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Retractable Locking System Driven by Shape
Memory Alloy Actuator for Lightweight
Soft Robotic Application

Young Jin Gong

Hosang Jung*”, Dongsu Shin

Abstract—Shape memory alloy actuators (SMA) are widely used
in robots owing to their flexibility and light weight. However, there
is a drawback in that SMAs need to be used as a bundle owing to
their lower force density than the motor. In addition, SMAs require
continuous current to maintain a contracted state, which results in
the overheating of the actuator, causing breakdown and excessive
energy consumption. This study presents a new locking system that
can mechanically hold the contracted state of an actuator without
consuming energy to overcome the disadvantages of a spring-
type SMA. The locking mechanism was designed with a ratchet
structure and pawl to prevent the actuator from stretching in the
opposite direction when locked. In addition, to switch the locking
and unlocking states with a single one-way actuation, a bistable
retractable mechanism was applied to the system. Repeatability
experiments and an analysis of the locking system resolution were
conducted to validate the performance of the proposed mechanism.
Furthermore, an underactuated finger applied to the proposed
locking system was fabricated, and its feasibility is experimentally
presented.

Index Terms—Bistable mechanism, locking mechanism and
SMA spring actuator, soft robot applications, soft sensors and
actuators.

1. INTRODUCTION

HE skeletal muscles contract to move various joints in a

human body. Each joint has muscles attached to it that
move the joint; thus, the joints move through contraction and
relaxation. Each muscle moves silently, is very sophisticated,
and responds quickly. Recently, various artificial muscles, which
include pneumatics, polymer fibers, and shape memory alloys,
have been developed to mimic the benefits of skeletal muscles
[11, [2], [3], [4], [5], [6], [7], [8]. Shape memory alloys actuator
(SMA) has a high energy density and can be used in various
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shapes. Therefore, SMA are actively used in extensive applica-
tions and have attracted attention as next-generation actuators to
replace motors [9], [10]. These SMAs can be used depending on
the required force and size, while controlling the length and num-
ber of spring coils to suit the required specifications and size of
the model [11], [12]. However, after the completion of operation
of the SMA and cooling down, the force gets released and the ac-
tuator freely deforms, obstructing it to maintain its contraction.
This flexibility is also an advantage of the SMA; however, this
hampers the robotic joint from holding the object or maintaining
the grip. Many locking mechanisms have been studied to solve
the power management or actuator breakage problems caused by
continuous energy consumption to maintain the displacement of
the soft actuator, and they are believed to have potential in robot
applications [13].

Saharan et al. presented a mechanical locking mechanism
using an extension spring to compensate for the insufficient
force of an SMA [14]. However, this mechanism consumes
high power, and because of its structural properties, the spring
returns to the locking position, hampering its quick response.
Park et al. proposed a locking mechanism for fabric-type soft
actuators with increased energy efficiency [15]. However, it is
difficult to develop this mechanism for fabric actuators because
of the discontinuity of its locking effect; therefore, it is difficult
to maintain locked state while the actuator contracts. Hu et al.
suggested a locking mechanism of the ratchet structure applied
to softrobotic fingers driven by a spring-type SMA and presented
an FEA analysis and modeling based on gears [16]. However,
owing to the shape embedded in the finger, it cannot be scaled
to other applications.

In this paper, a mechanical design of a compact locking
mechanism combining a ratchet and retractable switch struc-
ture is proposed to supplement the force of the SMA and
the model of the locking system when operating the actua-
tor. In addition, the SMA was optimized to operate the lock-
ing system, and repeatability tests were conducted. Finally,
to validate the feasibility of the proposed retractable locking
system (RLS) as a soft robotic application, a tendon-driven
underactuated finger was fabricated and lifting experiments were
performed.

The remainder of this paper is organized as follows. Section II
presents the design of the locking mechanism and modeling,
and the operation principles of the retractable locking switch.
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Fig. 1. (a) Concept of retractable locking system (RLS) and its soft robotic

application (Tendon driven underactuated finger module), (b) Switch diagram
and force analysis when the pawl moves vertically. Pawl is raised by force F'g o
generated by switching SMA when RLS is unlocked, (c) Falling pawl owing to
spring elasticity Fe when RLS is locked.

Section III presents the proposed underactuated mechanism,
locking system, and lifting experiments. Finally, Section IV
concludes the study.

II. MECHANISM DESIGN OF RETRACTABLE LOCKING SYSTEM
A. Ratchet and Retractable Switch Mechanism

In this study, a locking system with a ratchet mechanism is
presented to complement the force of the spring-type SMA that
exerts instantaneous linear displacement and force when heated.
The ratchet used in this study allows only one-way movement
when a gear is engaged, and its locking force occurs between
the pawl and ratchet lines. The proposed locking system with a
ratchet line was applied to supplement the force generated by
the SMA operating in the soft robotic system that maintains
the contraction position. However, to apply this mechanism
to robotic joints requiring bidirectional movement, a switch
is required that locks and unlocks ratchet only when intended
by the users. Therefore, a bistable retractable structure driven
by a dedicated SMA has been applied to this locking system
to allow it to switch between two states; thus, each time the
actuator contracts, the locking and unlocking states are switched,
allowing the actuator to move in both directions, as shown in
Fig. 1(b) and 1(c).

Various studies have been conducted to achieve displacements
with less energy and implement bistability [17]. Although this
study does not have strict characteristics, such as topology or fast
snap deformation of bistable structures, RLS similarly achieves
displacement of the soft actuator with low energy consumption
without continuous heating of the actuator and then holds it in
that state. Groothuis et al. were inspired by a ball-point pen and
presented a study that achieved rotational motion through the
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TABLE I
VALUES OF PARAMETERS OF THE RLS

Symbol Parameter Value (unit)
R, Radius of rotation of the hook 13 (mm)
Maximum displacement in the y-axis
Bais direction of the hook on track 8 (mm)
Height of hook-arresting part in

Ohook y-direction 4.5 (mm)
w Width of slope of track 1.2 (mm)
hy The lowest area of the track 2.5 (mm)
hy The second highest area of the track 3.25 (mm)
hs The highest area of the track 4 (mm)

cam and follower structure and bistability within the sequence
[18].

The switch mechanism of the designed RLS shown in Fig. 2(a)
comprised a head, pawl, and hook attached to the pawl imple-
menting a 2 degree of freedom (DoF) cylindrical joint, track
guiding the hook, ratchet line, and two spring-type SMAs for
switching the pawl’s position. The head, which can move along
the ratchet line, was connected to a pawl, which generated a hold-
ing force while engaging with the ratchet line, to achieve vertical
movements. These two parts were connected by a dedicated
switching SMA (SA) and could move upward, with a spring
between the two parts designed to push the pawl downward.
In addition, to implement the retractable mechanism through
the cam and cam follower, a hook was fixed as a cylindrical
joint to the pawl, and the other end moved along the track that
was dug into the head (Fig. 2(b)), which held the pawl in two
stable states. Furthermore, the prestrained spandex was wound
between the hook and head to ensure constant contact between
the hook and track. The track had three thresholds to stop the
hook from reversing after rotating counterclockwise (CCW).
The track parameter values are listed in Table I.

In Fig. 2(c), the CCW movement of the hook along the track
is shown. When the hook, acting as the cam follower, is in a
stable position (1), the pawl is lowered, which creates the locking
state of the RLS. When heat is applied to contract the SA and
generate a force Fg 4, it exceeds the spring’s elastic force F',
and the pawl moves upward. The hook attached to the pawl then
moves up to position (2) (Figs. 1(b) and 2(e)). When the heating
of the SA is stopped, Fg 4 reduces compared to F', and the hook
falls vertically to a stable position (3) (Fig. 2(f)). The lowered
hook is caught in the center and allows the pawl to be fixed in
an elevated state, which creates an unlocked state of the RLS.
Once again, when the SA is operated, the hook moves up to
position (4) (Figs. 1(c) and 2(g)). Finally, as the SAs stop, the
pawl is brought down to position (1) again by the F'. (Fig. 2(h)),
and the RLS is locked. In addition, after the switching process,
no additional heating is required, except for the heat applied
to the actuator while operating the mechanism. Therefore, the
following equations were obtained:

FSA_MhNh_Fev if SA is on

F, = o (1)
Ny — Fe, if SA is off

Ny =Ty, = kpd, +1Tp (2)
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Fig. 2.

(a) Detailed structure and labels of each part of switch head (Right: Front view, Left: Side view), (b) Force analysis of the hook from the side view (f,:

Friction force between hook and track surface, T';, : Elastic tension force of spandex for hook, and IN ,,: Normal force applied by hook generated by spandex to
track surfaces), (c),(d) Geometrical shape and three-dimensional structure of the track (Each region is represented in the z-axis direction. Red: Lowest area of the
track, Green: The second highest area, Blue: The highest area, and Yellow: CCW rising slope), (e)-(h) Hook movement traveling along the track (The gray circle
is the position of the hook, the colored area is the moving area of the hook, the red arrow indicates the direction of hook, and the movement trajectory is shown in
blue.), (i),(j) Developed retractable locking system comprising switches, actuator for pulling switch, and ratchet lines (f ,,: Friction force between pawl and ratchet

line, F5: Net force of Fr 4 and T3 on RLS, and F,,,: Reaction force of Fy,).

where F'y, pin, kn, 6, and Tj denote the net force on the hook
on the y-axis, friction coefficient between the hook and track
surface, spring constant of the wounded spandex, displacement
of the spandex increased by the hook moving along the slope
of the track surface, and tension of the prestrained spandex, re-
spectively. Furthermore, even if the posture of the RLS changes
in space and the weight of the hook acts in a different direc-
tion than the existing direction, 73, is larger than wyp, because
the mass of hook is 0.2 g, the spandex’s spring constant is
0.0764 N-mm, which is prestrained by more than 2 mm. More-
over, 0, increases compared to when the hook is located in
position (1) owing to the z-direction height difference by h,
hg and hg of the track, thus the hook remains in contact with
the track. Therefore, when the height difference between hy, ho
and hj3 increases, §, becomes higher, which results in greater
frictional force by Vj,, which makes contact of the hook with
track more stable, while may interfere with the operation of
the RLS. In addition, operational experiments of the RLS in
different gravitational directions were conducted, which can be
found in the multimedia data (Supplementary video). Therefore,
the following equations were obtained:

Ty = kpo, + Ty > wp = mpg 3)

This means that the hook is always in contact with the track,
regardless of the posture of the RLS, because the hook is only
capable of z-direction rotation and translational movement in
the local x-y plane. In addition, at the two stable positions (1)
and (3) on the track, the hook in contact with the track is always
attached to the side wall of the track when the SA is not operated
by the elastic force F', of the spring with a spring constant of
0.6 N/mm.

The proposed switch mechanism, RLS operation, has two
states: locked and unlocked; however, in the latter state, it is
divided into two cases depending on the direction of the force
applied to the RLS, resulting in a total of three cases: when
the RLS is unlocked (Case 1), and it is free to move according
to the direction of the net force F', of the force Fr4 exerted
by the finger actuator (FA) and tension 7;. When the RLS is
activated and locked, the FA can be divided into relaxed and
contracted cases (Case 2, 3). When the FA contracts further
while being locked (Fr4 > T'), the actuator contracts step by
step, interfering with the friction between the ratchet line and
pawl (Fig. 2(i)). However, when the FA is relaxed in the direction
it is intended to release (Frq < T';), the actuator is no longer
relaxed by the reaction force E, caused by the ratchet structure
(Fig. 2(j)). Unlike in the fully unlocked state, the spring force
pushing down the pawl causes the actuator to contract while the
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RLS remains locked. In addition, this condition can compensate
for the shortcomings of SMA, which vary in the force that can
be produced depending on the strain, by maintaining the locked
state while contracting. Therefore, the following equations were
obtained:

Fra — Ty, (Casel)

F, = 0, (Case?2) 4)
Frpa—T; — ppN,cosf, (Case3)

N, = F,.cos0 5

where Ny, ip, Fp, and 0 denote the normal force applied by
the pawl on the surface of the ratchet line, friction coefficient
between the pawl and ratchet lines, net force on the switch head
of Fr o and T;, and angle of inclination of a gear on a ratchet
line, respectively.

B. Actuator for Retractable Switch Mechanism

The switch mechanism of the RLS operates with a fixed
displacement along a moving line. Because the switching of
RLS works through the SA made up of SMA springs (artifi-
cial muscle, Flexinol Co, spring diameter: 2.54 mm and wire
diameter: 0.381 mm), the system can be configured with a light
weight. However, the performance of the SMA spring varies
according to the geometry and characteristics, such as the spring
diameter, wire thickness, and number of spring turns (coils) [11],
[12]. Therefore, it is necessary to configure an optimized SMA
spring based on the desired displacement and installable space.
In this study, the large-index-and-pitch (LIP) method was used
to optimize the performance of an SMA spring [11], [12]. This
method can determine the optimized number of coils such that
the SMA can be repeatedly driven at a shear rate of 6% or less.

The maximum force generated according to the geometry and
characteristics of the SMA spring can be expressed as follows:
wd3
8D
where .y, d, D, G 4, and . denote the maximum force of
the SMA spring, wire diameter, spring diameter, austenite shear
modulus, and shear strain, respectively. The angle of each pitch
of the SMA spring can be determined based on the extended
length of the SMA spring. Therefore, the maximum displace-
ment can be obtained if the maximum angle of each pitch is
determined. The shear strain determined by the pitch angle is
expressed as follows:

Frnax - GA’Y (6)

1 cos?a;(sinay — sin ;)
T=C cos2ay(cos2ay + sinay /(1 + 1))

(N

where C, v, o, and ay. are the spring index, Poisson’s ratio,
initial pitch angle, and final pitch angle, respectively. v is 0.33,
because the SMA is assumed to be isometric. The maximum
pitch angle was observed for martensite. In addition, depending
on the number of coils and maximum pitch angle, the maximum
displacement can be obtained as follows:

@(sin ay —sina;) (8)

Q;

dis —

where N is the number of coils.
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Fig. 3. (a) Configuration and geometry of the locking mechanism, (b) Rela-

tionship between deflection, tensile force, and shear strain for the (LIP) SMA
coil actuator and used compressive spring observed by experiment. The SMA
coil actuator has three coils with 7.2 spring index.

From the geometry of the mechanism in Fig. 3(a), the required
displacement (9;5) and maximum coil diameter (D) were
obtained. In this study, as shown in Table I and Fig. 2(c), the
parameters of mechanism used were 8 mm of the required dis-
placement and 3 mm of maximum coil diameter. For operation,
the SMA spring must be able to compress the compression spring
using the required displacement. The used spring had a spring
constant of 0.6 N/mm, and 4.8 N was required to move 8 mm.

The initial pitch angle was approximately 5° when the SMA
spring was fully contracted. Using (7), the final pitch angle was
calculated as 25° at 6% shear strain. In addition, by calculating
the appropriate number of coils for a displacement of 8§ mm
using (8), 2.76 was obtained. Therefore, the number of coils
of the SMA spring actuator was finally selected as three, and
the performance of the actuator was observed through a linear
experiment, as shown in Fig. 3(b).

In Fig. 3(b), the tensile forces and shear strain of the SMA
spring actuator according to the deflection are shown. For the
desired deflection of 8 mm, the SMA spring actuator could
compress the spring with a higher force. In addition, the actuator
could be optimized through a shear strain close to 6% at an 8§ mm
deflection. Furthermore, when the ;s is greater than 10 mm,
an increase of /N can make the overall system large. If N does
not change, repeatability may decrease as 6% strain condition
is not satisfied according to the LIP method [12], and the RLS
malfunction because the F},, .y is less than the force required to
compress the spring.

C. Evaluating Performance of Retractable Locking System

As illustrated in Fig. 4, experiments were conducted to ex-
amine the operation of the presented RLS on the ratchet line
and to prove the energy-saving effect of locking the RLS. As
shown in Fig. 4(a), the ratchet line of the RLS was fixed on
the rail of the linear guide, and the head part of the RLS was
connected with a tendon to a load cell mounted on a linear robot
that recorded its displacement by moving linearly using a step
motor and an encoder. The other end of the head was connected
to a load of 1 kg, and the force generated by pulling the load at
a speed of 1 mm/s as the RLS moved over the ratchet line by
the linear motion of the linear robot was measured in the load
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Fig.5. (a)Configuration of the experimental equipment, (b) FoV of ToF sensor

installed to determine state of RLS, current applied to SA and ToF sensor data,
(c) Failure after repeatability experiment is resolved by adjusting the heating
time.

cell as Fg 4 in (4). In Case 1, expressed as a green dashed line,
the load acted as 7} in itself because the RLS was unlocked. In
Case 3, expressed as a blue solid line, the load moved in a locked
state, therefore the friction force between the pawl and ratchet
line was added to the load and acted as a ripple in the graph.
Moreover, by returning the linear robot to the original position,
it was confirmed that Fr 4 becomes 0, while RLS remained
locked state and becomes the Case 2 condition.

As shown in Fig. 4(b), an experiment was conducted to pull
the RLS with a 1 kg load under two heating conditions of the
FA to evaluate the energy-saving effect of the proposed RLS.
The first condition was to continuously input a current of 2A to
the FA for 15 s. Condition 2 was to input a current of 2A to the
FA, when the RLS reached its maximum displacement, the SA
was operated to change the RLS to a locked state and stop the
FA from operating. By comparing Ir a; and Ip a2 consumed
by the FA in the two conditions, it was found that 5.6 W of
power could be saved by locking the RLS. It was not necessary
to continuously operate the FA to maintain a contracted state;
therefore, not only energy saving was achieved but FA’s failure
by overheating could also be avoided.

In addition, the experimental equipment shown in Fig 5(a)
was fabricated to evaluate the repeatability of RLS. Power was
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supplied to the SA in series and controlled by the MOSFET
(IRF540N). The consumed current of SA was measured by a
current sensor (INA219) and transmitted to a PC by a control
board (Arduino Mega 2560). As shown in Fig. 5(b), one cycle
of RLS operation is composed of two SA operations with
2.8 A current input, and the amount of electric energy consumed
in one cycle was 12.47 J, which took a total of 6.4 s, consisting
of 2.2 s for unlocking and 4.2 s for locking (first actuation: 0.8 s,
cooling period: 1.4 s, second actuation: 0.5 s and cooling period:
3.5 s). The operating cycles was determined experimentally and
can be shortened if cooling solutions such as fan are added to
the system to produce a constant flow rate, and performance
improvements based on cooling methods can be considered in
future studies. Moreover, a time of flight (ToF) sensor was used
to determine the failure of the repeatability experiments. The
side of the RLS was measured as a distance data by the sensor,
measuring change in the plane entering the field of view (FoV).
Furthermore, ToF sensor data were defined by mapping the
minimum and maximum values of the mean value of the distance
data measured by five repetitions from O to 1 to determine the
position of the pawl. As illustrated in Figs. 2(d) and 5(b), it
can be confirmed that the ToF sensor data for each position
of the hook was determined, and it can be evaluated whether
the hook was well located at positions (1) and (3), which were
the bistable positions in the repeated operation of the RLS
switch.

Two sets of repetition experiments were performed 500 times
each, and a failure occurred in the 877th time, in which the hook
did not move to position (3). As shown in Fig. 5(c), during the
operation after failure, hook was impossible to move to position
(3) (red region), and by increasing the first heating time of the
SA by 200 ms, the hook again reached position (3) (blue region)
well. Since no mechanical damage was found in the system, and
the failure was resolved through the adjustment of the heating
time of the SMA, this operation failure is believed to be due to
performance degradation from repetition of SA [19]. In future
study, it is possible to monitor and feedback the current state
of RLS by embedding a sensor in the hardware to control the
heating time and solve the failure.

In addition, the ratchet line of RLS was in the form of teeth,
and the lockable step was determined based on the spacing of
the teeth. In Fig. 6, the distance that the pawl can move along
the track is indicated by l;rqck. The actuation displacement of
the actuator determines the usable track length. Therefore, Ik
can be considered to be equal to the actuation displacement. The
distance between the pitches of the teeth was {p;;c,.

Here, the resolution indicates how detailed the locking section
can be, and the smaller the number, the more locking sections can
be implemented. The maximum resolution that the mechanism
can achieve is obtained only when 9, is equal to l;qc. How-
ever, the displacement (6,..) required to make the motion may be
different from the maximum actuating range of the mechanism.
Oreq must be less than ly,.qc; to achieve the desired behavior.
When 6,4 is less than l¢.qck, the RLS resolution is

. piteh
Resolution = 2<

(C))

6req
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Fig. 6. Tendon routing diagram for full RoM of the finger and name of each
joint part. Black line depicts the tendon path, yellow line depicts spandex to
extend each joint and black circle depicts the pulleys to guide tendon. The finger
includes three primary pulleys (Black circle) and three secondary pulleys (Red
circle) for tendon drive. Each joint has additional pulleys (Blue circle) to wind
spandex.

III. FINGER WITH RETRACTABLE LOCKING SYSTEM
A. Mechanism Design of Finger

An underactuated finger with a tendon structure was fab-
ricated to evaluate the performance of the proposed locking
system. Mankowski et al. broadly classified the finger structure
of a robotic hand into eight categories [20], among these, an
underactuated finger with a tendon structure has been used with
various soft actuators, including motors, and is driven entirely by
the tendon built into the fingers, making the structure simple and
the fingers lightweight. This advantage allows the spring-type
SMA, which has less force and moves linearly, to easily drive
the finger. In designing the configurations of finger, the size of
the standard finger for males aged 25-29 in the 6th year survey
conducted by the Korean government was referenced [21].

Cabas et al. presented an optimization of the pulley position
inside the link in the tendon-driven finger, and the tendon routing
in this study referred to it [22]. A schematic of the tendon routing
to be used in the proposed finger mechanism is shown in Fig. 6.
This finger, like the human finger, consists of three primary joints
of the metacarpophalangeal (MCP), proximal interphalangeal
(PIP) and distal interphalangeal (DIP) joints, and three links of
proximal phalange (PP), intermediate phalange (IP) and distal
phalange (DP) connecting them. Furthermore, this finger has
three primary pulleys as well as three secondary pulleys, and
four additional pulleys (each joint has one primary pulley, one
secondary pulley, and additional pulleys for the winding span-
dex to extend the joints). When analyzing this underactuated
structure comprising a tendon and pulley, the force applied by
the tendon is applied to the pulley to generate a moment in the
joint, allowing it to rotate.

Lee et al. suggested that the radius of the joint is determined
the actuator displacement [23]. The actuator displacement is
limited by the size of the finger, limiting the maximum dis-
placement. The maximum operational displacement of the ac-
tuator, considering the RLS and finger size, was 17 mm or less.
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According to a cadaveric study by Kapndji [24], which suggested
that the range of motion (RoM) of human finger joints, assuming
that each joint is rotated 90° by pulling the tendon and tendon is
in constant contact with pulleys, the displacement of the tendon
can be expressed as follows (r1, ra, and r3 refer to the radius
of a joint corresponding to three finger joints each as shown in
Fig. 6):

6req = emax (7"1 +ro + T3) (10)

Summarizing the equation under the above conditions and
actuator contraction ratio, the sum of the radii must be less
than 11 mm. Through this, the values of the radius are set
as 7y = 4.5 mm, ro = 3.5 mm, and r3 = 2.5 mm. As the
pulley radius decreases, the center distance between the rotation
center of the joint and pulley increases; thus, the diameter of
the commercial product is determined as a 2-mm shaft that can
sufficiently withstand the force. In addition, the second pulley
was set to a position where the tendon did not deviate from the
joint when driving, thereby maintaining a constant magnitude
of contraction displacement of the actuator.

The fineness of the finger angle was obtained based on the
configuration of the designed finger and resolution calculated in
Section II-C. According to (9) and (10), the angular step (0s¢ep)
of the finger, to which locking can be applied, can be obtained
as the product of the resolution and 6.

o~

_ lpitch (1 1 )

’I"1+T‘2+T3

pitch

Hstep = . Hmax

6req

In this study, 0, was 0.136 rad (7.81°). Therefore, assuming
that the joints of the fingers rotate at the same angle to reach
Bnax, 11 steps of locking can be applied at 7.81° intervals.
According to (11), it is possible to change the fineness of the
fingers by reducing the angle step by adjusting /,;:cx, but there
is a limitation owing to the mechanical characteristics of the
ratchet line.

B. Structure for Antagonistic Motion

Human muscles act antagonistically, which means that when
the muscles attached to both sides of the joint interact, one
muscle bends the joint and the other stretches it, causing the
joint to move bidirectionally. Usually, when a human lifts and
holds an object, the joint stiffness is increased by applying
force to the agonist and antagonist muscles [25]. Similar to a
locking mechanism, the human body receives assistance from
other organs when holding an object. For example, the human
body assists the movement of the spine through intra-abdominal
pressure during loading and unloading tasks [26]. Therefore,
many biomimetic robots have been designed with antagonistic
structures to exhibit motion similar to that of human muscles.
However, the abovementioned fingers were flexed by the con-
tractive force of the actuator, whereas active movement was
difficult when stretched because they were actuated by the elastic
force of the spring or elastic tendons when returning to their
original position.

Asshownin Fig. 7(a), in this study, a finger that can be actively
driven in both directions by applying an antagonistic mechanism
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Designed underactuated finger for SMA spring actuator. (a) Developed fingers comprising the RLS and underactuated structure and finger flexion, (b)

Extension of finger, (c) Spandex fiber wound around the joint and speed difference of each joint flexion by the tension of the spandex (blue line: Theoretical finger
flexion process according to locking step, black line: Actual finger flexion), (d) The theoretical finger joint angle bent along the displacement of the locking step
of the RLS and the bending speed difference of each joint due to the tension of the spandex, (e) Lifting test of finger with the RLS, and (f) Under 3-kg load.

TABLE IT
COMPARISON OF LOCKING SYSTEM FOR SOFT ROBOTIC APPLICATION

Index This work Sahan[';x;l] et al. Par[l; Se]t al. Hl;lth]al.
Num of stable ) ) : 1
position
; 30N
Locking force (w/ finger) 4N 80N 275N
Response
speed - )
(Unlocking/ 22s/42s 155 5s/15s
locking)
Energy 12471 11251 631 .
consumption

is fabricated. The proposed finger also comprises two pairs of
actuators: upper finger actuators (UFA), which bend the finger,
and lower finger actuators (LFA), which stretch it. An UFA,
with one end connected to the finger body and the other end
connected to the RLS, pulls it during contraction, and the tendon
from the RLS is fixed to the DP, which causes the fingers to bend
when the RLS moves. Therefore, when the UFA is operated, the
joints are bent along the displacement generated by the RLS
moving according to the locking step. In contrast, the LFA is
not connected to the DP, but is directly connected to the RLS
through the tendon. This design addresses the frictional force
problem that occurs when the actuator is connected to the DP,
and directly moves the RLS when operating the LFA.

Therefore, when the UFA contracts when heated, the RLS
moves backward, relaxing the bottom actuator using the con-
nected tendon and bending the fingers (Fig. 7(a)). By contrast,
when the LFA is heated and contracts, the UFA is stretched under
the same principle, and the RLS returns to place (Fig. 7(b)). In
addition, the pulling tendon loosens, and the fingers are stretched
by the spandex fiber over each joint. Through this structure, when
the RLS is locked state, the finger can maintain bending and lift
heavy objects. When unlocked, the fingers can be extended by
operating an LFA.

C. Performance of Finger With Retractable Locking System

The finger under the application of the RLS was 158.9 mm
in total length, 88.9 mm in finger length, 44 mm in height,
14 mm in width, and 30 g in weight. All parts of the finger
were fabricated using a 3D printer (Objet 24, STRATASYS Co.,

Vero White). Each joint was connected by a 2-mm pin shaft,
and a spandex was used for the extension (Fig. 7(c)). Moreover,
the tension of each joint depends on the number of spandex
windings, and the tension in the DIP is the strongest and the
MCP is the smallest (T p;p > Tprp > Thcp). In addition, the
tension difference between the presented finger joints caused
the actual finger joints to reach the maximum angle in order of
MCP, PIP, and DIP (Fig. 7(c)), unlike the theoretical model in
which all joints rotate together according to the ., obtained
by (11), thus to implement an adaptive grip suitable for wrapping
an object.

The designed fingers were driven by spring-type SMA (arti-
ficial muscle, Flexinol Co, spring diameter: 3.45 mm and wire
diameter: 0.51 mm, number of coils: 10) at both UFA and LFA.
The operation time of the finger driven by FA with 2.8 A current
applied is 2 s for flexion and 2.6 s for extension, and 3.2 s for
flexion while the RLS is locked. A lifting test of the fingers
using the system was conducted to determine the effectiveness
of the developed RLS. As long as the locked fingers were not
released, the actuator maintained a contracted state, and the
fingers remained bent. For the lifting test, an experiment was
conducted using the fingers, excluding the bottom actuator. In
the experiment, 1-, 2-, and 3-kg plates were placed on the fixed
fingers sequentially and held for 5 min. Fig. 7(d) shows the initial
state, in which the actuator is contracted and locked. Fig. 7(e)
shows the placement of the plates on the finger. The experimental
results confirmed that the finger could lift up to 3 kg of weight.
However, as the load increased, the fingers fixed by the RLS
were bent, and the PP part broke when more than 4 kg of the
load was hung.

IV. CONCLUSION

In this study, the designed retractable locking system over-
came the limited force of the SMA spring actuator. Despite
the high strain and flexibility of the SMA spring actuator, its
usability in robotics has been limited owing to less force than
conventional actuators such as motors. In addition, because of
the characteristics of the SMA actuator, which cannot exert force
without the application of heat, it has a disadvantage of not
being able to hold or maintain a contraction without continuous
energy consumption. The ratchet-applied RLS was applied to
the fingers to compensate for these shortcomings, which allowed
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the fingers to remain bent by maintaining the actuator retraction
without additional power consumption. In addition, because of
the application of the retractable structure, the locking system
exhibited two independent states (locked and unlocked), and
the actuator only needed to be driven during the lock—unlock
operation. Compared to previous soft robotic applications of
locking systems, as shown in Table II, the developed RLS has
bistability, meaning, it can switch between two states with one
actuation, unlike other similar performance system. Therefore,
since the proposed RLS implements locking/unlocking states
using a structure in which two stable positions are maintain
without power consumption, RLS consumes significantly less
energy and has faster response time than other studies. However,
because of the complex structure of RLS compared to other
studies, it is likely to be weak against high repetitions. Therefore,
the developed RLS proved the robustness of the system through
more than 800 reps of consecutive repeated experiments, but
the failure due to performance degradation of SMA occurred in
the 877th operation, which was resolved through heating time
adjustment. In the future, further reliability could be improved
by embedding sensor in RLS that can monitor the switching of
the two stable states.

Furthermore, unlike previous studies, there is a difference in
that when the actuator contracts in the locked state, the fingers are
bent, during the RLS remains in a locked state without unlocking
[14], [15]. Finally, a lightweight robot finger with RLS driven
by a spring-type SMA capable of lifting 3 kg of objects was
manufactured. The proposed system operates on linear motion
and has a simple way of connecting loads and actuators to both
ends of the system; therefore, it can be applied to other linear
actuators as well as heat-based actuators, such as SMA or DTCA,
which will be further investigated. The proposed RLS can be
easily applied, particularly for systems that operate soft robot
hands with a limited number of actuators or that transmit force
on a tendon-driven mechanism [27].

In the future, the effectiveness of the proposed RLS will be
explored by applying a locking system to a life-scale linear
pneumatic actuator-based robot arm. In addition, we will attach
the RLS to the actuator surface of the fabric wearable robot
and attempt to implement the function of the sensor and energy
management by allowing the ratchet line to function as an
encoder.
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