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1 Abstract

Research was done on actuators for a soft robotic glove that could assist children with cere-
bral palsy with at-home hand physical therapy. Materials in the construction of fabric-based soft
pneumatic actuators were evaluated for this purpose. Three different bladder types (TPE impulse
sealed bladders, condoms, and modeling balloons) were tested. The straightening and bending
force each actuator could produce as well as the shape the actuator formed when unrestrained were
analyzed. The results indicated that condoms and modeling balloons are superior to TPE bladders
for the use as bending bladders. All bladder types performed well as straightening bladders so any
could be chosen depending on the desired quantitative values such as the straightening force and
force-to-pressure relationship. Further research is needed into the durability of each bladder type
and into attachment methods of each bladder to prevent air leaking.

2 Introduction

Cerebral palsy (CP) is the most common physical disability among children. Spastic CP causes
stiffness and jerky movement since it affects the neural impulses that tell muscles to relax. Two
common symptoms include dystonia (random, repetitive muscle contractions) and joint contracture
(muscle, tendon, and ligament shortening)[1]. Treatment for spastic CP usually includes daily
range of motion (ROM) exercises and braces to maintain joint flexibility. Physical therapists often
manually move the fingers of their spastic CP clients through the range of motion. Although
physical therapy appointments help to maintain joint flexibility, they alone are often not enough,
and the braces that do support the fingers well are often expensive and inaccessible. Therefore, the
focus of this research is to develop a safe, low-cost, effective way to automate the movement of the
fingers of a child with CP through their necessary range of motion [2].

Soft robotic gloves have begun to be used in research to assist with range of motion in rehabili-
tative applications and to aid with grip strength for daily functions [3] [4] [5]. However, many gloves
and research papers have a focus on using the glove to assist in flexion rather than extension. This
paper will focus on the design of a soft robotic glove capable of assisting the fingers through both
flexion and extension motions. More specifically, this paper focuses on testing different bladders
within a fabric-based actuator. The actuator design being experimented on is based on Ref. [6].
Actuators are constructed out of three layers of fabric stitched together on three sides to create
two sleeves. The top layer of fabric can stretch along the length of the actuator and the bottom
two layers of fabric are inextensible in both directions.

One airtight bladder is inserted into each sleeve of the actuator. The bladder between the
top unidirectional-stretch fabric and the middle inelastic fabric causes the actuator to bend when
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Figure 1: Diagram of fabric-based pneumatic actuator behavior

inflated. This is referred to as the flexion or bending bladder. The other bladder causes the actuator
to become straight and rigid when inflated and is referred to as the extension or straightening
bladder. Figure 1 shows the basic actuator design.

This paper seeks to understand the behavior of three different bladder types for their use in
this application. As our critical design constraints, we determined that the actuators should be
low cost, easy to assemble and be able to produce sufficient forces to bend and extend fingers.
Additionally, to assist in flexion, the actuators need to be able to bend with sufficiently tight radius
to match that of a closed fist.

3 Methods

We experimented with three different bladder materials: thermoplastic elastomer (TPE) impulse-
sealed bladders, modeling balloons (commonly used to create balloon animals), and condoms. Fig-
ure 2 shows images of the bladder types. The three bladders were all tested inside of the same
actuator sleeve. The actuator sleeve was 18 mm wide and 180 mm long (measured between the
inside edges of the stitching) and was sewn together using a triple zigzag stitch. The bottom of the
actuator was hand stitched closed to keep each bladder inside. A photograph of the fabric actuator
used for all tests is shown in Figure 2.

Three tests were run to analyze how the bladder type affects the behavior of the actuators. We
tested the straightening force the actuator could exert when the test bladder was pressurized inside
the extension sleeve. Test bladders were also inserted into the flexion sleeve and pressurized to test
the bending force the actuator could exert and the shape the actuator formed when the actuator
was unrestrained. The experimental setups to conduct each of these tests are described below.

3.1 Straightening Force Test

To test the straightening force of the actuators, they were laid over a 6 cm diameter half
cylinder. The tip of the actuator was attached to a load cell so that the upward force it produced
as it attempted to straighten over the dome could be measured. This setup is shown in Figure 3.
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Figure 2: Photograph of bladder types used and dimensioned fabric actuator sleeve

The actuator was constrained with safety pins so that it could not slip forward. Once secured,
the bladder was slowly inflated with a bike pump. An Arduino recorded the pressure readings
from two SSCDANN100PGAA5 pressure sensors and the measured force from a 1 kg S-Type Load
Sensor every 0.5 seconds while the test was run.1 The pressure was tracked with two independent
pressure sensors so they could be compared against each other to ensure accuracy and enable
troubleshooting. However, only the outputs from pressure sensor 1 were used in the analysis and
reporting of all tests. The pneumatic setup used for testing is shown in Figure 4.

The load cell measures the tension in the string which is created by the actuator trying to
straighten off of the curved base. This measured tension will be referred to as the straightening
force. The pressure was plotted against the straightening force to analyze the respective forces of
each actuator.

3.2 Bending Force Test

To test the bending force of the actuators, they were placed in a rectangular chamber as shown
in Figure 5 with an open bottom at the tip.

A load cell was placed under the open tip so the actuator could compress the load cell as it
attempted to bend downwards out of the opening.

1Some recorded forces exceeded the load cell’s 1kg rating. Data above this threshold is greyed out in figures to
denote uncertainty of this data’s accuracy. Future tests will be rerun with a load cell rated for higher forces.
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Figure 3: Labeled and dimensioned photograph of the experimental set-up for straightening force
tests

Figure 4: Diagram of the set up used to measure and control actuator pressure during testing

During the test, the actuator was slowly inflated with a bike pump while the pressure and
compression force were measured. Force and pressure data was collected by the same system as
that of the straightening force test, except the sign of the force reading was switched to account
for the load cell being in compression rather than in tension. The inflated actuator can be seen
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Figure 5: Labeled and dimensioned photograph of the experimental set-up for bending force tests

bending downward to make contact with the blue and pink load cell plate, only enough to obtain
measurable values where it would then be constrained from further bending by the rectangular
chamber.

3.3 Profile Test

To understand the behavior and bend radius of the actuators, we tested and recorded the
shape that they made when they had the freedom to bend freely. Actuators were set on a white
background and taped down at the base of the tubing. They were slowly inflated while photos were
being taken. The pressure of the bladder was measured each time a photo was taken. The profiles
of the actuator in each test were then traced and matched up with their corresponding pressure for
analysis. Figure 6 shows the overlaid photos and traces of a sample actuator trial.

The testing methods above were used to collect data which will be shown in the results section
below.

4 Results

4.1 Bending Force

The results of the test of bending force by flexion bladder material are shown in Figure 7.
When the bending force was tested between different flexion bladders, the balloon created the
highest bending force at the lowest pressure, followed by the condom which took a slightly higher
pressure to reach the same bending force but was more consistent between tests. Both the condom
and balloon started generating a measurable force by a pressure of 5 psi (with the exception of one
trial with the balloon). The TPE required much higher pressures to generate the same bending
force as the other bending types; additionally it did not start generating a measurable force until
around 10 psi.
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Figure 6: Traces of the actuator profile overlaid on photos of a sample actuator at various positions

4.2 Straightening Force

The results of the test of bending force by flexion bladder material are shown in Figure 8.
When the bending force was tested between different flexion bladders, the balloon created the
highest bending force at the lowest pressure, followed by the condom which took a slightly higher
pressure to reach the same bending force but was more consistent between tests. Both the condom
and balloon started generating a measurable force by a pressure of 5 psi (with the exception of one
trial with the balloon). The TPE required much higher pressures to generate the same bending
force as the other bending types; additionally it did not start generating a measurable force until
around 10 psi.

4.3 Profile

The results of the straightening force test shown in Figures 9 & 10 revealed the condom and
TPE bladder created the highest straightening forces at lower pressures, with the condom displaying
slightly better consistency between trials than the TPE bladder. The balloon produced slightly
lower forces at each given pressure than the other two bladder types but was still able to achieve
a consistent force to pressure relationship. The balloon produced the same forces at around 14 psi
that the other two bladders did between 9 and 12 psi.

5 Interpretations

5.1 Bladder for Flexion

Based on the results discussed above, we have concluded that the condom is the best bladder
for flexion because it produces the tightest radius at the lowest pressure and it exerts the most
consistent forces by pressure. A tight bend profile is desirable so that the actuator can close the
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Figure 7: Comparison of the bending force produced at various pressures of three different bladder
materials

hand all of the way. Once the actuator has reached the shape of its unloaded profile it cannot exert
any further bending force on the hand. Higher forces at lower pressure are desirable because they
allow more flexibility in the design of the rest of the control system and the use of cheaper materials
because not as high of pressures need to be reached or maintained by the pump and pneumatic
system. Additionally, it is beneficial for the actuator to be able to reach higher forces at a lower
pressure to ensure that the actuator will be powerful enough to move the fingers. We are less
concerned with the actuators being too powerful because they can be easily powered with lower
pressure. The balloon would also be an effective alternative choice because it produced similar
results to the condom.

5.2 Bladder for Extension

Analyzing our findings from the straightening force test, we have concluded that any bladder
would be an effective choice for extension because all produced similar amounts of force and good
consistency between trials. The condom should be used if actuators are not able to produce sufficient
extension force. In contrast, the balloons could be used for more control of the output force at
lower pressures because they showed a flatter slope between 0 and 7 psi than the other two bladder
materials. This flatter slope would allow for more fine control of force output with variations in
pressure.
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Figure 8: Comparison of the straightening force produced at various pressures of three different
bladder materials

5.3 Limitations and Opportunities for Further Investigation

Further investigation into durability and leakage should be conducted to supplement these
results and ensure that each bladder would be effective for this application. Additionally, the load
cell used in all force testing was only rated to 1 N. Many actuators were able to exceed this force,
especially in extension at low pressures. A load cell that can measure higher forces could be used
to characterize the actuator’s performance over a more comprehensive range.

6 Acknowledgements

We would like to acknowledge the Clare Boothe Luce Research Scholars Program at Olin Col-
lege, funded by the Clare Boothe Luce Program of the Henry Luce Foundation. Special thanks
to the Peabody Foundation for funding our research project. Deep gratitude to Professor Jeff
Dusek, our research advisor, for their patient guidance and enthusiastic support and encourage-
ment. Credit and thanks to our peer researchers Jadelin Kirkvold ’24 & Chris Bocamazo ’24 for
their contributions to the work reported on in this paper.

8



Figure 9: Comparison of the actuator profile produced at various pressures of three different bladder
materials

Figure 10: Actuator profiles produced at various pressures by the condom, balloon and TPE flexion
bladder
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