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Abstract

An elemental SMA actuator, consisting of an elastic rod with two embedded SMA wires, is presented. The recover-
ing wire w;, with remembered ‘U’ shape, is located along the rod’s axis. The restoring wire w, with memorized
straight shape, is located in parallel with the rod” axis with an offset distance ;. Two strain gauges, arranged in com-
plemental configuration and sticking to the rod, are used to implement accurate displacement control. Upon the elicita-
tion of the structure of a human being’s hands, a finger with multi-units is proposed. The finger has two flexible rods
with embedded SMA wires and one shorter rod as a connecting part. The number and position of fingers are investi-
gated by making use of a nonlinear plan process with an index W, a function of grasp matrix G. The hardware of the
drive and control system of the gripper has been completed on the base of a DSP chip. After the track plan is realized in
the joint space through B spline interpolation method, the software of the position control system is fulfilled through
two-staged slide control strategy. The simulations and experiments of step response of the SMA actuator are carried out.
It is shown in the experiments that the maximum angle between ends’ tangents of each finger is 68.5, 79 and 79 de-
grees, respectively, and the tip of each finger could reach its final position by using approximately the same time period.
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1. Introduction

Several unique and fascinating multi-degree-of —
freedom grippers have been developed over the past
twenty years, primarily using traditional means of
actuation [1-4]. Though there are many grippers,
there are only a few using a new approach to classical
gripper power. These grippers that utilize advanced or
smart actuators are listed below. The Hitachi Ltd.
Gripper uses SMA wires. This four-fingered gripper
weighs 9.91bs. and is 27.5inches long. Possible appli-
cations for this gripper include maintenance work in
hostile environments, medical micro-manipulators,
and undersea operations [5]. Two other SMA actu-
ated grippers are a biomechanic gripper and a Finger-
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spelling Gripper. The biomechanic gripper is a five-
fingered gripper utilizing four Flexinol NiTi wires per
finger, which are connected on the upper and lower
part of the finger’s body on both sides [6]. The
Fingerspelling Gripper presents data from a computer
one character at a time using a finger-spelling alpha-
bet, which is read by the user placing the gripper on
the device. The gripper has a forearm attached that
houses the 108, 250 micron Flexinol wires acting in
parallel [7].

Though there has been much research accom-
plished on SMA, there is still a need for new design
methodologies and paradigms for lightweight, practi-
cal grippers for robotic systems. It is known that the
advantages of conventional SMA actuators include
their incredibly small size, volume and weight; their
high force to weight ratio and their low cost [8-10].
Their limitations include complex structure, band-
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width and efficiency restrictions, cartoon and discon-
tinuous movements, limited life cycle and non-linear
effects such as hysteresis phenomena. It is proposed
that the novel design methodology and prototype
fabrication discussed in this paper will aid in the ad-
vancement and the development of an embedded
elemental SMA actuator for Humanoid Flexible
Gripper. The design, drive and control of the gripper
are discussed in detail.

2. Design and fabrication
2.1 Elemental SMA actuator

Fig. 1 shows the elemental SMA actuator proto-
type’s structure. The two SMA wires, with the same
radius r,, are embedded in an elastic rod, with the
radius R,. The recovering wire w;, with remembered
‘U’ shape, in other words, bending upon being heated

to suitable temperature, is located along the rod’s axis.

On the other hand, the restoring wire w,, whose re-
member shape is straight, in other words, returning to
beeline upon being heated to certain temperature, is
located in parallel with the rod’s axis with an offset
distance d;. To realize precise displacement control, a
curvature sensor with two strain gauges is designed.
As shown in the figure, the two strain gauges, de-

(a) Cross section

(b) Side view

Fig. 1. Sketch diagram of planar bending ESMAA.

noted by G, and G,, are arranged in complemental
configuration. With a dimension 3mm in width and
Smm in length, the gauges stick to the center of the
rod’s outside surface making use of 502glue. When
the actuator is actuated, the resistance varieties of two
gauges have the same values. The final curvature’s
signal can be derived by a half measuring bridge co-
operating with the resistance varieties.

If wire w; is heated by suitable current, the wire re-
covers to ‘U’ shape upon the temperature above A
the austenite phase transformation beginning tem-
perature). The rod will bend subsequently. When
stopping heating wire w; and heating wire w, by suit-
able current instead, the restoring force of the wire
causes the rod return to default straight immediately.
So, the actuator possesses the ability to move in two
directions and the movement is smooth, flexible and
fast.

As shown in Fig. 1, the vector form of the equa-
tions of equilibrium of a flexible rod acted upon by a
distributed force, f, acting at a distance d from the
centroid, is[11, 12]

dF

— 4+ f=0 (l)
s

M K Fim=0 @)
ds

where F is the rod resultant force vector and M is the
rod resultant moment vector, S denote the arc length
along ¢ and m denotes moment from SMA wire to the
rod. Considering the situation that wire w, is heated, if
k' is the recoverable curvature of wire w, and F"is
the recovering force, the moment M, is obtained as

M, =(1-dk)k,"E*I* 3)

where M, is the component moment of the rod, &, is
the actual curvature of the rod, and E°, I*are Young’s
moduli and moment of inertia of the cross-section of
the wire, respectively. Since the following constitu-
tive assumption is made using beam theory

M, = Elk, “)

where E, I are Young’s moduli and moment of the
cross-section of the rod, respectively. Then, the actual
curvature is
kB (5)
> El+dk,"E'I"

While wire w; is heated then d=0 and m,=0. Simi-
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larly, the curvature of the rod is

k=5t (©)

Accordingly, the actuator’s curvature is obtained
by making use of Egs. (5) and (6):

RET w, is heated
EI (7)
2 a 7
YEd]d
kz—,, w, is heated
El+dk, E'T*

2.2 Humanoid gripper

Since the elemental SMA actuator has the ability to
move in a set direction and output force steadily, it is
used to build a humanoid flexible gripper. In order to
increase the bending angle of the finger and to realize
smoothly an anthropomorphic grasping, upon the
elicitation of the structure of the human being’s hands,
a novel robot finger with multi-units is proposed, as
shown in Fig. 2. The finger has two flexible rods with
embedded SMA wires and one shorter rod as a con-
necting part.

The structure of the SMA-actuated gripper is de-
termined according to that of the human hand. To
validate the elementary principle, the number and
position of fingers should be ascertained firstly. The
least number of fingers for a steady grasp is three.
Besides, there is no sense that the number is more
than five. Otherwise, more fingers will result in a
more complex control system. From the investigation
on the manipulation of the human hand, one can con-
clude that almost all grasps could be completed by
three fingers. Finally, the number of fingers is set as
three. The next step is to determine the location of the
fingers. To begin with, the grasp plan is carried out
with the goal of finding the best contact points within
the object’s feasible operation range, i.e., the grasp
that has the best stability. The process is described as
the following nonlinear plan problem:

Cunnect‘mg part

Fig. 2. Schematic diagram of the finger.

min(~#) = min(—+/det(GG™))
{(xifyiazi)|S(x5yaz):05i:152’
(xi’ypzi)e g(X,y,Z),izl,za”',m

my ®

where x;, y; and z denote the coordinates of the it
contact point, S (x, y, z) = 0 depicts the equation
of the operated object’s profile, g (x, y, z) repre-
sents the feasible operation range, ¥ is the plan index,
and G is the grasp matrix.

In general, the grasp matrix is expressed as:

I 1 - 1 I
G = = — 2
R R, - R,| |R
where Te R*™, Re R*™™, m is the number of
contact points and

0 -z
R =| z 0 -x
-y ox 0

where (x; y; z;) is the coordinates of the i contact point
in the body reference frame.
The grasp analysis of the three-fingered gripper is

¥
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Fig. 3. Displacement relation between three contact points.
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completed making use of the index W. Consider a
sphere with the radius 20mm. The location of the first
finger is fixed and the location of the other two fin-
gers is described by @, as shown in Fig. 3. Fig. 4 is
the relation between index W and ¢ . When @ =
+27/3, W reaches its maximum, which means the best
stability. On the basis of the analysis, three fingers
arrange at the vertexes of an equilateral triangle
equally.

3. Drive and control

3.1 Drive and measurement

The operation of SMAA depends on the phase
transformation of SMA wire, which is realized by
temperature cycles. The drive and control system
consists of the DSP miniature system, drive module
and measure module. The DSP miniature system
consists of the core CPU, clock and reset circuit and
extended external memory. The drive module consists
of wave generator, signal amplifier and power drive.
The measure module consists of electrical bridge,
signal amplifier and filter. The system diagram is as
follows.

The DSP chip TMS320LF2407 is chosen to de-
velop the minimum system. To meet the requirement

)l Amplifier }—).| Power drive H SMAA ‘

Y

system

of debugging, an external 10 MHz oscillator and two
64Kx16 bit high speed SRAM, IC61LV6416-10T,
are needed, as shown in Fig. 6.

The PWM technique, modifying the duty ratio of
the heat current, is found to be the best drive manner.
To begin with, the signal of the sensors is measured to
be compared with the set value. Then, the next heat
pulse width is calculated by the means of suitable
control arithmetic. There are at least two advantages
for the drive manner mentioned above. One is that,
thanks to the integration of heat current, the gripper
would never output incontinuous movement. The
other is that the digital signal could be controlled
easily without a D/A converter. As shown in Fig.7, a
square wave with adjustable width goes out through
the affair manager. Since the high electrical level of
the signal falls in the range from zero to five voltages,
which is not high enough to guarantee the open and
close of the MOSFET, a level conversion chip,
CD40109, is needed. The final signal then goes into
the integrated chip TPS2812 to drive the MOSFET.

To realize precise displacement control, a curvature
sensor with two strain gauges is designed, as shown
in the figure. With a dimension of 3mm in width and
Smm in length, the gauges stick to the center of the
rod’s outside surface with use of 502glue. When the
actuator is actuated, the resistance varieties of two
gauges have the same values. The final curvature’s
signal can be derived by a half measuring bridge in
cooperating with the amplifier, as shown in Fig. 8.

DSP mimimum

-él filter |(| Amplifier H Sensors ‘

Fig. 5. Block diagram for drive and control system.
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Fig. 8. Amplifying Circuit using AD622.
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3.2 Track plan

On the base of robotics, the position relation be-
tween two ends of one finger is shown in Fig. 9. One
end is set as the original point and the other one can
move freely. The angle between tangents of ends is
denoted as 6, [; and L are lengths of leading and
following knuckles, respectively, and /, represents the
length of the connecting part. The movement equa-
tion of the finger, i.e., transformation matrix between
two ends, is expressed as

cos@ sinf 0 x,

_|sin@ cos@ 0 y, )
1o 0 10
0 0 0 1

Since the track plan in the joint space has advan-
tages such as directly using the controllable variables,
real time execution and easy to approach, it’s used in
our work. The steps are as follows: @ According to
several set points on the track of finger-tip, the an-
gles 6, 65 for each points are derived from Eq. (1).
Consequently, each middle point can be regarded as
either the start point or finish point, and at those
points the speed is not zero. @ The track of each
knuckle is created through relevant arithmetic. The
conventional arithmetic consists of cube polynomial
interpolation, parabola transition linear interpolation
and B spline interpolation [13, 14]. Among them, B
spline interpolation is the most simple, convenient to
modify and strictly coincident with all crunodes.
Besides, using the method, not only the crunode’s
position but also its reciprocal, i.e., velocity, is also

continuous. Let the nodes list P, P,, Ps;, ..., P,
be approached by curves list C;, G, C;, ..., C,-.
(x, 0
]
< 8
L /
/
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/
7/4
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-
//
et [:]
- Il

xJem

Fig. 9. Position relation between two ends of finger.

Each curve is controlled by several nodes in the list
and depicted as

Ciw)=[xw) yu) z()]

K (10)
= Z Nj,k (u)Vijl
=0
Where i=1, 2..., n-1, k means degree, Vi denotes

the control points and N Q) is the basic function
and defined as B

1 t.<u<t.

N..(u)= / - (11)
ja() {0 other
and

u—t. )N . u

N, () =M+
Lk =1L (12)
t.., —u)N. u
( Jj+k t )_;H’k_]( )(tk—1 <u<t,)
Jtk JH

where ¢ represents the crunode’s value. If four cru-
nodes are picked to build a B spline curve, the func-
tion matrix is denoted as

-1 3 -3 1
1 3 -6 3 0
Nm(u):g[u3 u u 1]_3 0 3 0
1 4 1 0

(13)

then the conjoint two curves have the following ex-
pressions
Ci,3 (u) = No,s (”)VH + N1,3 (”)Vz
+ N2,3 WV, + N34,3 (”)Vm

i+l

(14)

Ci+1,3 (u) = No,3 (W, + N1,3 @)V
+ N2,3 @V, +1+ N3,3 WV.s

i+2

(15)

Consequently, the i" cube spline curve is depicted
as

-1 3 =3 1|V,
C.3(u)=l[u3 wou 1] 3763 0
" 6 -3 0 3 0|V,
1 4 1 0|V,
(16)
where y€[0,1] and i=1, 2, ..., n-1. The rela-

tion between control points and crunodes is
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Table 1. Coordinates of finger-tip at different crunodes.

Crunode 1 2 3 4 5

X (mm) | 143 | 136 | 118 | 103 90
Yy (mm) | 188 | 345 | 558 | 626 | 658

Table 2. Bending angles of knuckle at crunodes.

Crunode 1 2 3 4 5
6, (rad) 0.2 0.5 0.9 1.3 1.54
6; (rad) 0.2 0.35 0.64 0.78 1.03

70
60

o *
0 50 100 180

x fram

Fig. 10. Position of ends at crunodes.

Ci—l,}(l) = Ci,s 0)=~r, i=1 2, .., n) 17)

from Eq. (16)
Ci—l,s 1= Ci,3 0= (1/6)([/1'71 +4V VL) (18)

So, if the number of crunodes is 7, the number of
control points should be #+2. Obviously, the values of
Vo and V4, should be added. If the superposition
boundary condition v, =V, and V.=V, is

adopted, the final relation between control points and
crunodes is derived from Egs. (17), (18).

6 -6 v, 0
1 4 1 v, | | R
1 4 1 v, | | P (19)

Subsequently, several crunodes of finger-tip are de-
termined; five points in table 1 and the corresponding

2

Bending angle /rad

Crunodes

Fig. 11. Track plan of bending angles of ESMAA.

knuckle bending angles are shown in Table 2. The
position for the ends and the track of two joint vari-
ables, i.e., bending angles, are represented in Fig. 10
and Fig. 11 respectively.

3.3 Displacement control

Due to the nature of the shape-memory effect, the
SMAA is inherently a non-linear device exhibiting
significant hysteresis in the strain-temperature, stress-
strain and resistance-temperature relations. So, a
nonlinear variable structure control strategy is
adopted [15-17]. The key point of the control system
lies in the switching function and control law so as to
make the whole closed loop system meet the follow-
ing restrictions: @ The sliding mode does exist; @
The range of sliding mode is large enough to make
the state trajectory, starting from any initial conditions,
and is driven towards the switching surface ; @ The
sliding mode is steady gradually. The condition (c) is
guaranteed by proper switching function, s. Com-
bined with control law, the switching function s is

s=e (20)
and the switching surface is
s=e=0 (21)

where e is the actuator’s curvature error.
The duty ratio of heat current is

d - dyy €>0 22)
"0 e<0

In the period of heating the wires, the time constant
is small so that the model is simplified as an integra-
tor; then
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Fig. 12. Phase diagram of error.
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Fig. 13. Two-staged slide mode controller.

x=x,+ [K*ddi (23)
é=—x=-K*d, (24)

where x, denotes the set curvature, x is the actual cur-
vature and K is the gain. To ensure that the state tra-
jectory in the error phase diagram is driven towards
the switching surface, we could get

sgn(d,) = sgn(e) (25)
through the sliding mode existence condition
5:5<0 (26)

where the error is positive, the curvature is less than
the set value and the controller outputs current pulse
with certain duty ratio to heat the SMA wires. How-
ever, when the error is negative, the duty ratio is zero
and the SMA wire begins to cool down. Any pertur-
bations from the switching surface result in an imme-
diate control signal that forces the trajectory back
onto the switching surface, and the gradient of the
state space vector is always vertical to the switching
surface, as shown in Fig. 12. In the time optimal sense,
switching is the most efficient way to drive the plant
since the maximum realizable gain is used. To main-
tain the stability of the system, the gain dj;,, must be

15 1
e )

* P 3
~10}-- S e
]
©
=
E : 1 dyg=0.9
4] 2 dygy=0.7

3 (fmgh_o 5

0 1 2 3 4 5
Tume /s

Fig. 14. Two-staged control of different dyg.

chosen so that it is large enough to drive the plant as
quickly as required to the set point, yet be small
enough so as to not cause oscillation larger than a
specified limit.

Since using a single gain in the feedback path re-
sults in a controller that is too conservative, a two-
staged controller has been explored for the control of
the SMA actuator. If the error is large, then the
maximum constant feedback kg, is used. As the state
trajectory approaches the boundary layer the control
is switched to low gain k. This results in a smoother
motion as the state trajectory slows down as it ap-
proaches the set point switching surface. The block
diagram of the controller can be seen in Fig. 13.

In the controller design, d,,, should be determined
carefully. If the SMA wire’s temperature is Ty as the
curvature of the actuator arrives at the set point and
the duty ratio of the heat current is d ', the d,,,, should
be equal to d’ so as to keep the actuator in heat bal-
ance and the temperature of wire stay at 7.

4. Simulation and experiments
4.1 Simulated results

The simulated results show that control parameters
have a sharp influence on the controller characteris-
tics; as indicated in Figs.14-16, the control inputs are
indicated by the dotted lines. When d;,;, decreases, the
overshoot decreases, rise time increases and the re-
sponse slows down subsequently. When d,,, de-
creases, the steady error decreases slightly. When e,
decreases, the overshoot increases accordingly.

Fig. 17 shows the step response result with the con-
trol parameters dyg, = 0.5, digw = 0.2, e = 0.2; the
target curvature is 10m” and sampling time is 0.05s.
From the simulated curve, the rise time is 1.2s, over
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Fig. 15. Two-staged control of different djoy.
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Fig. 17. Step response of two-staged slide mode control.

shoot is 2% and steady error is 0.2m™. The control
signal is found to be discontinuous and the steady
response trajectory enters limit cycles with the fre-
quency 160Hz and maximum magnitude 0.03m’, i.c.,
high frequent periodical oscillation, as shown in Fig.
18. As a matter of fact, the oscillations have slight
influence on the stability of the controller. Finally, the
principle to determine the control parameters is de-
rived from the simulation: @ If the transition time is
long, then decrease dgn; @ If the overshoot is too big

10.4

10,2+

¢t

Cuwrvature
w0
[m]

Tune /s

Fig. 18. Oscillation of the controller.

efm-l

Curvature

1 2 3 4 5
Tune t /s

Fig. 19. Experimental result of step response using two-
staged slide mode control.

and rise time is too short, then decrease dyz; @ If the
target curvature increases, then increase dj,,; @ If the
maximum magnitude of limit cycle is too big, then
decrease dygn; ® If the steady error is big, then de-
Crease g

4.2 Experimental results

Fig. 19 shows experimental step response with the
control parameters dhign=0.5, diw=0.2, e,=0.2 and
sampling time 7= 54.7ms; the curvature is measured
with sensors. It is obvious that the experimental result
is similar to the simulation: the rise time is 1.21s, the
overshoot is 2.5% and the steady error is 0.25m™. The
controller is robust to parameters’ variety.

Fig. 20 shows the step response of the PI controller
with the parameters Kp=0.06, K;=0.0045 and sam-
pling time 7'=>54.7ms. It is found that the rise time is
1.6s, overshoot is 23.5% and steady error is 0.23.
Near the steady portion, some anomalistic oscillations
appear and the set point could not be tailed well. The
purpose of controller should be guaranteed by adjust
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Fig. 20. Experimental result of step response using PI control.

Fig. 21. Pictures of humanoid gripper.

ing Kp and K; on-line so as to add difficulty to the
control system. Consequently, the two-staged sliding
mode controller is more simple and effective and
becomes the ideal strategy for the SMAA. The disad-
vantage of this two-staged controller is that in the
vicinity of the set point the feedback signal is low, so
the plant is easily disturbed by perturbations. The
further work is to justify the controller to be better
robust against the perturbations while firmly main-
taining the stability.

During operation, the grasp and fine manipulation
are executed by the cooperation of three fingers. By
the provision of joule heat obtained from a special
supply, the temperature of the SMA wire reaches the
transformation temperature easily, resulting in the
anthropomorphic and flexible motion of the novel
gripper. Once heating of the SMA wire is stopped, the
gripper returns to its initial relaxed shape as soon as
the temperature of the SMA wire drops.

Fig. 21 shows that the humanoid gripper was bent
and returned to the default position when the currents
were applied to some of the SMA wires. It is shown
in the experiments that maximum angle between

ends’ tangents of each finger are 68.5, 79 and 79 de-
grees, respectively. The tip of each finger could reach
its final position by using the same approximate time
period, and by controlling the bending of each finger,
the gripper could accomplish fine manipulation like
that of a human being.

Since large current ability is required here, we
chose a supply source with maximum voltage of 20
volts and maximum current of 20 amps. By strictly
following manufacturing techniques, it is impossible
for the specification of each finger to be the same
completely; as a result, the simultaneity of movement
cannot be met well. This is perhaps solved by improv-
ing the manufacturing process and choosing a special
control strategy in future.

5. Conclusion

An elemental SMA actuator prototype’s structure is
presented, which consists of an elastic rod with two
embedded SMA wires. The recovering wire wy, with
remembered ‘U’ shape, is located along the rod’s axis.
The restoring wire w, with memorized straight shape
is located parallel to the rod’s axis with an offset dis-
tance d;. Two strain gauges, arranged in complemen-
tal configuration and sticking to the rod, are used to
implement accurate displacement control. It is shown
in the experiments that the actuator possesses the
ability to move in two directions and the movement is
smooth, flexible and fast.

Upon the elicitation of the structure of the human
hand, a novel robot finger with multi-units is pro-
posed. The finger has two flexible rods with embed-
ded SMA wires and one shorter rod as a connecting
part. From the investigation on the manipulation of
the human hand, the number and position of fingers
was ascertained by making use of a nonlinear plan
process with an index W, a function of grasp matrix G.
On the basis of the analysis, three fingers are arranged
at the vertexes of an equilateral triangle equably.

The hardware of the drive and control system of the
gripper has been completed on the base of a DSP chip.
After the track plan is realized in the joint space
through B spline interpolation method, the software
of the position control system is fulfilled through a
two- stage slide control strategy. The simulations and
experiments of the step response of the SMA actuator
are carried out. The results show that the humanoid
gripper is bent and returns to the default position
when a current are applied to some of the SMA wires.
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It is shown in the experiments that maximum angle
between ends’ tangents of each finger are 68.5, 79
and 79 degrees, respectively. The tip of each finger
could reach its final position by using approximately
the same time period.
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