekil hafızalı alaşımın sğuması oldukça yavaştır.
Bunun iyileştiği açıkça görülmüştür. Yüzde aşımı azaltmış ve sistemin oturma
zamanını düşürmüştür. Yani soğutma iyi derecede bir iyileştirme sağlamıştır. Soğutma
işlemi ise normalde karbondioksit gazı ile sağlanır. Bu karbondioksit gazı basıncı
ayarlanabilir bir şekilde, laparoskopik aletin şaft kısmından hastanın karın bölgesine
enjekte edilebilir.

Dokunsal hissiyatın olmaması ve kısıtlı alan içerisinde gerçekleştirilen ameliyat
neticesinde doku üzerindeki tutma, kesme, dikme vb. gibi işlemler dokuad zarar
açabilir. Hem bunun önünen geçmek için hem de dokunma hissinin tamamen
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verilebilmesi geliştirilmesi gereken bir durumdur. Bu çalışma sırasında tutucu kuvveti
dolaylı olarak ölçülmüştür. Bu durumun önüne geçmek için çeneye dokunsal bir
algılayıcı yerleştirilmelidir. Bu algılayıcı da direk olarak dokunun temas ettiği çenenin
iç kısmında olmalı ve doğrudan doku üzerinden kuvvet değerleri vermelidir.
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1. INTRODUCTION

Lapasorcopic surgery, which is a minimally invasive surgery method, is became more

popular over the past decades than traditional surgery because, it has advantages over

conventional surgery. Patient has less pain after the operation, less drug usage, lower

risk of infection and less/no hemorrhaging on the organs [1–4].

Over the past decade, laparoscopic surgery, minimally invasive surgery method, has

been given attention and widely used due to a lot advantages compared to traditional

surgery. Having a less pain after the surgery, less drug usage, lower risk of infection

and hemorrhaging are some of the advantages of laparoscopic surgery to patients [1–4].

Despite all the advantages, the surgery takes place with special surgical instruments:

trocar, laparoscopic surgical instruments. The surgical instruments function as to

provide vision of the working area and to operate such as cutting, grasping, holding,

squeezing tissue/organ of interest and suturing (for the convenience organ will be

considered as a tissue). These actions are operated within 3-15 mm width of small

incisions which are broached on the abdominal wall of patient [1, 2].

In 1988, Dr. J. Barry McKernan, after making only a 10mm incision, inserted

a laparoscope (or miniature camera) into a patient’s abdomen and removed a gall

bladder. The patient recovered in days, rather than weeks or months. This was the

first laparoscopic cholecystectomy performed in the U.S. and the beginning of the

minimally invasive movement in surgery.

In minimally invasive surgery, surgeons can achieve less injury on patients body

than open surgery. Also this method, generally safer technique than open surgery

because, patients abdominal region is nearly closed it has less risk to get an infection

to surrounding organs. This technique also allows patients to heal much more faster

and to stay less in the hospital.

On the wall of abdominal region of patients body, surgeons can create a small incisions

to operate. Through these incisions, surgical instrument can go in abdominal region of

1



Figure 1.1 : Surgeons perform laparoscopic stomach surgery

Figure 1.2 : Laparoscopic instrument examples

patients body. This is actually laparoscopy, that is one of the first types of minimally

invasive surgery. In this method, sight and mobility inside the patients body of surgeon

2



Figure 1.3 : Trocar

is very limited. So, robotic surgery is needed at some point, which gives precise

operation, good flexibility and easier control. Minimally invasive surgery is still

developing to make surgery more comfortable and this method more useful.

Figure 1.4 : Laparoscopic Surgery scheme

3



Compared to conventional open surgery, laparoscopic surgery instruments and

operations have their own disadvantages. The surgical instruments and operations,

considering the laparoscopic surgery itself, lead to significant disadvantages compared

to traditional surgery [1–4]. Vision obtained through incisions on the abdominal wall

of patients and performed surgical operations limit the surgical working space where

the limitation is related to the degree of freedom and structure of the instruments.

Moreover, mechanical aspect of the instruments limits surgeon’s capability to obtain

diagnostic information. Surgeons while they are using the instruments, loose capability

to operate on tissue by touching it with the hands, where the tactile information such

as stiffness of tissue, applied force on tissue etc. and diagnostic information are

reduced [5]. Applied force to cut and suture is not needed to be considered, yet grasper

force on tissue is ongoing study [3, 5–10]

Grasper force needs to be sufficient enough to hold and does not slip from the tissue

of interest while operation takes place. Mostly slip and an excessive grasping force

are the main sources of injury, that is, unnecessary damages take place to tissue

[3, 4, 11, 12], where control of grasper force may be needed. The ideal grasping

instrument holds tissue without damaging it, however commonly used conventional

laparoscopic graspers have an angular jaw, one or double sided, which leads to a

non-uniform grasper force on a tissue. As a result, control of grasper force without

damaging tissue needs attention, and in order to design and improve the surgical

instrument to control grasper force while ensuring a safe grasping, it is important to

understand the grasping mechanism of conventional laparoscopic graspers.

Commonly used conventional laparoscopic graspers have three parts: handle, middle

shaft and jaw, usually angular jaw. It is important to emphasize that the grasper force

is transmitted through the shaft which can be think of an actuator. Considering the

mechanical aspects of the grasping instrument, the actuator plays a key role on control

of grasper force. One way to control the grasper force is to design a suitable actuator

to keep the grasper force under a safe level.

Most common used actuators are piezoelectric, dc micro-motors and shape memory

alloy (SMA) based actuators [3,13]. The mentioned actuators have their drawback and

show different positive aspects, such as high stress can be achieved with piezoelectric

and SMA actuators [14]. However, with SMA higher strain rate is possible, such that

4



lower stroke of SMA actuator can produce higher actuating forces [3, 14]. With dc

micro-motor, preferable speed and large strain can be achieved, but lower torque is

obtained [13]. Despite all the positive aspects of SMA materials, it is consecutively

believed that SMA as an actuator has a slow response time compared to other actuators.

Especially, different response characteristic of the SMA actuator is obtained while the

SMA actuator is heated or cooled [15]. However, an exceptional ability of the SMA

to remember and return to their previous state, as well as bio-compatibility property

(especially NiTi based SMA) [16,17], have lead to usage of SMA actuators in medical

operations, either in the form of a wire or a spring, to control the force [3, 15, 18–20].

Here, it is important to point out that designed laparoscopic graspers have to meet the

standard dimension, if it is expected to be used in clinical operations.

In this paper, dynamics of a conventional laparoscopic grasper is investigated

analytically and experimentally, where relationship between force and displacement

requirements for actuating force and resulting grasper force are obtained. A smart

actuator, using antagonistic SMA configuration which contains a spring and a

SMA wire, while meeting the force/displacement requirements, is presented. The

configuration is profoundly designed to meet standard dimensions of the surgical

instruments. Therefore, the designed laparoscopic grasper can be used in clinical

operations. Grasping force is controlled with two different controllers; PID

(proportional, integral, derivative) controller and sliding mode controller (SMC),

where the structure of controllers as well as controller gain’s effect are investigated.

The analytical and experimental analysis are conducted to mimic grasping of an elastic

structure where the jaw can open or close. Here, the case where the rigid structure

is compressed between the jaws, is not taken into consideration. The paper goes in

section two with the characterization of conventional laparoscopic grasper. In section

three, designing a smart actuation process is detailed. Results and discussion are

covered in section four. Finally, conclusion is given section five.
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2. CONVENTIONAL LAPAROSCOPIC GRASPER

A conventional laparoscopic grasper which is used in the clinical operations, is given

in Fig.2.1(a). Forces of the grasping mechanism are shown in Fig.2.1(b) where the

grasping mechanism can be explained as follows:

1. The grasper contains a lever mechanism in the handle part where the surgeon applies

the gripper force (Fgripper).

2. Actuator force (Factuator) is obtained in the middle shaft of the grasper due to the

gripper force.

3. The jaw of the grasper is opened and closed through the actuation; as a result,

grasper force (Fgrasper) is achieved.

Fgripper

Fact

Fgrasp
Fact

a)

b)

Figure 2.1 : (a) Conventional laparoscopic grasper with an angular grasping
mechanism which is used in clinical operations, (b) The grasping

mechanism where the gripper force Fgripper is applied by surgeons, and
the actuator force Factuator is obtained in the middle shaft. As a result, the

grasper force Fgrasper is achieved within the grasper.
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2.1 Kinematic Analysis Of The Grasper

Due to symmetry of the grasper, kinematic analysis is performed on the half of the

mechanism. In the kinematic chain of grasping mechanism, which is given in the

Fig.2.2, Li and e (small offset) represent the length of the each links of the mechanism,

θi is the angular position of the links, respectively, which are 1 and 2. Angular

position of the grasper is obtained from θ1, and the displacement and velocity of the

middle shaft are represented as x and v, respectively. The equation of motion by using

Lagrangian dynamics can be written as:

Mθ̈1 +Cθ̇1
2
+Lθ̇1 = Q, (2.1)

FactuationL1

Factuation

a)

b)

Fgrasper

Figure 2.2 : Kinematic chain of the grasping mechanism, where Li represent the
length of respective links of the grasper.

where M, C, L are the coefficients and Q is the generalized force, respectively. The

coefficients and the generalized force are defined as:
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M = 2L1 +2L2

[
S2

1

L2
2 (C1 + e)2

]
+m3

−S2 +
(C1 + e)S1√
L2

2 +(C1 + e)2

2

(2.2)

C = L2

− 2S3
1 (C1 + e)[

(C1 + e)2 − L2
2

]2 − 2C1S1

(C1 + e)2 − L2
2

+ m3


S2 − (S1 (C1 + e))√

L2
2 − (C1 + e)2


C2 + S2

1 −C1 (C1 + e)√
L2 − (C1 + e)2

+
S2

1 (C1 + e)2(
L2

2 − (C1 + e)2
) 3

2




(2.3)

L = Beq (2.4)

(2.5)Q = F

 S1 (C1 + e)√
L2

2 − (C1 + e)2
− S2

− Psin(θ1) [L5cos(θ1)

+ L6sin(θ1)] + Pcos(θ1) [L5sin(θ1)− L6cos(θ1)]− µeq (θ1)sgn(θ1)

where Beq and µeq are the viscous and friction coefficient within the links, m3 is the

mass of the middle shaft and sgn is the sign function, respectively. The procedure of

obtaining equation of motion, which is solved in in Matlab R©.

2.2 Numerical And Experimental Analysis Of Conventional Laparoscopic

Grasper

In order to validate and minimize the solving time of analytical procedure,

experimental and numerical analysis are performed, respectively. However, due to

the constructional constraint which is the angular motion on the handle part where

gripper force is applied, handling part of the grasper is removed. It is easy to provide

translational motion on the shaft where the motion and force can be applied by a

linear motorized stage. As a result, the design of the experiment, which is given

in Fig.2.3, contains a linear motorized stage (UTS-CC, Newport Corp.), two load

cells (GSO-250gr, Transducer Techniques and S-Type(0-1kN), HBM) and a laser
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displacement sensor (LV, Keyence). Here, the experimental set-up is established to

obtain grasping of an elastic structure while the grasping jaws can open or close, so a

spring box which contains four identical springs, is placed underneath the grasper. The

spring box which also makes able to have a contact to the grasper consistently, behaves

like an elastic tissue, where the stiffness does not change. However, it is noted that

different tissues have different elastic behavior. The experiment is conducted without

the handle part, yet to achieve the gripping force is just to use the mechanical gain on

the lever mechanism, which is 5 for this particular grasper.

The linear motorized stage, as mentioned, provides the translational motion on the

shaft where the load cell measures the actuator force (Factuator) and the other load cell

measures the grasper force (Fgrasper) through spring box for all angular position of

the jaw during the motion. Angular position of the grasper is obtained with the laser

displacement sensor.

a)

b)

Figure 2.3 : (a) Sketch of experimental set-up to obtain relationship between force
and displacement of the grasping mechanism, (b) Constructed

experimental setup where, 1- Linear motorized stage, 2-Load cell,
3-Shaft, 4-Support, 5-Grasper, 6-Laser displacement sensor, 7-Load cell.

2.3 Result Of Actuator And Grasper Forces
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In this section, results of three analysis (analytical, numerical and experimental) on

grasper and actuator force are given with respect to angular displacement of the grasper

in Fig.2.5 and Fig.2.6, respectively. Actuator force reaches to 15 N at its maximum

value where grasper force is obtained as 2.5 N at maximum value. It is noted that, it can

be considered as a safe grasper force for a tissue, such as a liver where damaging the

tissue starts at the approximately 3 N threshold value in ex vivo analysis [4]. However,

for different elastic behavior of tissues, the grasper force differs where it would lead

to harming to the tissue. Here, the selected spring box has a constant stiffness which

might be different than the stiffness of the actual tissues. Maximum relative error

values are calculated as % 13 for the actuator force and % 11 for the grasper force for

analytical and numerical results.

Figure 2.4 : Comparison of analytical, numerical and experimental results of the
actuator force with respect to angular position of the grasper.

Figure 2.5 : Comparison of analytical, numerical and experimental results of the
grasper force with respect to angular position of the grasper.

Results of the grasper force and mechanical gain, which is defined as the ratio of the

grasper force to the actuator force, are given in Fig.2.6 and Fig.2.7, respectively. At the
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Figure 2.6 : Comparison of analytical, numerical and experimental results of the
grasper force with respect to the actuator force.

Figure 2.7 : Comparison of analytical, numerical and experimental results of
mechanical gain at the steady-state regime with respect to angular

position of the grasper.

onset of beginning on opening of the jaw or at the end of closing of the jaw, mechanical

gain reaches to a high value due to both forces become approximately zero. Therefore,

steady-state mechanical gain is considered and plotted when the angle is above the 1

degree. As shown in the respective figure, mechanical gain reaches to a steady-state

value and differs while opening and closing the jaw. The disparity of the mechanical

gain for opening and closing of the jaw, as well as the decrement on the actuator force

at the onset of closing the jaw is due to the frictional behavior of the mechanism.
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3. SMART ACTUATION OF LAPAROSCOPIC GRASPER

Shape memory alloy (SMA) actuators have great potential in niche applications where

space, weight, cost and noise are crucial factors. Despite many of the advantages, they

remain mostly as experimental actuators due to their perceived slow response speed,

low accuracy and controllability. Especially in situations where there is a moving

link or an external payload, the problem of limit cycles has been pursued by various

researchers but never fully solved.

Investigations into very high-frequency responses from SMAs are initially explored,

which produce surprising results of audio frequency responses. This discovery has led

us towards using high-bandwidth control systems as a possible method of eliminating

limit cycles. Frequency response analysis of SMA actuators have also been carried

out. Based on the results, linear force models for single SMA wires as well as for

an actuator comprising of an antagonistic pair of SMA wires have been developed. A

position model for an antagonistic SMA-actuated robotic joint has also been developed

based on the force models. These models are integral in the design, tuning and

simulation of various control systems for SMA actuators.

There has been a continuing trend in technology towards ever-smaller scales for

mechanical, optical as well as electro-mechanical devices. Actuators, which are the

driving mechanism and usually the moving part of these devices, must therefore

undergo similar miniaturisation in design and construction. Following this trend,

factors such as power consumption, work density, costs and space constraints gain

increased importance in the selection of suitable technologies. However, conventional

actuators, including electric motors, pneumatic and hydraulic actuators, suffer a large

reduction in power that they can deliver as they are scaled down in size and weight.

These constraints have led to the emergence and development of novel actuator

technologies such as piezoelectric actuators, electrostatics, magnetostrictive materials

and shape memory alloys (SMAs).
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In this chapter, design process of smart actuation which consists of a SMA wire with

an antagonistic spring is evaluated. An initial stress needs to be applied to SMA to

be used as an actuator, where driving of SMA requires heat transfer. One way to

generate heat is heating via electricity, such that applying electrical current to SMA is

a valid choice for actuating. Manipulating the input current allows controlling force

and displacement of SMA.

3.1 History Of Shape Memory Alloy

In 1932, a Swedish physicist by the name of Arne Olander discovered an interesing

‘rubber-like’ behaviour when working with gold-cadmium alloys. He observed that the

Au-Cd alloy could be plastically deformed when cool, and when heated, it returned to

its original configuration. This was the first reported observation of the shape memory

effect. However, it was not until twenty years later that the phenomena of shape

memory and pseudoelasticity really began to be fully understood. In 1951, Chang and

Read presented a clear description of the rubber-like effect as well as the observations

of reversible phase transformations. It was also in the 1950’s that similar effects were

observed in alloys of Cu-Zn, In-Tl, and Cu-Al-Ni. Although these discovered SMAs

had captured the interest of researchers, their practical and industrial applications were

not realised due to high costs, the complexity of manufacturing technologies as well as

their unattractive mechanical properties at the time.

It was only around 1962-63, with the discovery of the shape memory effect in

NiTi (nickel-titanium) alloys, also known as Nitinol, that earnest interests began to

accumulate for industrial use of SMAs. The discovery of NiTi SMA was led by

William Buehler at the US Naval Ordnance Laboratory, hence the term ‘Nitinol’

(NIckel-TItanium Naval Ordnance Laboratory). Nitinol alloys have better mechanical

properties, are cheaper to produce, are easier and less dangerous to work with

compared to other existing SMAs at that time. The 1960’s and 1970’s saw the

emergence of commercially available and potential SMA products, mostly involving

Nitinol.

The potential of Nitinol SMAs in medical applications began to show in the early

1980’s. Major areas of expansion include minimally invasive endovascular medical

applications and orthodontic applications. Although more costly than stainless steel,
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Nitinol, which is biocompatible and can be manufactured to provide body temperature

response and shape change, proves to be more attractive for medical applications. It

was also around the late 1980’s and 1990’s that saw the beginning of SMA research

into robotic and actuator applications.

SMAs are rapidly gaining commercial importance. Technical problems on the

fabrication of SMAs have largely been overcome, and there are numerous specialised

companies around the world that supply these materials in special order and stock

amounts. Semi-finished SMAs in various shapes and forms such as wires, rods,

tubes and ribbons are now available. Finished SMAs such as helical springs and wire

actuators can also be easily purchased. Companies now exist, such as MIGA Motor

Company, that manufacture linear, compact actuators from SMAs.

There are currently numerous commercial SMA products for passive applications

including pipe couplings, fasteners, superelastic materials for eye glass frames,

antennas for mobile phones, as well as medical applications including orthodontic

wires, medical stents, implants and arterial clips. The dynamic applications of SMAs

as actuators are lagging behind and are mostly in the research stage despite many of

their advantages. However, research into the applications and control of SMA actuators

is still active and growing. Actuator applications of SMA include linear actuators,

micro-switches, micro-valves, robotic grippers, vibration control and active damping

of structures, medical endoscopes and micro-electro-mechanical systems (MEMS).

3.2 Shape Memory Alloy Background

SMAs are generally considered a type of ‘smart’ materials because they have,

aside from actuation functions, temperature sensing, electrical or structural functions

and so enable compact and multifunctional features. SMAs are also potentially

attractive for niche applications, where large forces or displacements are required

for small masses and in tight spaces. These include micro-robotics, surgical devices

and micro-electromechanical (MEMS) applications. With recent advances in SMA

production and materials improvement, many more engineering and commercial

applications will be accessible to SMA technologies.
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Shape memory alloys are a group of metallic alloys that have the special ability to

‘remember’ or to retain a specific shape or size prior to deformation, by undergoing

a heating process. They accomplish this shape memorisation via a temperature

dependent phase transformation process between two crystal structures, the higher

temperature austenite phase and the lower temperature martensite phase. This

phenomenon is known as the shape memory effect.

Figure 3.1 : Shape memory alloys in wire and spring forms

Austenite, the high-temperature phase, is relatively hard and has a much higher

Young’s Modulus; whereas the martensite phase is softer and more malleable. When

cool and in the martensite phase, the SMA can be easily stretched by applying a small

external force. To recover its original length, the alloy is heated beyond a certain

temperature, causing it to contract and transform into the austenite structure. Heating

the SMA can be done via Joule heating, which is resistively heating the material using

electric current.

Of all the SMAs that have been discovered so far, NiTi shape memory alloys, also

known as Nitinol, have proven to be the most flexible and successful in engineering

applications. One of the ways SMAs are commonly used is in the form of wires. In
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our research, Flexinol R©, which is a commercially produced NiTi, has been used in

wire form for all the modelling and control experiments.

In SMAs, the shape memory mechanism is based on a reversible, solid-state phase

transformation between the high-temperature austenite phase and the low-temperature

martensite phase. This phase transition is also known as martensitic transformation.

There are other transformations associated with shape memory, such as rhombohedral

and bainitic transformations.

In terms of practical applications, a NiTi SMA can exist in three different crystal

structures or phases, austenite and stress-induced martensite. At low temperature, the

alloy exists as martensite. It is weak, malleable and can be easily stretched. Once

heated to a high temperature, the alloy contracts and reverts to the austenite phase and

becomes stronger and more rigid. Stress-induced martensite forms if the alloy is in the

austenite phase and an external stress is applied.

The stress-strain curves of the two primary SMA phases, martensite and austenite, are

depicted in Figure 3.2.

When an external stress is applied to the alloy when fully martensitic, the alloy

deforms elastically(Figure 3.2(a) curve 1). If the stress exceeds the martensite yield

strength, a large non-elastic deformation will result, which allows a large strain in the

material with a small increase in external stress. The martensite is strain recoverable

up until this stage(Figure 3.2(a) curve 2). However, further increase in stress causes

the material to again behave elastically up to the point where the external stress

begins to break the atomic bonds between the martensite layers, resulting in permanent

plastic deformation(Figure 3.2(a) curves 3 and 4). The strain at which this permanent

deformation occurs in NiTi material is %8. Most applications will restrict strains to

%4 or lower.

For the austenite phase however, it has a higher yield strength compared to martensite.

Initially, the alloy will behave elastically (Figure 3.2(b) curve 1) until the stress exceeds

its yield strength. From this point onwards, plastic deformation will ensue causing

unrecoverable stretching upon unloading(Figure 3.2(b) curves 2 and 3).

The martensitic phase transformations of the alloy can be characterised by four

transformation temperatures:
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a) b)

Figure 3.2 : Stress-strain curves for the two primary phases of SMA, (a) martensite
and (b) austenite[20].

i. As, the austenite start temperature,

ii. Af , the austenite finish temperature,

iii. Ms, the martensite start temperature,

iv. Mf , the martensite finish temperature.

This reversible phase transformation is depicted in Figure 3.3. Starting at the left

of the curve in Figure 3.3, with a temperature less than Mf , the NiTi alloy consists

only of the martensite phase. Starting at the left of the curve in Figure 3.3, with a

temperature less than Mf , the NiTi alloy consists only of the martensite phase. As the

temperature is increased beyond As, austenite begins to form in the alloy and when

the temperature exceeds Af , the alloy is primarily in the austenite phase. As the alloy

cools, martensite begins to form when the temperature drops below Ms, and when the

temperature reaches Mf , the alloy is again fully martensitic. During phase transitions

between martensite and austenite, most of the physical properties of SMAs vary. These

include Young’s Modulus, electrical resistance, heat capacity and thermal conductivity.

Some of these properties for NiTi SMAs are listed in Table A.1 of Appendix A.

As can be seen in Figure 3.3, this transition between the austenite and martensite

phases can be characterised by a wide thermal hysteresis loop. The hysteresis varies

according to the alloy system. For NiTi alloys, the temperature hysteresis is generally

between 30 - 50◦C.
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a) b)

Figure 3.3 : Stress-strain curves for the two primary phases of SMA, (a) martensite
and (b) austenite[20].

In the possible range where both martensite and austenite co-exist, non-linearities and

hysteresis are prominent, and they are influenced by material composition, processing

and the number of activated cycles.

3.3 Shape Memory Effect

In addition to common shape change effects such as elastic and plastic deformations,

as well as thermal expansion and contraction, SMAs also exhibit three shape memory

characteristics, which can be categorised as follows:

i. One-way shape memory effect: After the removal of an external force, the

material shows permanent deformation. It can recover its original shape upon heating.

Subsequent cooling does not change the shape unless it is stressed again.

ii. Two-way shape memory effect: In addition to the one-way effect, shape change

occurs upon cooling and without the applying of external stress.

iii. Pseudoelasticity: Mechanical loading at temperatures beyond Af stretches the alloy

and upon unloading, it reverts to its initial shape. No thermal process is involved.

The above three effects can be demonstrated using simplified two-dimensional crystal

structure models and stress-strain-temperature curves. The one-way shape memory

effect forms the basis of SMA actuators. The shape recovery and the high forces

generated as a result of the phase transformation to austenite can be used for continuous

actuation and to perform work. The one-way effect of SMAs is depicted in Figure 3.3.
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Based on the 2D model of Figure 3.4(a), it can be seen that as the temperature of

the austenite decreases, martensite begins to form. Note that no shape change occurs

during cooling(also depicted as Figure 3.4(b) curve 4). The martensite in this form is

said to be ‘twinned’ with each layer separated by a twinning boundary. Martensite in

this state is highly malleable and has a very low elastic limit.

Applying external stress to the martensite will result in curve 1 in both Figures

3.4(a) and 3.4(b). The alloy initially behaves elastically followed by a re-coverable

pseudoplastic deformation of up to several percent. Martensite in this state is said to

be ‘detwinned’. Further stressing causes unrecoverable strain up to fracture. With

relaxation in the recoverable strain range, depicted as curve 2 in Figure 3.4, the alloy

maintains the deformed shape.

a)

b)

Figure 3.4 : Stress-strain curves for the two primary phases of SMA, (a) martensite
and (b) austenite[20].
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By heating the deformed martensite past As, the austenite start temperature, austenite

begins to form and the material begins to contract(Figure 3.4(b) curve 3). Full shape

recovery can be achieved by heating above Af , where the alloy is completely in the

austenite phase again. As this shape recovery only occurs in one direction, it is referred

to as the one-way shape memory effect.This effect can be repeated over many cycles

following the process in Figure 3.4. It can also be observed that a large hysteresis loop

exists in this phenomenon.

The two-way shape memory effect is less pronounced than the one-way effect and

usually requires training. It can be defined as the reversible shape change upon thermal

cycling in the temperature range of martensitic transformations without requiring

any external load. This results in the direct transformations between austenite and

detwinned martensite in Figure 3.5(a). It can also be described using the curves located

only in the strain-temperature plane, as shown in Figure 3.5(b). Hysteresis is also

prominent in the two-way effect.

SMAs can be trained to exhibit the two-way effect using two methods, which are

spontaneous and external load-assisted induction. However, the shape change obtained

is in practice less than that of the one-way effect.

Pseudoelasticity, also known as ‘superelasticity’, is another extraordinary effect

exhibited by shape memory alloys not encountered in the behavior of “conventional”

metallic materials. It takes place at temperatures higher in comparison to those

in which one-way shape memory effect can be produced for a particular SMA

material. When material submitted to mechanical loading yields flows several percent

upon exceeding certain critical stress to recover this strain completely following a

different path upon unloading, then we speak about pseudoelastic behavior of the

material. The prefix pseudo- in the name of the phenomenon emphasizes the fact

that the loading-unloading cycle of SMA material, differently from for example

non-linear elastic material, exhibits hysteresis loop in stress-strain space. The size

of the hysteresis loop depends on many factors, for example, the specific chemical

composition of SMA material and/or its thermomechanical treatment. SMAs also

display superelasticity, which is characterized by recovery of unusually large strains.

Instead of transforming between the martensite and austenite phases in response to

temperature, this phase transformation can be induced in response to mechanical
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Figure 3.5 : Stress-strain curves for the two primary phases of SMA, (a) martensite
and (b) austenite[20].

stress. When SMAs are loaded in the austenite phase, the material will transform

to the martensite phase above a critical stress, proportional to the transformation

temperatures. Upon continued loading, the twinned martensite will begin to detwin,

allowing the material to undergo large deformations. Once the stress is released, the

martensite transforms back to austenite, and the material recovers its original shape.

As a result, these materials can reversibly deform to very high strains – up to 8 percent.

We speak about a two-way shape memory effect when material at no mechanical

loading changes its shape from high-temperature shape to low-temperature shape by

simple changing of the temperature. This happens upon lowering temperature below

a certain characteristic low temperature and upon heating the material above a certain
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characteristic high temperature. The two-way shape memory effect can be obtained

in SMA only after special thermo-mechanical treatment (TMT), sometimes called

"training". Range of strain difference during two-way shape memory effect strongly

depends on the specific SMA alloy and at present for NiTi-based alloys it is typically

at a level of %2.

A shape memory alloy element works against a constant or varying force to perform

work. Upon heating, the SMA uses the one-way shape memory effect to generate force

and motion, which can be harnessed for actuator applications. SMA actuators can

be used in various configurations including helical springs, cantilever strips, straight

wires, torsion tubes and torsion springs.

The advantages of SMA actuators include a high work output, silent and clean

operation, simplicity of design and ease of miniaturisation. NiTi alloys currently

have the greatest potential as actuators because they also have other qualities such as

bio-compatibility, reliability over millions of cycles under appropriate training, more

recoverable motion compared to other SMAs and they can also be electrically heated,

simplifying the mechanism and reducing the overall number of parts.

Because SMA actuators utilise the one-way effect and can only contract in one

direction, it is necessary to provide a biasing force to return to the neutral position.

This can be accomplished using a dead weight, a bias spring, or another SMA element

in a differential arrangement.

In the SMA actuator with bias spring arrangement, only one SMA is heated and cooled,

so the hysteresis effect has quite a significant influence on control performance. The

differential, or antagonistic SMA actuator arrangement, which heats one actuator while

the other cools, can reduce the hysteresis effect. Another advantage of using the

antagonistic actuator configuration over a bias spring is, instead of providing passive

biasing force or motion, both directions can be actively controlled. This increases the

range of controllable actuation.

3.4 Characterization Of SMA Wire And Antagonistic Spring

When it comes to designing feedback control systems, having a model of the plant

to be controlled is very valuable. This is especially so if the aim is to obtain a
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high-performance control system. For most applications in general, it is easier to

implement and test controllers in simulation, rather than running experiments on

actual plants. If the plant requires a more complicated control system to improve

performance, the process of choosing and tuning control systems becomes more

difficult and empirical. An accurate model will assist in selecting and optimally tuning

the best control system. Modelling and simulation can help reduce design cost and

effort, as well as minimise damage due to sub-optimal controllers.

SMA models that have been proposed in the past are generally phenomenological

models, which attempt to capture or describe the complex nature of SMAs, especially

in terms of their thermomechanical behaviour and the hysteretic effects. These studies

usually concentrate on the large-signal behaviour of SMAs, which are quite non-linear,

hysteretic and often not repeatable. Furthermore, some of the internal state variables

of SMAs may be irrelevant to control, including equations relating to temperature

or martensite ratio. Actual measurements of these variables are often difficult, even

impractical.

Almost all control and actuator applications of SMAs use the resistive heating method

to drive the actuators. Therefore, the heating power supplied to the SMA can be

regarded as the control input rather than the temperature, and the output response is

usually a force or a position. In this chapter, a dynamic model of the SMA wire actuator

relating the force output of the wire to the applied heating power is developed. The

proposed method for obtaining such an SMA force model is the frequency response

analysis. It allows us to study the small-signal response of SMA wires over a suitable

frequency range, which has been observed to be very repeatable and also exhibits very

little hysteresis.

Here, SMA wire is used instead of the middle shaft where a linear spring is attached to

the SMA wire. The spring force takes place when the SMA is not actuated, and tries to

pull the SMA wire. Additionally, the spring functions as to make the jaw fully opened.

Characterization of spring is evaluated in a similar way of characterization process of

the grasper, and the result of the characterization process of spring are given in Fig.3.6

and Fig.3.7, respectively.
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Figure 3.6 : Characterization results of the antagonistic spring, k = 0.08 N/mm

Figure 3.7 : (a) Characterization set-up for antagonistic spring

Same characterization must be needed for the shape memory alloy, means that, shape

memory alloy used instead of antagonistic spring.

When the jaw is fully opened or fully closed, displacement of the middle shaft during

characterization of the laparoscopic grasper is found to be 2.54 mm. In order to meet

the displacement requirement, 2.54 mm, and standard length of the shaft where the

total length has to be approximately 300 mm to 350 mm, 300 mm length of SMA wire

is selected. Under an initial stress value, which is below 34.5 MPa (initial stress value

on SMA to achieve %1 contraction of SMA is not listed in the Flexinol R©, Dynalloy

Inc. catalog, where %3 contraction value is achieved with an initial stress of 34.5 MPa

on SMA), on the SMA wire, where the force to generate initial stress can be obtained

from antagonistic spring. It is assumed that the initial stress, which is below 34.5
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MPa, would result into a maximum contraction value of 3 mm (%1 contraction value)

on SMA, which would meet the displacement requirement. In order to determine

the initial stress value, SMA is characterized in a similar way of characterizing the

antagonistic spring, which is given in Fig.3.6(b). Different force levels are tried out

and 4 N is selected for the best choice. As a result, 4 N force from antagonistic spring

results into a 19.5 MPa stress value on the SMA, which is given in Fig.3.6(d), where

elongation of the SMA wire and elongation of antagonistic spring are found to be 1.4

mm and 11 mm, respectively. The initial length of antagonistic spring is selected as 40

mm, so as the total length, which consists of total elongation and length of each SMA

wire and spring, is found to be approximately 350 mm, which meets the standard

dimension. In terms of force requirements, the SMA wire has to withstand at least

approximately 14 N, so 508 µm diameter of SMA wire (Flexinol R©, Dynalloy Inc.) is

chosen.

3.5 Control Of Grasper Force

3.5.1 PID control

The PID controller is the most common form of feedback. It was an essential element

of early governors and it became the standard tool when process control emerged

in the 1940s. In process control today, more than %95 of the control loops are of

PID type, most loops are actually PI control. PID controllers are today found in all

areas where control is used. The controllers come in many different forms. There

are stand-alone systems in boxes for one or a few loops, which are manufactured by

the hundred thousands yearly. PID control is an important ingredient of a distributed

control system. The controllers are also embedded in many special-purpose control

systems. PID control is often combined with logic, sequential functions, selectors, and

simple function blocks to build the complicated automation systems used for energy

production, transportation, and manufacturing. Many sophisticated control strategies,

such as model predictive control, are also organized hierarchically. PID control is used

at the lowest level; the multivariable controller gives the setpoints to the controllers at

the lower level. The PID controller can thus be said to be the “bread and butter“ of

control engineering. It is an important component in every control engineer’s tool box.
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PID controllers have survived many changes in technology, from mechanics and

pneumatics to microprocessors via electronic tubes, transistors, integrated circuits. The

microprocessor has had a dramatic influence on the PID controller. Practically all PID

controllers made today are based on microprocessors. This has given opportunities

to provide additional features like automatic tuning, gain scheduling, and continuous

adaptation.

The “textbook” version of the PID algorithm is described by:

uPID(t) = Kpe(t)+Ki

∫
e(t)dt +Kd

de(t)
dt

(3.1)

i. The proportional term produces an output value that is proportional to the current

error value. The proportional response can be adjusted by multiplying the error by a

constant Kp, called the proportional gain constant. A high proportional gain results

in a large change in the output for a given change in the error. If the proportional

gain is too high, the system can become unstable. In contrast, a small gain results in

a small output response to a large input error, and a less responsive or less sensitive

controller. If the proportional gain is too low, the control action may be too small when

responding to system disturbances. Tuning theory and industrial practice indicate that

the proportional term should contribute the bulk of the output change.

ii. The contribution from the integral term is proportional to both the magnitude of the

error and the duration of the error. The integral in a PID controller is the sum of the

instantaneous error over time and gives the accumulated offset that should have been

corrected previously. The accumulated error is then multiplied by the integral gain

(Ki) and added to the controller output. The integral term accelerates the movement of

the process towards setpoint and eliminates the residual steady-state error that occurs

with a pure proportional controller. However, since the integral term responds to

accumulated errors from the past, it can cause the present value to overshoot the

setpoint value.

iii. The derivative of the process error is calculated by determining the slope of the

error over time and multiplying this rate of change by the derivative gain Kd . The

magnitude of the contribution of the derivative term to the overall control action

is termed the derivative gain. Derivative action predicts system behavior and thus
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improves settling time and stability of the system. An ideal derivative is not causal,

so that implementations of PID controllers include an additional low pass filtering for

the derivative term, to limit the high frequency gain and noise. Derivative action is

seldom used in practice though - by one estimate in only %25 of deployed controllers

- because of its variable impact on system stability in real-world applications.

If the system must remain online, one tuning method is to first set Ki and Kd values to

zero. Increase the Kp until the output of the loop oscillates, then the Kp should be set to

approximately half of that value for a "quarter amplitude decay" type response. Then

increase Ki until any offset is corrected in sufficient time for the process. However,

too much Ki will cause instability. Finally, increase Kd , if required, until the loop is

acceptably quick to reach its reference after a load disturbance. However, too much Kd

will cause excessive response and overshoot. A fast PID loop tuning usually overshoots

slightly to reach the setpoint more quickly; however, some systems cannot accept

overshoot, in which case an over-damped closed-loop system is required, which will

require a Kp setting significantly less than half that of the Kp setting that was causing

oscillation.

As a PID controller relies only on the measured process variable, not on knowledge of

the underlying process, it is broadly applicable. By tuning the three parameters of the

model, a PID controller can deal with specific process requirements. The response of

the controller can be described in terms of its responsiveness to an error, the degree to

which the system overshoots a setpoint, and the degree of any system oscillation. The

use of the PID algorithm does not guarantee optimal control of the system or even its

stability.

Some applications may require using only one or two terms to provide the appropriate

system control. This is achieved by setting the other parameters to zero. A PID

controller will be called a PI, PD, P or I controller in the absence of the respective

control actions. PI controllers are fairly common, since derivative action is sensitive to

measurement noise, whereas the absence of an integral term may prevent the system

from reaching its target value.

Most modern industrial facilities no longer tune loops using the manual calculation

methods shown above. Instead, PID tuning and loop optimization software are used
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to ensure consistent results. These software packages will gather the data, develop

process models, and suggest optimal tuning. Some software packages can even

develop tuning by gathering data from reference changes.

Mathematical PID loop tuning induces an impulse in the system, and then uses the

controlled system’s frequency response to design the PID loop values. In loops with

response times of several minutes, mathematical loop tuning is recommended, because

trial and error can take days just to find a stable set of loop values. Optimal values are

harder to find. Some digital loop controllers offer a self-tuning feature in which very

small setpoint changes are sent to the process, allowing the controller itself to calculate

optimal tuning values.

Other formulas are available to tune the loop according to different performance

criteria. Many patented formulas are now embedded within PID tuning software and

hardware modules.

Advances in automated PID Loop Tuning software also deliver algorithms for tuning

PID Loops in a dynamic or Non-Steady State (NSS) scenario. The software will model

the dynamics of a process, through a disturbance, and calculate PID control parameters

in response.

While PID controllers are applicable to many control problems, and often perform

satisfactorily without any improvements or only coarse tuning, they can perform poorly

in some applications, and do not in general provide optimal control. The fundamental

difficulty with PID control is that it is a feedback system, with constant parameters,

and no direct knowledge of the process, and thus overall performance is reactive and a

compromise. While PID control is the best controller in an observer without a model

of the process, better performance can be obtained by overtly modeling the actor of the

process without resorting to an observer.

PID controllers, when used alone, can give poor performance when the PID loop

gains must be reduced so that the control system does not overshoot, oscillate or

hunt about the control setpoint value. They also have difficulties in the presence of

non-linearities, may trade-off regulation versus response time, do not react to changing

process behavior (say, the process changes after it has warmed up), and have lag in

responding to large disturbances.
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The most significant improvement is to incorporate feed-forward control with

knowledge about the system, and using the PID only to control error. Alternatively,

PIDs can be modified in more minor ways, such as by changing the parameters

(either gain scheduling in different use cases or adaptively modifying them based on

performance), improving measurement (higher sampling rate, precision, and accuracy,

and low-pass filtering if necessary), or cascading multiple PID controllers.

Another problem faced with PID controllers is that they are linear, and in particular

symmetric. Thus, performance of PID controllers in non-linear systems (such as

HVAC systems) is variable. For example, in temperature control, a common use case is

active heating (via a heating element) but passive cooling (heating off, but no cooling),

so overshoot can only be corrected slowly – it can not be forced downward. In this case

the PID should be tuned to be overdamped, to prevent or reduce overshoot, though this

reduces performance (it increases settling time).

3.5.2 SMC control

Sliding mode control (SMC) is a nonlinear control technique featuring remarkable

properties of accuracy, robustness, and easy tuning and implementation. SMS systems

are designed to drive the system states onto a particular surface in the state space,

named sliding surface. Once the sliding surface is reached, sliding mode control

keeps the states on the close neighbourhood of the sliding surface. Hence the sliding

mode control is a two part controller design. The first part involves the design of a

sliding surface so that the sliding motion satisfies design specifications. The second

is concerned with the selection of a control law that will make the switching surface

attractive to the system state.

There are two main advantages of sliding mode control. First is that the dynamic

behaviour of the system may be tailored by the particular choice of the sliding function.

Secondly, the closed loop response becomes totally insensitive to some particular

uncertainties. This principle extends to model parameter uncertainties, disturbance

and nonlinearity that are bounded. The multiple control structures are designed so that

trajectories always move toward an adjacent region with a different control structure,

and so the ultimate trajectory will not exist entirely within one control structure.

Instead, it will slide along the boundaries of the control structures. The motion of the
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system as it slides along these boundaries is called a sliding mode and the geometrical

locus consisting of the boundaries is called the sliding (hyper)surface. In the context of

modern control theory, any variable structure system, like a system under SMC, may be

viewed as a special case of a hybrid dynamical system as the system both flows through

a continuous state space but also moves through different discrete control modes.

uSMC(t) = f (s, t)+Ksign(s) (3.2)

A system under sliding mode control, the sliding surface is described by s=0, and

the sliding mode along the surface commences after the finite time when system

trajectories have reached the surface. In the theoretical description of sliding modes,

the system stays confined to the sliding surface and need only be viewed as sliding

along the surface. However, real implementations of sliding mode control approximate

this theoretical behavior with a high-frequency and generally non-deterministic

switching control signal that causes the system to "chatter" in a tight neighborhood

of the sliding surface. This chattering behavior which is chatters along the s=0 surface

as the system asymptotically approaches the origin, which is an asymptotically stable

equilibrium of the system when confined to the sliding surface. In fact, although the

system is nonlinear in general, when confined to the s=0 surface is an LTI system with

an exponentially stable origin.

Intuitively, sliding mode control uses practically infinite gain to force the trajectories

of a dynamic system to slide along the restricted sliding mode subspace. Trajectories

from this reduced-order sliding mode have desirable properties (the system naturally

slides along it until it comes to rest at a desired equilibrium). The main strength of

sliding mode control is its robustness.

One application of sliding mode controller is the control of electric drives operated by

switching power converters. Because of the discontinuous operating mode of those

converters, a discontinuous sliding mode controller is a natural implementation choice

over continuous controllers that may need to be applied by means of pulse-width

modulation or a similar technique of applying a continuous signal to an output that

can only take discrete states. Sliding mode control has many applications in robotics.
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In particular, this control algorithm has been used for tracking control of unmanned

surface vessels in simulated rough seas with high degree of success.

Sliding mode control must be applied with more care than other forms of nonlinear

control that have more moderate control action. In particular, because actuators

have delays and other imperfections, the hard sliding-mode-control action can lead to

chatter, energy loss, plant damage, and excitation of unmodeled dynamics. Continuous

control design methods are not as susceptible to these problems and can be made to

mimic sliding-mode controllers.

3.5.3 Control of grasper Force

For practical SMA actuator applications, simple, effective and easily adapted control

designs should be employed. In this case, a small-signal high-bandwidth controller in

the form of a high-gain PID controller has been applied in the force feedback control of

an SMA wire actuator. The control system has been successful in achieving excellent

performance and stability of the SMA force response.

SMA actuators are well adapted for flexible and miniaturised force control applications

due to their high force-to-weight ratio, mechanical compactness and simplicity. These

force control applications include robotic grippers and force contact applications.

PID control is the most widely adopted and well-understood class of feedback

controllers in industrial and commercial applications. In fact, it is observed that such

a controller is suitable for SMA force control. In contrast to more complicated control

algorithms, PID controllers are often simple, effective, and can be adjusted and tuned

easily without advanced mathematics. This makes them suitable for practical control

applications of SMA actuators. The implementation of the force controller will be

described.

In the sketch of experimental set-up, which is given in Fig.3.8, the middle shaft of the

grasper is replaced with the SMA wire. The experimental set-up is built in a similar

way as the previous sections, such as same load cells are used to obtain the actuator

and grasper force. Closed-loop control scheme of the grasper force, which is detailed

in block diagram of the system, is given in Fig.3.9. All the measured variables are
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gathered in a user defined interface, where the control law (PID, SMC) is obtained.

General control laws of PID and SMC are given in Eqn.3.3 and Eqn.3.4 :

uPID(t) = Kpe(t)+Ki

∫
e(t)dt +Kd

de(t)
dt

(3.3)

uSMC(t) = f (s, t)+Ksign(s) (3.4)

where uPID(t) and uSMC(t) are the control law of respective controllers, Kp, Ki and

Kd are the PID controller gains, e(t) is the error between desired and measured

grasper force, t is time, respectively. s(e, t) is the sliding surface and defined as

s(e, t) =
( d

dt +λe(t)
)n−1

, here n is the system order and λ is the configurable variable

to determine error dynamics as: de(t)
dt + λe(t) = 0. f (s, t) is a function of both

system dynamics and sliding surface, K is the gain and sign is the signum function,

respectively. As the activation of the SMA wire requires electricity as heating results

into a contraction of SMA. However, if there is no activation current on the SMA, the

antagonistic spring tries to pull the SMA wire. Therefore, control of grasper force

depends on the sign of the error, such that if the error is positive, controllers are

producing an output to activate shape memory alloy. On the contrary, if the error is

negative, controllers will not produce an output; in the mean time antagonistic spring

tries to pull the SMA wire to the initial phase. In this regard, controller works when

the error is positive. The controller output goes into the drive circuit of the SMA. PID

controller gains are determined experimentally, where investigation of the gain (Kp, Ki

and Kd) effects of the PID controller, different type of controller structure (P, PI and

PID) are used. In the SMC case, only gain K value is changed.

Figure 3.8 : Experimental set-up with the designed smart actuator to control the
grasper force.
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.

Figure 3.9 : Block diagram of the closed-loop control of the grasper force.
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4. RESULTS AND DISCUSSION

4.1 PID Results

For the system, PID parameters obtained with trial-error method. Then, around those

parameters variable controllers applied to the system. Firstly, only P-controller applied

then, observed the effects of I and D parameters.

4.1.1 Effect of proportional gain to the grasper force

Firstly, Kp effect is investigated for the system. The results of different proportional

gain values, which the values increase in the order of 15, 30, 50 and 70 , is given in

Fig.4.1. If proportional gain goes high response will be quicker, because the driving

current becomes higher. As a result, smaller response time is achieved,lower than

1 second. However, higher driving current results into a higher overshoot such as

%38.18 at the highest value of the gain, and less steady-state error. Overshoot results

into a higher grasper force. The point of the study is to control the grasper force

below the limit, where the high overshoot values, such as over %20, corresponds to an

excessive force value. In this regard, the most suitable proportional gain is selected as

15, where response has no overshoot and a %9.1 steady-state error.

Figure 4.1 : Results of effect of proportional gain (Kp) when P controller is used,
where Kp is changed with the values of 10, 15, 20, 30, 50, 70 and 100.
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4.1.2 Effect of integral gain to the grasper force

When the proportional gain (Kp) is 15, effect of integral gain (Ki) is examined with the

values of 0.7, 1.0, 1.3 and 1.5. The results of effect of integral gain to the grasper force

is given in Fig.4.2. As the integral gain increases, steady-state error becomes less but,

the overshoot becomes higher. In this configuration, the integral gain is determined as

1.3 with a%4.54 overshoot and a %2.1 steady-state error.

Figure 4.2 : Results of effect of integral gain (Ki) when PI controller is used with a
proportional gain (Kp) of 15, where Ki is changed with the values of 0.7,

1.0, 1.3 and 1.5.

4.1.3 Effect of derivative gain to the grasper force

In this part, effect of derivative gain (Kd) is investigated with the PID controllers, which

has the proportional gain of Kp=15 and integral gain of Ki=1.3, respectively. The

derivative gain value is increased, where the effect of the derivate gain has a minor

effect on the system’s response, which is given in the Fig.4.3. Steady-state error does

not change, and overshoot barely changes. As a result of the contribution of each

gain, The PID controller gains are selected as Kp=15, Ki=1.3.3 and Kd=0.01. For these

values, system response has %1.51 overshoot and %10.6 steady-state error.

4.2 SMC Results

As it was shown in the previous results of PID controller, every response has overshoot

and has steady-state error. SMC controller used for overcome these deficits. SMC has

two parameters, which are K and λ , to change and obtain a better response. When λ is

1, K value is changed with the values of 0.055, 0.0587, 0.06, 0.075,0.1 and 0.15. As it

can be seen in the Fig.4.4, which is given below, system’s response has no steady state
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Figure 4.3 : Results of effect of derivative gain (Kd) when PID controller is used with
a proportional gain (Kp) of 15 and an integral gain (Ki) of 1.3, where Kd

is changed with the values of 0.001, 0.01 and 0.1.

error. But, there is a trade-off between settling time and overshoot. For the value of

0.0587 for K has good performance than others, in this case, %3.34 overshoot and no

steady-state error are obtained.

Figure 4.4 : Effect of gain (K) of the SMC when λ is 1, where the value of gain (K)
takes the values as 0.055, 0.0587, 0.06 and 0.075

4.3 Effect Of Cooling Of The SMA To The Grasper Force

The rapid-heating mechanism sets an upper limit to the heating power that can be

applied to wire. The upper limit is calculated separately for each wire, and is a function

of the wire’s measured electrical resistance. The idea is to allow rapid heating of the

wires, via large heating powers, whenever it is safe to do so, because rapid heating

increases the speed of the actuator.

The speed of an SMA actuator is determined partly by the rate at which the wires

are heated, and partly by the rate at which they cool. According to the technical data

sheet for Flexinol R© wires in Appendix A, the cooling rates for the thinnest wires are
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faster than the heating rates using the recommended heating currents. It is therefore

possible to produce a substantial increase in the speed of an SMA actuator simply by

using heating currents above the recommended values. However, the use of larger

heating currents can raise the temperatures of the wires far above the transformation

temperature range, with two adverse consequences: the wires take longer to cool, and

they may suffer thermal damage.

As mentioned in the previous sections, controller responds in one way when the error

is positive. When the error is negative, the antagonistic spring takes place in action and

extends the SMA wire. As a result, grasper force reduces. But in this situation, SMA

wire is relatively hot due to heating via electricity and it does not return so easily where

the returning process takes time. In order to shorten the time period, SMA wire must

be cooled externally. The cooling process is operated with an intake air flow to the

chamber which contains the SMA wire, where the supplied pressure of the air is 1 bar

with the SMC. As it is shown in the Fig.4.5, cooling effect can be easily seen where the

grasper returns to initial state in approximately 5.5 seconds. However, without cooling

procedure, returning time is approximately 22.5 seconds.

Figure 4.5 : Cooling effect to the dynamics of the grasper control with the SMC (λ=1
and K=0.0587), where the supplied air has a 1 bar pressure.

4.4 Comparison Of Both Controllers (PID And SMC)

The comparison of both controllers, PID and SMC, takes place where the best response

of the grasper force is achieved. The result of the grasper force and corresponding

controller inputs are given in Fig.4.6 and Fig.4.7, respectively. The chattering effect

on the control input on the SMC can be clearly seen, where the PID has a constant

output at the steady-state regime. With PID controller, SMA has a higher responsive
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time, however a significant steady-state error is observed, whereas SMC gives a slower

response, yet zero steady-state is obtained.

Figure 4.6 : Comparison of PID controller and SMC results.

Figure 4.7 : Comparison of control laws derived by PID controller and SMC.
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5. CONCLUSION AND FUTURE WORK

In this thesis, dynamics of a conventional laparoscopic grasper is examined where

the relationship between force and displacement of grasping mechanism is obtained.

Governing equation of motion of the grasper is evaluated, and to validate the results of

the analytical analysis by solving the governing equation, numerical and experimental

analysis are performed. The performed analysis are conducted to mimic grasping of

an elastic structure where an actual elastic tissue can be considered. The obtained

relative error between the performed analysis is up to %11 for the grasper force and

%13 for the actuator force. Mechanical gain, which is the ratio of the grasper force to

the actuator force, is obtained as 0.5 when the grasper opens and 0.1 when the grasper

closes. The disparity of the mechanical gain is due to the difference in the actuator

force where the frictional behavior of the grasper takes place. A smart actuator which

consists of a shape memory alloy wire and a linear spring, is designed to control of

the grasper force which is selected as well below the limit of the force. The force

limit is determined when the force harms an elastic tissue. Here, the smart actuator

is designed in a particular way such that the actuator meets the standard dimension,

which can be used in clinical operations. The grasper force is controlled with two

controllers : PID and SMC, with different controller gains, where the gains are tuned

experimentally. For PID control parameters effect of each gain to the resulting grasper

force dynamics are investigated. The suitable of the controller gains for PID and SMC

are compared within each other, where grasper force controlled by PID controller has

%1.51 overshoot and %10.6 steady state error. However, system response is improved

with SMC, such that system response has %3.34 overshoot and has no steady state

error. With PID control, it is shown that overshoot and steady-state error always occur,

where SMC has no steady-state error due to the chattering effect on the input which

effects the closed-loop dynamics. Cooling effect is investigated by providing an airflow

to the SMA wire where it is shown that the response improves with a high rate.
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There are several future research directions that can be followed. They are generally

in the aspects of shape memory alloy modelling and characterisation, control systems,

and actuator and test bed design.

A model improvement that could be made is to obtain temperature-resistance

estimations under various stress-strain conditions. A temperature model of the SMA

was lacking in Chapter 4 during the simulations of the rapid-heating mechanism. This

thermo-electromechanical characterisation would allow us to model the temperature

and electrical resistance profiles of the SMAs for control. One method is by measuring

the temperature of the SMA wire during heating and cooling using an infrared thermal

imaging camera, in different material conditions, while simultaneously recording its

electrical resistance values.

Certainly one of the most interesting new technologies to interface with shape memory

has been that of thin films. Films can be made be sputtering, laser ablation, or by vapor

deposition using targets of pre-alloyed Ni-Ti. Such films are typically amorphous when

deposit, but display bulk material shape memory properties after a short crystallization

anneal. Films have been "micromachined" to form actuators typically 10 microns in

thickness and 1 millimeter on each side. The first application for such an application is

in microvalves. To date, such valves have diameters in 5-10 mm range. This is certainly

small compared to competitive technologies, but by no means represents the limit of

the technology. Valves in the sub-millimeter range are certainly possible. Such valves

are being studied in the construction of small medical robots, able to travel through

and inspect gastrointestinal systems and ultimately even smaller passages. Still another

potential thin film application is for steerable catheters, using three or more thin film

strips deposited along the length of microtubing. Actuation of selected strips would

cause the catheter to bend on command.

A novel annuloplasty ring with a shape memory alloy core has been developed to

facilitate minimally invasive mitral valve repair. In its activated (austenitic) phase,

this prototype ring has comparable mechanical properties to commercial semi-rigid

rings. In its pre-activated (martensitic) phase, this ring is flexible enough to be

introduced through an 8-mm trocar and easily manipulated with robotic instruments

within the confines of a left atrial model. The core is constructed of 0.50 mm

diameter NiTi, which is maintained below its martensitic transition temperature (24◦C)
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during deployment and suturing. After suturing, the ring is heated above its austenitic

transition temperature (37◦C, normal human body temperature) enabling the NiTi core

to attain its optimal geometry and stiffness characteristics indefinitely. This article

summarizes the design, fabrication, and evaluation of this prototype ring. Experimental

results suggest that the NiTi core ring could be a viable alternative to flexible bands in

robot-assisted minimally invasive mitral valve repair.

Recently new applications reaching volume production have been geometrically

growing. Multiple sources of materials, better overall technical understanding, lower

costs, an increasing number of successful products in the marketplace, and an overall

product maturity are a few of the growth factors. While the SMA costs are generally

low (in most devices usually pennies), the primary advantage is uniqueness. Today one

can visit a local toy store and purchase products using SMAs to perform simple tasks

like morph wings or release projectiles. One can also find FDA approved medical

devices using SMAs to pump insulin inside surprisingly small, coin cell operated

designs that provide lifestyle improvements. SMAs are in a growing number of

consumer items like automobiles — not to mention, in specialty devices like vehicles

on Mars.
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APPENDIX A

Flexinol is the trade name of NiTi SMA specifically manufactured and marketed by
Dynalloy Inc. Table A.1 lists the technical data for Flexinol wires of various diameters
taken from Dynalloy Inc. for contraction time 1 second.

Table A.1 : Technical Data Of Flexinol Actuator Wires.

Wire
Diameter
(inches)

Electrical
Resistance
(ohms/inch)

Maximum
Pull
Force
(gram)

Current
Room
Temp.
(mA)

Off
Time
70◦C

Off
Time
90◦C

0.0010 45.0 7 20 0.1 0.06
0.0015 21.0 17 30 0.25 0.09
0.002 12.0 35 50 0.3 0.1
0.003 5.0 80 100 0.5 0.2
0.004 3.0 150 180 0.8 0.4
0.005 1.8 230 250 1.6 0.9
0.006 1.3 330 400 2.0 1.2
0.008 0.8 590 610 3.5 2.2
0.010 0.5 930 1000 5.5 3.5
0.012 0.33 1250 1750 8.0 6.0
0.015 0.2 2000 2750 13.0 10.0
0.020 0.16 3562 4000 17.0 14.0

If Flexinol actuator wire is used within the guidelines then obtaining repeatable motion
from the wire for tens of millions of cycles is reasonable. If higher stresses or strains
are imposed, then the memory strain is likely to slowly decrease and good motion
may be obtained for only hundreds or a few thousand of cycles. The permanent
deformation, which occurs in the wire during cycling, is heavily a function of the stress
imposed and the temperature under which the actuator wire is operating. Flexinol wire
has been specially processed to minimize this straining, but if the stress is too great
or the temperature too high some permanent strain will occur. Since temperature is
directly related to current density passing through the wire, care should be taken to
heat, but not overheat, the actuator wire. The above chart gives rough guidelines as to
how much current and force to expect with various wire sizes.
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