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Slider-Tendon Linear Actuator With
Under-Actuation and Fast-Connection for
Soft Wearable Robots

Byungchul Kim
and Kyu-Jin Cho

Abstract—Tendon-driven soft wearable robots should be
simple, compact, and safe because they are worn on the
human body and interact directly with the human. Here,
unlike rigid robots, wire pre-tension should be removed at
the end-effector due to the inherent characteristics of the
soft robot. In this article, for a stable and compact actu-
ation system without pretension, a linear actuator called a
slider-tendon linear actuator is proposed. The proposed ac-
tuator is designed to make a linear motion using a tendon,
as compared to other linear transmissions, such as ball
screw or lead screw transmissions. By using the proposed
design method that uses a tendon, the actuator size was
reduced to 23.6% of the size of an actuator that uses a
ball screw; this is because the tendon can endure high
tensile force with a small cross-section area. Furthermore,
this article proposes a robot desigh methodology to locate
the robot mechanism in the actuator, rather than in the
end-effector. The proposed actuator is designed to con-
tain a fast-connection and stroke-amplified under-actuation
mechanism. In the proposed method, not only is the com-
plexity and size of the worn part reduced, but its perfor-
mance is also improved. Finally, by applying this actuator
to a specific wearable robot, this paper verifies that the
proposed actuator sufficiently satisfies the requirements of
the wearable robot.

Index Terms—Soft wearable robot, tendon connector,
tendon-driven actuator, under-actuation mechanism, ten-
don transmission.
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[. INTRODUCTION

ENDON transmissions have advantages in their ability to

make the end-effector of a robot compact, simple, and
safe, as compared to other transmissions, such as linkage or
gear transmissions [1], [2]. Tendon transmissions allow heavy
components, such as the actuator, controller, and battery—to be
located far from the end-effector through the use of a simple
structure, such as the Bowden cable shown in Fig. 1. Therefore,
tendon transmissions have been widely used in soft wearable
robots designed for disabled people with difficulties in daily
life [3], patients in need of rehabilitation [4], [5], soldiers in
extreme environments [6], and tired workers who have difficulty
maintaining their posture [7]. In these applications, soft wearable
robots benefit from a simple, compact, and light end-effector
because rigid, heavy, and bulky components (e.g., actuators and
controllers) can be located far from the end-effector and, thus,
can be more easily carried [8]-[11].

To implement tendon transmissions in soft wearable robots,
method is to pull and release the wire through a linear motion
[12], [13]. A ball screw is commonly used because it has high
back-drivability, reliability, and accuracy. However, the actuator
becomes bulky when the required stroke is long because the
traveling length of the linear component must be longer than the
stroke of the wire. Furthermore, if the required tension increases,
the actuator becomes even bulkier due to the enlargement of the
ball screw mechanism and the resulting increase in the cross-
sectional area. Also, a ball screw can be excessive in a tendon
transmission with a Bowden cable, because the tendon can only
transmit the tensile force. Further, the friction of the Bowden
cable degrades the advantage of the ball screw actuator (i.e.,
back-drivability, reliability, and accuracy).

As an alternative design, to minimize the size of the actuator,
a spool-driven method can be used [14]-[17]. In this setup, the
wire is pulled by winding it around a spool that is connected to
a rotary motor. In this case, the derailment of the wire around
the spool can induce tangling failure. One way of preventing
derailment is to use antagonistic actuation with pretension; this
approach is widely used for traditional rigid robots [13], [18],
[19]. In the soft robotic field, unfortunately, pretension could
cause unwanted deformation of the structure. Therefore, the
actuation could cause unwanted side effects, such as unwanted
motion and reduced efficiency [20], [21]. Recently, several
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Fig. 1. Soft wearable robot application using the slider-tendon linear
Actuator. The proposed actuator provides adaptability and usability to
the soft wearable robot by including functions, such as fast-connection,
under-actuation mechanism, and stroke amplification.

soft wearable robots adopted an actuation method that uses a
slack-enabling mechanism that incorporates rollers to prevent
derailment, without applying pretension on the robot [3], [5],
[20], [21]. Rollers sustain only the tension of the tendon inside
the actuator (not the whole tendon) by applying friction on the
tendon. Here, a wire is divided by rollers into two sections: a
pretension section inside the actuator and a tension-free section
outside the actuator. However, since the friction and slip between
the wire and rollers are used for stable actuation, researchers are
still struggling to overcome the low durability of the wire and
rollers [17].

In wearable robot applications, both the size and reliability of
the actuator are important factors that affect the performance of
the wearable robot. The reliability of the actuator system affects
the safety of the robot users, while the size affects portability and
usability [8]. A ball screw isreliable, accurate, and back drivable;
however, the size is bulky. On the other hand, a slack-enabling
actuator is compact, but it is not reliable or efficient, because the
mechanism utilizes the friction and slip between the wire and
rollers. This size and reliability issue of the tendon-driven soft
wearable robots comes from the fact that the tendon connected
to the motor and the tendon at the end effector have different
requirements. Tension of the tendon connected to the motor has
to be sustained because of derailment, while the tension of the
tendon at the end-effector has to be removed when the robot is
not operating.

In this article, we propose a linear actuator that uses a tendon-
driven slider that decouples a tendon into two parts: a motor
tendon and an end-effector tendon, as shown in Fig. 2. In this
design, each side of the slider is connected to two different
tendons. When the motor winds the motor tendon around the
spool, the motor tendon pulls the slider. Then, the slider pulls
the end-effector tendon that is connected to the end-effector. In
this step, the slider also elongates the springs that are installed
parallel to the end-effector tendon. In the unwinding process, on
the other hand, wire derailment at the spool is prevented by the
restoring motion of the elongated springs. The tendon-driven
slider with two springs and two separate tendons (i.e., the
motor tendon and the end-effector tendon) offer the following
contributions.

Motor Tendon End-effector
tendon connector tendon

—6]: - NN oo AN ~
n wen

Motor
Actuator Body

Fig. 2. Basic concept (up) and overview (bottom) of the proposed
actuator. With a tendon-driven slider, the actuator could be designed
in compact size and have reliable actuation performance. The proposed
actuator pulls the end-effector tendon (red dotted line) by winding the
motor tendon (blue solid line) that pulls the slider. In the release process
of the end-effector tendon, the spool unwinds the motor tendon and
springs pull the slider and motor tendon.

1) This design reduces actuator size, as compared to a ball
screw linear actuator. It has a small cross-sectional area
since the tendon is strong at resisting a tensile force. How-
ever, the Slider-tendon linear actuator can only generate
a force in the direction of pulling the end-effector tendon.
The fact that the slider can only generate force in a single
direction is not a problem in a tendon transmission, be-
cause the transmission only can transmit the tensile force.

2) The proposed approach has better aspects in terms of
reliability and durability, as compared to the use of a
slack-enabling mechanism. By connecting springs serial
to the motor tendon but parallel to the end-effector tendon,
the tension of the motor tendon can be sustained without
tensioning the end-effector tendon. The proposed design
applies only tension on the wire while the slack-enabling
mechanism applies friction on the wire for the operation.

3) The use of the slider enables the addition of other features
[8] that improve maintenance, efficiency, operability, and
portability of wearable robots. As shown in Fig. 3, without
increasing the size or complexity of the actuator sys-
tem, the slider-tendon transmission contains the following
features in a single actuation unit: an underactuation
mechanism that enhances the simplicity and adaptability
of the robot without complex control; a fast-connection
that increases portability and eases maintenance; and a
stroke amplification method that helps to keep the size of
the actuator small, while generating a long wire stroke.
Further details regarding each of these actuator features
are explained in the following section.

As a result of utilizing the tendon-driven slider, the size of
the proposed actuator is reduced to 23.6% of the size of a ball
screw linear actuator. Furthermore, derailment prevention with a
spring, rather than rollers, increases the reliability and durability
of the actuation system. These increases are enabled because
the tensile force is applied on the wire, rather than friction
and slip. Containing other functions—such as under-actuation,
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Fig. 3. Details of the proposed actuator working principles. The actua-
tor offers the following four functions in a single slider. (a) Derailment of
the motor tendon is prevented by springs (white broken line). (B) Under-
actuation is implemented to the end-effector tendon using a movable
pulley in the slider (dark blue hatched circle). (c) The fast-connection
makes the end-effector separate from the actuator easily (green dotted
line). (d) The stroke of the tendon is amplified by designing the tendon
path with movable pulleys (yellow solid line).

fast-connection, and the stroke amplification mechanism—in
the actuator, rather than in the end-effector, not only reduces
the complexity of the end-effector, but also improves the per-
formance of the functions. Since these functions are located in
the actuator, useful mechanical components can be used that
might otherwise not be available in the end-effector due to the
desire to not to harm the simplicity, softness, and usability of
the end-effector. Details of the actuator design and contribution
are described in the following order.

The rest of this article is organized as follows. Section II
provides details about how the slider-tendon transmission is
designed and how the additional features are included in the ac-
tuator. After this explanation of the slider-tendon transmission,
a detailed design process is explained in Section III to inform
a method to decide mechanical components. Also, this section
shows how the proposed actuator could be used in a specific
robot. Here, a previously designed robot named Exo-Glove
Polly IT is used. Next, Section IV shows the performance of the
actuator and the simulation result. Finally, Section V concludes
this article.

Il. WORKING PRINCIPLE OF THE ACTUATOR

This section explains the working principle of the slider-
tendon linear actuator. The actuator contains the four major
functions to satisfy the requirements of the actuator needed for
a soft wearable robot. In addition, since these functions can all
be implemented through a single linear motion, the size of the
actuator does not increase, as shown in Fig. 3. This section
explains the methods used to implement each feature listed
below, including the wire derailment prevention mechanism,
the under-actuation mechanism, the fast-connection mechanism,
and the stroke amplification mechanism.

A. Wire Derailment Prevention Mechanism

For derailment prevention, internal springs [white, broken line
in Fig. 3(a)] are installed in the Slider-Tendon linear actuator.
The main principle of derailment prevention is to connect the
spring at the middle of the tendon. Using this connection method,
some part of the tendon, the tendon that will be wound around
the spool, is connected in series with the spring; the other part is
connected in parallel with the spring. Since the pretension of the
spring only affects the serially connected tendon, it is possible
to make an actuator that prevents derailment at the spool with-
out applying pretension on the end-effector. The tendon-driven
slider is the main component that connects the spring, as noted
above; The slider divides the wire into the motor tendon [blue,
broken line in Fig. 3(b)] and the end-effector tendon [yellow,
solid line in Fig. 3(b)]. The motor tendon only exists inside
the actuator and the end-effector tendon is connected both to
the end-effector and to the actuator. When the spool winds the
motor tendon, the slider moves toward the spool and the internal
spring elongates. In the unwinding step, the internal spring pulls
the slider and the motor tendon back in the opposite direction.
Therefore, the spring works to prevent the motor tendon from
losing tension, even in the unwinding process. Note that the
springs are attached in parallel to the end-effector tendon; thus,
the spring compliance does not affect the compliance of the
actuation unlike series elastic actuators [22], [23].

The tendon-driven slider, a component used to apply preten-
sion on the motor tendon, not only decouples the tendon, but
also serves as a transmission, which affects the tension and
linear speed of the end-effector tendon. The relation between
the motor dynamics and the end-effector tendon dynamics can
be described by the following equations:

NméM
Tendeffector = ™ — kx = (EEM) ™ — kx (1)
neR
neR —1
V:endeffector = Wn = (€EM) Wnm (2)
Nmé&M
neR _1
Timpact — 7F‘impact =& -Fimpact (3)
m

where Tepdefiectors Vendeffector ANd Timpact, represent the tension
of the end-effector tendon, the velocity of the end-effector ten-
don, and the impact applied to the motor, respectively. Since the
spring is connected to the actuation unit, the tension produced
by the motor results in a loss as much as the elastic force,
as expressed in (1). Also, it is possible to prevent the motor
from being broken from the impact by increasing the number of
movable pulleys on the motor part (n,,) because it affects the
impact torque, as shown in (3). All variables used in equations
in this paper, including the equations above, are given in Table I.

B. Underactuation Mechanism

An underactuation mechanism simplifies the robot system by
using fewer actuators than the number of joints [24]-[27]. This
mechanism not only simplifies the system, but also can generate
adaptive motions without complex control, when it is used
not to apply kinematic constraints, as explained in [25]-[27].
Therefore, this mechanism has been adapted in several wearable
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TABLE |
NOTATION USED IN THE ARTICLE

Notation Definition
N Number of movable pulleys at the motor tendon
&y Gear ratio of the motor
N, Number of movable pulleys at the end-effector tendon
R Radius of the motor spool
Ty Motor stall torque
Spring constant at the actuation unit
Displacement of the slider
Wy Motor no-load speed
L, Total length of the actuator
lseaq Length of the slider
Dgtroke Stroke of the actuator
A, Actuator total cross-section area
Anotor Initial cross-section area of the motor
a, Cross-section area generated by a movable pulley
mg Mass of the slider
V, Actuator total volume
To Initial tension of the spring
Ty Tension of the end-effector tendon
Ush Friction coefficient between the wire and spring sheath
6 Curved angle of the spring sheath
Uer Friction coefficient between the wire and Teflon tube
Uy Friction coefficient between the wire and bearing
() N n () ) () \
A\ W\ ) \
,ix‘“‘ { 'T.‘\“ 4 ‘.‘
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Fig. 4. Methods used to apply tendon-driven under-actuation mech-
anisms in two links. (a) Shows how the Underactuation mechanism
increases the adaptiveness of the robot. Also, (a) and (d) show the
underactuation mechanism that uses a fixed pulley. (b) and (e) Show
the underactuation mechanism using a movable pulley that is used in
the conventional robot. (c) and (f) Show the method of implementing
the under-actuation mechanism using the proposed Slider-Tendon linear
actuator. The dotted boxes in (d) to (f) mean the end-effector while the
other part is located far from the end-effector. Note that the box with the
solid line in (f) represents the slider-tendon linear actuator.

robots to make robots adaptable without additional sensors or
actuators [20], [21]. We also implemented this mechanism inside
the Slider-Tendon linear actuator to make the actuator more
suitable for a wearable robot.

In the tendon transmission, a tendon routing that uses a
movable pulley is the most common method to realize the
underactuation mechanism, as shown in Fig. 4(b) [28]. In this
case, the mechanism requires a relatively large volume because
of the space that the linear guides need for the pulley to move. To
address the size issue, another tendon path using fixed pulleys

was proposed, as shown in Fig. 4(a) [20], [29]. In this tendon
routing, the tendon is not fixed to the end of the link as is
done conventionally; instead, it just passes through the links,
and both ends of the wire are fixed to the motor, as shown in
Fig. 4(d). Although this method does not require linear space
for a movable pulley, the system is not simple because three
pulleys are required. Further, the friction is relatively large
because it is applied on the wire in all curved paths and is
accumulated through the paths. In soft wearable robot research,
this accumulated friction becomes a significant problem because
conduit-type tendon routers, such as Teflon tubes, are used. Here,
the friction at the wire increases exponential to the curved angle,
as outlined in the capstan equation [30], [31]. The increased fric-
tion reduces several performance measures, including durability,
adaptability, efficiency, and control performance. Therefore, a
method is required to reduce the friction, while maintaining a
compact mechanism size.

This issue can be solved by containing the mechanism in the
slider-tendon linear actuator without size increases because the
slider in the actuator is already designed to move along the linear
guide. By containing the movable pulley in the slider-tendon
unit, as shown in Fig. 4(c), the end-effector can be simple
compared to a tendon path that uses fixed pulleys. Also, the
friction applied to the wire can be dramatically reduced.

C. Fast-Connection Mechanism

A fast-connection is adopted by using the concept of a tendon
connector that enables easy separation of the end-effector from
the actuator [32]-[34]. The tendon connector is an important
component because it maximizes the portability and ease of
replacement; this is essential for the actuation techniques used
in human assist robots [8]. When the end-effector is detached
from the heavy components, the end-effector can be more easily
carried. Moreover, a tendon connector allows the wearable part
to be easily washed, because the non-waterproof components,
such as the actuator and controller, can be easily detached.
However, a tendon connector also has a size issue because most
of the connectors have been developed using a rigid structure
with a linear guide that harms the softness, volume, and weight.
The size issue of the tendon connector can be solved by using
the slider-tendon linear actuator in the same manner that the
actuator solves the problem of the conventional underactuation
mechanism, as described in Section II. C. Since the slider in
the proposed actuator was originally designed to slide linearly
along the actuator, adding the fast-connection mechanism can
be established by just making a space for the tendon connector
as shown in Fig. 5. It can be found in the green dotted box in
Fig. 3.

D. Stroke Amplification Mechanism

Although the slider-tendon linear actuator is designed to be
compact, by containing several functions in a single linear unit,
the actuator size increases as the required stroke increases. This
is because all functions of the slider-tendon unit require linear
motion with a longer drive distance than the wire stroke. Addi-
tional pulleys are used as movable pulleys in the slider-tendon
unit design to reduce the size of the actuator, as shown in
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Fig. 5. Schematic showing how the function of fast-connection in the
slider-tendon linear actuator works. It includes the function of the fast-
connection by separating the end-effector tendon from the slider.

Tendon driven

Bearings (M) Slider Bearings (E)
o ﬁ _End-effector
et Tendon (1)
Tendon ‘§\‘
q
M End-effector
BT Tendon (2)
— :
b1

Fig. 6. Schematic showing how the stroke of the Slider-Tendon linear
actuator is amplified. Bearings on the end effector side not only allow the
slider-tendon linear actuator to have the underactuation mechanism, but
also amplify the wire stroke.

Fig. 6. With the given stroke amplification mechanism, the wire
stroke (Dgyoke) can be increased by increasing the number of
movable pulleys at the end-effector side, as shown in (5). Here,
the [y, refers to the length of actuator components, such as the
actuator wall and slider, as defined in (4). From (5), we can infer
that the overall actuator length (L;) can be reduced by using
more movable pulleys (n. ). However, an appropriate number of
movable pulleys should be used, since the use of the pulley also
increases the cross-sectional area of the actuator. The method to
induce an appropriate number of movable pulleys is described
in more detail in the following section:.

lsta = lwl + ls + le (4)
2N, (Lt - lsta) = Dgroke- (5)

[II. MODELING AND MECHANICAL DESIGN

Section III explains the process used to select appropriate
components for the slider-tendon linear actuator. For the mod-
eling, we chose a soft wearable robot for a certain application
for a specific body part, because the process requires the robot
requirements to fix the mechanical components. Our target
application was determined to be the Exo-Glove Poly II. The
application is shown in Fig. 1; it is a wearable robot designed
to assist a hand-paralyzed person in their activities of daily
living. The Exo-Glove Poly II has been developed to assist flex
motion of the index and middle finger with a single wire using
an underactuation mechanism [20].

Since the Exo-Glove Poly II generates motion with a single
wire, the actuation requirement can be summarized by the output
tension, range of motion (i.e., stroke), and pulling speed of
a single wire. This robot requires a 100mm stroke and 80 N

TABLE Il
ACTUATOR REQUIREMENTS FOR THE EXO-GLOVE-POLY I

Value
100 (N)
120 (mm)
4 (sec)

Requirement

Tension
Wire stroke
Pulling and releasing time

tension to assist with grasping in daily life [20]. Further, the
robot requirements specify the ability to assist with a grasp in
four seconds; therefore, in developing the actuator, the target
speed of the tendon should be 25mm/s. Considering the safety
factor, the target requirements of the actuator are set as given in
Table II. Each component in the slider-tendon linear actuator is
determined to increase the efficiency and to minimize the size
of the actuator, because the actuator will be carried by a human.

A. Design of the Slider-Tendon Linear Actuator
Components

1) Design of a Movable Pulley to Reduce the Size of the
Slider-Tendon Linear Actuator: Based on the required stroke
of the Exo-Glove Poly II, the actuator size is determined by
choosing the number of movable pulleys used in the slider-
tendon linear actuator. When the number of movable pulleys
is increased, the actuator length can be reduced, as shown in
(6); this can be inferred from (5). However, the cross-sectional
area of the actuator increases as the number of movable pulleys
increases, as shown in (7). We determined the number of mov-
able pulleys as two in our design, because this choice showed
the smallest size when using the selected motor. Although the
arithmetic-geometric mean of the number of movable pulleys
(ne) enables optimization of the actuator volume, as shown in
the (7), the optimal number of pulleys is obtained inductively,
rather than deductively. This is because determining the initial
size of the actuator is complicated to solve deductively; the size
of the actuator varies depending on the design

D
Ly = It + —k (6)
2n,
At = Amotor + Nele (7)
V;t - lstaAmotor + (Dstroke/zne)(neae + Amotor) + nelstaae~

®)

After determining the number of pulleys, to show that the
movable pulleys are effective to reduce the size, the size of
the Slider-Tendon linear actuator (Vgra ) is compared with that
of a ball screw linear actuator (Vps), a slack-enabling actuator
(Vsea), and a basic slider-tendon linear actuator that does not
use stroke amplification (Vgra ). For equitable comparison, we
only estimate the size of the actuation unit because the motor
size could differ according to the actuation method. Then, as
a function of the actuation stroke (Djgyoke), the volume of four
actuation units are derived as (9)—(12), respectively. Note that the
size of the slack-enabling actuator was obtained by referring to
the previous research because the slack-enabling actuator is not
a commercial product and its size was estimated in the previous
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Size comparison of the tendon driven actuation method
X 10000

Volume at
240mm stroke
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Fig. 7. Size comparison of the tendon-driven actuation unit for a soft
wearable robot. The size of the slider-tendon unit is 23.6% of the ball
screw. Although the size is reduced, the slider-tendon linear actuator is
about 11.2 times bigger than the slack-enabling actuation unit. Values
on the right side show the volume of each actuation method when the
stroke is 240 mm.

research [17]. Details about the size estimation of other actuation
methods are described in the Appendix

Vsga = 264 (0.018 Dyyore + 5.4) )
Vista = 162 (Dgyoke + 32) (10)
Vsta = 312 (0.25 Dgyoke + 32) (11)
Vis = 481 (Dsuoke + 13) . (12)

Using the equations, the volume of each actuator component
is compared, as shown in the graph in Fig. 7. When the required
stroke is 240 mm, the size of the Slider-Tendon linear actuator
is 23.6% that of the ball screw linear actuator. It is true that the
required stroke of the actuator is set to be 120 mm; however,
we compared the size at 240 mm so as to not to consider the
underactuation, as mentioned above. Although the size of the
slider-tendon linear actuator is small, the volume is 10.64 times
bigger than the conventional slack-enabling actuation unit.

2) Design of the Spring to Enable a Sufficient Releasing
Speed: The other components that affect the actuator perfor-
mance are the springs used to prevent the wire derailment. When
the spring constant is too low, the wire can be derailed from the
spool because the slider will move slower than the spool rotation
speed. On the other hand, when the spring constant is too high,
the actuator efficiency will be reduced as shown in (1). There-
fore, we obtained the minimal spring constant required to prevent
wire derailment by solving the slider’s equation of motion, which
is represented as (13). Here, foxt (i.e., the external force) is
used for the simplification. The slider position can be solved
as shown in (14) with boundary conditions 2(0) = — Dgyoke/Tee
and z(tana)) = 0, considering the slider’s range of motion

msE = —kx — pupsmsg + Ty = —kx + feut (13)
Dslmke fext — )t fext

t) = _— = — ms _— 14

z (1) ( . . > e Ve = (14)

Since the slider should be released within four seconds (based
on the robot requirements), the implicit form of the equation to
find the desired spring constant (kqesired) can be represented as
(15). Substituting the actual values of the mechanical properties
into the given equation, we can find the spring condition to meet
the robot requirements, as shown in (16). Here, the friction

coefficient of the bushing (uns) is set to 0.01, based on the
datasheet; the slider mass (my) is directly measured as 30.4 g

/ : ir Dy
tinal = ms In (1 + Edesirea X Dy oke) <4 (15)
kdcsircd Ne fcxt
kaesired = 0.00544. (16)

Considering the safety factor to be three, the final spring with
a spring constant of 0.02 N/mm was installed in the proposed
actuator to result in enough releasing speed.

B. Final Actuator Design with Optimized Components

Using the components chosen as outlined in the previous
sections, the final actuator is obtained after selecting the spool
size and motor. First, the power of the motor is selected by
considering the requirements for tension and wire speed. In this
article, an 8.5 W motor (Faulhaber, 2224SR, (22mm, length
24 mm) is selected to achieve the required tension and speed.
The motor length is 58.7mm when the gearbox is attached.
Second, the gear ratio and spool size are determined because
these variables are all related to the force-speed relationship.
We first determined the diameter of the motor spool prior to the
gear ratio decision because the spool size is related to the impact
torque applied to the motor and the reliability of the wire. When
the spool size is reduced, the external impact force applied to the
wire is transmitted to the motor with a small torque. Therefore,
it can be prevented from damaging the motor when an impact
force is applied to the wire. However, if the size of the spool
is too small, it will promote wear of the wire, thus, the spool
size must be kept in the proper size to prevent wear. The size
of the motor spool is determined to be 5 mm in diameter, so
as to not bend the wire; this was determined using the equation
defined in previous research [35], [36]. Then, the tension and
speed of the end-effector tendon can be calculated as 3.39 N and
2146.75 mm/s, respectively. Note that these values are calculated
for a situation in which an underactuation mechanism is used.
Therefore, the gear ratio should be larger than 29.48 to make
the wire tension larger than 100 N, while the gear ratio should
be also smaller than 71.56 to make wire-speed faster than 30
mm/s. With the given condition for the gear ratio, a gearbox
(Faulhaber, 22E) with a gear ratio of 69:1 is used to satisfy the
actuator requirements. Considering the gear efficiency of the
selected gearbox as 0.69, the final wire tension, pulling speed,
and stroke are 161.49 N, 31.11 mm/s, and 124 mm, respectively.
Therefore, we can conclude that the final actuator performance
satisfies the robot requirements, which are given in Table II.

The slider-tendon linear actuator has two movable pulleys to
minimize the volume and the internal spring is used to have a
spring constant of 0.02 N/mm. The final size of the actuator is
35 mm height, 112.9 mm length, and 34 mm width. Also, the
total actuator weight is 162.2 g, of which 66.3 g is the weight
of the motor. The actuator size is relatively large compared
to the estimation in the previous section because additional
components are included in the actuator. Specifically, a single
loadcell (LSB200, Futek, USA) is included for tension control.
The loadcell is added because the gear ratio of the selected
motor is high; thus, the friction at the gearbox of the motor
cannot be ignored. Here, admittance control is used to control
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Fig. 8. (a) Actuator performance in position and (b) force domain.

The actuator pulls wire 120 mm in two seconds in a no-load condition.
The rms error between the estimated and real slider position is 3.61%.
The blue dotted line in figure (a) is the pulled length calculated by the
encoder and the black solid line is the pulled length of the wire calculated
by the slider position. Figure (b) shows that the tension of the wire
reaches to 100 N and the tension applied on the two wires is similar.

the tension of the tendon. Details about the tension control used
in the proposed actuator are described in [37]. Also, the space
to fix the Bowden cable is included in the final actuator. All
actuation characteristics are verified in the next section.

[V. SIMULATION AND PERFORMANCE

In this section, we show whether or not the final actuator
design satisfies the robot requirements through both simulation
and experiment. First, experiments that measure the tension and
speed of the wire are conducted. Next, a second experiment that
shows the effectiveness of the under-actuation mechanism is
conducted with a simulation that derives the tension distribution.

A. Validation of the Actuator Speed

The slider-tendon linear actuator contains springs that have a
spring constant of 0.02 N/mm. First, we measured the speed of
the slider to check whether the selected spring works well. This
is because the wire speed is related to the slider speed, rather
than the rotational speed of the motor. To measure the speed
of the slider without affecting the actuation, captured video is
analyzed by MATLAB (Mathworks, Natick, MA, USA). The
real position of the slider and estimated position using the motor
encoder data are compared, as shown in Fig. 8(a). Since the
tension increases after contact in our application, this experiment
was conducted in a no-load condition. The tension begins to
increase only at the last moment when it contacts the object; thus,
the experiment under a no-load condition does not differ from
the actual situation. The blue dotted line in the graph shows the
estimated position of the slider calculated with the encoder data
and the black solid line means the measured position of the slider
using video analysis. The RMS error between the estimated and
real position is 3.61%. It is important to note that, the wire length
at the y-axis of the Fig. 8(a) is total pulled length of the tendon.
This implys that the actual speed of the tendon could be 30 mm/s
(half of the result shown in Fig. 8), when the under-actuation

mechanism is considered. However, this does not matter as it
satisfies the requirement in Table II.

After the speed experiment, wire tension is also measured
using the loadcell. Since the slider-tendon unit contains an
underactuation mechanism, the tension of both ends of the
wire is measured. The force properties results are depicted in
Fig. 8(b). As aresult, the tension at each wire sufficiently reaches
the requirements of the application, and the tension difference
between the two wires is small. In this experiment, the root mean
value of the tension difference is 0.78 N.

B. Simulation and Validation of the
Underactuation Mechanism

In Section II, we explained two underactuated tendon routings
(e.g., tendon routing using the movable pulley and routing using
the fixed pulleys), as depicted in Fig. 4. Although routings are
designed to have the same function (i.e., function to apply the
underactuaion mechanism on the two-link system), the tension
distribution shows a difference due to the difference of tendon
path and the routing components (pulley, conduit, bearing, etc.).
The tension distribution of two different tendon routings can
be obtained by figuring out the friction applied on the tendon.
The friction applied on the tendon can be simply modeled using
the capstan equation [30], [31]. In this equation, the friction
applied on the wire is defined as (35), where p is the Coulomb
friction coefficient, T is tension of the tendon, and @ is the
angle of the curve at the tendon routing. Note that the Coulomb
friction model is well used in the capstan equation among various
friction models [38]. In capstan equation that uses the Coulomb
friction, the tendon friction depends on how the wire is routed.
When non-rotating components (i.e., a nonrotating router) such
as conduits are used, relative movement between the wire and
the routing component induces the kinetic friction. On the other
hand, in a case that uses rotating components (i.e., a rotating
router) such as a bearing or spool, rolling resistance is applied.
In this article, for the nonrotating router, the Coulomb friction
coefficient is defined as 0.05, while for the rotating router,
the friction coefficient is defined as 0.001. This is because the
Exo-Glove Polly IT uses Teflon tubes as non-rotating routers (i.e.,
conduits) and the slider-tendon linear actuator uses bearings as
rotating routers (i.e., pulleys) [21]

f=T1—-e"). 35)

By extending the content about friction to the whole tendon
routing, the overall tension distribution can be derived by con-
sidering the direction of the wire movement, friction coefficient,
and the elongation of the wire. To do so, we simplified the
tendon routing in the finger to the routing shown in Fig. 9. In
this schematic, the friction was derived by dividing the tendon
into several segments. In Fig. 9(a), the wire is divided into six
segments in the tendon routing; two segments at the actuator
side (a, b), and four segments at the end-effector side (7 to 4).
The upper block in the figure refers to link A (finger A in the
wearable robot application) and is assumed to have contact with
the external environment, while link B (finger B in the wearable
robot application) that is depicted as the lower block is assumed
to move freely.
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Fig. 9. Schematic of the tendon routing to analyze the tension distri-
bution. For simplification, fingers are assumed as a block that moves
linearly. (a) Underactuated tendon path using fixed pulleys. (b) Underac-
tuated tendon path using a movable pulley.

In the tendon routing with fixed pulleys [see Fig. 9(a)], the
wire at segment a and b will be wound around the spool amount
of RA(R means spool radius), respectively, when the spool
rotates an amount of 6. As block A does not move, the length of
segments / and 2 does not change, while the lengths of segments
3 and 4 decrease in the amount of d when block B moves an
amount of d. Then, it is obvious that the traveling length of the
lower block (d) is equal to the wound length of the spool (R6),
which is described as (37). The notation used in this equation is
depicted in Fig. 9(a)

2(lout + lin) — 2RO = 2(lous + lin — d)
RO =d.

(36)
(37)

In this tendon routing, the wire at segment 3 will move to
segment a by passing through segments 2 and 1. This is because
the lengths of segments 2 and 1 do not change, while the length
of segment 3 is reduced. On the other hand, the wire at segment
4 directly moves to segment b. The aspects of the movement
of the end-effector wire when the motor pulls the wire can be
depicted as the arrow in Fig. 9(a). In this case, one unusual aspect
is presented: there is no movement in the wire between segments
3 and 4. Here, we used an additional assumption that the wire
elongates when the tension increases. With this assumption, it is
possible to consider the movement between these segments. This
is important because the static friction is difficult to estimate.
As a result, we can envision that the elongated wire in segment
3 moves to segment 4. Given information about the direction
of wire movement, total tension distribution is obtained as
given in Table III. In addition, we defined the concept of the
transmission ratio, a ratio of the pulled length of the wire by
the actuator to the moving distance of the link, to obtain the
relation between the motor torque and the fingertip force using
the virtual work principle. The routing system with fixed pulleys
has a transmission ratio of 1:1 because the wound length of the
wire is equal to the traveling distance of the lower block, as (36)
shows.

When the underactuation is implemented with the movable
pulley, as in Fig. 9(b), the wire can be divided into four segments;

TABLE IlI
TENSION DISTRIBUTION OF THE TENDON ROUTING WITH FIXED PULLEYS
Tension relationship Tension distribution
Ty =Ty +Tp, (17) | Ty = G, Tye #sn? (23)
T, = Tae—#shH 18) | T, = G#TMe_#shG—#th[ @29
T, =Tye #sn®  (19) | Ty = G, Tye #sn 2™ (25)
T, = T,e H™ (20) | T, = G, Tye #sn®~Ho™  (26)
= —HefT

T3 Tze_ t 21) 6= 1_ @7
T; = Tye H™ (22) 1+exp(—pepm)

TABLE IV

TENSION DISTRIBUTION OF TENDON ROUTING WITH A MOVABLE PULLEY

Tension relationship Tension distribution
Ty=T,+Tp (28) | Ty = Gy, Tye #sn® (32)
T, = T,e o™ (29) | Ty = Gy, Tyye Psnf=mm™  (33)
T, = T e Hsn® (30) _ 1

= - —Ushb G”b_1+ex (—upm) (€0
T, = Tye Hsh &) (-t

Fig. 10.  Experimental setup to measure the tension distribution of the
tendon routing. (a) Method to measure the tension with curved tendon
routing. The wire curve unit in (b) intentionally makes the wire bend. (c)
Schematic of Bowden cable. By changing the tendon routing, tension
distribution of two tendon routings is measured.

two segments in the motor part (a and b) and two segments in the
end-effector part (1 and 2). Here, the wire in segment 2 moves to
segment a after passing segment b. The wire at segment 1 does
not move because link A does not have movement. However,
when we assume elongation of the wire, the wire at segment 1
also moves to segment a. In this case, the transmission ratio is
2:1 because the link moves twice the length of the wire wound
by the spool. The tension relationship between each segment
and the final tension distribution is derived as given in Table I'V.

Experiments to validate the underactuation performance are
conducted as shown in Fig. 10. To create a situation in which
the link moves slowly with increasing wire tension, springs
are connected to each link. To make the situation of contact,
an additional block is installed in front of the link. Four load
cells are used to measure the segmental tension of a single
wire divided into segments. Fig. 10(d) and (e) shows the tendon
paths of under-actuation that use conduits and movable pulleys,
respectively.
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Fig. 11.  (a) Experimental and simulated results of the force difference
that is applied to the finger (a). (x) means that there is a significant
difference between the two results. (b) How the force differences varies
when the finger flexion occurs. Since the ratio of the force applied to the
two fingers is important in the under-actuation mechanism, both graphs
are represented by converting all values as a percentage of the force
exerted on one finger (Fp).

To measure the tension, a tension meter is designed, as
shown in Fig. 10(a), by referring to the conventional method of
measuring the tension. Experimental equipment includes a wire
curve unit to reflect the change in the wire path caused by finger
bending; the curve unitis designed as shown in Fig. 10(b). Inside
the curve unit, the Teflon tube is installed at a certain bending
angle. The finger bending angle can be considered by replacing
the unit that curves at different angles. The tension meter is
located after the wire curve unit because the measurement of
how much force the wire transfers to each finger is a goal of the
experiment.

Using the experiment setup introduced above, the tension dis-
tribution of the tendon routing using fixed pulleys and the routing
using movable pulleys are each obtained, as shown in Fig. 11(a).
F'4 and F'p each mean the force applied on two fingers; the 1
to 4 notations in the tendon routing using fixed pulleys refer to
the tension at the wire segment that is introduced in Fig. 9. In
this experiment, we found that the difference between F 4 and
Fpis 15.1N when the fixed pulley is used, while the difference
between the two fingers is only 0.2 N when the movable pulley
is used. Here, the experiment was conducted until the sum of the
forces applied to finger B reached 100 N.

The experiment described above was conducted when the
curve angle of the wire curve unit was O rad, which means
that the finger is fully extended. The experimental results of
measuring the difference in the force of the fingers according
to the variation of the bent angle are shown in Fig. 11(b). The
routing using fixed pulleys shows that the difference in force
applied to the two fingers increases as the angle of bending of the

finger increases. On the other hand, in the case of underactuation
using a movable pulley, it can be found that the difference in the
force does not cause a significant change as the bending angle
of the finger changes.

V. CONCLUSION

A tendon transmission has been used in the soft wearable robot
because of its advantages, which make the end effector more
compact, light, and simple. However, the tendon transmission
requires special care so as to not induce high friction and such
that the wire does not become tangled around the spool. To ad-
dress these issues, researchers have applied additional functions
to the tendon transmission, such as a pretension mechanism or
a slack-enabling mechanism. Other techniques, such as using
an underactuation mechanism or a fast-connection, have also
been proposed to simplify and minimize the end-effector. In this
article, we proposed a linear actuator that is driven with a tendon,
rather than a ball screw to reduce the actuator size. Furthermore,
a design methodology to contain several mechanisms is applied
in the actuator design. The proposed actuator contains an under-
actuation mechanism for robot adaptability, a fast-connection
mechanism for portability, and a stroke amplification mech-
anism for size minimization. By doing so, it was possible to
simplify the end-effector, and also to improve the performance
of the robot. Performance is improved due to the slider-tendon’s
easy-to-use mechanical components; reduced mechanical com-
ponents in the end-effector also result in increased wearability,
simplicity, and compactness.

It should be noted that the durability of the proposed actuator
may be less than that of a conventional ball screw transmission.
However, although durability is of course important, the Slider-
Tendon’s durability will be sufficient if its durability is higher
than the durability of the Bowden cable. Since the wire slips
at the Bowden cable, the durability of the actuator is higher
than that of the Bowden cable [31], [39], [40]. Because the
Slider-Tendon linear actuator offers advantages in size, we can
conclude that the slider-tendon linear actuator is more suitable
for tendon-driven wearable robots that use a bowden cable.
also, other advantages of ball screws, such as back-drivability
and accuracy are not meaningful in a system using a Bowden
cable because the friction at the Bowden cable degrades these
advantages.

The proposed actuation method also has additional minor
advantages that are not explained elsewhere in this article. First,
the actuator is inexpensive because it consists of only two
bushings and two springs. Second, the actuator can be easily
customized to meet the requirements of a particular robot by
changing the motor spool size, the number of pulleys, and the
gear ratio. In addition, the slider-tendon linear actuator can be a
good solution for high-impact situations by reducing the radius
of the spool and increasing the number of pulleys on the motor
side. By changing these parameters, damage to the motor from
a large impact can be avoided.

The size of the proposed actuator is 23.6% of the ball
screw actuator size and 10.64 times bigger than that of
the slack-enabling mechanism. However, the durability of
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slider-tendon linear actuator, and (c) and (f) show a slider-tendon linear actuator with stroke amplification. Figure (a)—(c) show the overall view of
each actuation methods and the figures (d)—(f) show the schematic view to derive the estimated size of the actuation methods. The red dotted lines

in figures (d)—(f) are the end-effector tendon of the robot system.

the slack-enabling actuator is not sufficient for many practical
applications, since it uses friction and slips for derail prevention.
In practical use, the reliability of the slack-enabling actuator was
even less than that of the Bowden cable. Also, the slack-enabling
actuator does not have a space for the linear motion, which
makes it difficult for it to adopt additional functions, such as
fast-connection and underactuation.

The slider-tendon linear actuator also has the potential to
contain other components used in other research about tendon
transmissions with rotary motors [22], [23]. First, the actuator
can increase the peak tension by using a compliant material. By
adding a compliant component that accumulates spring energy
in the unwinding process and emits energy in the winding
process, we can increase the maximum tension without using
a high-torque motor. Also, research of adding an extra spool in
parallel to the existing spool can be pursued. In this design, the
actuator can pull two wires, even using a single motor. Therefore,
we can make the actuator apply bidirectional force as a dual
slack-enabling actuator, as shown in previous research [17].
Other research related to changing the radius of the motor spool
can also be used in the slider-tendon linear actuator. This article
uses a motor spool as a transmission. It generates high tension
by decreasing the radius of the motor spool and generates high
speed by increasing the radius of the spool [41].

The proposed actuator will require additional research about
the type of wire. The wire used in the proposed actuator is
Dyneema because this wire has high yield strength. However,
the wire used in the article has high hysteresis, which is not
preferred in force control. Therefore, the best wire to be used in
the actuator should be chosen based on future work. Additional
research should also be performed to increase the performance of
the tendon transmission. Friction and the wear of the wire is one
of the main disadvantages that leads many researchers to hesitate
to use a tendon transmission. In future work, a wear-monitoring
system can be proposed for the slider-tendon linear actuator. By
measuring and comparing the tension at the end-effector and on
the actuator side, the system can observe the tendon wear. As a
long-term goal, we are eager to make the tendon transmission
a compact, safe, and reliable transmission to be used in human
assist robots by adding more functions to the slider-tendon linear
actuator proposed here.

APPENDIX

This section provides a detailed explanation about how we
derive the volume of several transmissions to pull the tendon, as
introduced in Section III-A. Here, the volume of the ball screw
transmission, slider-tendon transmission with stroke amplifica-
tion, and slider-tendon transmission without stroke amplification
are derived. Note that the volume of the slack-enabling mech-
anism is not estimated because this was estimated in previous
research, as explained in the main text [17]. The size estimation
begins by defining the several assumptions, as outlined later.

First, we only estimate the size of the actuation unit; the motor
size is excluded to allow more equitable comparison. Second,
each size of the actuation method is compared by calculating the
volume of the smallest cube that surrounds the actuation unit;
each volume is calculated by multiplying the cross-sectional
area and height. Third, all the gap between each mechanical
part (dgap in Fig. 12) is set as Imm. Fourth, estimation is carried
out by considering the larger part when several parts are placed
in parallel. For example, the length of the actuation unit with
a ball screw (Lpg) is determined by the length of the longer
part among the ball bushing and ball screw because the ball
bushing and the ball screw are placed in a row, as shown in
Fig. 12(a). The function max is used to express this situation
as shown in (41). Lastly, the size of the slider-tendon linear
actuator is estimated without considering its ability to include the
under-actuation mechanism or the fast-connection; this enables
fair comparison because the other actuation unit also does not
contain these functions.

In the size estimation of the actuation unit with the ball
screw, the volume is calculated using the smallest ball screw
among commercially available products because the ball screw
is a commercial product; this is named “MDK-0401-3" [42],
[43]. The schematic of the actuation unit with the ball screw
is shown in Fig. 12(a). Since the given ball screw requires an
additional linear ball bushing for the linear motion, the size of the
actuation unit with the ball screw is estimated by including the
space needed for the bushing, which is depicted in dark gray in
Fig. 12(a). Two bushings are used because the flange of the ball
screw must be designed to have force equilibrium to minimize
friction. For a fair comparison, the Slider-Tendon design also
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TABLE V
PARAMETERS FOR ACTUATOR SIZE ESTIMATION

Design parameter Value (mm)
Gap between mechanical components (dyq;) 1
Diameter of bushing (D) 7
Length of bushing (Ly,sp,) 10
Diameter of flange (D)) 19
Width of flange (T)s) 13
Length of flange (L) 13
Diameter of bearing (Dpeqring) 8
Height of bearing (hpeqring) 2
Diameter of spring (Dgyying) 3
Length of spring (Lsyring) 30
Diameter of bolt to fix the spring (dspring.fix) 2

includes two linear ball-bushings of the same size used in the
ball screw size estimation. Since the ball screw has different
lengths in horizontal (T},) and vertical directions (Dys ), the size
of the ball screw is estimated by using the smaller value among

Bg in (38) and A%OSY in (39), as shown in (40). Actuator size
can be estimated using (42), with the design parameters given
in Table V

53 = D (Dbs + 2D + 4dlgap) G%)
ABY = Dy (his + 2Dpush + 4dgap) (39)
Aps = min( BS A}éoSr) (40)
Lps = max (Lps, Lbush) + 2dgap @D
VBs = Ags X (Dsroke + Ls) = 481 (Dswroke + 13) . (42)

For the case of the basic slider-tendon linear actuator (BSTA),
which is a slider-tendon linear actuator that does not use stroke
amplification, the size of the actuation unit is derived using
the schematic shown in Fig. 12(b). The size of the BSTA is
estimated as follows. In the BSTA size estimation, Li1al, is
relatively complicated since the space to fix the spring should be
considered. Since the spring is fixed both at the slider and at the
wall, the L1 and Lggta must be considered in the estimation,
as shown in (46) and (47). However, if the length of the spring
is longer than the sum of the length of the wall and the length
of the slider, the length of the spring will affect the volume; the
length of the entire actuation unit is expressed as shown in (46)

final

Vista = (LB§Ta + Dyroke) X dBsta X hssta 43)
hesta = (2dgap + max (Dpush, Dspring)) (44)
destA = (Dspring + 2Dbush + 4dgap) (45)
Ll = max (Lyan + Lsta, Lspring + 2dgap)  (46)
Lysta = 2dgap + Lbush 47

Lyan = 2dgap + dspring fix. (48)

To show the effect of the additional movable pulley, we also
obtained the size of the actuator that arises from using a slider-
tendon linear actuator with two movable pulleys (STA), as shown
in Fig. 3. The size of the slider-tendon unit is estimated as shown
in (49) and (50). Since two movable pulleys are used, 0.25 is

multiplied by the stroke of the wire in the final volume estimation

Vsta = (LEHR + 0.25Dgnoke) X dsta X hsra (49)
dsta = max (3Dpearing + 2dgap, 2Dbush

+ Dspring + 4dgap) (50)
hsra = (3dgap + max (Dpushs Dspring) + Pbearing)  (51)
L& = max (Lyan + Lsta, Lspring + 2dgap) (52)
Lyan = max (Dyearing dsp_fix) +2dgap (53)
Lsta = 2dgap + max (Lyush, Dbearing) - (53)

With the actual size of the component, the size of the slider-
tendon unit and BSTA can be estimated. One note is that a single
spring was included in the slider-tendon unit size estimation;
however, two springs are used in the actual design, as shown in
the Fig. 3. This is because it is more compact to attach springs
to both sides than to connect a spring at the center when the
motor or tendon connector is considered. Since the assumption
in this estimation is to ignore the effect of the tendon connector
or motor, the size is estimated using a single spring.
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