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ABSTRACT
Shape-changing interfaces are promising for users to change the
physical properties of common objects. However, prevailing ap-
proaches of actuation devices require either professional equipment
or materials that are not commonly accessible to non-professional
users. In this work, we focus on the controllable soft actuators
with inflatable structures because they are soft thus safe for human
computer interaction. We propose a soft actuator design, called
xBalloon, that is workable, inexpensive and easy-to-fabricate. It
consists of daily materials including balloons and plastics and can
realize bending actuation very effectively. For characterization, we
fabricated xBalloon samples with different geometrical parameters
and tested them regarding the bending performance and found the
analytical model describing the relationship between the shape and
the bending width. We then used xBalloons to animate a series of
common objects and all can work satisfactorily. We further veri-
fied the user experience about the the fabrication and found that
even those with no prior robotic knowledge can fabricate xBal-
loons with ease and confidence. Given all these advantages, we
believe that xBalloon is an ideal platform for interaction design and
entertainment applications.

CCS CONCEPTS
•Human-centered computing→ Interaction devices; •Hard-
ware→ Sensors and actuators.
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1 INTRODUCTION
Shape-changing interfaces have emerged with the modifications on
the real world objects in human computer interaction [10]. Due to
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Figure 1: Animated objects with our proposed balloon plas-
tic actuator, xBalloon.

the direct interaction to users, the soft actuators have great poten-
tial in the transformable interfaces with soft materials with hand-on
training on robotic skills [23]. Often fabricated with deformable
materials, soft actuators are compliant, thus secure and ideal for
human computer interaction. One concern, however, that may con-
strain the applications of soft actuators for robotic education is
the fabrication which usually requires professional apparatus and
materials [4], such as 3D printing devices and silicone rubbers. To
non-professional users without fabrication skills, these are neither
readily accessible nor user-friendly enough. In order to generalize
the their applications in common usage, soft actuators ideally need
to be more available, affordable and easy-to-fabricate [13].

The goal of this study is to propose a novel mechanism for
simple yet effective soft actuator that even those with no robotic
knowledge can make easily and rapidly with daily materials and
devices. Among the popular material options in this regard, we
are particularly interested in the inflatable structures with balloons
considering the ease of fabrication and availability of the material
components. Many previous works have demonstrated the effective-
ness of similar mechanisms in different applications, for example,
art creation [20] and shape construction [6]. These examples use
balloons to achieve linear deformation, while none can realize bend-
ing deformation, which can be useful in real world cases where
rotary movement is required [7].

In this study, we propose a balloon plastic actuator, xBalloon,
composed of two inexpensive materials: a balloon and a polyethy-
lene film. Here, the shape change is triggered by the expansion of
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Figure 2: The fabrication procedure of xBalloon actuator includes six simple steps with the common and cheap materials.

the balloon inside the polyethylene film. The direction of deforma-
tion is controlled by covering the balloonwith the polyethylene film.
We evaluated the deforming performance and used this actuator to
animate a series of objects for demonstration. Since this mechanism
requires no professional skill and is inexpensive, we consider that
xBalloon is suitable to be used for animated objects in interaction
and entertainment applications, as illustrated in Figure 1.

Figure 3: Component configuration of xBalloon actuator.

2 RELATEDWORK
In the field of human augmentation, the usage of wearable de-
vices is a common way to extend the human capabilities, such as
supernumerary robotic limbs for balance support and joint load
reduction [8], head-mounted device for vision augmentation [2],
and tail-type joints for weight support and emotional expression
[19]. Recently, the wrist-mounted robotic arm was proposed for
performing various daily tasks powered by magnetorheological
clutches and hydrostatic transmission lines [17]. However, all these
devices are rigid, thereby being dangerous in misoperation.

Soft actuators can keep the user safe with soft materials. The
common soft actuators are made by 3D printed mold and resin like
Soft Robotics Toolkit [4]. Textile bending actuators utilized fabric
with different stretch properties to achieve complex motions with
embedded balloons inside [3]. The sheet-like actuators were to sup-
port interaction with wearable garments and enable autonomous

robotic systems [24]. The textile actuators were made for wearable
robotic garments and applications of soft robotic [12]. In this work,
we especially focus on the balloon actuator with simple fabrication
procedure.

Pneumatic balloon actuator was fabricated on a cantilever for ac-
tuating the flexible end-effector [5]. PneUI presented pneumatically-
actuated soft composite materials for shape-changing interactions
[22]. Sticky actuatorwasmade by adhesive-backed inflatable pouches
and used for rapid development of animated objects [7]. A soft in-
flatable joint was proposed using the blower-inflated structure of
cylindrical links and joints with tension force [14]. BlowFab pro-
posed an inflatable structure with laser cutting and blow molding
techniques [21]. Giacometti arm was fabricated by helium-filled bal-
loons and pneumatic muscles [15]. It is difficult for non-professional
users to reproduce these soft actuators without professional skills
and equipment. BPActuators proposed a lightweight and low-cost
soft bending actuator with plastics and balloons [9]. However, the
exploration on object augmentation in dynamics representation
with pneumatic actuators is absent for interaction purposes. In this
work, we aim to propose a novel soft actuator that can augment
the common objects to be animated and anyone can make easily.

3 XBALLOON
xBalloon is made by balloon and polyethylene film as shown in
Figure 3. The polyethylene film is stitched along the rim sketches
using a sewing machine, and the balloon is inserted into the film
cavity. The xBalloon actuator can bend with inflated balloon inside
the film cavity. As illustrated in Figure 3, the length of left side
of the actuator becomes shorter due to the air inflation, then the
actuator begins to bend to the shorter side.

3.1 Fabrication Procedure
As illustrated in Figure 2, the specific procedures for fabrication of
xBalloon actuator are detailed as below in six steps.

(1) Drawing a mold shape on a piece of paper;
(2) Placing the mold on a folded polyethylene film and tracing

it with a marker pen;
(3) Sewing along the traced curves with the sewing machine;
(4) Cutting out the polyethylene film along the sewed curves;
(5) Inserting a twist balloon into the cavity of the polyethylene

film;



xBalloon: Animated Objects with Balloon Plastic Actuator AH2021, May 27–28, 2021, Geneva, Switzerland

Figure 4: The configuration of xBalloon actuator and its
bending state (left), and four different actuators used in per-
formance experiments (right).

(6) Inserting the air tube of film cavity and tying the cavity
mouth tightly with bundling bands.

Apart from the component materials in Figure 3, a sewing machine,
an air tube, a maker pen and a piece of plain paper are also required.
All the materials needed here are very common and readily acces-
sible with very low price, except the sewing machine. Note that
instead of using a sewing machine, the stitched rims can also be
generated manually. Here, the total cost of one xBalloon actuator is
around 0.22 USD (United State Dollar), where balloon is 0.011 USD
per unit and plastic is 0.21 USD.

3.2 Actuation Performance
In order to verify the actuation performance of xBalloon actuator,
we conducted the performance experiments to explore the relation-
ship between the fabrication shape and bending width of xBalloon
actuator.

Performance Experiment. In our performance experiments, four
types of experimental prototypeswere fabricated as shown in Figure
4 (right). We defined three shape parameters for representing shape
features: the height 𝑎 and width𝑏 of one wavy shape in the actuator;
the bending width 𝑥 after balloon inflation as shown in Figure 4
(left). We adopt the ratio 𝑎/𝑏 of the height and the width of the
wavy shape as the shape feature before bending.

For simplification in the performance experiments, all the xBal-
loon actuators had the same length and insertion mouth size. Note
that all wavy shapes in the actuator have the same shape features.
The actuator is 190.0 mm and the width of the balloon insertion
mouth is 15.0 mm. Four types of xBalloon actuators were fabricated
with shape heights a of 10 mm and 30 mm, and shape widths b of
30 mm and 50 mm. The bending widths 𝑥 after balloon inflation
were measured.

Bending Performance. Figure 5 shows the relationship between the
shape ratio and the bending width. We found that the bending
width 𝑥 [mm] increases as the value of the ratio 𝑎/𝑏 between the
height and width of the wavy shape increases. The bending width

Figure 5: Relationship between the shape ratio and the bend-
ing width. Four sample actuators correspond to the same
color in Figure 4.

𝑥 can be approximated with the shape ratio using the second-order
polynomial approximation as follows.

𝑥 = −100.0(𝑎
𝑏
)2 + 193.0(𝑎

𝑏
) + 21.4 (1)

If all the wavy shapes are constant, the bending width can be
predicted based on Equation 1 simply. In this work, this equation
is adequate for simple design guideline for xBalloon actuator fab-
rication. Note that the accurate bending simulation of xBalloon
actuator is out of the scope of this work.

4 USER STUDY
We conducted a usability study on the fabrication of the proposed
actuator. Ten graduate students (3 males and 7 females; between
22–25 years old) were recruited to join our user study. In this exper-
iment, firstly the subjects were explained how to fabricate xBalloon
actuator in details with its possible real-world applications, and
then they were asked to actually fabricate xBalloon actuators by
tracing the fabrication procedures from Step (1) to (6) in Figure
2. Both before and after experiencing the fabrication of xBalloon
actuator, the subjects were asked to answer the same questionnaire
survey, aiming for subjectively evaluating the fabrication procedure
of xBalloon, in terms of difficulty, safety, and fun, on the 5-point
scale (from 5. “strongly agree” to 1. “strongly disagree”). The ques-
tionnaire survey was performed twice in order to investigate how
actual fabrication experience changes their first impression for the
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Figure 6: A snapshot of the usability experiment (a) and the
fabricated xBalloon actuator from the participants (b).

fabrication procedure of xBalloon actuator. Figure 6(a) shows a snap-
shot of the usability experiment, and (b) shows several xBalloon
actuator products made by the subjects.

The question items in the survey are listed as follows.
Q.1: Do you think the fabrication process of xBalloon actuator

is safe?
Q.2: Do you think you can reproduce the xBalloon actuator

product of the same quality with no instructor?
Q.3: Do you think the mechanism of xBalloon actuator is in-

teresting?
Q.4: Do you think xBalloon actuator as an actuator can work

in practice?
Q.5: Do you think xBalloon actuator can be useful in various

situations?
Q.6: Do you think fabricating a xBalloon actuator product is

fun?
Q.7: Do you think youwould like to fabricate xBalloon actuator

at home?
Q.8: Do you think you would like to recommend xBalloon

actuator to your family and/or friends?

5 RESULTS
Animated Objects. In this work, we consider the animated objects
as the main application using the proposed xBalloon actuator. It
is impressive to make static object be movable, such as toys and
origami. Figure 7 shows the swimming duck toy with one proposed
actuator. The actuator can provide the thrust force for swimming
in the water along shape bending. Figure 8 shows the walking
caterpillar-shape toy with two proposed actuators. The walking
motions were achieved by inflating two actuators simultaneously.
For other examples, a flying cranewith paper origami and a swaying
tree are illustrated in Figure 9. For more details of these animated
objects, please refer to the supplementary video.

Questionnaire Survey. The results of the before- and after-experience
questionnaire surveys are summarized in Table 1. We observed in-
creases in the average ratings (the Before/After columns) for all
the eight question items, which suggests that actual experience
of the fabrication of xBalloon actuator increases the positive im-
pression for xBalloon actuator better than their first impression.
The proportion of non-decreasing ratings were over 70% for all

Figure 7: Swimming duck toy with one xBalloon actuator.

Figure 8: Walking caterpillar with with two xBalloon actua-
tors.

Figure 9: Flying crane with one xBalloon actuator (left), and
swaying tree with three xBalloon actuators (right).

the eight question items. To examine whether there was a signifi-
cant increase between the subjective ratings before and after the
xBalloon actuator experience, the Wilcoxon’s signed rank test was
performed for each question item. We found significant differences
in Q.2 (𝑍 = 0.00, 𝑝 < 0.01), Q.3 (𝑍 = 0.00, 𝑝 < 0.05), Q.6 (𝑍 = 2.5,
𝑝 < 0.1), and Q.8 (𝑍 = 0.0, 𝑝 < 0.05), whose box-and-whisker
plots were shown in details in Figure 10, in which all the pairs
of the before- and after-experience ratings of the same subjects
were connected with red lines. We indeed observed that many sub-
jects improved their impression on xBalloon actuator regarding
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Table 1: Summary of the before-/after-experience question-
naire surveys. Before/After: The average ratings in the be-
fore/after conditions. Prop: Proportion of non-decreasing
rating between the conditions. 𝑍 , 𝑝: The Wilcoxon’s signed
rank test statistic and corresponding 𝑝-value.

Item Before After Prop 𝑍 𝑝

Q.1 4.3 4.6 0.9 2.0 0.256
Q.2 3.4 4.6 1.0 0.0 0.005
Q.3 4.3 4.7 1.0 0.0 0.045
Q.4 3.6 3.7 0.7 13.5 0.931
Q.5 3.6 4.0 0.8 6.0 0.317
Q.6 4.0 4.6 0.9 2.5 0.083
Q.7 3.3 3.8 0.8 6.0 0.159
Q.8 3.4 4.2 1.0 0.0 0.023

Q.2. Reproduce Q.3. Interesting

Q.6. Fun Q.8. Recommend

Figure 10: Results in details of the before-/after-experience
questionnaire surveys.

these four question items by actually experiencing the fabrication
of xBalloon actuator.

The overall comparison of the two questionnaire surveys sug-
gests that the fabrication process of xBalloon actuator is actually
easy and fun, and xBalloon actuator or its future version may have
a large variety of applications in various practical situations. Thus,
the objective of this study, to propose an easy-to-fabricate inflat-
able structure, is considered to have been achieved. We believe
that xBalloon actuator successfully obtained such evaluation from
the subjects due to the fact that the non-professional materials
with no professional equipment was required in the fabrication
process of xBalloon actuator. From user experience point-of-view,

no professional equipment and materials can also be important to
yield quick/short-delay response or feedback to the subjects, which
seem significantly to influence the subjective evaluation on ‘fun’
throughout the long fabrication procedure. Actually, after the us-
ability experiment, a subject requested to take a xBalloon actuator
product home to play with it at home. This can be evidence for the
easy-and-fun character of xBalloon actuator, and potential applica-
tions in an educational and entertainment context. We are planning
to hold a small-group workshop to fabricate xBalloon actuator in
future.

6 CONCLUSION
In this work, we proposed an inflatable balloon plastic actuator
xBalloon for animated objects as novel shape-changing interfaces,
which is simple and inexpensive to manufacture. The performance
of the proposed xBalloon actuator was examined with bending ex-
periment for different geometric parameters. The user experience
about fabrication was verified through our user study. Addition-
ally, multiple animated objects have been fabricated to verify the
effectiveness the proposed actuator.

In current prototype design, two main limitations of the pro-
posed actuators are the durability and the maximum force. When
the xBalloon actuator was operated many times, the film get dam-
aged and the balloon sometimes burst. To solve these issues, we
would like to try different film materials, such as cloth and feather
materials. The maximum force is weak and can only be sufficient
to move a light-weight objects. We think the air pressure can be
enhanced with high-tension film materials. For human augmen-
tation, we aim to embed the actuator in wearable devices such as
smart clothes [18]. In contrast to other power-based actuators, the
proposed actuator can provide a safe and straightforward solution
as soft actuator.

For future work, we are planning to conduct a workshop for ele-
mentary school students using the proposed actuator for intriguing
their interests in science [1]. Besides of the application as animated
objects, we would like to explore more applications in robotics and
medical usages as the other soft actuators [11]. The simple fabrica-
tion approach of xBalloon can also be used as wearable devices0
with soft actuators that assist user abilities for human augmentation
purpose [16].

ACKNOWLEDGMENTS
We greatly thank Genki Kakihana and Ping Zhang in research
discussion and system development, and all the participants in our
user study. This work was supported by JAIST Research Grant, and
JSPS KAKENHI grant JP20K19845 and JP20J15087, Japan.

REFERENCES
[1] Y. a. Seong, H. Sugihara, R. Niiyama, Y. Kakehi, and Y. Kawahara. 2020. Workshop

Design for Hands-on Exploration Using Soft Robotics and Onomatopoeia. IEEE
Pervasive Computing 19, 1 (2020), 52–61. https://doi.org/10.1109/MPRV.2019.
2940194

[2] Yuya Adachi, Haoran Xie, Takuma Torii, Haopeng Zhang, and Ryo Sagisaka. 2020.
EgoSpace: Augmenting Egocentric Space by Wearable Projector. In Proceedings
of the Augmented Humans International Conference (Kaiserslautern, Germany)
(AHs ’20). Association for Computing Machinery, New York, NY, USA, Article 32,
2 pages. https://doi.org/10.1145/3384657.3385328

[3] Leonardo Cappello, Kevin C. Galloway, Siddharth Sanan, Diana A. Wagner,
Rachael Granberry, Sven Engelhardt, Florian L. Haufe, Jeffrey D. Peisner, and

https://doi.org/10.1109/MPRV.2019.2940194
https://doi.org/10.1109/MPRV.2019.2940194
https://doi.org/10.1145/3384657.3385328


AH2021, May 27–28, 2021, Geneva, Switzerland H. Xie, et al.

Conor J. Walsh. 2018. Exploiting Textile Mechanical Anisotropy for Fabric-Based
Pneumatic Actuators. Soft Robotics (2018). https://biodesign.seas.harvard.edu/
files/biodesignlab/files/soro.2017.0076.pdf

[4] D. Holland, E. J. Park, P. Polygerinos, G. J. Bennett, and C. J. Walsh. 2014. The
Soft Robotics Toolkit: Shared Resources for Research and Design. Soft Robotics 1,
3 (2014), 224–230.

[5] Satoshi Konishi, Fumie Kawai, and Pierre Cusin. 2001. Thin flexible end-effector
using pneumatic balloon actuator. Sensors and Actuators A: Physical 89, 1 (2001),
28–35. https://doi.org/10.1016/S0924-4247(00)00533-1 Special Issue: Microme-
chanics Section of Sensors and Actuators, based on contributions revised from
the Technical Digest of the Thirteenth IEEE International Workshop on Micro
Electro Mechanical Systems (MEMS-2000).

[6] Yuki Mori and Takeo Igarashi. 2007. Plushie: An Interactive Design System for
Plush Toys. ACM Trans. Graph. 26, 3 (July 2007), 45–es. https://doi.org/10.1145/
1276377.1276433

[7] Ryuma Niiyama, Xu Sun, Lining Yao, Hiroshi Ishii, Daniela Rus, and Sangbae
Kim. 2015. Sticky Actuator: Free-Form Planar Actuators for Animated Objects. In
Proceedings of the Ninth International Conference on Tangible, Embedded, and Em-
bodied Interaction (Stanford, California, USA) (TEI ’15). Association for Computing
Machinery, New York, NY, USA, 77–84. https://doi.org/10.1145/2677199.2680600

[8] Federico Parietti, Kameron Chan, Banks Hunter, and H. Asada. 2015. Design and
control of Supernumerary Robotic Limbs for balance augmentation. Proceedings
- IEEE International Conference on Robotics and Automation 2015 (06 2015), 5010–
5017. https://doi.org/10.1109/ICRA.2015.7139896

[9] Qiukai Qi, Shogo Yoshida, Genki Kakihana, Takuma Torii, Van Anh Ho, and
Haoran Xie. 2021. BPActuators: Lightweight and Low-Cost Soft Actuators by
Balloons and Plastics. In 2021 IEEE 4th International Conference on Soft Robotics
(RoboSoft). 559–562. https://doi.org/10.1109/RoboSoft51838.2021.9479188

[10] Majken K. Rasmussen, Esben W. Pedersen, Marianne G. Petersen, and Kasper
Hornbæk. 2012. Shape-Changing Interfaces: A Review of the Design Space and
Open Research Questions. In Proceedings of the SIGCHI Conference on Human
Factors in Computing Systems (Austin, Texas, USA) (CHI ’12). Association for
Computing Machinery, New York, NY, USA, 735–744. https://doi.org/10.1145/
2207676.2207781

[11] Mark Runciman, Ara Darzi, and George P. Mylonas. 2019. Soft Robotics in
Minimally Invasive Surgery. Soft Robotics 6, 4 (2019), 423–443. https://doi.
org/10.1089/soro.2018.0136 arXiv:https://doi.org/10.1089/soro.2018.0136 PMID:
30920355.

[12] Vanessa Sanchez, Conor J. Walsh, and Robert J. Wood. 2021. Textile Tech-
nology for Soft Robotic and Autonomous Garments. Advanced Functional
Materials 31, 6 (2021), 2008278. https://doi.org/10.1002/adfm.202008278
arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.202008278

[13] Joshua Schultz, Yiğit Mengüç, Michael Tolley, and Bram Vanderborght. 2016.
What Is the Path Ahead for Soft Robotics?

[14] Young Seong, Ryuma Niiyama, Yoshihiro Kawahara, and Yasuo Kuniyoshi. 2019.
Low-pressure Soft Inflatable Joint Driven by Inner Tendon. 37–42. https://doi.
org/10.1109/ROBOSOFT.2019.8722764

[15] M. Takeichi, K. Suzumori, G. Endo, and H. Nabae. 2017. Development of Gia-
cometti ArmWith Balloon Body. IEEE Robotics and Automation Letters 2, 2 (2017),
951–957. https://doi.org/10.1109/LRA.2017.2655111

[16] Carly Thalman and Panagiotis Artemiadis. 2020. A review of soft wearable robots
that provide active assistance: Trends, common actuation methods, fabrication,
and applications. Wearable Technologies 1 (2020), e3. https://doi.org/10.1017/wtc.
2020.4

[17] C. Véronneau, J. Denis, L. Lebel, M. Denninger, V. Blanchard, A. Girard, and J.
Plante. 2020. Multifunctional Remotely Actuated 3-DOF Supernumerary Robotic
Arm Based on Magnetorheological Clutches and Hydrostatic Transmission Lines.
IEEE Robotics and Automation Letters 5, 2 (2020), 2546–2553. https://doi.org/10.
1109/LRA.2020.2967327

[18] Haoran Xie, Hiromu Matsuzaki, and Takuma Torii. 2020. XClothes: Augmenting
Human Thermoregulation Using Shape Changing Clothes. In Proceedings of the
11th Augmented Human International Conference (Winnipeg, Manitoba, Canada)
(AH ’20). Association for Computing Machinery, New York, NY, USA, Article 3,
8 pages. https://doi.org/10.1145/3396339.3396400

[19] Haoran Xie, Kento Mitsuhashi, and Takuma Torii. 2019. Augmenting Human
With a Tail. In Proceedings of the 10th Augmented Human International Conference
2019 (Reims, France) (AH2019). Association for Computing Machinery, New York,
NY, USA, Article 35, 7 pages. https://doi.org/10.1145/3311823.3311847

[20] Haoran Xie, Yichen Peng, Naiyun Chen, Dazhao Xie, Chia-Ming Chang, and
Kazunori Miyata. 2019. BalloonFAB: Digital Fabrication of Large-Scale Balloon
Art. In Extended Abstracts of the 2019 CHI Conference on Human Factors in Com-
puting Systems (Glasgow, Scotland Uk) (CHI EA ’19). Association for Computing
Machinery, New York, NY, USA, 1–6. https://doi.org/10.1145/3290607.3312947

[21] Junichi Yamaoka, Ryuma Niiyama, and Yasuaki Kakehi. 2017. BlowFab: Rapid
Prototyping for Rigid and Reusable Objects Using Inflation of Laser-Cut Surfaces.
In Proceedings of the 30th Annual ACM Symposium on User Interface Software and
Technology (Québec City, QC, Canada) (UIST ’17). Association for Computing Ma-
chinery, New York, NY, USA, 461–469. https://doi.org/10.1145/3126594.3126624

[22] Lining Yao, Ryuma Niiyama, Jifei Ou, Sean Follmer, Clark Della Silva, and Hiroshi
Ishii. 2013. PneUI: Pneumatically Actuated Soft Composite Materials for Shape
Changing Interfaces. In Proceedings of the 26th Annual ACM Symposium on
User Interface Software and Technology (St. Andrews, Scotland, United Kingdom)
(UIST ’13). Association for Computing Machinery, New York, NY, USA, 13–22.
https://doi.org/10.1145/2501988.2502037

[23] Xiaoxiang Yu, Surya Girinatha Nurzaman, Utku Culha, and Fumiya Iida. 2014.
Soft robotics education. Soft Robotics 1, 3 (2014), 202–212.

[24] Mengjia Zhu, Thanh Nho Do, Elliot Hawkes, and Yon Visell. 2020.
Fluidic Fabric Muscle Sheets for Wearable and Soft Robotics. Soft
Robotics 7, 2 (2020), 179–197. https://doi.org/10.1089/soro.2019.0033
arXiv:https://doi.org/10.1089/soro.2019.0033 PMID: 31905325.

https://biodesign.seas.harvard.edu/files/biodesignlab/files/soro.2017.0076.pdf
https://biodesign.seas.harvard.edu/files/biodesignlab/files/soro.2017.0076.pdf
https://doi.org/10.1016/S0924-4247(00)00533-1
https://doi.org/10.1145/1276377.1276433
https://doi.org/10.1145/1276377.1276433
https://doi.org/10.1145/2677199.2680600
https://doi.org/10.1109/ICRA.2015.7139896
https://doi.org/10.1109/RoboSoft51838.2021.9479188
https://doi.org/10.1145/2207676.2207781
https://doi.org/10.1145/2207676.2207781
https://doi.org/10.1089/soro.2018.0136
https://doi.org/10.1089/soro.2018.0136
https://arxiv.org/abs/https://doi.org/10.1089/soro.2018.0136
https://doi.org/10.1002/adfm.202008278
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/adfm.202008278
https://doi.org/10.1109/ROBOSOFT.2019.8722764
https://doi.org/10.1109/ROBOSOFT.2019.8722764
https://doi.org/10.1109/LRA.2017.2655111
https://doi.org/10.1017/wtc.2020.4
https://doi.org/10.1017/wtc.2020.4
https://doi.org/10.1109/LRA.2020.2967327
https://doi.org/10.1109/LRA.2020.2967327
https://doi.org/10.1145/3396339.3396400
https://doi.org/10.1145/3311823.3311847
https://doi.org/10.1145/3290607.3312947
https://doi.org/10.1145/3126594.3126624
https://doi.org/10.1145/2501988.2502037
https://doi.org/10.1089/soro.2019.0033
https://arxiv.org/abs/https://doi.org/10.1089/soro.2019.0033

	Abstract
	1 Introduction
	2 Related work
	3 xBalloon
	3.1 Fabrication Procedure
	3.2 Actuation Performance

	4 User study
	5 Results
	6 conclusion
	Acknowledgments
	References

