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Abstract—Wearable robots have gained attention as a
promising technology for enhancing human functions and
capabilities. While early research focused on developing
motorized exoskeletons, recent efforts have shifted toward
improving wearability for user convenience. However, the
size and weight of actuators and battery components in
active wearable robots remain significant challenges. As
an alternative, passive wearable robots using nonmotor-
ized mechanical components are lightweight and energy-
efficient, but they have limitations in adapting to different
situations. This article introduces a self-unlocking active
clutch (SuAC) for quasi-passive wearable robots, which
combines the benefits of both active and passive systems.
The SuAC utilizes a shape memory alloy coil spring and
an encoder to actively lock and provide assistive force
based on the user’s movement. Once in a locked state, the
clutch can automatically unlock when the assistive force
falls below a certain threshold, based on the user’s prepro-
grammed intentions. This self-unlocking feature eliminates
the need for additional mechanical triggering components
or external sensors. The SuAC weighs approximately 50
grams and can withstand a locking torque of over 500 N,
with a fast response time of less than 0.15 s. To demon-
strate its application, we applied the SuAC to a neck-assist
exosuit, showing that the assistive force can be controlled
solely by the user’s movements. This research simplifies
the design and expands the functionality of quasi-passive
wearable robots, providing a more accessible and efficient
solution for assistive technology.
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I. INTRODUCTION

IN RECENT years, wearable robots have gained attention as
a promising technology for enhancing human functions and

capabilities [1], [2], [3]. In the early stage, research focused
on developing exoskeletons featuring motorized components
and rigid linkages [4], [5]. However, the necessity for users
to wear these robots has spurred numerous efforts to enhance
wearability, encompassing aspects, such as comfort and overall
user experience. This has led to the development of soft wearable
robots, which replace traditional rigid linkages with flexible
fabrics, resulting in a lighter structure and reduced bulkiness [6],
[7]. In addition, robots utilizing force transmission elements,
such as wires have been designed to place the actuators in
proximal locations instead of directly on human joints [8]. De-
spite these advancements, the actuator and battery components
still occupy a considerable portion of the system, presenting a
tradeoff between size/weight reduction and system performance.

Passive wearable robots offer an alternative approach to hu-
man augmentation by utilizing nonmotorized mechanical com-
ponents, such as springs and dampers [9], [10], [11], [12]. Com-
pared with active wearable robots, passive systems are generally
lightweight and energy-efficient, as they do not require batteries
or actuators, resulting in less maintenance. However, passive
wearable robots have limited ability to adapt to varying situations
or different users and are constrained in their ability to assist
with specific tasks. To address these limitations and enhance
versatility in human augmentation solutions, it is essential to be
able to adjust the assistance to individuals through the use of
sensors and control algorithms [13], [14], [15].

To address the challenges faced in designing wearable robots,
quasi-passive wearable robots have been proposed as a hybrid
approach [16], [17], [18], [19], [20], [21]. These robots utilize
variable springs and dampers capable of mechanical impedance
adjustment to change the assistive torque depending on the
situation [22]. Alternatively, by utilizing a clutch to control the
timing of the mechanical elements’ engagement with the user’s
movement, assistance can be provided only during specific seg-
ments of the movement, thereby improving the robot’s efficiency
and the user’s comfort. These approaches offer a solution that is
as lightweight and compact as a passive system while providing
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Fig. 1. (a) Configuration of the SuAC and its specification. (b) Exploited view of the clutch and its components. (c) Pawl is fully engaged with the
ratchet at the initial state. (d) Pawl is in partial contact with the ratchet at the critical state.

optimized assistance in various situations, such as an active
system [15].

Various active clutches with different actuation methods have
been used in existing quasi-passive wearable robots. These
include electrostatic adhesion [17], servo motors [19], push–pull
solenoids [20], and artificial muscles [23]. These compact actu-
ators can drive the clutch with a small power input, providing
relatively larger assistive forces, and have been successfully
implemented in various applications. However, existing active
clutches have the limitation of needing to actively control both
locking and unlocking depending on the timing of assistance
required. In particular, to ensure the clutch operates effec-
tively in repetitive situations, extensive sensors and advanced
control systems are needed to understand the user’s intent.
This complicates the design, increases cost and maintenance
requirements, and can hinder widespread adoption and ease of
use.

In this article, we propose a self-unlocking active clutch
(SuAC) for use in various quasi-passive wearable robots with
reduced actuators, sensors, and control (see Fig. 1 and Sup-
plementary Movie S1). The self-unlocking feature is achieved
by mechanically programming the user’s intention within their
movement. Specifically, the SuAC is designed to unlock au-
tonomously when the assistive force falls below a certain thresh-
old level. This eliminates the need for an additional mechanical
triggering component and an external sensor for disengagement,
thereby simplifying the design. A shape memory alloy (SMA)
coil spring actuator was used as a triggering element for ac-
tive engagement. The encoder embedded within the SuAC can
measure the spool rotation to determine the activation timing.

The rest of this article is organized as follows. Section II
describes the design and working principle of the SuAC. Section
III provides the design considerations for the SuAC through
modeling. Section IV explains the fabrication method and design
selection of each component based on the modeling. Section
V presents the experimental results on the characteristics of
each component and the SuAC as a whole. Section VI demon-
strates a device that assists neck movement as an example of a

quasi-passive wearable robot utilizing the SuAC’s functionality.
Finally, Section VII concludes this article.

II. DESIGN

The proposed SuAC is shown in Fig. 1(a) and (b). The spool
wound with wire is connected to the top and bottom cases of the
clutch through bearings, enabling rotation. Inside the spool, a
reel spring is installed, and the central part of this reel spring is
fixed to the upper case of the clutch. This allows energy storage
in the reel spring when the wire is pulled. The lower part of
the spool is fixed with a ratchet, which restricts rotation in the
direction of wire pulling depending on the engagement with
the pawl. The pawl is affixed to the lower part of the clutch case
through the bearing. One end of the pawl contacts a ball plunger,
whereas the other connects to an SMA coil spring. The ball
plunger contains a preloaded compression spring that exerts a
pushing force, providing bistability to the pawl between locking
and unlocking states. The SMA coil spring is contracted by
electric current and rotates the pawl toward the ratchet engaging
the gear teeth. An encoder attached to the clutch’s lower case
tracks the rotation of the magnet attached to the spool, measuring
changes in wire length. A small fan attached to the bottom of
the clutch facilitates rapid cooling of the SMA coil spring.

The locking and unlocking of the SuAC are determined by
the torque balance of the key components: the ratchet, pawl, ball
plunger, SMA coil spring, and reel spring. Fig. 1(c) shows the
locking state where the ratchet and pawl are engaged due to the
torque τsma from the SMA. In this case, the torque τball from
the ball plunger pushes the pawl toward the ratchet, maintaining
the locking state. Here, three torque components act on the
ratchet. The first component is the torque τwire from the wire
tension. Since the spool cannot rotate in the clockwise direction,
the wire tension can increase, and this torque acts on the ratchet
in the clockwise direction. The second component is the torque
τreel from the reel spring. The restoring energy stored in the
reel spring due to its deflection acts on the ratchet through the
spool in the counterclockwise direction. The last component
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Fig. 2. (a) Internal configuration among the pawl, ball plunger, and
SMA coil spring. (b) Schematic of the internal configuration. (c) Scaled
view between the pawl and ball plunger with its free body diagram.
(d) Scaled view between the pawl and SMA coil spring with its free body
diagram.

is the torque from the pawl, transmitted to the ratchet through
the gear teeth in contact. This torque is the sum of the SMA
and ball plunger torque, acting on the ratchet in the clockwise
direction with a gear ratio of η. As a result, when τwire decreases
and becomes less than τreel − η(τsma + τball), the ratchet can
rotate counterclockwise [see Fig. 1(d)]. Thus, the SuAC can
self-unlock without additional actuation, and this feature can be
mechanically programmed as a tension threshold determined by
the design parameters of each component.

III. MODELING

A. Bistable Pawl With Ball Plunger

Fig. 2(a) shows the pawl, ball plunger, and SMA positioned in
the bottom case of the clutch. One end of the pawl is connected to
the SMA (pawl actuation tip), whereas the other end contacts the
ball plunger (pawl bistability tip). As shown in Fig. 2(b), the pawl
actuation tip is designed to be perpendicular to the SMA when
the pawl bistability tip is aligned with the ball plunger. When
the pawl rotates by θ, the kinematic and kinetic relationships
between the pawl, ball plunger, and SMA are illustrated in Fig.
2(c) and (d), respectively.

Fig. 2(c) shows a close-up view of the ball plunger and the
pawl. The ball of the plunger and the bistability tip of the pawl are
in contact, so the displacement x of the ball plunger is coupled
with the rotation angle θ of the pawl. The relationship between

x and θ is expressed as follows:

cos θ =
(lp + rp + rb − x)2 + l2p − (rp + rb)

2

2lp(lp + rp + rb − x)
(1)

where lp and rp are the contact length and radius of the pawl with
the ball plunger, respectively. rb is the radius of the ball plunger.
By solving the (1), we can get displacement x as a function
of θ. Consequently, the pushing force of the ball plunger is as
follows:

Fball = k(s− x) + F0 (2)

where k is the stiffness, s is the maximum stroke, and F0 is the
initial force.

The effective moment arm and force also change according
to the pawl’s angle θ. The relationships between the variables
θ1, θ2, and θ are expressed as follows:

rp + rb
sin θ

=
lp + rp + rb − x

sin θ1
(3)

rp + rb
sin θ

=
lp

sin θ2
. (4)

By solving the (3) and (4), we can get angles θ1 and θ2 as
functions of θ. Given these conditions, the torque exerted on the
center of rotation of the pawl τball can be calculated as follows:

τball = lpFball cos θ2 sin (π − θ1). (5)

The torque from the ball plunger pushes the pawl toward
and away from the ratchet for locking and unlocking without
continuous actuation. This can be characterized by the pawl’s
snap-through torque to overcome the bistability between the
locked and unlocked states.

B. Active Locking With SMA Coil Spring

A compact and lightweight trigger element is sufficient to
actively engage the pawl to the ratchet by overcoming the bista-
bility. Various actuation methods have been employed as triggers
in previous wearable robots, including solenoid actuators [24],
pneumatic actuators, and SMA actuators [23]. Among these, the
SMA actuator features a high power density with respect to its
weight and size. Thus, we selected the SMA coil spring as a
triggering actuator to engage the pawl.

Based on previous studies of the design of SMA coil
spring [25], [26], we can design the SMA coil spring satisfying
the requirements of the proposed clutch. The actuation char-
acteristics of SMA coil springs, especially force and displace-
ment, can be defined by several design factors with geometric
configurations and material properties. Specifically, as shown in
Fig. 2(d), d is the wire diameter, D is the coil diameter, n is
the number of coils, and α is the pitch angle. Concurrently, the
material properties include the shear modulus G and Poisson’s
ratio ν.

The displacement of the SMA coil spring, denoted as δ, can
be defined as follows:

δ =
πNsDs

cosαi
(sinαf − sinαi) (6)
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where the subscriptions indicate that i and f are initial and final
states, respectively.

The actuation force of the SMA coil spring can be calculated
as (7) for the 100% austenite state and (8) for the 100% marten-
site state at a low temperature

FA =
GAd

4
s

8D3
sNs

cos3 αAi

KAf
δ (7)

FM =
GMd4

s

8D3
sNs

cos3 αMi

KMf
δ − πd3

s

8Ds
GMγLξSγ (8)

where Kx = cos2 αx(cos
2 αx + sin2 αx/(1 + ν)), with x rep-

resenting either Af or Mf for each phase state of the SMA
coil spring. The subscriptions A and M indicate austenite and
martensite states, respectively. γL is the residual strain, and ξSγ

is the detwinned martensite volume fraction of the SMA coil
spring.

The shear strain, γ, can be calculated as follows:

γ =
ds
Ds

cos2 αi(sinαf − sinαi)

Kf
. (9)

The detwinned martensite volume fraction, ξSγ , can be
calculated as follows:

ξSγ =
1
2
cos

(
π

γcr
s − γcr

f

(γ − γcr
f )

)
+

1
2

(10)

where γcr
S is the critical strain for detwinning start and γcr

f is the
critical strain for detwinning finish.

The shear modulus G, residual strain γL, and critical strains
for detwinning start γcr

S and finish γcr
f should be obtained from

the tensile experiment of the SMA spring

τsma = lsFsma cos θ (11)

where ls is the pawl’s actuation tip length.
To successfully engage the pawl with the ratchet, the torque

generated by the tension of the SMA coil spring must be higher
than the snap-through torque to overcome the bistability of the
pawl. Therefore, the specific conditions for the SMA coil spring
to successfully lock the clutch are as follows:

Locking: τsma > τball. (12)

C. Energy Storage With Reel Spring

In this work, we utilized a reel spring as the energy storage
element within the SuAC due to its compactness and large
deflection capacity. As shown in Fig. 3(a), the reel spring is
integrated within the spool. With the core of the reel spring fixed
to the clutch case and the outer end fixed to the spool, pulling the
wire rotates the spool and stores energy within the reel spring.
The torque of the reel spring τreel can be represented as follows:

τreel =
Ebt3

6πNr(Dr + dr)
φ (13)

where φ is the deflection angle, b is the material width, t is the
material thickness, Nr is the number of turns, Dr is the outer
diameter, dr is the inner diameter, and E is the elastic modulus,
as depicted in Fig. 3(b).

Fig. 3. (a) Internal configuration of the spool with the reel spring.
(b) Geometric parameters of reel spring (top and side views).

Fig. 4. (a) Ratchet rotates counterclockwise, and the pawl rotates
clockwise during the transition from the locking state to the unlocking
state. (b) Scaled view between the ratchet and pawl with its free-body
diagram.

The torque of the reel spring increases in proportion to the
angular deflection φ, and its slope is determined by the spring’s
stiffness, which is set by the design parameters. The reel spring’s
torque plays two key roles depending on the state of the clutch.

The first role is in the unlocked state, where the torque from the
reel spring is transferred through the spool to the wire tension,
preventing slack in the wire and allowing it to naturally follow
the user’s movements. The wire tension can be expressed as
Twire = τreel/R, where R is the radius of the spool. If the reel
spring torque is too large, it may create unnecessary resistance
even when user assistance is not needed, potentially hindering
the user’s motion.

The second role is in the locked state, where the torque from
the reel spring acts as a force that drives the ratchet against the
pawl. Therefore, an appropriate amount of reel spring torque
is essential for the self-unlocking of the clutch. Details for this
self-unlocking condition are discussed in the next section.

D. Self-Unlocking Condition

As shown in Fig. 4(a), the ratchet can rotate in the direction
that pushes out the pawl. The traveling angle of the pawl, from
the initial locking state where the pawl is fully engaged with the
ratchet to the critical state where the teeth are in partial contact,

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 

Authorized licensed use limited to: Seoul National University. Downloaded on December 18,2024 at 06:16:05 UTC from IEEE Xplore.  Restrictions apply. 



CHOI et al.: SELF-UNLOCKING ACTIVE CLUTCH FOR QUASI-PASSIVE WEARABLE ROBOTS 5

TABLE I
COMPARISON OF DIFFERENT STUDIES

is calculated as follows:

Δθ = arctan

(
dr,o
dp

)
− arccos

(
d2
p + d2 − d2

r,i

2dpd

)
(14)

where dr,i and dr,o are the inner and outer radius of the ratchet’s
tooth, respectively, and dp is the radius of the pawl’s tooth. For
simplicity, when the ratchet and pawl make partial contact with
their single teeth, they are arranged such that the contact point
forms a right angle from their respective centers of rotation d =√
d2
r,o + d2

p.

In this process, the torque transfer between the ratchet and
pawl is given by the relationship τratchet = ητpawl [see Fig. 4(b)].
Here, the gear ratio η is defined as follows:

η =
r2 sinφ2

r1 sinφ1
(15)

where r1 and r2 are the radius, and andφ1 andφ2 are the pressure
angle of the pawl and ratchet at the contact point, respectively.

The torque acting on the ratchet is the difference between
the torque provided by the reel spring and the torque due to the
wire, τratchet = τreel − τwire. The ratchet rotates counterclockwise
to overcome the bistability of the pawl when the ratchet torque
exceeds the torque provided by the pawl, τratchet > ητpawl. At
this time, the torque acting on the pawl is the sum of the
torque provided by the SMA and the torque provided by the
ball plunger, τpawl = τsma + τball. Consequently, the condition
for the ratchet to rotate counterclockwise and push out the pawl
for self-unlocking can be expressed as follows:

Self-unlocking: τwire < τreel − η(τsma + τball). (16)

IV. FABRICATION

In this section, we describe the fabrication process of the
SuAC based on the modeling considerations explained in Sec-
tion III. First, we considered the clutch’s maximum locking
torque, which is directly related to the maximum assistance
force. This value can vary depending on the application, we
set the maximum locking tension to 500 N, which is generally
not exceeded in wire-driven wearable robots. Given the spool
radius of R = 14 mm used in this study, and the corresponding
locking torque is 7 Nm.

To withstand this locking torque, the dimensions of the ratchet
and pawl were determined through FEA simulations using Solid-
works (Dassault Systèmes) [see Fig. 5(a)]. In the simulations,
most of the dimensions of the ratchet and pawl were fixed

Fig. 5. (a) Stress distribution on ratchet teeth from FEA. (b) Allowable
locking tension of 542 N (video is available in Supplementary Movie S2).

TABLE II
SPECIFICATION OF RATCHET AND PAWL

based on the previously analyzed model, and the thickness was
varied to verify whether the components could withstand the
required torque. The material property was plane carbon steel
with Young’s modulus of approximately 210 GPa. Concentrated
loads were applied to the contact surface between the ratchet and
pawl to ensure the material did not yield under maximum stress,
and the minimum thickness was selected to maintain a safety
factor of 1.5. The selected parameters for the ratchet and pawl
are detailed in Table II.

Based on (14), the traveling angle Δθ of the pawl from the
initial locking state to the critical state is calculated to be 8.95◦.
When the pawl rotates by half of this angle, the ball plunger is
aligned parallel to the pawl’s bistability tip. In this study, we used
a ball plunger with a stroke length of 0.5 mm, a ball radius of 0.75
mm, and a stiffness of 5.6 N/mm (Misumi, South Korea), and
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TABLE III
SPECIFICATION OF SMA COIL SPRING

TABLE IV
SPECIFICATION OF REEL SPRING

τball was calculated to be 15.67 Nm based on (5) (see Section V
for the specific characteristics of the ball plunger).

Subsequently, the SMA coil spring was designed to meet (12).
The required tension when the SMA coil spring is in the austenite
phase is 0.98 N. In addition, to overcome the bistability during
actuation, the pawl needs to rotate by Δθ/2, which is 4.48◦.
Therefore, the minimum displacement required for the SMA
coil spring to contract is calculated as Δδ = lsΔθ/2, which is
1.25 mm. The geometric specifications of the selected SMA coil
spring are provided in Table III.

When the clutch is unlocked, the reel spring stores energy
and maintains tension proportional to the wire’s displacement.
The high stiffness of the reel spring when the wearable robot’s
assistance is not needed can unnecessarily resist the user’s
movement. Conversely, if the reel spring’s stiffness is too low,
there will be insufficient torque for self-unlocking in the clutch’s
locked state. It may also hinder wire retraction due to the
rotational friction within the clutch. To meet these upper and
lower boundary conditions, we used a reel spring with a stiffness
of 6.8 Nmm/rad by preloading an initial torque of 30 Nmm
(Springfarm, Republic of Korea). The design parameters of the
reel spring are given in Table IV.

The top and bottom cases and the spool of the clutch were
manufactured from A7075-T6 aluminum alloy. The ratchet and
pawl were fabricated from medium carbon chromium molyb-
denum alloy steel SCM440, using wire electrical discharge
machining. Other components, including the reel spring hold-
ers, ball plunger, and encoder housing, were 3-D printed (X7,
MarkForged Inc., USA). The SMA coil spring was fabricated
following the method described in previous research [27]. A
commercial nickel–titanium alloy wire (Flexinol, Dynalloy Inc.,
USA) was coiled around a stainless steel rod, heat-treated at
400 ◦C for an hour, and then naturally cooled. The fabricated
SMA coil spring was attached to one end of the pawl using
a plastic M2 bolt to prevent electrical current flow. To ensure
electrical insulation from the clutch casing during operation and
to reduce friction, the slot housing the SMA coil spring was
lined with heat-resistant PTFE-coated glass tape (Taconic, South
Korea). A small incremental encoder (RM08, RLS, Slovenia)

TABLE V
SPECIFICATION OF BALL PLUNGER

Fig. 6. Comparison of bistability snap-through torque over ball plunger
stiffness for pawl and ratchet, between experimental results and model
predictions.

was mounted on the lower clutch case to monitor the displace-
ment and direction of the wire. Finally, a small fan (MS2507,
Mechatronics, USA) was attached for the rapid cooling of the
SMA coil spring.

Consequently, the resulting SuAC, depicted in Fig. 1(a), has
a lightweight design with a mass of 50.3 g and compact overall
dimensions of 31 mm in height, 35 mm in width, and 48
mm in depth. In addition, using a digital force measurement
gauge (DS2-1000N, Imada, USA), we confirmed that the clutch
could reliably withstand forces exceeding 542 N and achieve
self-unlocking [see Fig. 5(b) and Supplementary Movie S2].

V. EXPERIMENTAL RESULTS

A. Bistability Snap-Through Torque

We measured the snap-through torque τball required to over-
come the bistability provided by the ball plunger to the pawl. To
simplify the experiment, we attached a wire to the pawl instead
of using an SMA coil spring and measured the force when the
wire was pulled very slowly. Subsequently, we measured the
snap-through torque of the pawl using the ratchet mechanism.
We wound the wire around a spool connected to the ratchet and
measured the force generated as the wire was pulled slowly. The
snap-through torque of the pawl was calculated by multiplying
the peak force by the pawl’s moment arm ls = 16 mm. The snap-
through torque of the ratchet was determined by multiplying
the peak force by the spool radius R = 14 mm. The experi-
ment utilized four commercially available ball plungers, with
detailed specifications provided in Table V. Each experiment
was repeated five times for each ball plunger, and the maximum
force observed in each case was used for analysis.

The snap-through torque values corresponding to the stiffness
of the ball plungers are shown in Fig. 6. The experimental
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Fig. 7. Experiment setup for SMA coil spring characterization.
(a) Overall experiment setup. (b) Clamped SMA coil spring with electric
insulation.

Fig. 8. Comparison of the load versus displacement for both Marten-
site and Austenite phases, between experimental results and model
predictions.

values, represented by error bars, indicate the mean and standard
deviation. The results demonstrate that as the stiffness of the
ball plungers increases, the energy barrier of bistability also
increases, leading to higher snap-through torque values. The
experimental data for the snap-through torque of the ratchet
showed a more significant variance compared with that of the
pawl due to the frictional forces between the ratchet and the
pawl. We compared these results with the snap-through torque
values modeled based on the specifications of the ratchet and
pawl determined in Section IV and the modeling described in
Section III. The gear ratio between the ratchet and pawl η was
calculated from (15) and set to 1.68. The modeling predictions
aligned well with the experimental values, validating that it is
feasible to predict the snap-through torque based on the design
specifications of the ratchet, pawl, and ball plungers.

B. SMA Coil Spring Characterization

The characteristics of the SMA coil spring were measured
using a universal testing machine (QMESYS, South Korea), as
shown in Fig. 7. First, the tensile force of the SMA coil spring
in both martensite and austenite states was measured according
to displacement. As shown in Fig. 8, the experimental results
were compared with the predicted values based on modeling.
The material properties used in the modeling included Poisson’s
ratio provided in the manufacturer’s datasheet, and the shear
modulus, residual strain, and critical strain values for the start
and end of twinning obtained through experimentation.

Fig. 9. Cyclic characteristics of SMA coil spring. (a) Impact of electric
currents on phase transition through Joule heating is visible in tension
variation. (b) Heating time needed for austenite phase transition at vari-
ous currents. (c) Cooling time needed for martensite phase transition.

The experimental results closely matched the model predic-
tions, considering the slight discrepancy due to the asymmetry
at both ends of the SMA coil spring. The displacement at which
the SMA coil spring in the austenite state generates a force of
1 N to overcome the snap-through torque by the ball plunger is
2.5 mm. Therefore, considering the contraction length of the
SMA coil spring, it was confirmed that when the initial length
is set to at least 3.75 mm, the pawl can be reliably engaged with
the ratchet.

We also explored the cyclic characteristics of the SMA coil
spring that affect the clutch’s operating frequency. Joule heating
from electrical current activates the SMA coil spring, impacting
the austenite-martensite phase transition based on the current
magnitude and heating/cooling durations [see Fig. 9(a)]. We
applied varying currents to a 4 mm fixed SMA coil spring,
measuring the time to generate a force over 1.2 N under different
heating and cooling times. During the experiment, we applied
convective cooling through the fan used in the clutch. We first
explored the required heating time with fixed cooling time and
then explored the required cooling time with fixed heating time.
For each condition, the heating and cooling of the SMA coil
spring were repeated five times consecutively.

Fig. 9(b) and (c) shows the mean values of input current and
tension over the repeated cycles. As shown in Fig. 9(b), Joule
heating with 1.5, 2, and 2.5 A required approximately 0.3, 0.15,
and 0.1 s, respectively, to achieve 1.2 N. This indicates that the
required heating time is nonlinearly reverse-proportional to the
current magnitude. Fig. 9(c) shows the changes in tension when
cooling times of 1 and 1.5 s were applied after reaching 1.2 N.
When the cooling time was 1.5 s, the tension change converged
to 0.4 N, whereas with 1 s, it resulted in overall upward shifting
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Fig. 10. Sequential time snapshots of the active engagement process
by the SMA coil spring (Video is available in Movie S3). (a) Initial
unlocking state (before trigger). (b) Locking state (after the momentary
trigger). (c) Manual unlocking. (d) Maintained in the unlocking state due
to the bistability. (e) Unlocking state (before trigger). (f) Locking state
(after the momentary trigger).

due to overheating. This indicates that a minimum cooling time
of 1.5 s is required for a complete phase transition from austenite
to martensite. Rapid actuation without sufficient cooling could
cause permanent deformation of the SMA coil spring, altering its
actuation characteristics. Therefore, for stable repetitive use of
the clutch, it is recommended to apply Joule heating for 0.1 s at
2.5 A, followed by cooling for 1.5 s. The calculated cycle time
is 1.6 s, resulting in an actuation frequency of approximately
0.625 Hz.

In the sequence shown in Fig. 10, the active engagement
mechanism of the SMA coil spring is demonstrated (Supple-
mentary Movie S3). Initially, the clutch is unlocked with the
spring relaxed at ambient temperature, indicating a martensite
phase [see Fig. 10(a)]. Upon receiving a current pulse, the SMA
undergoes a rapid phase transition to austenite, resulting in the
spring’s retraction and subsequent clutch engagement into a
locked state [see Fig. 10(b)]. The process of manual unlocking
is then depicted, where an external force is applied to return
the spring to its original shape [see Fig. 10(c)]. After manual
unlocking, the clutch remains unlocked due to its bistability,
eliminating the need for continuous external energy [see Fig.
10(d)]. The sequence concludes by showing the clutch’s capa-
bility for repeatable actuation [see Fig. 10(e) and (f)].

C. Clutch Evaluation

We conducted an experiment to evaluate our proposed clutch,
focusing on its response time over the cyclic activation. As
shown in Fig. 11, the experimental setup includes a clutch,
an extension spring, a linear actuator, and a load cell. A load
cell (LSB205, Futek, USA) is attached to the end of a linear
actuator (T16, Actuonix, Canada) to measure the tension in the
wire, which varies with the displacement. An extension spring
is connected in series to the wire from the clutch, which changes
the tension profile depending on the locking state of the clutch.
A custom controller utilizing an STM32F4 microcontroller
(STMicroelectronics, Switzerland) measures the displacement
of the wire via the encoder and controls the actuation timing of
the clutch. In addition, this controller operates with the linear ac-
tuator driver (LAC, Actuonix, Canada) and amplifier (IAA100,

Fig. 11. Schematic of the experimental setup, including the clutch,
extension spring, linear actuator, and loadcell. (a) Top view. (b) Side
view.

Fig. 12. Experimental results over time. The binary actuation state of
an SMA coil spring (top), the clutch spool angle (middle), and the wire
tension (bottom).

Futek, USA) to control the actuator and measure tension during
the clutch engagement and release phases.

Fig. 12 shows the activation of the clutch, variations in clutch
spool angle, and wire tension over time. The linear actuator
simulates the user’s movement and is programmed to move back
and forth. During the initial cycle, the clutch remains inactive,
whereas it is activated in the subsequent four cycles. The tension
shows two distinct profiles depending on the clutch state due to
the serially connected internal reel spring and external extension
spring. When the clutch is unlocked, the tension of the relatively
less stiff reel spring is measured. In contrast, when the clutch is
locked, the reel spring is fixed in place, measuring the tension
of the extension spring.

The orange dashed vertical line indicates the moment of clutch
actuation programmed at the wire displacement of 35 mm. The
green dashed vertical line indicates when the clutch’s spool
angle becomes stationary after the engagement of the pawl with
the ratchet. Over the 50 cycles, we collected the time interval
between the orange and green lines and observed the response
time (0.15 ± 0.02 s). The results demonstrate the clutch’s
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Fig. 13. Operation of the neck support exosuit. (a) When the clutch is
locked, the head and torso are connected, supporting the neck muscles
during head flexion. (b) When the clutch unlocks, the user can freely
move their head. (Video is available in Supplementary Movie S4).

ability to provide assistance rapidly, and once it starts assisting,
no further energy is consumed. Moreover, the self-unlocking
feature can utilize the single encoder data embedded within the
clutch, ensuring robust and consistent actuation.

VI. APPLICATION

We demonstrate a neck support exosuit as an example of how
SuAC can be applied to various quasi-passive wearable robots
(Supplementary Movie S4). Prolonged neck flexion during sur-
gical procedures can cause neck pain [28]. In addition, surgeons
need to use both hands during the surgery, requiring sensors
and complex algorithms to read the user’s intent for controlling
the exosuit’s support. There has been a study on passive neck
support exosuit [29], they have the limitation of hindering free
movement due to the displacement-proportional assistive force
that is constantly applied, even when assistance is not needed.
Therefore, by applying SuAC to the neck support exosuit, we
demonstrate that it can provide simple yet effective neck support
without additional sensors or complex control algorithms.

The developed neck support exosuit consists of a headgear
and a vest, each having anchoring points on the head and torso.
On the back of the vest, a strut extends vertically from the user’s
torso to the back of the head, and a clutch is attached. The clutch
wire passes through a pulley attached to the end of the strut
and is connected to the back of the headgear. When the clutch
is locked [see Fig. 13(a)], the head and torso are connected by
the wire, supporting the neck extensor muscles when the user
bends their head. In addition, when the user tilts his head back,
the clutch automatically unlocks [see Fig. 13(b)], allowing the
user to move their head freely without interference from the
exosuit. This provides a simple yet functional device controlled
solely by the user’s movements without additional sensors. The
effectiveness of this device in reducing neck muscle fatigue will
be verified through further studies.

VII. CONCLUSION AND DISCUSSION

In this study, we proposed a SuAC that automatically unlocks
in response to the user’s movements. This design leverages a

unique combination of mechanical intelligence and simplicity
without the need for external sensors or additional mechanical
triggers. Through comprehensive analysis, we established de-
tailed design guidelines outlining the kinematic and dynamic
conditions necessary for effectively designing the clutch com-
ponents. Based on these guidelines, we developed a proof-of-
concept clutch that weighs approximately 50 g, can actively lock
the wire within 0.15 s, and withstands forces exceeding 500 N.
By applying SuAC to the neck support exosuit, we demonstrated
an energy-efficient and low-complexity system that maximizes
the self-unlocking feature based on the user’s movements. We
believe these research findings highlight SuAC’s adaptability
and potential to enhance the overall functionality of various
quasi-passive wearable devices.

The potential applications of the SuAC are diverse and can
be integrated into various wearable robots designed to augment
muscle support and spring functions [30]. For example, in
scenarios similar to the neck support device, the SuAC could
be applied to shoulder exosuits that assist industrial workers
in lifting their arms overhead [8]. In addition, the SuAC could
be used in ankle exoskeletons in combination with springs to
provide support while standing and not impede movement while
walking [17], [20]. However, this study has limitations in scenar-
ios requiring rapid cycling of clutch locking and unlocking. This
limitation arises from the relatively low repetition rate due to the
cooling time required for the SMA coil spring. To address this,
future research should explore existing studies that can reduce
the cooling time of SMA coil springs [31], [32] or investigate
alternative trigger methods with faster responsiveness. Future
studies will focus on optimizing SuAC’s performance by in-
tegrating advanced materials and technologies, expanding its
applicability to support a wide range of human activities, and
verifying its effectiveness.
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