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Abstract: Rehabilitation devices like assistive gloves require bending-type soft 
actuators for controlled, repetitive finger movements essential for therapy. However, 
non-segmented actuators often struggle to replicate natural finger articulation, which can 
cause discomfort and reduce patient compliance. This paper presents the design and 
assembly of a segmented bending pneumatic soft actuator to achieve index finger 
flexion, aiming to improve comfort and support natural finger movement at low 
pressure. The actuator is integrated into a glove with a flexible bend sensor to measure 
the flexion angle of the metacarpophalangeal joint. Ecoflex 0-50 A-B silicone rubber is 
used in the fabrication, with air bubbles removed to ensure consistent actuator 
performance. The study investigates the actuator's performance and the sensor's ability 
to accurately measure joint flexion. The results, presented through detailed graphs, 
analyze the actuator’s flexibility, bending, and elongation under different pressure 
scenarios, offering insights into its effectiveness in improving patient comfort, joint 
articulation, and rehabilitation outcomes. 

Keywords: Assistive Glove, Finger flexion, Flexible Bend Sensor, Segmented Bending 
Actuator 
 

1  Introduction 

TROKE is a leading cause of death and a primary 
contributor to adult-onset disability worldwide, with 
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finger flexor spasticity being a common and debilitating 
symptom [1]. Conventional rehabilitation techniques, 
such as repetitive physical therapy sessions in 
specialized clinics, encounter obstacles like patient 
motivation, limited access to healthcare professionals, 
and high costs. In response to these challenges, there is 
an increasing demand for devices that facilitate 
rehabilitation outside of medical centers, thereby 
reducing reliance on healthcare professionals.  

Robotic systems designed to control hand and finger 
movements during rehabilitation exercises often 
incorporate motors, which present several challenges. 
The size and weight of these motors may compromise 
usability and comfort, particularly for delicate finger-
related tasks. Furthermore, the bulkiness and high-power 
consumption of motor-driven systems restricts their 
portability, an important factor in medical settings. The 
complex control systems in these robotic systems may 
also introduce technical challenges that affect ease of 
use. Additionally, the rigid nature of motor-driven 
systems may limit their adaptability to individual patient 
needs, potentially reducing the effectiveness of 
rehabilitation efforts and the overall user experience. 
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As an alternative to address the limitations of motor-
driven rehabilitation devices, the field of soft robotics 
has expanded significantly in recent years, especially in 
designing advanced, wearable robotic hands. These aim 
to address hyperexcitability of the finger flexor muscles 
and improve hand functionality for rehabilitation and 
assistance [2]-[6]. Recent studies have focused on 
developing soft robotic rehabilitation gloves that can 
offer personalized, home-based support and training for 
stroke patients [7]-[12]. 

Soft actuators offer several advantages, including the 
ability to safely interact with the patient's hand, provide 
customized forces and motions tailored to individual 
needs, and replicate complex hand movements. The 
drawbacks of curved bending actuators include users 
experiencing discomfort at the sharp contact points as 
well as limited flexibility at the finger joints [13]-[14]. 
Utilization of curved bending actuators with limited 
compliance may result in a lack of patient’s motivation, 
potentially hindering the effectiveness of rehabilitation 
exercises.  

Therefore, some research on segmented bending 
actuator designs has been conducted to address these 
limitations [9]-[10], [15]-[19]. However, improving the 
performance, and customizability of soft actuators for 
rehabilitation applications remains a critical area of 
focus. Additionally, these rehabilitation gloves often 
lack the ability to provide real-time feedback on the 
flexion angle of the user's fingers, which could be a 
valuable feature to integrate. To address these 
challenges, this study proposes the design and 
development of a segmented pneumatic soft actuator for 
enhanced finger flexion in a rehabilitation glove with 
metacarpophalangeal (MCP) joint's bending angle 
feedback. 

 

2 Methodology 

2.1 Segmented Bending Actuator Design 
The key system components depicted in the block 

diagram in Fig.1 comprise an air pump that pressurizes 
air for the actuator, an air pressure regulator that controls 
the pneumatic input from the air pump to the actuator, 
and a segmented bending actuator that generates 
segmented bending motion to enable finger flexion. The 
air pump, which powers the actuator, operates at varying 
pressures from 0 kPa to 40 kPa, with increments of 2 
kPa.  

Additionally, a 1-axis flexible sensor, the BendLabs 
sensor developed by Nitto Bend Technologies was 
installed on the glove as shown in Fig. 2 which worn by 
user to provide real-time feedback on the finger's MCP 
flexion angle. This sensor integration enabled close 

observation of the actuator's performance in relation to 
the assisted finger joint flexion. 

 
Fig 1. System block diagram. 

 

 

 
Fig 2. Sensor and actuator placement. 

The development of effective soft actuators 
necessitates a careful consideration of the unique 
anatomical features of the intended users. To this end, a 
comprehensive assessment of finger dimensions was 
conducted to ensure that each soft actuator was 
specifically tailored to match the individual finger 
lengths of the participants. This analysis went beyond 
simply measuring the overall finger length and instead 
focused on the specific articulation points along the 
finger. As shown in Fig. 3 and Fig. 4, the length from the 
base of the finger to the MCP joint, from the MCP to the 
PIP joint, and from the PIP to the DIP joint were 
meticulously measured. These detailed measurements 
were conducted to aid in actuator design, ensuring that 
specific sections induce bending while others allow 
extension, thereby generating segmented bending that 
closely emulates the complexities of human finger 
biomechanics.  
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Fig 3. Finger joint representation. 

 

 

              (a)                     (b)                      (c)                 (d) 

Fig 4. Finger measurement setup (a) from wrist to MCP joint 
(b) from MCP joint to PIP joint (c) from PIP to DIP joint and 

(d) from DIP joint to fingertip. 

The segmented bending actuator features a total length 
of 160 mm, comprising a core segment of 140 mm and 
fixed-length end caps of 10 mm each. This overall 
dimension corresponds to the mean index finger length 
observed across a sample of six individuals. The 
participants were female, between 20-22 years old, and 
right-handed. Their hand size was suitable for the glove 
used in the study.  

A half-cylinder actuator design is introduced, enabling 
the actuator to be steadily positioned on its flat surface 
above the finger. Fabrication of the actuator necessitates 
the design of molds for both the inner and outer rubber 
layers using SolidWorks software. The half-cylinder 
actuator mold assembly consists of seven distinct 
components, as depicted in Fig. 5 and Fig. 6. This 
includes two engraved fiber pattern molds (A1 and A2) 
for fabricating the inner rubber layer, two outer molds 
(B1 and B2) for the outer rubber layer, a 10 mm half-
cylinder rod, mold A3 to create the half-cylinder hollow 
structure in the middle for the actuator body, a half-
cylinder rod holder, mold A4 to position the rod at the 
center of the actuator's structure and ensure a consistent 
rubber layer thickness throughout the fabrication 
process, and end cap molds C1 and C2 for the end caps 
that connect the actuator body to the air tube.  

The other end cap, without an air tube connection, was 
also fabricated using C1 and C2 molds. However, a tube 
was not incorporated to create an air flow path, as it is 
designed to be solid. With this solid end cap in place, the 
assembly is complete. The mold designs were 

manufactured through 3D printing and subsequently 
utilized to fabricate the segmented bending soft actuator, 
as depicted in the step-by-step illustration in Fig. 7. 

 
Fig 5. Top view of molds design of inner rubber layer, rod and 

holder. 

 

 
Fig 6. Top view of molds design of outer rubber layer and end 

cap. 

 

 
Fig 7. 3D view mold design of segmented bending actuator. 
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2.2 Fabrication Process of Segmented Bending 
Actuator 

The fabrication process for the inner and outer rubber 
parts of the segmented bending actuator involves a series 
of meticulous steps, as depicted in Fig. 8. In line with the 
provided guidelines, a 1:1 mixture of Ecoflex 0-50 A-B 
silicone rubber was subjected to a 3-minute vacuum 
treatment to eliminate any air bubbles. The silicone 
rubber compound was then carefully poured into the 
engraved fiber pattern molds within a controlled, clean 
environment. This was followed by additional vacuum 
processing to remove any residual air bubbles, as the 
engraved sections of the mold were prone to creating 
pockets where air could become trapped. After a 40-
minute solidification period in an oven at 40-degree 
Celsius, the core inner rubber structure was fabricated. 
At this stage, the actuator's rod remained unassembled.  

 
Fig 8. Inner and outer rubber layer fabrication process. 

After establishing the core inner rubber, a strain-
limiting layer and fiber reinforcements are applied to the 
solidified core inner rubber, enabling both bending and 
extending functionalities. Woven fiberglass serves as the 
strain-limiting layer, allowing specific sections which 
are diagonally shaded as illustrated in Fig. 9 to bend. 
Four sections of Fig.9 are extension segments, while 
three sections are bend segments. The fiber layer is 
interlaced in a specific pattern, in this case, a braided 
configuration of 81-degree angle at the cylindrical part 
of the actuator and 90-degree angle at the flat part of the 
actuator.  

Upon completion of the fiber reinforcement, an 
additional outer rubber layer is fabricated using the same 
process depicted in Fig. 8. The overall production 
process is illustrated in Fig. 10. Following the removal 
of the central rod, rubber end caps are fabricated using a 
4 mm diameter tube, enabling air inlet and outlet, as 
shown in Fig. 11. Finally, the three distinct components - 
the actuator body and the two end caps are integrated, 

and the connected regions undergo additional rubber 
processing to establish a strong bond, culminating the 
actuator manufacturing. 

 
Fig 9. Bending segment achieved by addition of strain limiting 
layer at the flat part of fiber reinforcement (diagonally shaded), 

and extension segment (without shade) alternating to yield 
segmented bending motion. 

 
Fig 10. Segmented bending actuator body fabrication steps. 

 
Fig 11. Actuator’s end cap molds. 

2.3 Glove and Sensor Attachment Design 
The design of the segmented bending actuator's glove 

and component attachment, depicted in Fig. 12, utilizes a 
non-slip glove as the foundation.  

 
Fig 12. Glove and component attachment design. 

A flex sensor from Nitto Bend Technologies is 
strategically positioned such that the center point of the 
sensor corresponds to the MCP joint, with the actuator 
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situated directly above the sensor to form the structural 
ensemble. This arrangement ensures accurate and 
reliable data acquisition, enabling the sensor to capture 
measurements aligned with the natural finger motions 
during rehabilitation. Obtaining reliable data is crucial 
for effective performance evaluation and customized 
therapeutic interventions 

3 Results and Discussion 

3.1 Segmented Bending Actuator Displacement 
To ensure the reliability and consistency of the 

observed performance trends, the experiment was 
conducted three times. The bending motion of the 
segmented bending actuator is shown in Fig. 13. The 
outcomes from these measurements are thoroughly 
presented in Table 1. The collected data consistently 
showed a positive correlation between pressure and 
elongation length. This relationship is clearly depicted in 
the graphical representations of the data in Fig. 14, 
illustrating that higher pressure levels are associated 
with increased elongation lengths.  

 
Fig 13. Segmented bending actuator motion in response to 

every 10 kPa incremental input pressure. 

The segmented bending actuator exhibited elongation 
ranging from 62 mm to 65 mm across three trials 
conducted at 40 kPa of air pressure. Given the baseline 
length of 160 mm, the total extension achieved was 
between 222 mm and 225 mm. The actuator’s ability to 
elongate allows it to closely replicate the natural motion 
of finger extension and flexion. This enhanced actuator 
design allows for increased range of motion, enabling 
more comprehensive and naturalistic finger articulation, 
thereby expanding the potential utility of the actuator for 
rehabilitation purposes. 

The segmented bending actuator exhibited elongation 
ranging from 62 mm to 65 mm across three trials 
conducted at 40 kPa of air pressure. Given the baseline 
length of 160 mm, the total extension achieved was 
between 222 mm and 225 mm. The actuator’s ability to 
elongate allows it to closely replicate the natural motion 

of finger extension and flexion. This enhanced actuator 
design allows for increased range of motion, enabling 
more comprehensive and naturalistic finger articulation, 
thereby expanding the potential utility of the actuator for 
rehabilitation purposes. 

Table 1. Measurement of actuator elongation length. 
Pressure 

(kPa) 
Elongation length (mm) 

1st trial 2nd trial 3rd trial 
0 0 0 0 
2 3 2 3 
4 5 4 4 
6 7 7 7 
8 8 8 9 

10 10 9 10 
12 13 11 11 
14 16 13 15 
16 20 15 17 
18 23 20 20 
20 25 23 23 
22 28 25 25 
24 30 28 30 
26 32 32 33 
28 34 35 35 
30 40 42 40 
32 42 45 42 
34 46 49 46 
36 51 54 53 
38 55 55 55 
40 63 65 62 
30 40 42 40 
32 42 45 42 
34 46 49 46 
36 51 54 53 
38 55 55 55 
40 63 65 62 

The segmented bending actuator exhibited elongation 
ranging from 62 mm to 65 mm across three trials 
conducted at 40 kPa of air pressure. Given the baseline 
length of 160 mm, the total extension achieved was 
between 222 mm and 225 mm. The actuator’s ability to 
elongate allows it to closely replicate the natural motion 
of finger extension and flexion. This enhanced actuator 
design allows for increased range of motion, enabling 
more comprehensive and naturalistic finger articulation, 
thereby expanding the potential utility of the actuator for 
rehabilitation purposes. 

The reliability and consistency of the observed 
elongation length trends have been confirmed through 
statistical analyses and repeated data collection. The 
high R-squared value of approximately 0.98 indicates a 
very strong linear correlation between pressure and 
elongation length. This implies that the elongation length 
of the actuator can be predicted with a high degree of 
accuracy based on the applied pressure. This finding is 
crucial for applications necessitating precise control of 
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elongation. The dashed black line represents the best-fit 
line, illustrating the overall trend across all trials. 

 
Fig 14. Elongation length versus input pressure with R-

squared: 0.98. 

3.2 MCP Finger Joint Flexion Angle Measurement 
The graph in Fig. 15 shows a comparison between 

Goniometer and BendLabs flex sensor measurements of 
MCP angle versus input pressure, with both methods 
showing a positive linear correlation. The collected data 
demonstrates consistent agreement in the MCP joint 
flexion angle measurements between the two 
measurement methods. This consistency up until 10 kPa 
validates the precision of the experimental setup and 
suggests reliable system performance across different 
configurations, as illustrated in Fig. 15. 

 
Fig 15. MCP joint flexion angle versus input pressure. 

Table 2 and Table 3 display the flexion angle data 
obtained from measurements using a bend sensor and 
goniometer. The data presented in Table 3 reveal that the 
BendLabs sensor displayed inconsistent performance in 
terms of accuracy across the tested pressure ranges, with 
the most substantial deviations observed at 30 kPa 
(11.98 % error) and 40 kPa (8.62 % error) when 
benchmarked against the Goniometer reference 
measurements. This level of error surpassed the 
anticipated accuracy threshold of less than 5 % for the 
sensor. 

Table 2. MCP joint flexion angle measured by goniometer. 

Pressure 
(kPa) 

MCP Joint Flexion Angle (degree) 
by Goniometer 

1st 
trial 

2nd 
trial 

3rd 
trial 

Mean SD CV 

0 0.0 0.0 0.0 0.0 0.0 undefined 
10 15.0 14.0 15.0 14.7 0.6 3.9 
20 23.0 25.0 23.0 23.7 1.2 4.9 
30 31.0 31.0 31.0 31.0 0.0 0.0 
40 46.0 45.0 46.0 45.7 0.6 1.3 

 
Table 3. MCP joint flexion angle measured by Bendlabs 

sensor. 

Pressure 
(kPa) 

MCP Joint Flexion Angle (degree) 
by BendLabs Sensor 

 1st 
trial 

2nd 
trial 

3rd 
trial 

Mean SD CV 

0 0.02 0.03 0.02 0.02 0.01 24.74 
10 14.89 16.03 15.41 15.44 0.57 3.70 
20 28.41 23.92 23.81 25.38 2.62 10.34 
30 34.39 34.70 35.05 34.71 0.33 0.95 
40 47.86 49.48 51.47 49.60 1.81 3.65 

Furthermore, the data suggest that the BendLabs 
sensor exhibited high variability in its measurements at 
the initial 0 kPa pressure, as evidenced by a Coefficient 
of Variation (CV) of 24.7 %. The CV can be computed 
by dividing the mean by the Standard Deviation (SD) 
and multiplying the result by 100. This high level of 
relative variability raises potential concerns regarding 
the consistency and stability of the sensor's performance 
at the initial stage. In contrast, the Goniometer 
demonstrated superior repeatability, especially under 
higher pressure conditions. The data quality may have 
been compromised by improper installation of the bend 
sensor, particularly in the way it was attached to the 
glove. 

4 Conclusion 

This paper presents the design, fabrication, and 
evaluation of a segmented pneumatic soft actuator, 
which demonstrates its potential for effective hand 
rehabilitation. The actuator's ability to mimic natural 
finger movements, coupled with the precise sensor 
integration, highlights its promising capabilities for 
enhancing finger flexion in a rehabilitation glove. The 
segmented bending actuator developed for assisting 
finger flexion demonstrates success in its design and 
performance. The input pressure-elongation length and 
input pressure-MCP joint flexion angle relationships 
provides valuable insights into the actuator's flexibility 
under varying pressure conditions, offering significant 
potential in soft robotics applications. Future research 
should explore materials that balance flexibility and 
rigidity, enhancing the actuator’s ability to flex, extend, 
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and transmit force, thereby improving its effectiveness in 
supporting finger rehabilitation exercises.  
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