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Abstract

In this research a biologically inspired finger-like mechanism similar to human musculoskeletal system is developed based
on Shape Memory Alloys (SMAs). SMA actuators are inspiring the design of a modular finger part with compact and
compliant actuation. A three-segmented finger-like mechanism is designed and fabricated. This mechanism is composed of
six bending Shape Memory Alloy (SMA) actuators. As a result, our finger mechanism is compact and compliant. The
insider three SMA actuators are used for finger flexion while the outsider three SMA actuators are for extension. Each
segment of this mechanism can be bent and/or extended independently by actuating a corresponding bending SMA
actuator. Furthermore, full bending motion can be achieved by applying coordinated control of the three SMA actuators.
Toward this goal a mathematical model of the SMA combined finger has been developed. The developed mathematical
model is then used to design a proportional-derivative controller for control compliant actuation of the finger-mechanism.
The performance of this mechanism has been experimentally evaluated. Our experimental results verify that the SMA-
based finger module can achieve the desired postures similar to a human finger.
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1 Introduction
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bio-medical applications. One group of these materials is
the Shape Memory Alloys (SMAs). The main advantages
of SMAs are: noiseless actuation, compact size, high force
to weight ratio, and high density work (Jani et al. 2014;
Langbein 2009). These properties have enabled SMAs to
be used as smart and compliant actuators for many appli-
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In this study, we are focusing on robotic actuators using
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SMAs. There have been many different kinds of robotic
applications. Mainly they are categorized as walking (Peng
et al. 2020; Mao et al. 2019), swimming (Almubarak et al.
2020; Song et al. 2016) and grasping robots (Lee et al.
2019a; Maffiodo and Raparelli 2019; Lu et al. 2019). They
are mainly being used for having compliant and soft
actuation. As compared to other robotic actuators like
electric, hydraulic or pneumatic, SMA actuators do not
need complicated mechanical appendages for power
transmission. They are attached with the structure of the
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body like musculoskeletal system. These properties have
made SMAs very suitable particularly for soft grippers.

For the SMA applications, in grippers, there have been
significant research (Tai et al. 2016; Wang and Ahn 2017,
Wang et al. 2016). As soft actuation can give compliant
grasping, many authors have developed different kinds of
robotic grippers using SMAs (Rodrigue et al. 2017;
Simone et al. 2017; Lee et al. 2019b). Mainly, the design
can be categorized as (1) human finger like joint structures
(Wang et al. 2020b; Ades et al. 2020; Simone et al. 2019),
(2) continuous flexible type structures (Wang et al. 2020a;
Liu et al. 2020; Lee et al. 2019b). The main advantage of
continuous flexible type structures is that the finger angles
take the complex shape of an object, even though it is
difficult to control the angles to certain values. On the other
hand, for human finger like joint structures it is possible to
control the angles (DeLaurentis et al. 2000; Laurentis and
Mavroidis 2002; Andrianesis and Tzes 2015; Bundhoo
et al. 2009; Gilardi et al. 2010; Ali et al. 2020). Maffiodo
and Raparelli (2019) have developed four flexible fingers
based on SMA actuation modules. Lee et al. (2019a) have
developed long SMA tendon-based soft robotic actuators
and implementation as a soft gripper. DeLaurentis et al.
(2000), Laurentis and Mavroidis (2002) developed a
robotic hand using SMAs for human finger like structures
for prosthetic hand.

In the research conducted by DeLaurentis et al. (2000),
Laurentis and Mavroidis (2002), Andrianesis and Tzes
(2015), Bundhoo et al. (2009), Gilardi et al. (2010) only
open loop control was implemented. Their focus was on
manufacturing and design. We, Ali et al. (2020), have also
developed open loop control of the present SMA actuated
robotic finger in our previous stage. However, we need
closed loop control to grasp complex shaped objects and
for prosthetic hand applications. It is difficult to grasp a
complex shaped objects using open loop control system.
For example, Lee et al. (2019b) compliant motion has been
discussed and many objects have been shown to grasp by
the finger. However, only open loop control is imple-
mented in most of these studies. Based on that, for grasping
feedback control will be useful.

To develop a closed loop control of SMA actuated
robotic hand, we need to model the dynamics of SMA.
There have been many different methods to model the
dynamics of SMAs. The prominent methods are developed
by Tanaka Tanaka (1986), Liang et al. Liang and Rogers
(1997), Brinson et al. Brinson (1993) and Elahinia et al.
Elahinia and Ahmadian (2005). All the methods were
continuity of its predecessors with gradual improvements.
Elahinia et al. Elahinia and Ahmadian (2005) combined the
stress, strain and temperature relation in its model which
were separately considered by the other previous authors.
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Therefore, we have adopted Elahinia et al.’s method to
model the dynamics of SMA for our study.

In this paper, we have presented a novel robotic finger
design which is based on curved SMA wires. Curved SMA
wires generate rotary motion (there is no need to attach
circular disk to transform linear motion into rotary motion
for the robotic finger). The proposed novel biologically
inspired robotic finger is composed of three segmented
SMA actuators similar to human musculoskeletal system.
Furthermore, to control the SMA actuated finger, we have
modeled the SMAs using (Elahinia and Ahmadian 2005)
method. This dynamic modeling of SMA is used to design
and tune the proportional-derivative controller for the fin-
ger. We have conducted experiments to demonstrate the
effectiveness of closed loop control and curved shaped
SMA actuators for the novel robotic finger. Experimental
results confirm the successful regulation of the desired
angles by SMAs.

2 SMA actuation unit

The main idea of the SMA actuation is based on the
thermo-mechanical properties of an SMA as the change of
the deformed material state (from Martensite to Austenite)
when heated, and hence the SMA restores the original
shape of the straight wire. When the SMA is cooled, it will
return to the Martensite state again while keeping its
original shape, as shown in Fig. 1. A single actuator unit is
composed of one array of the deformed SMA wire in an arc
shape below the transient temperature, Table 1. This wire
is welded to two PCB supporting elements as shown in
Fig. 2. The displacement angle, 6 = 0 when the SMA is
deformed by loading at room temperature, state 1
(Martensite).

Supporting
PCBs elements

AR

7\\ z / SMA wire
( |
=0
Heati@
SMA wire

State 1 (Martensite)
( Mechanical
deformation

/

/

R /8

Cooling
) ~_J )
0 = Opax

State 3 (Martensite)

0 = Onax

State 2 (Austenite)

Fig. 1 Bending SMA actuator and its thermo-mechanical states.
Actuator states classification: Statel (Martensite; cold deformation),
State2 (Austenite; when heated), and State3 (Martensite; when
cooled)
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;:;);ren;tel:slexinol (NiTi) SMA Parameter Definition Value Unit
M Martensite start temperature 72 °C
My Martensite final temperature 62 °C
Ay Austenite start temperature 88 °C
Ar Austenite final temperature 98 °C
Cy Austenite stress-infulence coefficient 10 MPa °C!
Cu Martensite stress-infulence coefficient 10 MPa °C~!
E4 Austenite Young modulus 75 GPa
Ey Martensite Young modulus 28 GPa
Ry Austenite wire resistance 100 pQem
Ry Martensite wire resistance 80 nQcem
O, Austenite thermal expansion coefficient 11 uPA °C~!
Oy Martensite thermal expansion coefficient 6.6 uPA °C~!
Oer Detwinning start stress 25 MPa
afer Detwinning finish stress 78 MPa
e Maximum recoverable starin 4.1 %
D SMA wire diameter 0.254 mm
C, Thermal capacity of SMA wire 0.046 MJ m~3 °C
Dista:ie di, Distance dgyt
&
R

w,;=17.7mm
Lyn =24mm
Ly, =17.7mm
d,,=5mm

Fig. 2 Bending actuator prototype using an SMA wire actuation unit
(for finger flexion). 10 arcs wire is in the array form and two PCB
supporting elements: a Statel (deformed) and b State2 (heated)

The displacement is 0,, when heated, state 2
(Austenite). When the SMA is cooled to the room tem-
perature, it becomes the state 3 (Martensite). As a result,
this SMA actuator can provide torque through heating the
wire array by applying electrical power. This SMA actuator
gives rotational motion similar to the revolute joint with
angle (0 <60 <0,,4y).

In this study, a modular bending actuator is constructed
using an actuating unit in wire array to form 10 arcs as
shown in Fig. 2. Antagonistic pairs are designed to extend

Wio =17.7mm, Ly =24 mm
Wooue =3.75 mm, Ly, =21 mm, d,, =9 mm

Fig. 3 Antagonistic bending actuator prototype using SMA wire
actuation unit (for finger extension)

the finger in the opposing direction as shown in Fig. 3.
Three actuator units (flexion type) are then serially con-
nected to map the three DOF of the human finger as shown
in Fig. 4. Each link (Distal, Middle, and Proximal) is
attached separately to an antagonistic SMA units similar to
that in Fig. 3. An elastic string is used to initially pose the
finger mechanism straight.
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Fig. 4 Human finger versus the finger-like mechanism with 6 SMA actuators. (the inner 3 for bending and the outer 3 for extension)

3 SMA actuator characterization

This section presents experimental characterization of the
single module actuator, which will provide the essential
parameters understanding for the actuator control in next
sections. Especially, spring constants, mechanical respon-
ses, thermal responses, and resulting temperature of SMA
for several different electrical power inputs.

3.1 Mechanical characterization

The spring constant of the actuator is investigated. Two
cases are considered to find the spring constant of the SMA
actuator when increasing and decreasing the actuator dis-
placement. These experiments are repeated at various
temperatures to realize the material behavior when con-
trolling the temperature changes. The experimental setup is
shown in Fig. 5. The SMA actuator module (1) is clamped
with the bench vise. As an input, the force sensor holder (2)
moves step by step (from 1 to 11 mm) in the x-direction
using the micrometer device. The protractor (3) reads the
SMA actuator deflection angle. The PW4MC3 force sensor
(4) contacts with the PCB supporting element. The force
reading is amplified using amplifier STT-100 (5) and
acquired using the Data acquisition NI USB-6009 (6). The
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level

\
Normal force

Fig. 5 Experimental setup for SMA actuator characterization

amplified force sensor voltage is correlated to the force and
finally the moment using equations (1) and (2). The
moment versus angle correlation at various temperatures
(at room temperature, 40°C, and 70°C) are shown in Fig. 6.
The spring constant is 59.34 mNm/rad when the angle is
increasing and it is 51 mNm/rad when it is decreasing. It is
clear that for certain angle, the output moment is almost
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Fig. 6 Moment versus angle of the SMA actuator at room temperature
25 C°, 40°C, and 70°C

duplicated at 70°C when compared to that at room
temperature.

F =0.292V,, — 0.102 (Newrton) (1)
M=Fxr=Fx16 (mNm) (2)

3.2 Thermal characterization

The thermal characteristics is studied at various electrical
power input. The temperature of SMA will keep increasing
almost linearly when increasing the power as shown in
Fig. 7a. It should not exceed 90° Celsius to prevent phys-
ical damages to the SMA. The moment is also measured
for the same applied power, Fig. 7b. It is noticed that the
moment increases non-linearly and tends to saturate at
maximum moment of 30 mNm. The same experiment is
repeated to measure the angular displacement, Fig. 7c. It
increases non-linearly and tends to saturate at maximum
angle of 1.6 rad.

4 Modeling and control SMA finger system

The finger-like mechanism, Fig. 4, is constructed using the
two SMA actuator pairs, Figs. 2 and 3. The inner 3 SMA
actuators (SMA1, SMA3, and SMAS5) are for bending and
the outer 3 antagonistic SMA actuators (SMA2, SMA4,
and SMAG) are for extension. Each joint can be bended/
retracted to an angle of 90° from 0° depending on the
power applied to the SMA actuator.

4.1 Kinematic modeling of finger

Considering kinematics of the SMA finger, we can easily
determine positions of each joint and the end effort point
by,
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Fig. 7 Thermal and mechanical characterization as a function of the
electrical input power

= Lycos(th), y; =Lisin(6;) 3

= Ly cos(6) + Ly cos(612), 4

L] COS( 1 —+ L2 COS(Q]z) =+ L3 COS(9]23) 6

) (3)
) (4)
= Ly sin(0y) + Ly sin(0; 2) (5)
) (6)
) (7)

v4 = Ly sin(60) + L, sin(613) + Ls sin(6123) 7

where (x;_;, y;—1) represents the position of jth joint in the
reference frame XY (i =1, 2, 3). 6; is the angle of joint i
and L; is the length of link i. x3 and y; represent the
position of the end effector. Further, 0, = 0; 4+ 0,, and
0123 = 0, + 0, + 03. Using Eq. (3), the workspace of the
finger is analyzed in Fig. 8.
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Fig. 8 Work space of the 3-DOF SMA finger like mechanism
4.2 SMA modeling
4.2.1 Constitutive model

The constitutive model of SMA is based on Elahinia and
Ahmadian (2005) model. The constitutive model of SMA
can be described as a relation of stress o, temperature 7,
strain € and martensite fraction & as

¢ =Eé+ Qi+ 0T (8)

where ( ) represents time derivative of the concerned
quantity, £ is Young’s modulus, € is a transformation
tensor and @ is a thermoelastic tensor.

4.2.2 Martensite fraction model

Furthermore, conversion of martensite fraction & from
martensite state to austenite state shows hysteresis phe-
nomenon. £ = 1 implies that SMA is in martensite state
(cold), and & =0 means that SMA is completely in
austenite state (hot) state. This conversion (from martensite
to austenite state) produce stress in SMAs. This conversion
is a combination of loading (¢) and heating (T) and can be
represented as, Elahinia and Ahmadian (2005):

é = éT(Tv O->T + CU(T’ U)(T (9)

Here, & and &, are given by

@ Springer

P

—CA

sin(aM(TM — Mf))bM>

0 otherwise.
(11)
where Ty =T — & and Ty =T — £-. A; and M are the
temperatures at which SMA starts converting into austenite
and martensite states, respectively. Note that, all the SMA
parameters used in this study are shown in Table 1. A
occurs while heating and M, occurs at cooling. Similarly,
Ay and My are the temperatures at which the austenite and
martensite transformation is finished. Furthermore,

ba, by, Ca, Cy are constants. These constants are defined
as

ap :=1/(Ar — Ay) (12)
by = —as/Ca (13)
ay = /(M — My) (14)
by = —ay/Cy (15)
Ty:=T—0/Cy (16)
Ty =T —0/Cy. (17)

4.2.3 Heat transfer model

SMAs can be heated by supplying electric current. This
electrical heating can be represented as, Elahinia and
Ahmadian (2005)

R>  hA(T-T,)
m,,C,

T:

(18)

m,,C,

where T represents rate of change of temperature in degree
Celsius per second, C,, represents the specific heat constant,
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Fig. 9 PD Controller Block
Diagram where u is the control
effort, e is the error signal, g;/,
are the stresses generated by
inner and outer SMAs for
flexion/extension motions 0

D+ e PD
2 Controller

Ve o
| ifu> 0 .SMA }—l
| (inner)

C
g SMA }&
“ ifu< 0 (outer)

m,, = 6.8 x 107* Kg/m is the mass per unit length, i is the
applied current, R = 18.4 Ohm/m is the resistance per unit
length of SMA wires, and T, =25 C° is the ambient
temperature. Furthermore, h. is the coefficient of heat
convection, and A, is the circumference area (exposed for
heat exchange) of wire. h. can be defined as

he := ho + ho T? (19)

where hg = 120 and &, = 0.001 are constants. A, can be
calculated as

A, = 27rgly (20)

where r, = 1.27 x 10~* m is the cross sectional radius, and
lp =20 x 1073 m is the length of SMA wire. Defining,
a:=R/(m,C,) and B :=hA./(m,Cp), T,=T —T,, we
can represent Eq. (18) as

T, = — BT, + oi® (21)

Fig. 10 Open loop control experimental setup of the 3-DOF SMA
finger mechanism (1) The SMA Finger (2) A temperature sensor (3)
Amplifier and interface module (4) Controller:Arduino Due

4.2.4 Series elastic actuator (SEA) model

In the study, we have used curvy antagonistic configuration
of SMA wires. This configuration consists of two sets of
SMA wires in which one set of SMA wires is heated while
the other set is kept cool. This configuration is shown in
Fig. 3. Antagonistic configuration has control on two sides.
Having this configuration, we can represent joint dynamics
as

0; = 0,,Ar;, — 0, Ar;,;for j = 1,2,3. (22)

where g, is the stress caused by SMA wire attached to the
inner side (for flexion motion), r;, is the radius of SMA
wires attached to the outer side, A is the cross sectional
area, o, is the stress caused by SMA wires attached to the
outer side (for extension motion), and r;, is the radius of the
wire attached to the outer side.

Furthermore, we can represent rate of change in strain
for the SMA wires attached on the upper ¢;, and lower ¢;,
side of the joint joint j as

€, = — rwji Hj/l()j

23
forj=1,2,3. 23)

éjn = - éji

where Fy, = 15 % 1073 m is the radius, 0; is the joint angle,

lo, =35 x 1072 m is the initial length of SMA wire.
Combining Eq. (8) with (18), (21) and (23), we get

d-ji :ﬁi (07 T, 6) +&j (T7 U)ijz, (24)
where
A _rWé'E/lOi - ﬂiTej- (QéT(T'i’ O-‘i) + @)
pir = A G
o\~ Jir P]i
(25)
Q¢4 (T;, 0. e
gjt(Tv 0) = M (26)

= o.
1— ‘Qéa(Tjn O-ji)

For the SMA attached to the outer side of joint j, we can
write

@ Springer
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Fig. 11 Experimental validation
of SMA finger postures
applying a open- loop control

method
(a) Free: Allis not activated (e) Grasping: SMA-1, SMA-3,
and SMA-5 are activated
- B 9 . / s 1
(c) Only SMA-3is (d) Only SMA-5 is
activated activated
(®) Only SMA-2 is (g) Only SMA-4 is (h) Only SMA-6 is
Activated Activated Activated
T, :ﬁﬂ(é, T,0)+g;(T,0 )1120 (27)  All the parameters for the used SMA are given in Table 1.
where

4.3 Independent joint control PD
, 7rW6jE/loj - ﬁoTejo (‘QéT(ij O-.ju) + @)
5, (0,T,0) = 1—QF.(T,,0,) SMAs are attached at each join in antagonistic configura-
o tion. For this study, we have used independent joint control
for 3-DOF robotic finger. For this purpose, we have used
proportional-derivative (PD) controller to regulate the joint
angles. To achieve this objective, we determined different

_ QéT(Y}majo) + 6

ng(T’ O-) B 1 - Qéﬂ'(’I}U’ O-ju) o (29)

@ Springer
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Fig. 12 Closed loop control experimental setup of the 3-DOF SMA
finger mechanism

control gains for each actuator using the SMA model
presented in Sect. 4.1. There was difference in the gains
obtained in simulation and experiment.

The independent PD controller generates the current
signal to actuate concerned SMA. PD control law for
independent joint control is as follows:

Crp = Pi(0; — 0;,) + D; (91‘ - éjn)
for j=1,2,3.

(30)

where P;, D; are proportional and derivative gains for the
joint j. In the same way, 0; and 0;, represent the actual and
desired angle for the joint j.

Furthermore, if Cpp >0 — iy = Cpp, i, = 0, inner SMA
(for joint 3, SMA-1) is actuated and outer SMA (for joint 3,
SMA-2) is kept at 0. if Cpp <0 — iy = 0,i, = Cpp, outer
SMA (SMA-2) is actuated keeping the inner SMA (SMA-
1) at O.

For safety, we have imposed temperature limitations in
the controller. The upper limit of temperature for both the
SMAs is 110° Celsius to prevent permanent deformation of
SMA.
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Fig. 13 Experimental evaluation of flexion motion in joint 3 (03) of
the SMA finger. a comparison of simulated and actual trajectory for
step up case - starting from initial position 7.5° and reaching to the
desired angle 20°, b the control signal in PWM percentage for SMA-1
(responsible for flexion movement) and SMA-2 (responsible for
extension movement), and ¢ change in temperature in SMA-1 and
SMA-2 during the flexion motion

The block diagram of physical and simulation system
with controller is shown in Fig. 9. In this figure, 0 is the
feedback which is compared with the desired angle 0p. The
error between desired angle 0p and system angle 6 is fed to
the PD controller. It generates the desired control effort u.
Based on the sign of u, the relevant SMA (inner/outer) is
activated for flexion/extension motion which generates
stress accordingly a;/,. These stresses generate torques for
the corresponding joint of robotic finger.
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Fig. 14 Closed loop control experiment: 3 poses at 0, 2.8 and 5.2 s
5 Experimental results

Figure 10 shows our experimental setup for the 3-DOF
SMA finger mechanism. The SMA finger (1) is clamped
with the bench vise. A temperature sensor (2) is attached to
the SMA actuator to monitor its temperature. The amplifier
and interface module MAX6675 K (3) are used to interface
to the controller. Arduino Due (4) is used for data acqui-
sition and PWM control signals for a host PC.

First, we experimentally validate our finger mechanism
applying a simple open-loop control method. As a result,
experimentally achieved finger postures are illustrated in
Fig. 11. Figure 11a shows the initial posture of the SMA
finger where all actuators are off. In Fig. 11b, the SMA-1
actuator is activated to move the third link (distal). In
Fig. 11c, the SMA-3 actuator is activated to move the
second link (middle). In Fig. 11d, the SMA-5 actuator is
activated to move the first link (proximal). Figure 11e
shows the grasping pose while actuating all the inner SMA
actuators (SMA-1, SMA-3, and SMA-5) simultaneously. In
Fig. 11f-h each link is restored to its extension position by
activating the antagonistic SMA actuators (SMA-2, SMA-
4, and SMA-6) respectively. The open-loop control of each
pair of SMA actuators can change the corresponding joint
from 0° from 90°. Hence we validated the open-loop
control of all the SMA actuators in the SMA finger.

We then conducted experiments with closed loop con-
trol. An independent joint control strategy is developed
using a simple proportional-derivative (PD) control
method. The experimental setup for closed loop control is
shown in Fig. 12, which include IMU sensors attached to
each link and temperature sensors attached to each SMA
actuator. The details of the controller design are described
in Sect. 4.3. Since, the joint controller is identically used in
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all fingers joints and have similar regulation performance,
we present only experimental results obtained for joint 3
(63). The joint (03) was actuated using two SMAs. These
SMAs were attached in antagonistic configuration (for
flexion and extension movement). In particular, for flexion,
SMA-1 is used (which was attached on the inner side of
finger). Whereas, for extension, SMA-2 is utilized (which
was attached on the outer side of the finger).

Figure 13 shows comparison of experimental and sim-
ulation results obtained for the joint 3 (63). It shows the
successful regulation of the desired angle for the step up.
The response obtained from simulation and experiment is
similar. The initial position of the 05 is at 7.5° and the
desired angle is 20° to demonstrate flexion motion. For this
motion, 3-DOF SMA finger used SMA-1 to produce the
contraction forces. The robotic finger supplied current to
the SMA-1 (13a) to generate the desired motion. So, SMA-
1 gets heated (13c) and produced forces. Once, the finger
reaches the desired angle, it turns off the SMA-1. However,
if the finger acquired angle gets higher than the desired
value, it fired SMA-2 to produce counter forces as shown in
Fig. (13b) which causes the heating of SMA-2 as shown in
Fig. 13c. Figure 14 shows three poses at 0, 2.8 and 5.2 s.

In a similar way, in Fig. 15, we have compared the step
down case for the joint 3 (i.e. 03). Results are similar for
the step up case as shown in Fig. 13.

The experimental results in Figs. 13-15 shows the
effectiveness of SMAs as actuators in biologically inspired
finger mechanism. Using SMA, we designed light weight
actuation mechanism. Furthermore, the closed loop pro-
portional-derivative (PD) successfully tracked the desired
angel for the required flexion/extension motion. The PD
controller successfully generated the actuation signal to
regulate the desired value. The main implications of these
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Fig. 15 Experimental evaluation of extension motion in joint 3 (63) of
SMA finger. a comparison of simulated and actual trajectory for the
step down case - starting from initial position 13.4° and reaching to
the desired angle 5°, b control signal in PWM percentage for SMA-1
(responsible for flexion movement) and SMA-2 (responsible for
extension movement), and ¢ change in temperature in SMA-1 and
SMA-2 during the extension motion

experimental results are that using this mechanism we can
grasp the object softly using compliant motion. This
motion was made possible due to the controlled behavior of
SMAs as actuators.

6 Conclusion

In this research, we present a novel robotic finger mecha-
nism which is composed of 3 links and 3 joints. Mechanical
and thermal characterization of the SMA are established.
This robotic finger is fabricated applying three bending

SMA actuators and three antagonistic bending SMA actu-
ator similar to a musculoskeletal structure of a human
finger. The posture and motion of the finger are realized
using coordinated control of each actuators. Independent
joint control strategies for the robotic finger were experi-
mentally verified by applying proportional-derivative (PD)
method. Our experimental results confirm that joint angles
of the SMA finger can be regulated to achieve the desired
posture similar to human finger using a simple PD
controller.
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