
  

  

Abstract— This paper proposes a novel wearable robot 
designed to assist with shoulder abduction using a double-petal 
mechanism based on petal fold origami driven by shape memory 
alloy (SMA)-based artificial muscle. The proposed double-petal 
mechanism consists of two petal structures that mimic the 
scapula and humerus, respectively. It follows the 
scapulohumeral rhythm to prevent bone collision and reduce 
the compressive force on the glenohumeral joint. The 
mechanism is designed to achieve high mechanical advantage 
and torque output while minimizing the overall weight using 
lightweight SMA spring actuators and carbon fiber-reinforced 
plastic-based frames. The proposed robot can assist with 
shoulder abduction both with (active support) and without 
energy input (passive support) using bundles of SMA spring 
actuators. It can generate assistance torque up to 6.36 Nm 
passively and 12.6 Nm actively at a 90° abduction angle. To 
verify the assistance performance of the proposed robot, surface 
electromyography of the lateral deltoid is measured during 
shoulder abduction with and without the assistance of the robot 
and the results confirm that the robot effectively assists in 
shoulder abduction. 
 

I. INTRODUCTION 

Shoulder abduction is one of the most frequently used and 
important movements of the upper limbs in various fields such 
as the manufacturing industry, assisting in the activities of 
daily living (ADL), and rehabilitation or treatment [1]-[12]. 
For example, workers in manufacturing industries frequently 
use shoulder abduction for lifting heavy weights or working 
on overhead tasks, which can lead to musculoskeletal 
disorders [6], [12]. Additionally, rehabilitation of spasticity 
and shoulder subluxation due to muscle weakness following 
shoulder abduction are challenging problems for neurological 
disability patients in the rehabilitation field. 
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Wearable robots designed for shoulder abduction can 
provide assistance to workers and patients based on individual 
needs. However, if these wearable robots lack portability, 
being heavy and bulky, it could pose difficulties in their 
practical use in ADL, even if they exhibit powerful 
performance. Additionally, as wearable robots synchronize 
their movements with the upper limb of the users, it is crucial 
for them to prioritize safety and provide sufficient assistance 
without imposing undesired or misaligned load to the body. 
They should accurately deliver assistance force or torque in 
the appropriate direction, considering human musculoskeletal 
biomechanics. For example, if excessive compressive force, 
perpendicular to shoulder abduction direction, is applied to the 
glenohumeral (GH) joint during shoulder abduction assistance, 
it can lead to rotator cuff tear problem due to the friction 
between the rotator cuff and acromion [13], [14]. Furthermore, 
it should consider the trajectory of scapulohumeral rhythm 
(SHR), which involves coordinated rotation between scapula 
and humerus with a ratio of 1:2, to avoid bone collision issues 
in the shoulder joint [3]. 

Over the past few decades, several wearable robots for 
assisting shoulder abduction have been widely developed, and 
it can be classified into three types: Type I. pulling the arm 
over the shoulder using contraction and linear actuator such as 
tendon-driven actuator (direct contraction type over the 
shoulder) [1]-[3], Type II. Lifting up the arm driven by 
volumetric expansion with pneumatic pressure at the armpit 
(volume expansion type at the armpit) [4]-[6], and Type III. 
Lifting up the shoulder by supporting abduction torque driven 
by motor-link mechanism (exoskeleton type) [7]-[9]. The 
direct contraction type uses the tendon-driven mechanism 
which has lightweight and good portability with a compact 
design. However, as the contraction force is parallel to the 
upper limb, it can irritate the skin and slip on the skin [3], [11]. 
Also, it is difficult to contract at a large angle with the upper 
limb using a direct contraction, because it produces a large 
compressive force to the GH joint occur [1]. Since it is 
structurally difficult to make it follow the SHR, a method of 
using four-bar-linkage structures has been proposed, but the 
linkage structure spreads widely over the shoulder as the 
abduction angle increases, which can increase the volume [3]. 

In the case of the volume expansion type, they use a 
pneumatic actuator composed of a powerful air compressor 
and a deformable bladder. This type shows great advantages in 
a range of motion (ROM) and small compressive force. Also, 
intrinsic compliance of the bladder makes advantages in 
following SHR without additional mechanisms [6]. However, 
the air compressor to create pressure is heavy and consumes a 
lot of energy, resulting in disadvantages for portability. Also, 
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due to the compliance of the bladder, the applied force to the 
user can be transferred in misdirection [11]. On the other hand, 
the exoskeleton type shows high performance of the torque 
output and ROM because the powerful motor-gear system 
directly rotates each joint. However, these robots are heavy 
and bulky due to the heavy components such as motors, gears, 
and frames [7]-[9], [14]. Particularly, in this type, not only is a 
complex link design required to follow the SHR trajectory, but 
the controllability is also significantly compromised.  
Therefore, a new type of assistance mechanism is necessary 
for shoulder abduction with small and lightweight design, 
sufficient performance, and safe interaction. 

We propose a novel mechanism based on origami with 
shape memory alloy (SMA) actuators for assisting shoulder 
abduction. Origami, which consists of rigid membrane and 
soft hinges, has versatile shape-changing ability, allowing for 
significant expansion with initially compact design [15]. 
Especially, we propose a petal mechanism, which is inspired 
by petal fold origami as shown in Fig. 1 (a) and (b). The 
working principle of the petal mechanism is same as petal fold 
origami; the two ends of the actuator is placed at E and F, and 
the structure is expanded and produced pushing force 
( ∠𝐴𝐴𝐴𝐴𝐴𝐴 ↑ ) when the actuator contracts and produces 
contraction force (𝐸𝐸𝐸𝐸����  ↓). One of the main advantages of the 
petal mechanism is a small compressive force generation. This 
mechanism cannot induce compressive force in the rotation 
axis (𝐵𝐵𝐵𝐵����) because the rotation axis and the direction of the 

actuator force (𝐸𝐸𝐸𝐸����) are parallel. Another advantage is a high 
mechanical advantage (MA) owing to the scissors mechanism 
structure (□AECF) inside the petal mechanism as shown in 
Fig. 1 (a). [16], [17]. The high MA of the petal mechanism 
enables a small input force to produce a large output force, 
resulting in a significant torque output. This makes it 
advantageous for creating high torque output with a small 
amount of input force. 

Shape memory alloy (SMA) actuators are one of the great 
candidates for use as a contractive and linear actuator to work 
with the petal mechanism. SMA actuators produce force and 
deformation through a phase transition between martensite 
and austenite phases induced by temperature change [18]-[25]. 
This actuator shows good performances such as high force 
output due to the high-power density [26], [27]. However, 
since the wire geometry-based SMA actuator shows a high 
power-to-weight ratio (> 50 W/g), they are limited to low 
levels of strain (< 5 %) [22], [23]. Therefore, the spring 
geometry-based SMA actuator, known as the SMA spring 
actuator, was chosen for the proposed mechanism to improve 
the strain (> 200 %).  Additionally, since the SMA spring 
actuator can generate a restoring force without energy input, it 
enables energy-efficient assistance of shoulder abduction 
without a current input. Furthermore, this actuator geometry 
contracts on its own, making it beneficial for directly 
contracting the petal mechanism without tendon. The 
utilization of petal origami and SMA actuator in a mechanism 
can solve the challenges due to not only the compact design 
and high MA properties of the origami structure but also high 
power-to-weight ratio and restoring force properties of SMA 
actuators. 

In this paper, we propose a new wearable robot using an 
origami-based petal mechanism to assist shoulder abduction 
driven by SMA actuators. To mimic the SHR of the scapula 
and humerus during shoulder abduction, the double-petal 
mechanism using two petal mechanisms is used. This 
mechanism not only reduces the misalignment problem by 
following SHR trajectory and compressive force to the GH 
joint, but it also decreases the required force input due to the 
high MA property. Then, an optimization process is conducted 
to decide the geometry of the petal mechanism and 
specifications of the SMA spring actuator. Finally, the 
wearable robot using the proposed mechanism and actuators 
was designed as shown in Fig. 1 (c). The performance of the 
proposed robot was evaluated through user tests with a group 
of ten healthy men, with the results demonstrating sufficient 
assistance performance for every subject. 

 

II. DESIGN PROCESS OF THE MECHANISM FOR ASSISTING 
SHOULDER ABDUCTION 

A. Mechanism Design 
Prior to the mechanism design, the SHR during shoulder 

abduction was examined as shown in Fig. 2 (a). The SHR can 
be simply modeled as two triangles with a variable dislocation 
length (𝑙𝑙𝑑𝑑 ) as the abduction angle. And an instantaneous 
rotation center (IRC) of SHR is the intersection point of each 
rotated scapula and humerus axis. Therefore, proposed 
mechanism is modeled as a double-petal mechanism 
composed of two petal mechanisms with constant dislocation 

 
Fig. 1. (a) Diagonal and (b) side view of the working principle of a single 
petal mechanism. When actuator contracted, the mechanism is straightening 
the bending and unfolding. (c) Proposed robot uses a double-petal 
mechanism which is composed of petal 1 and 2, which assists the shoulder 
abduction while the actuator contracted. 
 



  

length (𝑙𝑙𝑐𝑐 ) to follow the SHR as shown in Fig. 2 (b). To 
minimize the misalignment error of the GH joint between 
SHR and the double-petal mechanism, the objective function 
is defined as (1). And the objective function was simulated to 
find optimized 𝑙𝑙𝑐𝑐 using each GH joint trajectory model as (2) 
and (3) and 70 mm was selected as 𝑙𝑙𝑐𝑐. The 𝑅𝑅(𝜃𝜃) in (1)-(3) 
means that the rotation matrix rotates about 𝜃𝜃 in a plane. 

𝑒𝑒𝑒𝑒𝑒𝑒(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎) = ‖𝐺𝐺𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎) − 𝐺𝐺𝐺𝐺𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎)‖ (1) 

𝐺𝐺𝐺𝐺������⃗ 𝑆𝑆𝑆𝑆𝑆𝑆(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎) = 𝑅𝑅(𝜃𝜃𝑠𝑠) ∙ 𝐺𝐺𝐺𝐺������⃗ 𝑆𝑆𝑆𝑆𝑆𝑆(0°) = 𝑅𝑅(
𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎

3 ) ∙ 𝐺𝐺𝐺𝐺������⃗ 𝑆𝑆𝑆𝑆𝑆𝑆(0°) (2) 

𝐺𝐺𝐺𝐺������⃗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎) = 𝑂𝑂𝑂𝑂�����⃗ (𝜃𝜃1) + 𝐶𝐶,𝐺𝐺𝐺𝐺�����������⃗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎)

= 𝑅𝑅 �
𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎

3 � ∙ 𝑂𝑂𝑂𝑂�����⃗ (0°) + 𝑅𝑅(𝜃𝜃𝑎𝑎𝑎𝑎𝑎𝑎) ∙ 𝐶𝐶,𝐺𝐺𝐺𝐺�����������⃗ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(0°) 
(3) 

Then, the geometries of the double-petal mechanism are 
optimized to maximize the MA and maintain the angle ratio 
(= 𝜃𝜃2 𝜃𝜃1⁄ ) of 2, where 𝜃𝜃1 and 𝜃𝜃2  are the rotation angles of 
petal 1 and 2, respectively. The development figures of each 
petal mechanism are shown in Fig. 3 (a). To prevent the 
collision between the upper body and the mechanism (△𝑂𝑂𝑂𝑂’𝐶𝐶 
in Fig. 2 (b)), the central parts of petal 2 were removed. Then, 
rectangle parts were added with reverse folding to increase the 
structural stability. 

The value of 𝛼𝛼𝑖𝑖  and 𝛽𝛽𝑖𝑖  determine the maximum rotation 
angle (𝜃𝜃 𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 ). The relationship between 𝛼𝛼𝑖𝑖  and 𝛽𝛽𝑖𝑖  can be 
calculated as (4) using the parallel property of 𝐴𝐴𝐴𝐴�����⃑ //𝐶𝐶𝐶𝐶�����⃑  when 
petal rotates 𝜃𝜃 𝑚𝑚𝑚𝑚𝑚𝑚  as shown in Fig. 3 (a) in 3D space. 
Therefore, 𝛽𝛽𝑖𝑖 can be expressed as a function of 𝛼𝛼𝑖𝑖 and 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚. 

𝛽𝛽𝑖𝑖 = 𝑠𝑠𝑠𝑠𝑠𝑠−1 �𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼𝑖𝑖 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠
𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖

2 � = 𝑓𝑓(𝛼𝛼𝑖𝑖 ,𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖) (4) 

Since the petal 1 and 2 are needed to limit the rotation only 
up to 60 °  ( 0° ≤ 𝜃𝜃1 ≤ 60° ) and 120 °  ( 0° ≤ 𝜃𝜃2 ≤ 120° ), 
respectively, 𝛽𝛽1 and 𝛽𝛽2 can be calculated as (5) and (6). 

𝛽𝛽1 = 𝑠𝑠𝑠𝑠𝑠𝑠−1 �𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼1 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠
𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚,1

2 � = 𝑠𝑠𝑠𝑠𝑠𝑠−1 �
𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼1

2 � (5) 

𝛽𝛽2 = 𝑠𝑠𝑠𝑠𝑠𝑠−1 �𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠
𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚,2

2 � = 𝑠𝑠𝑠𝑠𝑠𝑠−1 �
√3
2 𝑠𝑠𝑠𝑠𝑠𝑠𝛼𝛼2� (6) 

Also, the value of 𝛼𝛼𝑖𝑖  and 𝛽𝛽𝑖𝑖  determine the MA of petal 
mechanism using the orthogonality of 𝐴𝐴𝐴𝐴�����⃑ ∙ 𝐶𝐶𝐶𝐶�����⃑ = 0  as (7). 
Therefore, the mechanical advantage can be finally expressed 
as a function of 𝛼𝛼𝑖𝑖  and 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  as (8) where 𝜃𝜃∠𝐺𝐺𝐺𝐺𝐺𝐺  is an angle of 
∠𝐺𝐺𝐺𝐺𝐺𝐺 when the development figures are folded in 3D space. 

𝑐𝑐𝑐𝑐𝑐𝑐(𝜃𝜃∠𝐺𝐺𝐺𝐺𝐺𝐺) + 𝑡𝑡𝑡𝑡𝑡𝑡(𝛼𝛼𝑖𝑖) ∙ 𝑐𝑐𝑐𝑐𝑐𝑐(
𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

2 ) ∙ 𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃∠𝐺𝐺𝐺𝐺𝐺𝐺) =
𝑐𝑐𝑐𝑐𝑐𝑐(𝛽𝛽𝑖𝑖)
𝑐𝑐𝑐𝑐𝑐𝑐(𝛼𝛼𝑖𝑖)

 (7) 

𝑀𝑀𝑀𝑀 =
𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜
𝐹𝐹𝑖𝑖𝑖𝑖

= −
𝛿𝛿𝐸𝐸𝐸𝐸����

𝛿𝛿𝐴𝐴𝐴𝐴𝐴𝐴� = −
2𝑐𝑐𝑐𝑐𝑐𝑐(𝛽𝛽𝑖𝑖)
𝑠𝑠𝑠𝑠𝑠𝑠(𝛼𝛼𝑖𝑖)

∙
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜃𝜃∠𝐺𝐺𝐺𝐺𝐺𝐺)
𝑑𝑑𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

= 𝑓𝑓�𝛼𝛼𝑖𝑖 ,  𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� 
(8) 

Fig. 3. (b) and (c) show the MA properties related to 𝛼𝛼𝑖𝑖, 𝛽𝛽𝑖𝑖, 
and 𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑖𝑖. If 𝛼𝛼𝑖𝑖 = 𝛽𝛽𝑖𝑖, which means that 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 = 180°, the 
MA is increased as the 𝛼𝛼𝑖𝑖 increases. If 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚,𝑖𝑖 is changed to a 
value lower than 180° such as 120°, the MA trends change 
about the same 𝛼𝛼 as shown in Fig. 3 (c). The double-petal 
mechanism should maintain the angle ratio of 2 to mimic the 
SHR, which means that the torque output of each petal should 
same when the angle ratio is maintained as 2. If 𝛼𝛼1 and 𝛼𝛼2 are 
the same as 𝛼𝛼, the force output (𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖) are the same when the 
same force input (𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,𝑖𝑖) are exerted on each petal while 
the 𝜃𝜃1: 𝜃𝜃2 = 1: 2 as shown in Fig. 3 (c). Also, if 𝑙𝑙1 and 𝑙𝑙2 + 𝑙𝑙𝑐𝑐 
are the same as 𝑙𝑙, the torque output will be also the same 

 
Fig. 3. (a) Development figures of petal 1 and petal 2. (b) The mechanical 
advantage relationships about (b) 𝛼𝛼(= 𝛽𝛽) (c) and 𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚 when 𝛼𝛼 = 50°. 
 

 
Fig. 2. Instantaneous rotation center (IRC) of (a) the following SHR and 
(b) double-petal mechanism. The double-petal mechanism mimics the 
scapula and humerus, and especially the IRC. 
 

 
Fig. 4. The trade-off relationships of the (a) required force to each petal 
mechanism and (b) the overall frank length. Both required force and frank 
length should be minimized. 
 



  

because the moment arm (𝑇𝑇𝑖𝑖) are the same as (9)-(11). Then, 
using these properties, mechanism was optimized to maximize 
the MA at 90° abduction angle. 

𝑇𝑇1 = 𝑙𝑙1 ∙ 𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜,1 = 𝑙𝑙1 ∙ 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,1 ∙ 𝑀𝑀𝑀𝑀(𝛼𝛼1,  𝜃𝜃1) (9) 

𝑇𝑇2 = (𝑙𝑙2 + 𝑙𝑙𝑐𝑐) ∙ 𝐹𝐹𝑜𝑜𝑜𝑜𝑜𝑜,2 = (𝑙𝑙2 + 𝑙𝑙𝑐𝑐) ∙ 𝐹𝐹𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎,2 ∙ 𝑀𝑀𝑀𝑀(𝛼𝛼2,  𝜃𝜃2) (10) 

𝑇𝑇1(𝑙𝑙,𝛼𝛼,  𝜃𝜃1) = 𝑇𝑇2(𝑙𝑙,𝛼𝛼,  𝜃𝜃2)   𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝜃𝜃2 = 2𝜃𝜃1 (11) 

B. Mechanism Optimization 
In the case of 𝑙𝑙, the larger the moment arm is better for 

producing torque output. However, if it is longer than the 
length of the upper arm, it may interfere with the movement of 
other joints, so it is assumed as 150 mm to match the length of 
the upper arm [28]. Next, 𝛼𝛼 is a variable that determines the 
MA, that is, the torque that develops as (9)-(11). To determine 
𝛼𝛼, the required force (𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟) to be applied to achieve target 
torque through the actuator to the proposed mechanism was 
obtained, which is the same as the graph shown in Fig. 4 (a). 
The force to be applied through the actuator decreases as 𝛼𝛼 
decreases. However, if the 𝛼𝛼 becomes smaller, the length of 
the axis of rotation of the petal located in the armpit (𝐿𝐿𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 
increases. An increase in 𝐿𝐿𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 means an increase in the size 
of the overall structure, thus creating a trade-off relationship 
with the required force. To optimize the two values, we 
multiplied each other to create an objective function (𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜) and 
simulated to minimize: 𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜 = 𝐹𝐹𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐿𝐿𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 . The results 
show that the objective function is optimized at 𝛼𝛼 = 52° . 
Then, the 𝛽𝛽1 and 𝛽𝛽2 can be calculated using equations (4) and 
(5) as 23° and 43°, respectively.  Based on this result, it was 
possible to calculate the force that the actuator should generate, 
and it was determined that it should be capable of generating 
up to 200 N of force. 

 

C. Fabrication Process of the Mechanism 
Fig. 5. shows a fabrication process of the proposed 

mechanism. First, the base frame is fabricated using 2 mm 
thickness carbon fiber-reinforced plastic (CFRP) by a CNC 
machine following the optimized design in the previous 
section. Due to its high elastic modulus (100~200 GPa) and 
low density (1500~2100 kg/m3) compared to metallic alloys, 
CFRP can be used to fabricate lightweight and strong frames. 
A hinge is also necessary to connect each base frame. There 
are two types of hinge structures: a rigid (metal) hinge and a 
soft hinge. However, the soft hinge is more suitable for the 
mechanism due to the high friction, misalignment, and stress 
concentration issues associated with the rigid hinge [29]. The 
soft hinge is composed of a composite layer with PET film 
(0.1mm) and nylon cloth and it is fabricated using a laser 
cutter. 

Then, the artificial muscles using SMA spring actuators 
were designed. To maximize the restoring force, the slightly 
higher transition temperature (𝐴𝐴𝑠𝑠 ) from the martensite to 
austenite than the room temperature was selected. The 
transition temperature of the SMA wire was confirmed 
through a differential scanning calorimetry (DSC), and the 
results are presented in Fig. 6. The SMA was heated and 
cooled between -20℃ to 80℃ at a constant rate of 5℃/min, 
and 𝐴𝐴𝑠𝑠 was measured about 26.4℃. And the bundles of SMA 
spring actuators were used to achieve a force output greater 
than 200 N. Then, the design parameters of the SMA spring 
actuator can be determined as shown in Table I. 

The SMA wire is coiled on the rod and annealed for 30 
mins at 350℃ in an oven and then quenched in cold water. 
After preparing the materials such as base frames, soft hinges, 
and SMA spring actuators, the frames were connected with 
soft hinges using rivets [30]. Finally, the SMA spring 
actuators and loadcell (Dacell, UU74) were respectively 
connected to the end of each petal structure. The loadcell will 
be used to control the actuator by measuring the force 
generated. 

 

D. Performance of the Mechanism 
 After optimization and fabrication of the proposed 

mechanism, performance evaluation was conducted to 
validate the theoretical data. For the proposed mechanism, two 
aspects were considered mainly for validation: a comparison 
of the torque output between theoretical and experimental data, 
and maintenance of angle ratio between two petal mechanisms 

 
Fig. 6. DSC results of the SMA wire. 

 

TABLE I. Design Parameters of the SMA spring actuator 

Parameter Value 
Petal 1 Petal 2 

Wire diameter (d) 0.5 mm 0.5 mm 
Coil outer diameter (D) 2.0 mm 2.0 mm 

Number of turns (n) 40 100 
Number of coils (N) 10 10 

Transition temperature (As) 26.4 ℃ 26.4 ℃ 
 

 
Fig. 5. Fabrication process of the proposed mechanism. 

 



  

when the same forces are exerted on both petals. To validate 
this, the angle ratio and torque output were measured while 
applying equal forces to each actuator by increasing the 
current. 

Fig. 7 (a) shows the experimental setup used for 
performance evaluation. The rod was fixed at the torque 

sensor with a fixed angle (30°, 60°, 90°, 120°, and 150°). After 
fixing the total angle (𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡), the same forces were produced 
to each SMA spring actuator by feedback control using 
loadcells. Each petal angle was measured using a motion 
capture camera (Optitrack, V120:trio), and the torque sensor 
(Dacell, TCN16) was used to measure the torque output due to 
the force of the actuator. The angles of each petal structure 
were calculated using the equations as shown in Fig. 7 (a). 

The experimental torque output data was compared to the 
theoretical data as shown in Fig. 7 (b). The input force and 
torque output at each angle were plotted on x-axis and y-axis, 
respectively. And the solid line represents the relationship 
between theoretical actuator force and output torque, the 
dotted line represents the experimental value, and each color 
represents the sum of two petal angles, that is, 𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 . The 
results show that the error between the experimental and 
theoretical data is below 10 %. Also, the maximum torque at 
90° is about 12.6 Nm and 6.36 Nm, which is produced actively 
and passively, respectively, and it is sufficient to assist 
shoulder abduction as shown in Fig. 7 (c). 

Next, Fig. 7 (d) shows the trend of the angle ratio as the 
input forces (𝐹𝐹𝑖𝑖𝑖𝑖) of the SMA actuators increase at each total 
angle (𝜃𝜃𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 ). The angle ratio of the petal mechanism is 
maintained at 2, with an error of up to 10 % at the most angle. 
However, in the case of 30°, angle ratio maintains a value of 
about 1.5, which is less than 2. Additionally, it was confirmed 
that the angle ratio did not maintain at its initial value but 
gradually decreased as the input force increased. This is 
thought to be the result of increased torque applied to the soft 
hinge as the magnitude of the applied force increases and it 
undergoes unexpected deformation. However, it was 
confirmed that even with a significant increase in the force of 
the actuator, the angle ratio decreased only by around 5 % over 
30°. At the abduction angle below 30°, the misalignment error 
between SHR and proposed mechanism, caused by the small 
angle ratio, only occurs about few millimeters, so it may be 
acceptable for assisting shoulder abduction safely. 

 

III. USER TEST USING PROTOTYPE WEARABLE ROBOT 

A.  Prototype Design Development 
To evaluate the assisting performance of the proposed 

system, a user test was necessary with participants wearing a 
prototype robot. Therefore, a prototype design of the wearable 
robot to assist shoulder abduction was developed based on the 
proposed mechanism as shown in Fig. 8. There are mainly two 
considerations in fabricating the wearable robot prototype. 
First, the structure must tightly fit against the body to prevent 
it from slipping during activation. To achieve this, it is 
necessary to incorporate an adjustable part in the area where 
the arm is fixed, allowing for a customized and tight fit for 
everyone. Also, it is needed to minimize the pain to the user. 

Therefore, the supporters were incorporated at the 
shoulder, arm, and flank to prevent slippage problems. During 
the working of the mechanism, a gravity is applied to the 
mechanism and the shoulder supporter ensures that the 
mechanism remains in place and does not fall. In addition, the 
use of an adjustment part allows for a secure and customized 
fit to the individual’s body, minimizing any slippage. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 7. (a) The test bed for measuring torque output and angle ratio as the 
input forces to each petal increases. (b) Comparison of the input force and 
torque output relationship between theoretical data (solid line) and 
experimental data (dotted line). (c) Relationship between the torque output 
and abduction angle. (d) Relationship between the angle ratio and input 
force as the total angle. 
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Therefore, soft thermoplastic polyurethane (TPU) 3D printing 
was used for body-contacting parts such as flank supporter, 
ensuring a comfortable contact with the body. Moreover, 
polyethylene (PE) foam tape was used in areas where the 
pressure is concentrated, effectively reducing any potential 
discomfort or pain. 

B. User Test Setup 
To verify the assistive effect of the proposed wearable 

robot, a user test was conducted. A representative method for 
confirming muscle activity is to measure surface 
electromyography (sEMG) signal, and as the muscle becomes 
more active, the amplitude of the sEMG signal increases. Then, 
if the assistance of the proposed robot is enough to shoulder 
abduction, the sEMG signal from the muscle will be decreased. 
Therefore, sEMG signal of the lateral deltoid, the major 
muscle of the shoulder abduction, was measured and 
compared. Also, the trajectory of the GH joint was measured 
and compared to verify whether the proposed robot assists in 
following SHR trajectory. This study was approved by the 
Institutional Review Board at the Korea Advanced Institute of 
Science and Technology (KH2021-195). 

Ten healthy male subjects who had not suffered from any 
musculoskeletal injuries participated in the user test, and their 
average age, weight, and height were 26.8 ± 1.9, 172.5 ± 3.1 
cm, and 65.8 ± 9.4 kg, respectively. Fig. 9. (a) shows the 
overall setup of the user test. The sEMG electrodes (DFRobot, 
SEN0240) were attached at the lateral deltoid muscle and the 

passive markers for what attached around the GH joint. The 
trajectory of markers was then captured using a motion 
capture camera. Subjects were asked to hold a 3kg dumbbell 
and proceed with shoulder abduction from 0° to 90° in 5 
seconds according to the graphical user interface (GUI) 
displayed on the monitor. The GUI displayed the reference 
angle rotating at a constant speed of 18°/s with the real angle 
of the subject arm, and subjects were requested to follow the 
reference angle. The subjects requested to repeat the same 
exercise ten times respectively to ensure reliability. 

The sequence of the user test was divided into 3 steps as 
shown in Fig. 8 (b). First, the subject performed the task 
without wearing the proposed robot (non-support) and took a 
sufficient rest at least 30 min to prevent muscle fatigue. Then, 
the user wears the proposed robot and performs the same task 
with only the passive support is applied, which operated based 
on the restoring force of the SMA spring actuator. Then, user 
will then take a sufficient rest. Finally, the current will be 
applied to the actuator to provide active support for shoulder 
abduction. In the case of the active support, using (9) and (10), 
the required force for each SMA spring actuator to provide 
assisting torque based on the shoulder abduction angle was 
determined. If there was a significant difference between the 
target force and the actuator force, a high current was applied 
to quickly follow the target force. However, to prevent 
overheating, maximum current limits were imposed for each 
actuator. Through this sequence, the performance can be 
evaluated, considering both active support using energy 
consumption and passive support relying on the restoring 
force of the SMA spring actuator. 

C. User Test Results 
sEMG signals were measured in 1000 Hz using data 

acquisition (National Instruments Corp., USB-6003) and these 
data were processed through amplification, band pass filter 
(BPF) in 20~500 Hz, rectifying, enveloping, and eliminating 
outliers as shown in Fig. 10 (a). The area of the processed 
signal was calculated in the time domain. To compare the 
assistance effect, the average values of the ten exercise trials 
of non-support, passive, and active support were calculated at 
each subject, and normalized by setting the standard to 1 for 
non-support. Fig. 10 (b) shows the average values and 
standard errors of the normalized sEMG signal data from ten 
trials of ten subjects, respectively. Every subject, except 
subject 6, shows that the normalized sEMG values decrease as 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. (a) The setup, (b) sequence, and (c) block diagram of the control 
strategy of the user test. 
 

 
Fig. 9. Development of the prototype wearable robot using proposed 
mechanism. 
 



  

the support goes from non to passive and active. On average, 
about 14.01 % of the passive support and 37.96 % of the active 
support were decreased compared to non-support.  

Nevertheless, it was necessary to check whether the 
comparisons between each average data have sufficient 
reliability. Therefore, one-way ANOVA was performed 
between each support (non, passive, active support) through 
the statistic tool (IBM, SPSS Statistics), and the results are 
shown in TABLE II. When comparing non-support and 
passive support, it was possible to verify a significant 

difference in half of the subjects.  However, when comparing 
non-support with active support, it was possible to verify a 
significant difference in all subjects, which means that active 
support sufficiently helps shoulder abduction. Also, the 
average ANOVA result using total 100 data from 10 subjects 
shows that the passive and active support confirm the 
significant differences compared to non-support. In other 
words, when the users receive active support, it was helpful at 
a sufficiently reliable level (p<0.05). 

 

IV. CONCLUSION AND DISCUSSION 

We proposed a new wearable robot based on the petal 
mechanism to assist with shoulder abduction. The mechanism 
was designed to provide sufficient performance, including 
torque output and ROMs. It ensures safe interaction with 
humans by minimizing compressive force on GH joint and 
following SHR. It combines the advantages of the contractive 
actuator in the direct contraction type and the expandable 
mechanism in the volume expansion type. The double-petal 
mechanism mimics the scapula and humerus of the SHR, 
following each bone. The contraction actuator consists of 
SMA springs, offering a high power-to-weight ratio and 
restoring force with lightweight design. The proposed robot 
can assist shoulder abduction up to 12.6 Nm and 6.36 Nm with 
and without the energy input, respectively at abduction angle 
is 90°. Then, user tests with ten healthy men confirmed a 
significant decrease in muscle activation during active support 
for all subjects, indicating reliable and effective shoulder 
abduction assistance. 

Using the user test results, we compared GH joint 
trajectories in 5 shoulder abduction cases: non-support 
without and with a dumbbell, passive and active support with a 
dumbbell, and the designed trajectory. This comparison aims 
to verify if the proposed robot effectively follows the SHR 
trajectory. Fig. 10 (c) shows two subjects whose GH 
trajectories conform to the design. They exhibited higher GH 
joint trajectory during shoulder abduction with a 3kg 
dumbbell (orange line) compared to without (blue line) in both 
non-support. It implies that performing shoulder elevation 
along with shoulder abduction is necessary to generate 
sufficient torque when using a heavy weight like 3kg 
dumbbell.  However, with sufficient active support, the GH 
joint trajectory (violet line) follows the natural SHR trajectory 

TABLE II. One-way ANOVA results of user test 

Subject 
Number 

Significance (p-value) 
Non  
Passive Non  Active Passive  

Active 
1 0.007 0.000 0.000 
2 0.311 0.000 0.000 
3 0.291 0.029 0.465 
4 0.000 0.000 0.238 
5 0.000 0.000 0.000 
6 1.000 0.000 0.000 
7 0.099 0.000 0.000 
8 0.216 0.000 0.000 
9 0.000 0.000 0.000 

10 0.000 0.000 0.014 
Average 0.035 0.000 0.000 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 10. (a) sEMG signal process and (b) average values of normalized 
sEMG signal obtained from ten subjects. (c) Trajectory of GH joint within 5 
cases: non-support with and without 3kg dumbbell, passive and active 
support with dumbbell and designed trajectory of two subjects. 
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(blue line). Furthermore, this trajectory is similar to the 
designed trajectory (green line). Therefore, we strongly 
believe that the proposed robot can provide not only sufficient 
assisting torque but also safe and stable assistance following 
the SHR trajectory. 

However, there are still several issues that need to be 
addressed in the future for better performance and usability. In 
this research, the proposed robot was designed to assist only 
with shoulder abduction. This means that it cannot assist with 
shoulder adduction, which is the antagonist movement to 
shoulder abduction. Due to gravity, the upper limb naturally 
generates torque in the direction of shoulder adduction. 
However, in the proposed robot, the shoulder adduction torque 
is offset by the restoring force of the SMA spring actuators. 
Therefore, if tasks that require both abduction and adduction 
movements, such as pulling an object down from a high place 
in an industrial field, it may rather be a hindrance. To address 
this, additional actuators for shoulder adduction need to be 
incorporated to enable assistance in both movements. 
Furthermore, the current mechanism restricts shoulder 
flexion/extension, limiting the degrees of freedom (DOF). 
However, shoulder flexion/extension and internal/external 
rotation are frequently used in ADL such as eating or drinking, 
as well as industrial fields. Therefore, in the future, we plan to 
incorporate a simple origami-based mechanism that does not 
interfere with other DOF even without the additional 
actuators. 
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