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Abstract— We describe the design and prototype development
of a soft continuum robotic airbag system, to be deployed from
a passive walker. The system can deploy in multiple configura-
tions: to the front, left, or right of the walker depending on the
direction of a detected fall. The airbag is inflated in real time
using a novel compression system. Results of experiments with
the prototype are presented. The system deploys consistently
across falls, significantly reducing the g-force of impact.

I. INTRODUCTION

Falls are the second leading cause of injury deaths world-
wide [1], and the leading cause of injury and death in older
adults in the United States [2]. In 2018, 27.5% of U.S. adults
aged 65 years or over reported at least one fall in the past year
(35.6 million falls). Over 10% (8.4 million) reported a fall-
related injury, resulting in an estimated 3 million emergency
department visits, more than 950,000 hospitalizations, and
approximately 32,000 deaths [3]. More than 95% of hip
fractures are caused by falls [2]. Fear of falls has been found
to be a significant risk factor limiting activity in the elderly
[4].

Falls are more likely, and often more critical, for those
individuals who are fragile and use walkers. In a recent
study, it was found that people using a walker were 7 times
more likely to be injured by a fall compared to those using
a cane [5]. Passive walkers help provide stability for such
individuals during ambulation, but offer no protection in the
event of a fall. This paper discusses the augmentation of a
passive walker with a robotic airbag system to mitigate the
effect of falls.

The concept of creating robotic versions of passive walk-
ers, or “smart walkers”, is not new. An early smart walker
was a modified rollator walker developed by the Dublin
Institute of Technology using hydraulic disc brakes [6]. This
system used a high-speed linear actuator to vary the pressure
on the braking disk. The brake activated if the user moved too
fast or if the walker sensed the user wanted to stop. Another
rollator walker with pneumatic brakes on the wheels [7]
simulated three different falling situations - freezing of limbs,
stumble, and loss of balance. Another walker that implements
fall prevention is the RT Walker [8], which focuses on
calculating the user’s center of gravity in real time. When the
user’s center of gravity is detected to be outside the region of
stability, brakes are enabled. One drawback of these braking
systems is that they do not address cases when the walker is
tilting or falling to the left or the right.
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Some smart walkers aim to help the user in a more subtle
way. A robotic walker developed by the Japan Advanced
Institute of Science and Technology (JAIST) autonomously
adjusts its direction and speed according to the user’s walking
movements [9]. It does not require any user input, instead
using a pair of laser range finders to detect the user’s legs and
any obstacles in the environment. The walker uses a trio of
Mecanum wheels to drive the walker away from obstructions
in an indoor environment, while still following the general
direction the user wants to go. This robotic walker provides
a measure of fall prevention by avoiding obstacles or drop-
offs that could unbalance the user, but in the case of a fall
it simply locks up the wheels.

Several groups have worked on “human airbags” - wear-
able devices which deploy when the wearer is falling. These
devices come in many forms such as vests, belts [10],
jackets, or harnesses [11]. Helite is a company that has made
wearable airbag vests for skiing [12] and cycling [13]. The
Hit-Air inflatable air vest [14] is a body-worn airbag with a
pull cord marketed towards equestrians where the rip cord is
attached to the horse’s saddle and is pulled if they fall off the
horse. These commercially available products demonstrate a
need for personal fall protection in a variety of environments.

Many human airbag systems for fall protection are de-
signed as a belt or fanny pack that the user must wear all the
time. For example, the system discussed in [15] involves a
belt with a microcontroller, IMU, compressed CO2 cylinder,
and actuation mechanism with airbags around the user’s hip.
When the IMU detects the person is falling, it punctures the
gas cylinder and rapidly inflates the small airbag in front of
the user’s hip within 333ms. A similar device is designed in
[16], and built in [17].

However, these systems are static, in the sense that the
deployed system remains the same regardless of the specific
fall endured by the individual. In this paper, we introduce a
novel alternative: the first reconfigurable (continuum) robotic
airbag system featuring the ability to deploy the airbag sys-
tem in the direction most needed. This provides the unique
ability to tailor the response to the situation encountered,
e.g. maximizing the volume of airbag between the falling
individual and the environment.

Continuum (continuous backbone) robots have been the
subject of much interest and research in the past few years
[18]. Continuum robots have been successfully applied to
a variety of medical procedures [19]. Inspired in large
part by emerging research in soft robotics [20], [21], [22],
researchers have been exploring the shaping of soft air-
filled volumes using tendons to create continuum robots [23].
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Numerous tendon-actuated pneumatic continuum robots, e.g.
[24], [25], [26], [27], [28] have been demonstrated, and the
design here expands on our experience in the area [25].

The paper is organized as follows. The design concept
for the soft airbag system, and its physical realization in
a prototype, are described in the following section. Exper-
iments with, and performance validation of, the prototype
are reported in section III. Discussion and conclusions are
presented in section IV.

II. SOFT CONTINUUM AIRBAG DESIGN AND
PROTOTYPE

A. Design Concept

The key objective in this work was to develop a novel
airbag deployment system, integrated with a walker, which
is not static but instead robotic, i.e. with programmable
configurability, varying to meet the deployment needs of a
specific fall. The goal was for the airbag to be stowed in
one face of the walker, but be deployable in real time, as a
function of the direction of a detected fall, across the range
of a semi-cylindrical region from the left side of, around the
front of, and to the right side of, the walker.

In order to address the above specifications, the core
element of the design selected was an inflatable continuum
arm, actuated (configured) in real time by remotely actuated
tendons. A second novel design choice lay in the method
adopted to inflate the airbag. We elected to use a partly pre-
inflated fabric volume, and suitably compress a “reservoir”
bladder element of it to quickly inflate a continuum robot arm
element of it. The details of the realized design are presented
in the following section.

B. Prototype Development

Arm Fabric
(x2)

Bladder Fabric
(x2)

Fig. 1: Identical fabric pieces cut out for the arm (top) and
bladder (bottom)

1) Arm and Bladder Construction: The fabric portion
of the system was constructed out of Heat Sealable 200
Denier Oxford Nylon. This material was chosen because in
an earlier inflatable continuum arm development [26] it could
withstand the most pressure of all the materials tested. The
fabric has a coating on one side similar to a very thin layer
of hot glue. When two layers of the fabric are laid on top of
each other so that each glue-layer side is facing each other,
a soldering iron can be used to seal them together for a very

tight seal. We found that a temperature of 240°C paired with
a large knife-style soldering iron tip worked best for sealing
the sheets of fabric together.
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Fig. 2: Relative dimensions and positions of fabric arm
components

The fabric assembly of the project was made of two parts
- the arm and the air bladder, each of which was made from
two identical cuts of fabric as shown in Figure 1. The arm
was made from two pieces that were 152cm by 50cm (60in
by 20in), and the bladder was made with two pieces that were
76cm by 51cm (30in by 20in) (Figure 2). These dimensions
included a 1 inch margin on the outside edges for sealing
the pieces together.

An air nozzle from an inflatable stick was added to the
arm to provide a convenient way to increase or decrease
the amount of air in the system between tests. The same
soldering iron heat-sealing technique was used as on the
rest of the arm, with the adhesive side of the fabric pressed
against the tube fabric. The nozzle was attached before
flipping the arm inside out.

Fig. 3: First full inflation of the fabric arm and air bladder

The arm was flipped inside out so that the adhesive coated
side was facing outwards, while the air bladder had the
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adhesive coating on the inside. The arm slid inside the air
bladder and was sealed in place with the same soldering iron
sealing method. The assembled bladder and arm can be seen
inflated in Figure 3.

Top of Arm “Crown”

Fabric Slot for Straps

Cable Guide

Flexible Strap

Cable Crimp

Spiral Cable Wrap

Fig. 4: Components of the end of the arm

2) Integration of Tendons: In order to enable shape con-
trollability of the arm, numerous 3D printed parts were
attached to the bladder as shown in Figures 2 and 4. The
arm featured 32 individual cable guides printed in black
PLA filament. A 64cm (25”) long thin strap 3D printed with
flexible black NinjaFlex filament was passed through slots
in the arm holding the cable guides in place. A “crown”
was located at the end of the arm where all four cables are
attached. The crown was printed in semi-flexible SainSmart
TPU filament. This was also held in place with a flexible
strap through strap guides. Eight rows of cable guides were
spaced every 14.2mm (5.6”), leaving 12.7cm (5”) between
each cable guide. A a 6.4cm (2.5”) section of spiral cable
wrap was added between each cable guide to improve the
bending consistency of the arm.

3) Walker and Actuators: The system was integrated
within a Drive Medical 10210-1 Deluxe 2-Button Folding
Walker with Wheels [29]. This walker was chosen because
it was commonly used (more than 20,000 Amazon reviews).

We considered several different deployment methods in-
cluding volume displacement, CO2, high pressure air (HPA),
and vehicle airbags. Each of these methods have their own
merits, but each had significant drawbacks for the proto-
typing of a continuum system. Using CO2 canisters would
have cost around $8 per deploy, and it would have been
challenging to make a system that perfectly inflated upon
cartridge puncture but that did not over-inflate (and explode)
or under-inflate (and not effectively catch the user). Similar
issues exist with HPA, along with concerns of the time
required to release a sufficient volume of HPA into the
arm. Airbag cartridges are very dangerous, produce toxic
chemicals, and expensive ($200+ per deploy).

Consequently, we selected a method of inflation based on
volume displacement. We planned to construct one section

that would hold the air before the system deployed, and have
that section be continuous with the arm section of the system.
The arm would deploy when air was pushed from one place
to another inside the sealed container. This rapid volume-
displacement inflation method is unique among continuum
robotics systems and smart walker systems. The volume of
air in our arm is 1.50 ft3 so to inflate the arm in half a
second it takes 1.50 ft3/0.5s = 3.0 ft3/s or 180 cubic feet
per minute (CFM).

The inflation system’s method of actuation was based on a
R860054 brushless drill [30] which spins a shaft that wraps
up the nylon webbing straps to squeeze air from the bladder
into the arm. The drill was mounted to a 3D printed plate
with six zip ties.

The next step was to integrate the straps with the drill
and bladder/arm. The main spinning shaft was a 3/4” square
aluminum rod. Each webbing strap was held in place by two
3D printed pieces mounted on the square rod. These pieces
were round on the outside, effectively turning the square
shaft into a 40mm (1.6”) round tube. M4 bolts were passed
through the printed piece, webbing strap, and into a threaded
hole in the aluminum square shaft. The two mounting holes
in the webbing strap were made by pressing a hot soldering
iron to the webbing strap, forming a 5mm hole with melted
edges that prevented fraying.

There was a “bearing” between every two webbing straps,
which consisted of a 3D printed part that was square on
the inside and round on the outside. This bearing helped
distribute the forces on the rod and minimized the deflection
of the rod. A small amount of SuperLube Synthetic Multi-
Purpose Grease was applied to each bearing after installation.
The rod assembly was attached to the main plate by several
3D printed mounts.

Front and rear views of the final overall system are shown
in Figures 5 and 6. Along with the mechanical components
discussed previously, the figures show several boxes which
hold electrical components of the system.

Each steel cable tendon was stored in a cable spool on
a stepper motor shaft. Dual-shaft NEMA 17 stepper motors
and AMT102-V rotary encoders were attached to the front of
the same mount. An electromagnetic stepper motor brake was
mounted to the rear side of each stepper motor. A stainless
steel flange adapter was connected to the motor shaft, and
the cable spool assembly was mounted to the flange adapter.

This motor and spool assembly was then mounted to the
outside of an arm ring using M4 bolts. The arm ring had an
internal path that guided the cable from vertical to horizontal.
The arm ring mounted to an angled plate that was offset
from the walker to provide an adequate bending radius for
the fabric of the arm.

4) Electrical System: The prototype was completely un-
tethered - everything ran off batteries, and all required
electronics were mounted on the walker frame. A Teensy
4.1 microcontroller was used as the controller. The system
was powered by a 6S 22.2V 4500mAh 45C LiPo Battery.
A Pololu D24V150F12 12V 15A voltage regulator stepped
down the battery voltage to 12V for the stepper motor drivers.
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Fig. 5: Front view of the complete system. The air reservoir
with the cage of straps can be seen on the bottom right
portion of the image.

A Pololu D36V50F5 5V 5.5A voltage regulator provided
a steady 5V for the Teensy 4.1 and a variety of other
components that required 5V to function. The trigger on the
drill was replaced with our own electrical components so that
we could control the drill using the microcontroller.

III. EXPERIMENTS AND VALIDATION

A. Testing Procedure

The prototype described in the previous section was eval-
uated in a series of trials. Each trial was conducted multiple
times. In each trial set, the walker was tipped forwards and
to both the left and right. In each of these cases, the system
was tested both with the airbag un-deployed (baseline test)
and fully deployed. It was assumed throughout testing that
real-time detection of the timing and direction and the falls
was available. (There is a fairly extensive literature on fall
detection, e.g. [31], and fall detection was not the goal of
this research.) Therefore, airbag deployment was triggered
manually, and the configuration deployed to was pre-selected
(but, nevertheless implemented in real time) based on the
timing and direction of fall imparted to the walker.

A dummy was attached to the walker using bungee cords
to simulate the presence of a human user. The dummy
is a 6-foot tall plastic blow-mold mannequin weighing 12
pounds. Data from both the dummy and the robot system

Fig. 6: Overview of walker rear side

Fig. 7: All motor assemblies mounted on the walker
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Fig. 8: Data logging - dummy

were recorded. Attached to the dummy was a cell phone
running the Physics Toolbox Sensor Suite [32] measuring,
among other quantities, the linear acceleration and g-force
experienced by the phone. Figure 8 shows typical output,
over five tests (baseline tests for walker and dummy with
no deployment of airbag, in this specific instance). Note the
consistency of the results across tests.
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Fig. 9: Data logging - robot during left-sided fall

Each test was video recorded and key quantities sensed
from the airbag system, including encoder readings and key
event timings, were logged. A typical example of the data
logging can be seen in Figure 9. After each cable is spooled
to its desired position the associated brake is applied and the
motor driver enabled to hold the tendon at that length.

For the left-sided and right-sided fall tests, the arm was
augmented with a small inflatable ring. This aided in stabi-
lizing the dummy following the fall.

B. Results and Discussion

Results of the testing demonstrated the robotic airbag sys-
tem to be highly effective. The airbag consistently deployed
in around 500 milliseconds, well inside the fall time of the
walker. Qualitatively, the airbag was able to consistently
effectively cushion the falls, in each direction. Figures 10,
11, and 12 illustrate typical cases for forward, left, and
right deployments. Footage of falls is provided in the video
accompanying this paper.

Fig. 10: Progression of typical deployment for forward fall

Fig. 11: Progression of typical deployment for left fall. The
inflatable ring is shown in the bottom series of images.

Fig. 12: Progression of typical deployment for right fall

Fig. 13: Peak G-Forces measured during fall fall tests

Figure 13 summarizes overall quantitative testing results,
using data from five representative tests of the system. On
average, the measured maximum g-force of the deployed
system in the forward falls is 46% of that for the baseline,
i.e. undeployed, case. The average measured maximum g-
force for the deployed system in left/right falls is 42% of
that for the baseline case. The reduction in measured impact
demonstrates the effectiveness of the airbag system.

IV. CONCLUSIONS

We have introduced a soft robotic airbag, whose con-
figuration can be controlled in real time to deploy in the
direction of a forward or sideways fall. The core of the
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robotic airbag system is an air-filled, tendon-configured,
continuum arm-like structure. The airbag is integrated into a
conventional passive walker. A novel single motor system
is used to deploy the airbag by transferring air from a
reservoir into the arm in real time. Tests with a prototype
demonstrate the effectiveness of the system in deploying
through the desired range of configurations. The g-forces of
impact are significantly and consistently reduced, across the
configuration space of the system.

We are currently investigating alternative geometries for
the deployed airbag, as well as optimization of the number
and arrangement of tendons configuring the airbag. Future
work includes the integration of real-time fall detection and
its triggering of automatic airbag deployment, along with
testing with human subjects.
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