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Abstract. A rigid exoskeleton has been developed for decades, and its feasibility has been proven 

in many areas, such as rehabilitation. Unlike the rigid exoskeleton, the soft exosuit provides a 

new insight for wearable robotics development and has drawn much attention as the external 

muscles instead of exoskeletons, especially for supporting users’ activities of daily living (ADL) 

and human body augmentation. This paper reviews the upper-limb soft exosuit studies in the last 

three years, including the core technologies and the current challenges that need to be addressed. 

Then, the actuator designs were described, including motor-tendon unit, pneumatic artificial 

muscle, hydraulic artificial muscle, and textile-based actuation. Their advantages and 

disadvantages were given and the applications were listed. Also, as the other part of core 

technologies described in this paper, the controller design which contains low-level and high-

level control was discussed. Finally, the challenges were listed, which could be the further 

directions of research. 
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1.  Introduction 

The conventional upper-limb exoskeleton can be described as a wearable robotic arm that can match the 

movement of a human upper limb. Compared to the earlier end effectors, such as [1, 2], the exoskeleton 

can provide more flexible physical training, which is widely used in rehabilitation, including strength 

training to restore the upper body function of patients.  

Researchers have been developing rigid exoskeletons in terms of rehabilitation use for decades. 

Commercial rigid upper-limb exoskeletons include HAL and Armeo Power [3, 4].  

In 2013, the Biodesign Lab first proposed soft exosuits for locomotion assistance [5], which 

comprises a textile-based frame to reduce metabolic costs while walking. Since then, the studies of soft 

exosuits have drawn much attention.  

Compared to the rigid exoskeleton, the soft exosuit introduces several advantages. For instance, the 

soft compliant frame can improve the wearer’s comfort, while the textile-based suit can adapt to various 

body shapes while improving portability by introducing lightweight. A comparison illustration between 

the rigid and soft exoskeletons is given in Fig. 1.  

This paper reviews the recent studies of upper-limb soft exosuit, including the core technology that 

contains actuation, and controller design. A specific description of upper-limb soft exosuit is given in 

Definition 1. 
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Definition 1. An upper-limb soft exosuit indicates a wearable robotic device that provides external 

forces assistance to the user’s upper limbs, such as shoulders and elbows, to reduce the effort of muscles 

required to perform a physical task. It consists of a textile-based structure. The active exosuits are with 

actuators such as motors, while the passive ones can only transfer forces counting on their mechanical 

structure.  

The paper is outlined as follows: in Section II, actuators, and control scheme designs that have 

recently been used in upper-limb soft exosuits were reviewed. Section III lists several challenges, and 

the conclusion is shown in Section IV.  

 

Figure 1. An example of rigid and soft exoskeletons [6]. Left: the rigid exoskeleton commonly attaches 

actuators to the rigid frames; right: the soft exosuit, which comprises soft compliant materials usually 

actuated by cable-driven or pneumatic. 

2.  Core Technologies 

In this section, some core technologies of upper-limb soft exosuit are represented, which include (1) the 

actuators that are applied in hardware, and (2) the controller design. TABLE I shows several of the 

reviewed studies. 

2.1.  Actuation 

2.1.1.  Electric motor with cable-driven. As one of the mainstream solutions, electric motors are often 

combined with artificial tendons such as Bowden cables. The driving force can be transmitted by setting 

the anchor point in the part of the human body. 

Compared to many rigid exoskeletons that directly attach motors aligned to body joints, the motor-

tendon units can drive the joint in the far end, which is beneficial for flexible wearing. Also, electric 

motors make it easier to design a more accurate controller. 

However, several drawbacks, including low mechanical efficiency, small load capacity, and the shear 

forces caused by cables, cannot be neglected during the design process. Fig. 2 demonstrates the use 

cases of the motor-tendon unit. 

Nevertheless, the design of electric motors with artificial tendons has been used in various 

applications. Fig. 3 shows examples of the mechanical design of the electric motor-tendon unit.  

Regarding the rehabilitation area, Galofaro et al. developed a hybrid assistive exosuit for 

neuromuscular electric stimulation [7]. Similarly, Burchielli et al. proposed an arm exosuit for functional 

electrical stimulation [8]. 

To reduce the workload and support activities of daily living, the researchers in [9] developed a 

compact exosuit for the shoulder and elbow, which improved the fitting and slipping issue on the user’s 

body. Missiroli et al. proposed a hybrid upper-limb occupational exoskeleton comprising a passive rigid 

spring-loaded structure for shoulder support and an elbow-soft exosuit with activated actuators [10]. The 

idea of hybrid architecture proposed a solution for not only gravitational support (rigid, passive frame) 

but also the dexterity of the wearer (soft compliant suit).  
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Table1. Soft exosuits for upper limb purposes. 

Study 
Publication 

Year 
Actuator Sensing 

Low-level 

Controller 

High-level 

Controller 

E.Galofaro et 

al. 
2022 

Motor-

tendon unit 
Force sensor 

Velocity 

loop 

PID 

admittance 

control 

D. Burchielli et 

al. 
2022 

Motor-

tendon unit 

Force sensor, 

Inertial 

Measurement 

Unit (IMU) 

Velocity 

loop 

PID 

admittance 

control 

F. Missiroli et 

al. 
2022 

Motor-

tendon unit 
Load cell, IMU 

Velocity 

loop 

Admittance 

control 

N. Lotti et al. 2022 
Motor-

tendon unit 
Flex sensor PID control 

Admittance 

control 

R. F. Natividad 

et al. 
2021 

Pneumatic 

artificial 

muscles 

IMU — — 

N. Tacca et al. 2023 

Pneumatic 

artificial 

muscles 

Force sensor 

Model 

Predictive 

Controller 

Gravity 

compensator 

L. Sy et al. 2021 

Hydraulic 

artificial 

muscle 

Optical encoder — — 

S. J. Park et al. 2023 

Shape 

memory 

alloy 

Surface 

electromyography 

(sEMG) 

— — 

F. Cleary et al. 2023 Textile 

momentary 

textile sensors, 

momentary touch 

sensors 

— — 

A. Ghosh et al. 2022 
Motor-

tendon unit 
Load cell PID control 

Adaptive CL-

based gravity 

compensator 

To reduce the workload and support activities of daily living, the researchers in [9] developed a 

compact exosuit for the shoulder and elbow, which improved the fitting and slipping issue on the user’s 

body. Missiroli et al. proposed a hybrid upper-limb occupational exoskeleton comprising a passive rigid 

spring-loaded structure for shoulder support and an elbow-soft exosuit with activated actuators [10]. The 

idea of hybrid architecture proposed a solution for not only gravitational support (rigid, passive frame) 

but also the dexterity of the wearer (soft compliant suit).  
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Figure 2. Use cases of the electric motor-artificial tendon unit [10, 11]. 

Left: a soft robotic suit for whole-body assistance; right: a rigid-soft active-passive exosuit for 

Bimanual Multijoint Assistance. 

 

Figure 3. The actuation unit that is used in [12]. 

Pneumatic artificial muscles (PAMs) indicate a compliant pneumatic actuator with a proportional 

elongation to its interval pressure. The advantages of PAMs include small size, lightweight, and large 

power-to-weight ratio. However, on the other hand, it comes with downsides to precise control because 

of the large nonlinearities. Fig. 4 shows an example of PAMs in an upper-limb soft exosuit.  

The researchers proposed a soft exosuit for the shoulder, which has 2 DoFs. The mechanical 

comprises multiple modules of pneumatic actuators [13]. Also, Tacca et al. presented a soft elbow 

exosuit to reduce the interaction torque.  

 

Figure 4. An example of the PAMs actuation [13].  

2.1.2.  Hydraulic Artificial Muscle (HAM). Hydraulic artificial muscle has a similar structure to PAMs. 

Generally, the energy conversion efficiency of hydraulic drives is higher than that of pneumatic devices 

and can withstand large loads and torques [14]. However, hydraulically driven systems are prone to 

failures such as leaks. 

Sy et al. proposed a hydraulic soft artificial muscle used in an assistive sleeve to reduce the workload 

of the operator’s muscles. In Fig. 5, the working principle of the soft muscle is represented [15].  
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Figure 5. The working principle of the hydraulic soft artificial muscle that is used in [15]. 

2.1.3.  Fiber Actuation. Fibre actuation is a relatively new design that usually employs new materials 

such as shape memory alloy (SMA) that can be fabricated as wearable external muscles.  Fig. 6 illustrates 

the structure of the conductive SMA fibre muscle.  

Park et al. proposed a lightweight (540g) upper-limb exosuit weaved by SMA springs [16]. The SMA 

fibres require heating to cause contraction. The experiment showed that the proposed exosuit could 

reduce the activity of muscles by around 50-70% with 50℃ controlled temperatures while holding a 

10kg payload.  Cleary et al. proposed a dynamic field-programmable logic-driven soft exosuit and 

applied momentary-based textile sensors in the garment to perform as actuators [17].  

 

Figure 6. The conductive SMA fibre muscle structure used in [16]. The SMA was fabricated as a coil 

shape and the contraction will happen with the increasing temperature.  

2.2.  Controller 

The control strategies can be categorized into low-level and high-level controllers. The purposes can be 

described as follows: 

Low-level: to directly control the actuator. 

High-level: to estimate the motion intention. 

2.2.1.  Low-level Control. Regarding the low-level controller design for motor-tendon units, the PID-

like controller, such as a position control velocity loop, or feedforward controller, is usually applied, 

which might be due to its simplicity. 

The control strategies for PAM, HAM, and fiber actuators are usually simpler due to the nonlinear 

response of soft materials. For instance, Park et al. controlled the SMA fibers by adjusting the voltages. 

2.2.2.  High-level Control. For some rigid exoskeletons that focus on rehabilitation, it is possible to allow 

the patients to be fully passive and follow the exoskeleton’s movement, which can cover the situations 

of heavy muscle weakness. However, an assumption used often in soft exosuits is that the suit does not 

provide sufficient force to carry the limb completely. Therefore, engagement from operators is often 

required.  
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One of the most common design principles of high-level control regarding the upper-limb soft exosuit 

is estimating the assistance torque, or desired torque through the kinematics model of the upper limb, 

and then comparing it with the actual measured torque directly from the sensors. 

Admittance control took an important place in high-level control due to the requirements of human-

machine interaction (see Fig. 7). 

 

Figure 7. Implementation of admittance control [18]. 

Tacca et al. proposed a low-level model predictive controller (MPC) and a high-level gravity 

compensator to minimize the interaction torque between the wearer and exosuit. The researchers 

proposed an sEMG-based driven method, which used the sEMG signal as the wearer’s intention 

recognition. Samper-Escudero et al. developed a wearable shoulder-motion tracking system with 

multiaxial DoFs built with resistive sensors that made of flexible materials [19]. Ghosh et al. developed 

an adaptive concurrent learning (CL) based gravity compensator [20]. 

3.  Challenges 

Although the upper-limb soft exosuit has been experimented with and applied in many fields, some 

works remain challenging: 

Soft exosuits can be treated as providing the wearer with external muscle to help the human body 

enhance bearing-load ability. Still, only a rigid exoskeleton can support and transmit the load. Therefore, 

a possible solution to break the constraints of different types of exosuits, combining rigid-soft becomes 

a critical issue in the future. 

A more versatile soft upper-limb exosuits can improve the assistive ability for activities for daily life. 

For instance, only a few studies proposed multi-joint exosuits, which may be useful for complex works. 

Furthermore, most exosuits do not focus on the complex environment. 

The development of actuators could be one of the breakthrough points. For example, with the 

increasing of DoFs, conventional solutions such as motor-tendon units could be heavier and lose 

portability. Although PAM has been widely deployed, the drawbacks cannot be ignored. Also, even 

though the fiber actuation has great potential, its usage in the commercial environment still awaits to be 

addressed.  

4.  Conclusion 

This paper reviewed the current research state of upper-limb soft exosuit in recent years.  The main 

efforts were grouped into the actuators and controller, respectively. Then, the challenges that must be 

addressed in future works were identified. Specifically, an exoskeleton combining rigid and soft 

structures and a new control scheme for increasing versatility may be critical for the current design. 

Furthermore, developing novelty actuators might bring new opportunities. By tackling the unsolved 

problems, there is a good chance that the upper-limb soft exosuit could impact society by expanding 

human body mobility. 
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