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DESIGN OF A NOVEL SMA–ACTUATED
ANTHROPOMORPHIC GRIPPER

Yang Kai — Gu Chenglin
∗

An active robot finger 10 mm in outer diameter with a shape memory alloy (SMA) wire actuator embedded to the finger

with a constant distance from the geometric center of the finger was designed and fabricated. The active finger consists of

two bending parts, SMA actuators, and a connecting part. The practical specifications of the SMA wire and the flexible rod

were determined based on a series of formulae. The mechanical properties of the bending part are also investigated. Finally,

we design a robot hand using three fingers, and the grasping experiment was carried out to prove the hand works well.

K e y w o r d s: SMA; SMA actuator; flexible rod; robot hand; grasping

1 INTRODUCTION

As control and robotic systems continue to decrease
in size and weight, so must their respective component.
Actuators, the driving mechanism behind these systems,
play a critical role in the system design and typically rely
on electric, hydraulic, or pneumatic technology.

Unfortunately, there is a drastic reduction in the power
that these forms of actuation can deliver as they are
scaled down in size and weight. This restriction has
opened investigation of several novel actuator technolo-
gies such as those relying on piezoelectrics, polymer gels,
magnetostrictive effects, electrostatics, and shape mem-
ory alloy (SMA).

Of these technologies, SMA actuators have a clear ad-
vantage in strength to weight ratio. With the high inher-
ent strength of SMA comes the advantage of being able
to implement direct drive devices. Direct drive devices
eliminate the use of gears with their inherent problems of
backlash and wear. Further, with the increased interest
in mechatronics, SMA actuators with their silent, smooth
and lifelike motions are easily adapted to miniaturization
in design.

Shape memory alloy as an engineering material has
been known for more than 50 years. A SMA, which is an-
nealed at a certain temperature, can memorize the shape.
When it is heated above the transition temperature, the
deformed SMA can recover its original shape. We call the
special ability of SMA shape memory effect (SME). Since
the discovery of the shape memory effect, many materi-
als have been found to exhibit such properties. The most
common is an alloy of nickel and titanium called Nitinol
(NiTi). Materials that exhibit shape memory only upon
heating are referred to have one-way shape memory. Some
materials also undergo a change in shape upon recool-
ing. These materials have wo-way shape memory. Gener-
ally, the displacement and force occurred by the one-way

SMA is more than that of the two-way SMA. As a rep-
resentative one-way SMA actuator, Nitinol capable of up
to 8.5% strain recovery and 180 MPa stress restoration
with many cycles. So, it is used very widely.

In 1984, Honma [1] demonstrated that it is possible to
control the amount of actuation by electric heating, thus
opening the use in robotic application. A skeleton mus-
cle type robot was presented that consisted of a 5 degree
of freedom (DOF) arm constructed of an aluminum-pipe
skeleton operated with thin SMA fibers (0.2 mm) and
bias springs. The end-effector of the robot was a gripper
driven by a pair of antagonistic fibers. This is the earliest
attempt of using SMA to the actuated robot arm. After-
ward, Kuribayashi proposed an antagonistic pair of fibers
for the operation of a rotary joint in 1986[2]. This is one
of the most common configurations for a SMA-actuated
joint, as shown in Fig. 1. The counter-clockwise motion
is achieved by applying current to the top wire, causing
its temperature to increase. This induces a phase change
from martensite to austenite, and the resulting wire con-
traction. Motion in the opposite direction is produced
by heating the lower wire. Examples of the use of this
actuator mechanism in robotic-type applications include
the inverted pendulum described by Hashimoto [3], and
an inter-phalangeal actuator for robotics fingers, reported
by Bergamasco [4]. A similar mechanism, which replaces
one of the active wires bias spring, has been applied to a
walking biped robot[3] and a robotic hand [5].

Several researchers have implemented shape memory
technology for use in articulated hands. In 1984, Hitachi
produced a four-fingered robotic hand that incorporated
twelve groups of 0.2 mm fibers that closed the hand when
activated. Dario [6] proposed an articulated finger unit us-
ing antagonistic coils and a heat pump in 1987. Gharay-
beh and Burdea [7] (1995) fit several SMA springs to the
Exos Dextrous Hand Master for use as a force feedback
controller.
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Fig. 1. Two wire rotary actuators configuration.
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Fig. 2. Vertical section of the finger.

Among most of the designs of the robot hand using
SMA, we usually see the separation between actuating
elements and executing elements. So, the structure is still
complex, which hampers the further use in miniature
robot systems. Moreover, the cartoon motions of robot
hand hamper the use in grasping and fine manipulation.
To solve the problem, we present a novel robot hand.

2 STRUCTURE AND MECHANISM

2.1 Rod with embedded SMA wire actuator

Before discussing the structure of the robot hand, we
investigate a cylindrical rod with a single off-axis em-
bedded one-way SMA wire actuator. The rod is molded
at temperatures below the transition temperature of the
SMA actuator. SMA which is trained to shorten upon
heating is embedded to the rod with a constant distance
from the geometric center of the rod.

Heating of the SMA wire specimen with proper thermo-
mechanical treatment will result in strain recovery with
the ability to perform work, and, in the case of a rod
embedded with axis SMA wire actuators, the contraction
of the wire will cause a distributed force to act upon the
rod. Since the actuator is not located on the neutral axis
of the rod, the actuation force also results in a moment
which causes the rod to bend. Upon cooling, the SMA
actuators are stretched out by the flexible rod through an
interfacial shear, the finger returns to a straight shape. So
this constructs the two-way reversible actuating elements.

2.2 Finger

In order to increase the bending angle of the finger,
and to perform smooth anthropomorphic grasping, upon
the elicitation of the structure of the human hands, we
propose a novel robot finger with multi-units, as shown
in Fig. 2. The finger has two flexible rods 8 mm in diam-
eter with embedded SMA wires 0.5 mm in diameter, one
shorter rod as a connecting part. All the parts are covered
with a polyurethane tube 10 mm in outside diameter. On
both sides of each SMA wire, there are guiding wires. All
the guiding wires are covered under the tube to ensure
the structure compact. In the base of the design of fin-
gers, we design a prototype of a three-fingered hand as

shown in Fig. 9. By the joule heat from a special sup-
ply, the temperature of the SMA actuators achieves the
transformation temperature easily, resulting in the an-
thropomorphic, flexible, three-dimensional motion of the
novel gripper. Once stopping heating the SMA actuators,
the hand returns to its initial relaxed shape as soon as
the temperature of SMA actuators falls down.

3 DESIGN AND FABRICATION

3.1. Physical model of SMA

As we know, SME depends on the reversible transfor-
mation between two crystalline phases known as austenite
(at high temperature) and martensite. The transforma-
tion is observed by noting the volume fraction of marten-
site ξ , which can vary between 0 (all austenite) and 1
(all martensite). In our design, we adopt the cosine model
[8] which relates the SMA martensite volume fraction to
temperature T and stress σ , the transformation from
martensite to austenite is defined by:

ξ(σ, t) =
1

2

(

cos
[

aM (T −M0

f )−
aM

cM
σ
]

+ 1
)

. (1)

While the transformation from austenite to martensite is
defined by:

ξ(σ, t) =
1

2

(

cos
[

aA(T −A0

s)−
aA

cA
σ
]

+ 1
)

. (2)

The constants cA and cM are the linear relationships
between the stress and the SMA transition temperatures,
while aA and aM represent constants of the model which
provide for the volume fraction to be either 0 or 1 at the
end of transformation.

Upon being heated by an appropriate supply, the
temperature of the SMA actuator is changed incremen-
tally. Since the SMA material properties change with
the martensite volume fraction according to the rule of
mixtures, the actuation force imparted by the actuator
will depend upon the temperature and stress state of the
SMA. Using the theory of mixtures, we approximately
estimate the Young modulus of the SMA as follows:

Ea = ξEM + (1− ξ)EA . (3)
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Fig. 4. Cross section of the rod.

Here EM is the Young modulus of the SMA in the
martensite phase and EA is in the austenite phase. In
terms of other material properties such as the coefficient
of thermal expansion, since the difference between the
value in martensite phase and austenite phase is slight,
we can use the average values to estimate the variables
during transformation as follows:

α =
(

αA + αM
)/

2 . (4)

Here αA and αM are the coefficients of thermal expan-
sion in austenite phase and martensite phase.

With the definition of the material properties, the
thermo-mechanical response of the SMA can be described
by a constitutive law and a flow rule.

σ = Eaεe = Ea
(

ε− εt − α(T − T0)
)

, (5)

εt = Λξ̇ . (6)

The coefficient of linear thermal expansion α , the SMA
transformation strain εt and variable Λ provide sensing
of direction to the flow rule.

3.2. Parametric design of the active rod

The theory of flexible rods with embedded line actua-
tors has been developed by Lagoudas and Tafjbakhsh [9]
to account for the deformations of elastomeric rods with
SMA actuators envisioned for shape control applications.
Our robot finger is a specific case of plane deformations
of a rod, as shown in Fig. 3 and Fig. 4. The equilibrium
equation of the rod reduces in this case to the set of three
Eqs. (7)–(9) for the shear force F1 , axial force F3 , and
bending moment M2 .

dF1

ds
+ k2(F3 + F a) = 0 , (7)

dF3

ds
− k2F1 +

dF a

ds
= 0 , (8)

dM2

ds
+ (1 + e)F1 − da dF

a

ds
= 0 . (9)

The constitutive equation for the rod are assumed to be:

M2 = EI2k2 , (10)

F3 = AEe+ EI2k
2

2 ≈ EAe (11)

The constitutive equation for the line actuator is approx-
imated by the following:

F a = Aaσa = AaEa[e− k2d− εtαa(T − T0)] . (12)

Here k2 is the bending curvature, e is the elongation
of the rod, and F a is the actuation force of the SMA
wire, Ea , E are Young’s moduli of the line actuator and
rod, and Aa , A are their cross-sections, respectively, I2
is the moment of inertia of the cross-section of the rod.
The distance of the actuator form the axis of the rod is
denoted by d .

Since the average shear stress on the cross section of
the rod has insignificant effects upon the elastomer [10],
an approximation F1 = 0 may be introduced to simplify
the solution.

The expressions from Lagoudas and Tadjbakhsh are
now revisited. The rod equations can be simplified to:

F3 + F a = 0 ,

M2 − F ad = 0 .

After substituting the constitutive equations into
Eqs. (13)–(14), the curvature is found to have the follow-
ing expression:

k2 =
αβd

1 + β(1 + αd2)
[εt + αa(T − T0)] . (15)

Elongation e of the centroidal line of the rod is given by:

e =
β

1 + β(1 + αd2)
[εt + αa(T − T0)] . (16)

The constants are defined as α = A/I2 and β =
EaAa/EA . The deformation of the rod is then calculated
in terms of the curvature k2 , ie:

k2 =
dθ

ds
, (17)

u1 =

∫ s

0

(1 + e) sin θds+ u1(0) , (18)

u3 =

∫ s

0

(1 + e) cos θds+ u3(0) . (19)
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Fig. 6. Deflection of the rod.

For our active finger, the boundary conditions are u1(0) =
u3(0) = 0. Since k2 is constant, the deflections u1 and
u3 can be explicitly integrated:

u1(s) =
1 + e

k2

(1− cos k2s) , (20)

u3(s) =
1 + e

k2

− sin(k2s) . (21)

Figure 5 is the curve of the normalized curvature, k2R ,
versus the normalized distance, d/k2 , of the actuation
wire to the centroid of the rod. It is interesting to see
that the curvature, k2 , is not always increasing mono-
tonically with increasing distance d . The reason is that
the actuator is a strain actuator. Although it can gener-
ate a larger moment for a given amount of actuation force
if placed further away from the center of the rod, it also
relaxes more by bending. Thus the total actuation effect
may be less. The optimal distance depends on the ratio
β .

Figure 6 presents a comparison of the theoretical pre-
diction with experimental data. The geometry and ma-
terial data of the rod are r0 = 0.25 mm, R = 8 mm,
εmax = 0.08, l = 40 mm, EA = 120 GPa, EM = 50 GPa.
The maximum displacement error in x1 direction is about
1.5 mm.

Xe=
l1 sin 2θ1
2θ1

+l2 cos 2θ1 +
l3(sin θ3) cos(2θ1+θ3)

θ3
,

Ye=
l1(1−cos 2θ1)

2θ1
+I2sin 2θ1+

l3(sin θ3)sin(2θ1+θ3)

θ3
,

(22)

Orientation = θ = 2(θ1 + θ3) , (23)

Transmatrix = Trans(Xe, Ye, 0)Rot(Z, θ)

=







cos θ − sin θ 0 Xe

sin θ cos θ 0 Ye

0 0 1 0
0 0 0 1






(24)

3.3. Model of finger

To control the position and orientation of the fingertip
of the finger the relationship between the end positions of
one finger should be known. The homogeneous transfor-
mation matrix which express the position and orientation
of the ends of a finger will be derived. Figure 7 shows the
geometrical relations between the two ends of the finger
taking one of the ends at origin. From this figure, the co-
ordinate of the end of the finger is expressed as (Xe, Ye)
and the orientation of the tangent direction of the ends
is θ , therefore, the homogeneous transformation matrix
of the end can be derived as equations Eqs. (22)–(24).

3.4 Fabrication of the finger

3.4.1 Preparation of the SMA actuators

The SMA wire, produced in the Chinese Academy of
Science, was received in a coil. In order to insure the ac-
tuators to have a perfectly straight memory shape, it was
decided to anneal the SMA while clamped in a straight
configuration.

Once annealed, the SMA actuators must be carefully
strained by the desired amount. To achieve these ends,
a unique annealing and straining jig was designed and
fabricated of steel. This jig was designed to clamp the
SMA in a straight configuration and to be heated in a
furnace or used to stretch the SMA wire.

The following protocol was used to prepare SMA ac-
tuators:

1) The SMA wire was cut into 5 cm lengths and clamped
into the jig.

2) Annealed at 500 ◦C for 1/2 hour in the local steel
treater’s furnace.

3) Dip in water at room temperature to cool down the
SMA actuators.

4) Strain SMA actuators by stretching and measuring
twinned deformation.
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Table 1. The specifications of used SMA wire actuator

1) Composition Ti-50.2 at% Ni 6) Density 6.5gm/cc

2) Annealing condition 500 ◦C 1/2 hour 7) Thermal Conductivity 0.209w/cm ◦C

3) Dimension φ0.5× 40 mm 8) Coef. of Thermal Expansion 8.5× 10−6 ◦C

4) Maximum strain 0.08 9) Specific Heat 6–8Cal/mol ◦C

5) Young’s modulus A : 120Gpa

A : Austenite 10) TransformationTemperatures( ◦C)
Ms = 65, Mf = 15,

M : Martenite
M: 50Gpa As = 26, Af = 80

Table 2. Specifications of the produced 3 segment active robot finger

1) Dimension φ80 mm 5) Maximum Open Loop Duty Ratio 48%

2) Maximum Bending Angle 60degree 6) Internal Diameter of the Tube 8mm

3) Power Source 4 v 7) Outside Diameter of the Tube 10mm

4) Maximum Closed Loop Duty Ratio 80% 8) Length of Connecting Part 10mm
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Fig. 7. Coordinates system of the finger.
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of the rod.

Specifications of the SMA actuator used in the active
robot finger are summarized in Table 1.

3.4.2 Preparation of an active flexible rod with
embedded SMA actuator

A review of thermoset and thermoplastic polymers re-
vealed a few thermoset polymers that would satisfy the
stiffness and room molding compounds, silicone mold-
ing compounds, and some epoxy foumulations. It was
found that although the polyurethane is know to bond
to metal better than the silicone, under conditions of a
heated SMA actuators, the polyurethane debonded. So,
it was decided to design the active rod using the silicone
mold making compound. The materials we adopt is called
RTV (Room Temperature Vulcanization) silicone rubber
515. To prepare this rod, a special mold was constructed
that could easily come apart for demolding. The SMA
actuators were sandblasted, strained and clamped into
the mold. Subsequently, as the fabrication of the rod, we
mold a 10 mm length connecting part. After placing the
guiding wire at both ends of one rod, we connected the
two rod with the connecting part and cover the bending
parts and connecting part in the polyurethane tube, the
specifications of fingers are summarized in Table 2.

Finally, three fingers were fixed at the vertex of the
equilateral triangle to complete anthropomorphic grasp-
ing as shown in Fig. 9.

4 DRIVING EXPERIMENT

The relation between the duty ratio and curvature
of the rod is shown in Fig. 8. It is assumed that the
polyurethane tube is flexible enough to have a slight effect
on the bending of the rod. The curvature was constant
to approximately 3.8, and thereafter the curvature rose
rapidly. The curvature was about 14 when the duty ratio
was 48%. The open loop maximum duty ratio is about
48%. Considering handling feedback resistance values of
the SMA wire actuator, the closed loop maximum duty
ratio is about 80%.
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Fig. 9. Configuration of hand without activating. Fig. 10. Grasping sphere.

To verity the basic performance of the robot hand, the
driving experiment was conducted to grasp a sphere with
a weight of 3 N and radius 15 mm, as shown in Fig. 10.
The novel hand proved to make pliable motion with about
40 (deg/sec) up to the designed maximum angle (60 deg)
at the responding speed high enough for the purpose.
By controlling the bending of each finger, the hand can
accomplish fine manipulation like human hands.

5 CONCLUSION

We develop the theory of flexible rods with embedded
line actuators. An active rod of 8 mm in outer diameter
with SMA wire actuators was design and fabricated. Us-
ing the rods, we designed a three-fingered robot gripper
to accomplish anthropomorphic grasping and fine manip-
ulations. The maximum bending angle of the finger was
about 60 degrees when the duty ratio is 48%. The proto-
type can grasp a sphere of 15 mm in radius. The motions
are flexible and lifelike. A clear picture of the grasping
experiment shows that the fingertip could reach the set
point fast and precisely.
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