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Abstract

This paper presents our work on design, modeling and characterization of a novel shape memory
alloy (SMA) actuated torsion actuator for meso-scale robots. Development of a miniature torsion
actuator is challenging, but it can enhance the agility and enlarge the workspace of meso-scale
robots. This torsion actuator comprises of a pair of antagonistic SMA torsion springs, which bi-
directionally actuate the actuator by Joule heating and natural cooling. First, the mechanical design
of the torsion actuator is presented, followed by the fabrication of SMA torsion springs. Then, we
present the constitutive model of the SMA torsion spring with an analysis of its strain change, and
derive a quasi-static model with the Coulomb friction torque for this torsion actuator. Finally, a
series of characterization experiments are conducted on the SMA torsion spring and the torsion
actuator prototype to determine the values of all model parameters. This work shows that the
properties of the SMA-actuated torsion actuator can be appropriately characterized by experiments
and the actuator is feasible for robotics applications.
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1. Introduction

Electrical motor-based torsion actuators are frequently utilized in macro-scale robots to
improve their agility and workspace by integrating the torsion and bending motions, such as
Mitsubishi PA-10 Robot arm [1] [2], Willow Garage PR2 Robot [3] [4], and KUKA Light-
Weight Robot [5] [6]. For micro-scale mechatronic systems, torsion actuators are usually
used for transmitting physical signal, like light signals [7] [8], instead of generating force/
torque output [9]. For meso-scale robots that actively interact with the environment, bending
and translation motions are most commonly used for sufficient force/torque output. For
example, SMA wires [10] [11] and tendons [12] were adopted to actuate bending joints of
miniature articulated medical robots. The challenge in implementation of torsion actuators in
meso-scale robots is that traditional electrical, hydraulic or pneumatic actuators are usually
bulky and difficult to be miniaturized, while fabrication approaches for micro-scale systems,
like etching and micromachining[9], are not feasible for meso-scale systems either. On the
contrary, smart materials and structures, such as piezoelectric (PZT) material and shape

junsheng@umd.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sheng and Desai

Page 2

memory alloy (SMA), are promising for the development of a compact and miniature torsion
actuator.

For torsion actuators made of PZT, interdigital electrodes on the outside surface of the PZT
ceramic cylinder determine the torsion angle and driving voltage [13] [14]. A rotary motor is
formed by a PZT-based torsion actuator with grooved helical electrodes[14]. In
aerodynamics, a PZT-driven bending-torsion coupled actuator is proposed to achieve active
vibration control of the rotor [15]. Compared to PZT, shape memory alloys, which have been
researched extensively in both theory and practice [16] [17] [18], have advantages of large
stroke, low cost, and design flexibility in the form of rods [19][20] [21] [22], tubes [23], and
wires [21] [24] [25] [26]. For example, a compact rod-based rotary actuator was developed
by Huang [21] and its thermal and mechanical properties were tested. A torsion actuator for
helicopter rotor blade tracking was developed using an SMA rod [20] and properties of this
form of torsion actuator were experimentally characterized [22]. It was claimed that SMA
tubes were superior to SMA rods because of their higher energy density, larger torque
output, and faster response [23]. In [21] and [24], a series of one-way and bi-directional
torsion actuators formed by SMA wires were designed and they showed relatively fast,
smooth, and stable cyclic motions. In [27], a bi-directional torsion actuator was formed by
coiling an SMA wire around a shaft against a passive torsion spring. In [28], monolithic
flexures transmit the motion and force from SMA wires to a torsion shaft and thus realize a
miniature torsion actuator.

Our research work adopts SMA torsion springs to develop a novel and miniature torsion
actuator for meso-scale robots. Compared to other shape forms of SMA material, the SMA
torsion spring allows a more compact design since it can directly generate a large stroke.
The development of torsion actuator based on SMA torsion springs has not been adequately
researched. In [29], a lock-and-release mechanism was designed based on a pair of
antagonistic SMA torsion springs for miniature self-reconfigurable systems. In [30], a one-
way torsion actuator was developed by using an SMA torsion spring, and actuator properties
such as, rotation angle and maximum torque, were experimentally characterized.

Several SMA constitutive models have been developed to realize a deeper understanding of
SMA working mechanism and effective control of SMA-based actuators. The multi-
dimensional model is derived for complex behavior in three-dimensional (3D) SMA
structures [31] [32] and the one-dimensional model deals with one-dimensional strain and
stress change (such as Tanaka’s model [33], Liang-Rogers model [34], and Brinson’s model
[35]). In our group’s prior work, Liang-Rogers model has been proven to be sufficiently
precise to model SMA-based actuators in the form of wires for a miniature steerable cannula
[10] [11]. In the work of Huang [36], a modified SMA model that differentiates the strain
into elastic strain and strain due to transformation, has been proven to be capable of
predicting the behavior of designed rotary actuator. A two-channel controller is proposed in
a differential torsion actuator built using SMA wires [26]. An LQR controller and a loop-
shaping H-infinity controller for SMA wires are designed, implemented and compared in an
actuator formed by SMA wires, and the capability of disturbance rejection are observed
[37].
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The rest of this paper is organized as follows. In section Il, we present the mechanical design
of the novel SMA-actuated torsion actuator and the training approach of SMA torsion
springs. In section 111, the shear and normal strain of the SMA torsion spring is analysed,
followed by the derivation of the constitutive model for the SMA torsion spring. In section
IV, we present the derivation of the quasi-static model for this SMA-actuated torsion
actuator by modeling the torsion spring stiffness and also considering the Coulomb friction
torque. In section V, we present a series of experiments to characterize the parameter values
of the quasi-static model and Coulomb friction torque. Finally, we make some concluding
remarks in section VI.

2. Torsion Actuator Development

This section presents the mechanical design of the SMA-actuated torsion actuator, the
working mechanism of bi-directional movement of the actuator, and the training approach of
SMA torsion springs.

2.1. Mechanical Design

Figures 1(a) and 1(b) show the prototype and 3D model of the meso-scale SMA-actuated
torsion actuator, respectively. The actuator primarily comprises of a metallic bolt as the
torsion shaft, a base disk and a top disk fixed on the shaft, a torsion disk rotating around the
shaft, and a float disk connected to the torsion disk by supporting rods. Two SMA torsion
springs are respectively fixed on the top disk and the base disk with super-glue at one end,
and connected to the torsion disk at the other end to actuate the torsion disk and the float
disk. A pair of electrical wires (not shown in figure 1) are soldered to each SMA torsion
spring (A and B). There are two plastic sheaths installed between the torsion disk and the top
(base) disk along the torsion shaft, which constrain the axial motion of the torsion disk and
prevent from short circuit of SMA torsion springs via the torsion shaft. The threads of the
bolt are filled with grease to reduce the Coulomb friction torque. The shapes of the base disk
and the float disk can be tailored to make the actuator compatible with various robotics
systems.

The SMA torsion springs both contain five coils and have identical geometrical and
mechanical properties including the same counter-clockwise winding shape. The two SMA
torsion springs on the left- and right-side in figure 1(b) are denoted as SMA A and SMA B,
respectively. Figure 2 shows the schematic of SMA torsion springs and float disk as a right
view of figure 1(b). The positive directions of SMA A and SMA B at their attachment to the
torsion disk are counter-clockwise and clockwise and the positive direction of the torsion
actuator, as well as the torsion and float disks, is counter-clockwise. So a positive motion of
SMA A and a negative motion of SMA B will generate a positive motion of the torsion
actuator. Before assembly, both torsion springs are tightened by 0.56” (6” is the total pre-
deformation of the springs) to generate a total pre-deformation of three cycles in our
prototype. If SMA A is heated by electrical current, it will generate a recovery torque, move
clockwise and deform SMA B via the torsion disk, and vice versa. In this way, the torsion
disk and the float disk can rotate bi-directionally when different SMA torsion springs are
alternately actuated by Joule heating and natural cooling.
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2.2. SMA Torsion Spring Training

There are two steps for training SMA torsion springs. As shown by figure 3(a), the first step
is shaping the SMA torsion spring by winding a nitinol wire around an off-the-shelf metallic
bolt mounted on a steel block. The two ends of the nitinol wire are fixed by bolts and nuts.
To develop a compact torsion actuator, a small diameter of the torsion spring is preferable,
but the coil pitch will decrease if the diameter of the off-the-shelf bolt decreases. Too small a
pitch is inappropriate, since the neighbouring coils could contact each other and cause a
large friction torque on the actuator. Besides, there is also a trade-off for the diameter of the
nitinol wire. An SMA torsion spring made of very thin wire may not generate sufficient
torque to move the external load, while a very thick wire will increase the spatial volume of
the actuator and the chance of contact amongst neighbouring coils. Thus, based on our
group’s prior research on SMA actuators [10], the geometric properties of the SMA torsion
spring for this torsion actuator are summarized in table 1.

The second step is heat treatment of the torsion spring. The SMA wire with the metallic
block is kept in an oven at 490°C for 40 minutes. After this, this device is taken out of the
oven and dipped inside an ice-water mixture to cool it down. After the annealing process, the
SMA wire is removed from the metallic block and forms an SMA torsion spring which
shows one-way shape memory. When the SMA torsion spring is deformed and then heated,
it will tend to recover its original shape and exert a pulling force if its two ends are
constrained.

3. Torsion Actuator Modeling

In this section, we conduct an analysis of the shear and normal strains for the torsion spring,
demonstrate that the normal strain is the dominant strain in the torsion spring, and derive the
constitutive model for the SMA torsion spring based on the normal strain change. We then
derive the quasi-static model for the torsion actuator by taking the Coulomb friction torque
into account and utilizing the mechanical model of the SMA torsion spring.

3.1. Shear and Normal Strain Analysis

During assembly, the SMA torsion springs are mounted between the disks with a small
amount of axial pre-compression. Figure 3(b) shows the schematic of the SMA torsion
spring. The natural axial length without any axial constraints is denoted as L, and given by:
L,= Lgsin a, where Lgis the length of the nitinol wire and a is the pitch angle of the spring
coils. If we assume that a is constant when the torsion spring is rotated, L, does not change
either. Thus, the compression of the torsion spring is constantly equal to the pre-
compression, which is given by: Lg=L,- L. where L. is the distance between the torsion
disk and the base (top) disk. The shear strain of the torsion spring is given by [38]:

_ K, dLjg
ZND?

Y 0]

where d; N, and D are the wire diameter, number of active coils, and spring mean diameter,
respectively, and K, is the Wahl correction factor approximately equal to one[39]. If a is
assumed to be small, L is given by:
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L= NzD 2

Thus L, can be calculated by the initial values of MVand D, which are denoted as Ay and Dy
as shown in table 1. Since the first and last coils of the torsion spring are fixed with the disks
and not deformable, Ag is equal to three as shown in table 1. The angle of the torsion spring
and the number of its active coils is correlated by:

0
N=Ny+o- ®)

where @is the angle of the torsion spring. By substituting equations (2) and (3) into equation
(1), the shear strain is rewritten as:

0 77:dL{5
V= (N ot 2—)—2 @)
T Ls
On the other hand, the maximum normal strain in a wire with a circular cross-section is
given by:
e=2 5
By substituting equations (2) and (3) into equation (5), the normal strain is rewritten as:
ndN
0, 6 6d
€e=¢€+e =—F—+5 (6)
it T oL 2L
where e;and e;represent the initial strain due to spring shaping and strain change due to
torsion, respectively. Due to the annealing process, e;can be subtracted and the above
equation is simplified to:
e=C,0 (7)

where C, = %. The ratio between the shear strain and the normal strain with respect to the
N

torsion angle is shown in figure 4. It shows that for a small amount of pre-compression, the
shear strain is much smaller than the normal strain after a rotation of 100°. In our case, Lgis
equal to 0.5mm and the deformation of the SMA torsion spring is assumed to be much larger
than 100°, so only the normal strain is modeled for the SMA torsion spring.

3.2. Constitutive Model for SMA Torsion Spring

Most of the SMA constitutive models are based on the assumption of quasi-static loading
and thermodynamic equilibrium. Considering the validity of Liang-Rogers model in
predicting the behavior of bending joints in our group’s prior work [10] [11], we have
adopted the same model. According to the Liang-Rogers model, the one-dimensional SMA
constitutive model is given by [34]:
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0 —0y=E(e—¢p) + (&~ &) +6(T - T) ®)

where £, Q, and © represent the Young’s modulus, transformation coefficient and thermal
coefficient of expansion, respectively. 7, o, , and € denote the temperature, stress, strain,
and martensite volume fraction, respectively. The variables with subscript ‘0’ denote their
initial status. The thermal coefficient is negligible, because the strain caused by thermal

expansion is much smaller than the strain caused by phase transformation. When e < ¢{"
(Note: ef,’ is the start of the stress-induced martensite phase), the Young’s modulus is given
by [34]:

E=E,+&Ey-E,) ©

where E4 and £y, are the Young’s modulus values when £is equal to 0 and 1, respectively.
When e > ¢", the Young’s modulus is constant at £s. The phase transformation coefficient is

given by [34]:

Q= -¢kE (10)

where e, = C; 6y, as indicated by equation (7), and e; and 6, are the maximum recoverable
strain and torsion angle, respectively. For a torsion spring, the stress is correlated with torque
by [38]:

o=CKr 1y

32

= T is the torque, and K is the stress-concentration factor approximately
d”

where C,=

equal to one. By substituting equations (7), (10), and (11) into equation (8), the constitutive
model for the SMA torsion spring is given by:

Cylz = 79) = CLE(0 = 0p) = C10,E(¢ - &) 12

During the transformation from martensite phase to austenite phase (M—A) and from
austensite phase to martensite phase (A—M), € is given by:

Cyt
0 /4 2
Evi =—[cos—(T—A ——1|+1 (13)
M—A= 7| A=A] s C,
and
1-¢, - Cor\| 1+¢&,
Ey = cos T—M-——) — (14)
A—M= ] M, =M\ 17y, 2

where Ag, Ar Mg, Mg C4and Cyyrepresent the austinite start temperature, austinite finish
temperature, martensite start temperature, martensite finish temperature, and stress influence
coefficients for these two processes, respectively. Therefore, ten parameters including £,
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Em Es A5 Ar, Ms, My, Cy4, Cpyy and €7 need to be characterized by experiments. Three

approaches for transformation temperature determination, including DSC, electrical
resistance, and applied loading method, have been examined by Abel et al. [40]. The results
showed that the applied loading method was the most effective and the transformation
temperatures measured by the electrical resistance method and the applied loading method
were similar. Hence, we have adopted the applied loading method to determine these model
parameters.

3.3. Mechanical Model for SMA Torsion Spring

When € changes due to temperature variation, the Young’s modulus of SMA changes which
results in a change in the stiffness of the SMA torsion spring. Since the Young’s modulus of

SMA depends on (" as discussed in section 3.2, the stiffness of the torsion spring is divided

into two sections by the critical angle, 65", which is given by:

S
o= (15)

When ¢ < ¢¢", the stiffness of the torsion spring is given by:

K@ =K,+&K, —K,) (16)

where

Ky=—~E an

E 4 is almost two to three times larger than £, and Egis much smaller than £y, The
stiffness of the SMA torsion spring as a function of the torsion angle is shown in figure 5,

which shows that the torsional stiffness is divided into two regions by ¢.".

3.4. Quasi-Static Actuator Model

The model of the SMA-actuated torsion actuator comprises of a pair of antagonistic SMA
torsion springs, which are denoted as SMA A (2) and SMA B (5) and connected by the
torsion disk (3) as shown in figure 1. If we assume that SMA A and SMA B are alternately
heated and naturally cooled, figure 6 shows the working mechanism of the SMA-actuated
torsion actuator. The red sections represent the fixation parts of spring coils to the base disk
and the top disk, and the blue sections represent the fixation parts of spring coils to the
torsion disk.
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From status 1 to status 2, SMA A is heated to recover its deformation, resulting in a
clockwise rotation of the torsion actuator. After the heating is stopped at status 2, SMA A is
naturally cooled to the room temperature from status 2 to status 3. In this process, SMA A is
slightly deformed by SMA B due to the reduced stiffness of SMA A, and a counter-
clockwise rotation of the actuator is caused. Then, SMA B is heated when SMA A is at the
low temperature from status 3 to status 4. If we assume that the heating and cooling
processes for SMA A and SMA B are identical, the motion process will return to status 1
after SMA B is cooled naturally to the room temperature. Therefore, our modeling process
will focus on the heating and cooling processes for SMA A. The parameters of SMA A and

SMA B at specific status are respectively denoted as PAi and PBi (71=1, 2, 3, 4), where Pisa
particular physical parameter, such as torsion angle (6), torque (), temperature (7), and
martensite volume fraction (€). Because of pre-deformation, &°, the torsion angles of SMA
torsion springs are correlated by:

0" + 0% =o" (18)

where 64 and 67 are the torsion angles of SMA A and SMA B, respectively, as shown in
figure 2. If the torsion actuator moves in a quasi-static way, the torques applied on the
torsion disk are statically balanced, which yields:

_TA + TB —_ Tf = O (19)

where 4 and 5 are torques given by SMA A and SMA B, respectively, and z’is the
Coulomb friction torque. It is assumed that «/ = “sign (0’) when the torsion actuator moves,

where 7€ is the constant friction magnitude and &’ is the angle of the torsion actuator as
shown in figure 1. When the torsion actuator is static, the Coulomb friction torque varies
between + ¢,

By incorporating the Coulomb friction torque into the stiffness model (figure 5) and utilizing
the angle and torque relations given by equations (18) and (19), two typical motion
processes are shown in figure 7 by following the working mechanism as shown in figure 6.
The boundary condition to differentiate these two cases is whether the SMA torsion spring is
heated to an angle smaller than a critical angle B, In case (a), the torsion actuator will not
move in the beginning of the cooling process due to friction torque until SMA A reaches Ay
when 4 decreases. When /= z€, the torsion actuator starts moving counter-clockwise. In
the heating process, SMA A will start moving immediately from Az once it reaches the
transformation temperature. In case (b), the torsion actuator will be motionless in the whole
cooling process from A, to Az due to friction torque. In SMA A heating process, the torsion
actuator will not move in the beginning when 4 increases, until = —z€at A;,. We will
model the heating and cooling processes for SMA A for these two cases, respectively. In
SMA A heating process, the governing equation is given by:

Cy(t" = 7)) = C,E(0" - 0) - C,07E(e" - &) (20)
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where the initial status is A; when SMA A starts getting heated. Since in case (b), the
torsion actuator will not move until Aq2, we will study the heating process from Ao to Ay
and take Aj» as the initial status instead of A;. When the torsion actuator is static from A; to
A1, the governing equation at Ay, is given by:

A A A A
CZ(T 12 —701) = - clefL“E(g 12_ gol) 21)

Where

1 r
%0 M's S

A A
12 oF o

T =KM9§"+K ¢

+7

cr
-0
s

S

A
Note that 501 = 1. Equation (21) can be rewritten as a quadratic equation as a function of

& “yand ¢ "< e[0,1]is solved from it. If ¢ "~ =1, it implies that €= 0 and the torsion

A
actuator will move immediately once SMA A is heated. If ¢ 2_0orno appropriate
solution exists, it implies that the torsion actuator will stay static in the whole heating

A
process, since z¢is too large. Therefore, we take 68 = 1 for case (a) and 56‘ =¢ 12 for case

(b). When the torsion actuator starts moving, the friction torque is constant, so the change of
™ is the same as &, which varies by following the rate of K. So the change of 4 is given

by:

—— 1'6‘ = KS(HQ - GA) 22)
By substituting equation (22) into equation (20), the angle of SMA A is given by:

A
PP v B @

E(afA +Eg

After the heating process, SMA A is naturally cooled down in ambient air. In this process,
equation (20) is still the governing equation. In case (a), the torsion actuator will not move
until it reaches Ay3. So we will look into the cooling process from Ay3 to Az and take Ay3 as
the initial status instead of A,. From A, to A3, the change of 84 is zero, so the governing
equation at Aos is given by:

C2(T B 732) = - CIH;}E(é

A A
B_g 2) 24)

where
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A
Note that .502 = 0. Equation (24) can be rewritten as a quadratic equation as a function of

A3 A23 - Cove A28 - -
& “yand ¢ <7 €0, 1] is solved from it. If ¢ <7 =1, it implies that the torsion actuator will be

A
static in the whole cooling process due to relatively large €. If & 23 = 0, it implies that the
torsion actuator will move immediately once the cooling process begins because z€= 0. So

A
we take .§A =¢ 23 for case (a). After Aoz, the torsion actuator starts moving and the change
0 3 g g

of s given by:
TA—ngKM(Hé—HA) (25)

By substituting equation (25) into equation (20), the angle of SMA A is given by:

E(&A

The stop angle of SMA A at Az can be solved using the following torque balance
expression:

3 c 27)

Where

3_ cr
T —KMHS +K

A
2 Ccr
oF—6 20 )—KM

N

S|

A
0 3 is solved from the above expression as:

A A
2 2
A KS(QP—G )+KM0 -1

o' = (28)

K¢+ Ky,
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A, A
The critical angle S, can be solved by letting 0 * = 6 %= g, which yields:

< ¢
bu= 3Kt T (29)

In case (b), the torsion actuator will not move from A, to As, so the angles of torsion springs

A B
aregivenby ¢4 =69 Zand 6 =9 .

4. Characterization Experiments

This section presents the characterization experiments for the quasi-static model of the
SMA-actuated torsion actuator. It comprises of two steps, including characterizations of the
SMA torsion spring and the Coulomb friction torque of the torsion actuator.

4.1. SMA Torsion Spring Characterization

The experimental setup for the torsion spring characterization is shown in figure 8. An SMA
torsion spring of four coils is fixed to the base of the platform at its bottom coil. The top coil
is fixed to a linker mounted on the shaft of a encoder (US Digital H5-5000-IE-S), and thus
the torsion angle can be measured and fed to a master PC. A pair of electrical wires are
soldered to the top and bottom coils to realize Joule heating by a current source (Maxon
Servoamplifier LSC 30/2). The current output can be controlled by modulating the voltage
command given by the master PC. A RTD temperature sensor (Alpha 56A1002-C3) is
bonded with the middle section of the torsion spring to measure and feed the temperature to
the master PC. All digital and analog signals are communicated via a 1/0O board (Sensory
626) in the master PC. Based on this setup, there are four steps of the SMA torsion spring
characterization as shown in table 2.

Step 1 - Torque free test: The load cell (Transducer Techniques MLP-10) in figure 8 is
removed in this step. The torsion spring is pre-deformed to a particular angle (8,) at the
room temperature and it will start recovering to its initial configuration when it is heated
above the transformation temperature. If the friction torque is negligible, the recovery angle
profile can be derived from equation (12) as: 8= 6y + 6,(£ — 1), where &y and 6; are both
equal to 8, Figure 9 shows the angle profile when the torsion spring is pre-deformed to
-118° and —-138°, respectively. The least-square approach is adopted to fit the Liang-Rogers
model and the Tanaka’s model with the experimental data by searching for optimal Asand
Apr The results show that the Liang-Rogers model can fit the experimental results better, so
Agand Arare summarized in table 3.

Step 2 - Determination of Ey; and Eg: The experimental setup is the same as the first
step, except that the bolt works as a lever to apply a pushing force on the load cell. In this
step, the relationship between the torsion angle and the pushing force is measured at the
room temperature. So when & = 1 at the room temperature, the governing equation (12) is
Cy(F = Fy)L

2 l, where Fis the measured force applied on the load cell, and Fy

rewrittento £ = ———"—
Cile -9y
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is the initial force when @is equal to &y, and L,is the leverage length. Since the encoder
reading is negative when the SMA torsion spring tightens, we have used absolute value of

angle difference. By measuring the rate of force change before and after 9?’, the values of

Epsand Escan be obtained. Figures 10 and 11 show the reaction forces of the load cell for
these two cases, respectively, and linearization of the experimental data yields the value of
Epsand Es In figure 11, we select the middle section of the angle profile (—400° to —300°)
to do the linearization, because the stress will initially increase at the rate of £y, if the stress
starts from zero, and the ending of the stress-induced martensite phase may be achieved in
the end of the angle profile. Another reason to explain the increased rate of force change is
that the friction torque between the neighbouring coils increases significantly when the coils
become very tight at a large torsion angle. The intersection of the linearization results yields

the critical angle, 6", and ¢{" is found by using equation (15). Experimentally determined

values of £y, Es, 0." and ¢;" are summarized in table 3.

Step 3 - Determination of Ep and Cpx: The block test is adopted, and the experimental
setup is the same as the second step. In this step, the SMA torsion spring is pre-deformed
and the pre-deformation is measured to be —85° in our test. When the torsion spring is
heated and tends to recover the deformation, the load cell will constrain its motion and the
block force is measured. A Pl controller is adopted to track the temperature reference by
modulating the current input to the SMA torsion spring with temperature feedback from the
RTD temperature sensor. From equation (12), the generated force is given by:

CyloglE -0 : : :
F=—®Fc7—, where £ is described by equation (13), and when & = 0, the generated force
2"
. ) i C1l00lE 4
is maximum and is given by: F, = —~——. Note that we have used absolute value of
2"

angle, since the encoder reading is negative when the SMA torsion spring tightens. Thus, £4
can be characterized by using the measured maximum force. By using the least-square
approach to fit the profile of the generated force, optimal C4 value is characterized, and
values of £4and C4 are summarized in table 3. The experimental results and model
predictions are shown in figure 12(a).

Step 4 - Determination of Mg, M and Cy, for A— M: Different from M — A, the
shape of the SMA torsion spring will not change when it is cooled down, so the torque free
test is not feasible. Thus, we take advantage of the cooling process of the previous block test
to characterize M, Mrand Cy, by fitting the model using the least-square approach. In the
cooling process, the expression of the generated force is the same as that during the heating
process in the previous test, while £ is described by equation (14). Figure 12(b) shows the
experimental results and the model predictions based on the fitted model when the SMA
torsion spring is cooled down after the test shown in figure 12(a). The values of M,, Mrand
Cysare summarized in table 3.
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4.2. Friction Torque Characterization

The experimental setup for the Coulomb friction torque characterization is shown in figure
13. The torsion actuator is installed on the test stage by fixing the torsion shaft between two
parallel plates mounted on the stage. Two weightless (practically) wooden sticks are
respectively glued on the base disk and the torsion disk with two vision markers on either
stick. The vision camera (MicronTracker 2) is used to track the four vision markers by
Lucas-Kanade optical flow method. The spatial positions of all markers are calculated by
OpenCYV libraries and the orientations of both sticks are computed by marker positions.
Using this approach, the angle of the torsion actuator is obtained by tracking the various
markers. All vision-related processes are conducted on a slave PC.

The electrical wires of either SMA torsion spring are connected between the current source
and a switch (International Rectifier IRL540N MOSFET), which is controlled ON and OFF
by the master PC through the 1/O board. By turning one switch ON and turning the other
switch OFF, we can heat the corresponding SMA torsion spring by passing electrical current
and control current magnitude by the voltage command. The temperature of either SMA
torsion spring is measured by the RTD temperature sensor, and the measurements are fed to
the master PC via the 1/O board. The sampling time of the master PC is set as 15ms to
coordinate serial communication with the slave PC.

The positive direction of the torsion actuator is counter-clockwise as shown in figure 13.
When SMA A is heated, the torsion actuator moves clockwise and the torsion angle
decreases, and vice versa when SMA B is heated. To have a uniform home position for the
torsion actuator, we heat SMA B to make the actuator rotate to the positive extremum and
then cool it down naturally to make it stop at a stable angle. This stable angle is exclusively
determined by the properties of the actuator and assumed to be the same for different tests.
This characterization experiment includes two consecutive steps. In the first step, the torsion
actuator is actuated in the negative direction by heating SMA A for ten minutes according to
a temperature reference, as shown in figure 14, followed by a natural cooling process for the
subsequent five minutes. In the second step, the torsion actuator is actuated in the positive
direction and SMA B is heated and then naturally cooled in the same way. The temperature

change in the heating process is controlled by a PI law given by: i = KZeT +K! [e' dr, where
el=T7T,-Tandi, T, T, K[T), and Kl.T are the current reference, temperature reference, actual

temperature, and proportional and integral gain, respectively.

The angle change of the torsion actuator is shown in figure 15. It shows that the maximum
motion range is 466°. The heating and cooling processes are slow to ensure a quasi-static
motion of the torsion actuator and figure 16 shows the temperature profiles for both SMA
torsion springs. It shows that when one SMA torsion spring is heated, the temperature of the
other one increases slowly, probably because of the heat transfer between them via the
ambient air and the actuator body. From figures 15 and 16, we observe that the angular
extremum is achieved when the temperature of SMA torsion spring is close to 70° C. Since
the motion of the two steps are theoretically identical due to the same heating and cooling
processes, only the heating and cooling process for SMA A is employed here for the
Coulomb friction torque characterization. The angle of the torsion actuator as a function of
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temperature for SMA A is plotted in figure 17. By applying the least-square approach with
the quasi-static model, the Coulomb friction torque is characterized and summarized in table
2. As shown in figure 17, the quasi-static model predicts the angle change of the torsion
actuator well.

5. DISCUSSION AND CONCLUSIONS

The primary contributions of our work includes the following aspects. Firstly, we propose
the novel design of a meso-scale SMA-actuated torsion actuator. The mechanical design of
the torsion actuator and the fabrication approach of SMA torsion springs are presented.
Secondly, we conduct a strain analysis of the torsion spring, followed by the constitutive
model for the SMA torsion spring and then derive the quasi-static model for the torsion
actuator. Thirdly, a series of experiments are designed and implemented to characterize all
model parameters and the Coulomb friction torque. The model prediction based on the
characterized parameters fits the experimental result well.

The development of this SMA-actuated meso-scale torsion actuator is the first step towards a
disposable SMA-actuated neurosurgical robot for intracerebral hemorrhage evacuation. The
fatigue life of SMA materials can be more than one hundred cycles if the frequency is low
[41] and over one hundred thousand thermal cycles can be achieved by NiTi-based SMA
[42]. Considering the fact that the required speed for a typical neurosurgical hemorrhage
evacuation procedure is not high and the number of cycles is usually limited, the stability of
the designed actuator is assumed to be high. The maximum block torque of this actuator was
measured to be several mNm, which is smaller than the torque output of a bi-directional
torsion actuator based on SMA wires in [21] and larger than the torque output of typical PZT
torsion actuators [43] [44]. Considering the presented device and the diameter of adopted
SMA wires are much smaller compared to [21], the torque output of our device is
comparable. Since the brain tissue is very soft and the bending joints made of the same SMA
wires are capable of steering inside the gelatin [45], the measured torque output is sufficient
for our application.

Our future work will focus on improving the mechanical design to seal the actuator, reduce
friction torque, and increase the torque output. We also plan to develop a dynamic controller
for more precise tracking and faster response, and improve the performance of this torsion
actuator on a meso-scale neurosurgical robot.
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(@)

Figurel.
Meso-scale SMA-actuated torsion actuator: (a) Prototype. (b) 3D Solidworks model.

Primary components include: Base disk (1), SMA torsion spring A (2), Electrically isolating
sheath (3), Torsion disk (4), SMA torsion spring B (5), Top disk (6), Float disk (7),
Supporting rods (8), and Metallic bolt (9) (thread size: 4-40). All components except for the
bolt and springs are made of VeroWhite material on an Objet 350V 3D printer.

Smart Mater Struct. Author manuscript; available in PMC 2020 January 24.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sheng and Desai Page 19

SMA A SMA B Float Disk

# o~ —~E

@ Attachment to the torsion disk ~ ® Attachment to the base (top) disk

Figure 2.
Schematic of SMA torsion springs and float disk with definitions of positive angle

directions.
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(a) (b)

Figure 3.
(a) Training setup for SMA torsion springs: Fixing bolts and nuts (1), Shaping bolt (2)

(thread size is 5/16”-18), and Nitinol wire (3) (diameter is 0.5mm). (b) Schematic of the
SMA torsion spring.
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400

Ratio between the shear strain and the normal strain in terms of torsion angle under different

pre-compressions.
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Figure5.
Schematic of the torsion stiffness of SMA torsion spring for different £ vs. the angle of

SMA torsion spring.
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SMA A SMA B

© O
00
0 &

@® Attachment to the torsion disk

Working mechanism of the SMA-actuated torsion actuator when SMA A and SMA B are
alternately heated and naturally cooled. The cooling process here is natural cooling in
ambient air. Status 0 denotes the initial configurations of non-heated SMA A and SMA B.
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Figure 7.
A A
Schematic of the motion process of torsion actuator when 6 2 < .. (@) and o 2> B.., (b).

Ideal change is the torque of SMA torsion spring when it is heated and there is no friction
torque, and its upper (lower) solid lines denote the torque of SMA torsion spring when z’is
equals to z¢€and —z¢, respectively. The motion process follows the sequence 1—2 — 3—4

—1.
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Figure8.
Experimental setup for the SMA torsion spring characterization: Load cell (1), Leverage (2)

(L;=26.4mm), Linker (3), Encoder (4), SMA torsion spring (5), and RTD Temperature
sensor (6).
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Figure.
Experimental torsion angle at zero torque level during the heating process along with the

model. The root-mean-square error (RMSE) is 9.5752° for Liang-Rogers model (As=36°
C,AF54° C) and 14.8436° for Tanaka’s model (A=42° C,A£60° C). R?=0.9771 (-118°,
Liang-Rogers), R2=0.9860 (-138°, Liang-Rogers), R2=0.9454 (-118°, Tanaka), and
R2=0.9653 (-138°, Tanaka).
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Reaction force of the load cell vs. the torsion angle for small angle range at the room
temperature. The RMSE is 0.0105N. R2-value is 0.8475 for the 15 experiment and 0.7421

for the 277 experiment.
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Reaction force of the load cell vs. the torsion angle for large angle range at the room
temperature. The RMSE is 0.0113N. R2-value is 0.6357 for the 15 experiment (-400° to
-300°) and 0.7532 for the 2/ experiment (—400° to —300°).
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Figure 12.

(a) Reaction force of the load cell for the block test when the SMA torsion spring is heated.
The RMSE is 0.0227N, and R2-value is 0.9392. (b) Reaction force of the load cell for the
block test when the SMA torsion spring is cooled down naturally after the test(a). The
RMSE is 0.0125N, and R2-value is 0.9850.

Smart Mater Struct. Author manuscript; available in PMC 2020 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sheng and Desai

Page 30

—_

Figure 13.
Experimental setup for the Coulomb friction torque characterization: SMA A (1), Torsion

disk (2), SMA B (3), Base disk (4), Markers (5), Wooden sticks (6), and Test stage (7). An
RTD temperature sensor is attached to each SMA torsion spring.
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Figure 14.
Snapshots of the torsion actuator characterization experiment. When SMA A is heated, the

actuator moves clockwise as the arrow indicates.
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Figure 15.

Evolution of the angle of the torsion joint in one cycle. Because the bi-directional motion is
symmetric, the profile is shifted to align the middle angle position with the zero angle.
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Figure 16.
Temperature profiles of the SMA torsion springs. The SMA A and SMA B are alternately

heated for ten minutes to track pre-designed temperature references and then cooled
naturally in ambient air for five minutes to reach the room temperature.
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Figure 17.

Angle profile of the torsion actuator when SMA A is heated and then naturally cooled. The
root-mean-square error is 16.7588° and R2-value is 0.9867.
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Table 1.

Geometric properties of SMA torsion springs.

Parameter Meaning Value Unit
Dy Initial Mean Diameter 6.8 mm
D Wire Diameter 0.5 mm
Ny Initial Coil Number 5 N/A
Ny Initial Active Coil Number 3 N/A
p Coil Pitch 13 mm
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Table 2.
SMA torsion spring characterization steps.
Test No. Test Description Characterized Parameters
1 Torque Free Test A Af
2 Torsion Angle vs. Force Test Ew E, (9;7, e
3 Heating Process of Block Test Ep Ch
4 Cooling Process of Block Test Mg, Mg Cyy
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Table 3.

Results of characterization

Parameter  Value Unit
As 36 °C
Af 54 °C
M 53 °C
My 32 °C
En 30.035 GPa
Ep 96.375 GPa
Es 7.847 GPa
Ca 95 MPa/°C
Cuy 56 MPa/°C
e’ 00046  N/A

2 0.0007 Nm
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