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Soft Exoskeleton Mimics Human Cough
for Assisting the Expectoration Capability
of SCI Patients

Yan Zhang, Zigi Wang
Yuru Zhang

Abstract—This paper describes the design of a bionic
soft exoskeleton and demonstrates its feasibility for assist-
ing the expectoration function rehabilitation of patients with
spinal cord injury (SCI). Methods: A human—-robot coupling
respiratory mechanic model is established to mimic human
cough, and a synergic inspire—expire assistance strategy
is proposed to maximize the peak expiratory flow (PEF),
the key metric for promoting cough intensity. The negative
pressure module of the exoskeleton is a soft “iron lung”
using layer-jamming actuation. It assists inspiration by
increasing insufflation to mimic diaphragm and intercostal
muscle contraction. The positive pressure module exploits
soft origami actuators for assistive expiration; it pressures
human abdomen and bionically “pushes” the diaphragm
upward. Results: The maximum increase in PEF ratios for
mannequins, healthy participants, and patients with SCI
with robotic assistance were 57.67%, 278.10%, and 124.47%,
respectively. The soft exoskeleton assisted one tetraplegic
SCI patient to cough up phlegm successfully. Conclusion:
The experimental results suggest that the proposed soft
exoskeleton is promising for assisting the expectoration
ability of SCI patients in everyday life scenarios. Signif-
icance: The proposed soft exoskeleton is promising for
advancing the application field of rehabilitation exoskele-
tons from motor functions to respiratory functions.

Index Terms— Soft robotics, exoskeletons, rehabilitation
robotics.
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|. INTRODUCTION

HE estimated number of people with spinal cord injuries
T(SCIS) worldwide has exceeded three million [1]-[3].
SCI patients are associated with a 50% reduction in res-
piratory function, which leads to the incapability to clear
an airway through coughing [4]-[7]. Respiratory complica-
tions including respiration failure, pneumonia, and atelectasis
caused by hypoventilation and secretion retention have been
considered as the primary determinant factor of increased
mortality rate [8]-[10]. In addition, according to World Pop-
ulation Prospects 2019, 1 of every 6 people in the world will
be 65 years old or older by 2050, and respiratory diseases
such as chronic pneumonia affect 15 in 100 seniors [11]-[13].
The limited number of rehabilitation places cannot meet the
requirements of the rising number of patients with expectora-
tion dysfunction. Therefore, a home-used respiration rehabil-
itation device is expected to bring rehabilitation benefits for
more patients.

Secretion clearance is generally used to decrease respiratory
complications and improve alveolar ventilation. For the man-
ual thrust method, a therapist provides manual expiratory assis-
tance for patients to increase the peak expiratory flow (PEF)
and further cough up secretions; however, this method poses
a high technical requirement for a therapist. Medical devices
like standard airway suction adopt negative pressure to suction
sputum; its high efficiency (no more than 15s) and low-cost
(5-10 RMB per operation) have made it the most widely treat-
ment clinically. Mechanical insufflation—exsufflation (MI-E)
secretion clearance can facilitate cough by alternately chang-
ing human oral pressure for nearly three minutes and increas-
ing PEF above 180 L/min [14]. Even though the existing
medical devices possess advantages such as simplicity of use,
limited efforts are made to improve the safety, portability and
usability of secretion clearance devices.

Soft wearable exoskeletons have demonstrated the potential
to assist people in regaining various motor functions such
as hand movement [15]-[20] and limb movement [21]-[24].
However, these soft devices have not yet been used in the field
of respiratory rehabilitation.

When designing the cough-assistive exoskeleton, the fun-
damental scientific question is to understand the biological
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https://orcid.org/0000-0002-4353-2176
https://orcid.org/0000-0003-2054-2483
https://orcid.org/0000-0002-3178-6494
https://orcid.org/0000-0002-6389-3120
https://orcid.org/0000-0002-3294-8002

ZHANG et al.: SOFT EXOSKELETON MIMICS HUMAN COUGH FOR ASSISTING EXPECTORATION CAPABILITY 937

(@) ’ (b)

Cerebral cortex |

< Active control

\Central Nervous System I

Respiratory
muscle

Respiratory
flow

‘Musculoskeletal System ‘

Fig. 1.

Negative pressure module

Variable stiffness
shell

Negative pressure
chamber

Strap

Soft origamis
actuators

Bionic concept design of a soft exoskeleton for SCI patients. (a) Injury to the high-level spinal cord affects the spinal nerves that innervate

respiratory muscles and produces flaccid paralysis of the respiratory muscles used to perform forceful cough. (b) SCI patient in a wheelchair wears
the soft exoskeleton. The negative pressure module consists of a variable stiffness shell and a negative pressure chamber. The positive pressure

module is composed of soft origami actuators and a restraining strap.

process of the human cough and to find a bionic
robotic-actuated solution for mimicking the process. Clinical
studies indicate that the degree of secretion clearance is mainly
determined by the cough density, and the PEF has been proven
to be one of the convincing quantitative indicators of cough
intensity [25]-[29]. Thus, the exoskeleton aims to significantly
increase the PEF to cough up phlegm in a bionic, noninvasive
assistive way.

To attain soft, portable, and daily-use purposes, the engi-
neering challenges for developing this type of soft exoskeleton
include determining how to leverage soft materials and fab-
rication advances to innovate robotic actuation and control,
achieving the purpose of respiratory action assistance. The
key innovations of our exoskeleton include the following three
aspects.

First, a human-robot coupling respiratory mechanic model
is established to quantify the human-robot coupling respiration
mechanism and maximize the expiratory flow rate. The model
provides a theoretical basis for bionic robotic design, which
leads to a novel human-robot coordinated control strategy to
control different modules of the exoskeleton acting sequen-
tially and precisely to mimic the human cough process.

Second, to assist inspiration, we develop a negative pres-
sure module. The module assists the patient’s chest cavity
expansion by way of vacuum adsorption through a sealed
negative pressure chamber covered by a variable stiffness
shell. Exploiting the layer jamming sheet (LJS) principle,
we propose a soft and thin shell enclosing a sufficiently
large volume chamber. With variable stiffness capability, the
“soft” shell can switch to be “stiff” enough to withstand
the high negative pressure within the vacuum chamber. For
assisting expiration, we develop a positive pressure module
to squeeze the epigastrium and assist diaphragm movement
upward. To ensure the thin size of the exoskeleton, soft
origami-inspired actuators are mounted adjacent to the bot-
tom line of the processus xiphoideus for abdominal thrust.

We present a “fiber-reinforced double-layer method” for fabri-
cating soft origami units capable with both a sufficient deploy-
ment ratio and high force output. With a control strategy based
on model prediction, the soft origami units produce pulsed-like
forces exceeding 200N within 200ms. The origami-inspired
soft actuators satisfy the requirements of abdomen thrust
including the thin size, the high output force, and the quick
response.

Third, the proposed soft exoskeleton opens the novel appli-
cation for using the exoskeleton technique in the field of res-
piration rehabilitation. It confers physiological advantages and
fuels the hope of assisting the expectoration of SCI patients or
the expectoration dysfunction of elderly people with minimal
side effects, as well as breakthroughs for the limitation of use
location and time in terms of its noninvasive, lightweight, and
portable features.

Il. FUNDAMENTALS OF SOFT EXOSKELETON

SCI patients cannot generate a forceful cough because of
injured spinal nerves that innervate the respiratory muscles
as shown in Fig.1(a). In this study, a soft cough-assistive
exoskeleton is proposed to assist the movement of respiration
muscles of SCI patients and to achieve a high PEF to cough up
phlegm in an everyday life scenario. The schematic diagram
of soft exoskeleton is shown in Fig.1(b).

A. Biorobotic Concept Design Based on Human Cough
Mechanism

The process of a cough is shown in Fig. 2 to clarify the
cough-related muscle [30]. First, the external intercostal mus-
cles contract and the diaphragm moves downward, resulting
in inspiration behavior. The expiratory forces generated by
the abdominal muscles against the closed glottis lead to a
rapid pressure increase in the lung. Subsequently, the glottis
suddenly opens, causing the high-pressure air in the lungs to
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Fig. 2. The negative pressure module “lifts” the ribs up and outward
to assist inspiration by generating negative pressure around a human
chest. The positive pressure module squeezes the abdominal muscles
and helps the upward movement of diaphragm, thus promoting coughing
up phlegm by the fast airflow from inside to outside.

spray out. Thereby, the phlegm in the trachea is coughed up
from the mouth. The mechanism demonstrates that the expi-
ratory muscles, especially the abdominal muscles, including
both the rectus abdominis (the anterior wall of the abdomen)
and the external obliques (lateral anterior abdomen), play a
significant role in a forceful cough. In addition, inspiratory
muscles, mainly composed of the diaphragm (at the bottom of
the chest) and the intercostal muscles (between the ribs), can
increase the insufflation and lung elastic recoil, which further
promotes cough tensity.

SCI patients are usually faced with a weak cough due to
paralyzed respiratory muscles. The weakness degree of the
respiratory muscles is closely related to the level and complete-
ness of the SCI, and respiratory impairment is more severe in
high cervical injuries. According to the classification using
the International Standards for Neurological Classification of
Spinal Cord Injury (ISNCSCI) developed by the American
Spinal Injury Association (ASIA) [31], SCIs above C5 and
lower thoracic and lumbar nerve injuries result in the weakness
of the intercostal and abdominal muscles. For SCIs of C3-C4,
phrenic nerve injuries cause impaired diaphragm function [9].
Thus, the dysfunction of both the inspiratory and expiratory
muscles results in a weak cough.

To make the dysfunctional respiration muscles “regain”
their motor function and further generate a forceful PEF in
a noninvasive way, we propose an exoskeleton. The bionic
concept design of soft exoskeleton is proposed based on the
impaired cough mechanics of SCI patients. Two modules are
designed to mimic both inspiratory and expiratory muscles: (1)
The negative pressure module, which evacuates the pressure
between the exoskeleton and the patient’s chest to help the ribs
move up and outward to increase lung volume. The negative
pressure module mimics the effect of contraction of both
the diaphragm and the external intercostal muscles. (2) The
positive pressure module, which provides an impact on the
epigastrium to pressure the abdomen cavity and speed up
the expiratory flow rate. In addition, the increased pressure
within the abdominal cavity “pushes” the diaphragm upward
biconically.
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Fig. 3.  Human-robot coupling respiration mechanical model. The

model couples robotic-assistive pressure to the lung dynamics. A driving
pressure pattern including the total muscle pressure, negative pressure,
and positive pressure is shown to investigate the dynamic relationship
between the combined effort of the respiration muscles and the robotic
assistance and lung system.

B. Human—Machine Coupling Respiration Mechanic
Model

To quantify the flow dynamic characteristics and parame-
terize the robotic pressure profile, a human-robot coupling
respiration mechanism is proposed. The strategy is to first
neglect the inertial effects in that the mass terms are considered
negligible when compared with the viscous and elastic terms.
Then the robot acting forces are modeled by compensating for
the muscle and driving respiration capability beyond the innate
physiological levels. Finally, the bionic robotic actuation and
control method is proposed.

The human-robot coupling respiration mechanic model and
its equivalent one-order mechanical representation are shown
in Fig. 3. The lung cavity is depicted as a compliant structure
with volume that is connected to a robot system. The driving
forces (pressure) and their acting patterns including robotic
forces and muscle forces are contained in the mechanic model.
The mechanical representation includes the parameters of
compliance and viscous resistance and the acting forces, which
vary during the respiratory cycle. In the model, the airway flow
is selected as the system output because it is the indicator
for evaluating cough intensity and it can be measured under
different circumstances, thereby providing quantified metrics
for the model’s accuracy.

The respiratory dynamic equation can be modeled with

Rl‘./l"‘vl/cl:Pa"‘Pm"‘Pr

(H
Pr:Prn+Prp

where V; represents the lung volume, R; denotes the lung
and airway resistance in the range of 1-3 cmHjo/(L-s) for
person without lung and chest diseases, C; is the lung and
chest compliance in the range of 0.05-0.1 L/ cmHjo for
person without lung and chest diseases [32]-[36]. P,, Py, and
P, denote the pressures of the atmosphere, total respiration
muscle, and robot assistance. P, and P, are the pressures of
the negative and positive modules. The atmospheric pressure
is the zero reference for all pressure measurements (P, = 0).
On the left-hand side of (1), the first term represents the
viscous resistance forces, and the second term represents the
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elastic forces. The terms on the right-hand side of the (1)
alternatively represent the driving forces. The sign of the
driving forces is positive if the forces function to expand the
lung volume and negative if the forces compress the volume.

According to Jodat’s model [37], the total muscle driving
force for quiet breathing can be presented as a trigonometric
function [38]-[42]. For SCI patients cough process, it can
be seen as inhalation and passive exhalation because of their
paralyzed abdominal muscle; thus we apply the respiration
model to simulate cough process of SCI patient. Moreover,
before the glottis opens, there is one more breath-holding step
for coughing; therefore, the muscle forces for keeping the
breath held are taken into consideration as follows:

Kq[1 —cos(nt/11)], O<t=<t)
P _|2K1 (h <t <n)
" Kill4cos(xr t—ta+1) /i —7)], (2 <t<m3)
0, (13 <t <t1)

(2)

where K characterizes the maximum for the muscle pressure,
o1 and ay are the decisive factors that determine the profile of
the muscle pressure, 1, 2, and t4 denote the times at the end
of inspiration, breath-hold, and expiration, and #3 is the time
when the expiratory flow is reduced to 0. SCI patients usually
face weakness or paralysis of the expiratory muscles. Thus,
the expiration is assumed to be a passive process similar to
resting breathing.

In addition to muscle driving, the exoskeleton also drives
the rib cage and diaphragm. The negative pressure module
acting on the rib cage is termed the robotic negative pressure
(Py,) and expressed as

Knt, O<t=<t)
Knt H<t<t
Py = ntl, (1< _2) 3)
—Kut1(t —13)/(t3 — 1), (<t <n)
0, (13 <t <ty

where K, represents the growth rate of the negative pressure.

The positive pressure module mimics the expiratory muscles
that are recruited during forced breathing like a cough to
reduce the abdominal cavity and to compress lung air. Accord-
ing to the cough mechanism, the expiratory forces against the
closed glottis will increase lung pressure sharply. Thus, the
origami actuators need to produce synchronized compressive
forces along with the output forces of the expiratory muscles.
Because the mechanical behavior of soft origamis is nonlinear,
we use the trigonometric function to model its acting forces.
A model of the robotic acting forces is as follows:

0, O<t=<n)

Prp =1K,Vo/C[l —cos(m(t —12)/(t3 — 12)], (12 <t < 13)
0, (tz <t <tg)
4)

where V, denotes the inflated volume of the origami actuators,
and K, represents the pressure coefficient of the soft origamis.

C. Design and Characterization of Negative Pressure
Module

A negative pressure module is placed around the chest
wall to incorporate the whole rib cage and assist the inspi-
ratory muscles contraction by intermittently applying a sub-
atmospheric pressure. The applied negative pressure aims to
overcome the resistance of the human skin—muscle—skeleton
system to assist chest expansion. To avoid interference during
the working process and to ensure the chamber volume during
the working process, the impedance boundary determination
criteria of the negative pressure module is proposed as follows:
For any given negative pressure chamber pressure, the sum of
the height of the human chest x, and the deformation of the
shell depressed by the atmospheric pressure x; should be less
than the original height of the shell.

Compared with traditional noninvasive negative pressure
ventilation devices that use a stiff shell, the variable stiffness
architecture of a negative pressure module was proposed to
improve the wearability of the soft exoskeleton. To fulfill this
goal, one major challenge for designing the shell of the neg-
ative pressure module is to meet the conflicting requirements
between the resting state and the working state. In the resting
state, the shell should be as soft as a piece of exosuit, so that
patients can feel light and comfortable. In the working state,
the shell should become as stiff as a “rigid shell”, and thus
sustain its original shape and withstand the negative pressure
within the vacuum chamber. In one word, an ideal shell should
be sufficiently flexible in the resting state and provide a high
stiffness in the working state.

Layer jamming actuators have the capability of simulating
variable stiffness whereas allowing for constructing the thin
and lightweight form factors of a device [43]-[45]. The prin-
ciple of a layer jamming mechanism is to control the friction
between the layers of a thin material by evacuating the air
pressure between the layers [46]. In this study, we leverage
the concept of layer jamming to solve the conflicting design
for the negative pressure module.

As shown in Fig. 1(b), the negative pressure module is
composed of a variable stiffness shell using a layer jamming
sheet (LJS) and a sealed negative pressure chamber to assist
rhythmic thoracic expansion. For the purpose of the compact
structure, an arch-shaped shell is selected (the design detail
is shown in Note S1). Two supporting planes of the shells
can provide certain support for the top surface not to collapse.
The physical prototype is shown in Fig. 4 and the fabrication
method is elaborated on in Note S2.

Fig. 4 and movie S1 demonstrate that the LJS shell exhibits
tunable stiffness. To further demonstrate the characteristic of
the LJS shell, Fig. 5 shows the deformation of the center point
of the arch-shaped shell related to the applied negative pressure
within the chamber for both the unjammed and jammed states.

When two layers of the stacked soft sand strip coils begin to
bend, it evolves through three regimes: the pre-slip, translation,
and full-slip regimes [46]. In pre-slip, there is no slip of the
layers, and the structure manifests a high bending stiffness.
Thus, the deflection can be neglected. The longitudinal shear
stress of each point of the contact interface of the two layers
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Fig. 4. When the vacuum is off, the LJS shell has low bending stiffness.
When the vacuum is on, the structure has high bending stiffness. Cali-
brated dumbbells (1.25 kg for a single dumbbell) are used to test the load
capacity of the LJS shell.
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Fig. 5. Mechanical behavior of LJS shell. When the vacuum is on,
the layers squeeze each other and the maximum static friction value
is increased, leading to a larger pre-slip and translation regime. The
LJS will not enter to full-slip when the negative pressure is smaller than
35 kPa, which results in a better loading endurance performance. When
the vacuum is off, the structure behaves plastically and experiences three
deformation regimes.

is equal and the stress increases along with the time in
pre-slip. When the longitudinal shear stress is greater than
the static friction stress, the structure enters the translation
regime in which the layers begin to slip. In this regime, the
maximum deformation is 10 mm because of the relatively
stable structure of the arch shape of the LJS shell. With
the increasing pressure of the chamber, the structure enters
the full-slip regime in which all points between the layers
slip along their interfaces. Accordingly, the bending stiffness
decreases significantly when slip occurs because the energy is
dissipated to friction between the layers to a great extent.

To ensure reliability and avoid the collapse of the LIS during
the working state, it is preferred for the LJS under extreme
pressure to work in the pre-slip or translation regimes to
ensure high stiffness.

D. Design and Characterization of Positive Pressure
Module

Considering the fact that the expiratory muscles (abdominal
muscles) provide most of the forces during a cough, the
positive pressure module is designed to squeeze abdominal
muscles. This exploits a combination of soft actuators and
a restraining strap (Velcro). The actuators are constrained
within the unstretchable strap to expand inward when actuated
(Fig. 1(b)). To meet the requirement of expiration assistance,

determination requirements of impedance boundary of the
positive pressure module need to be fulfilled: The tensile
stiffness of the restraint belt material should be much greater
than the stiffness of the actuator to ensure that the total length
between the robot and the human body remains unchanged.
The frictional force provided by the restriction strap should
be greater than the interaction force of the soft actuator and
the human body. The impedance of the soft actuator is greater
than that of the abdominal cavity of the human body to limit
the deformation of the actuator toward the human body.

To achieve a large height variation, the Yoshimura origami
cylinder actuator is adopted and adapted in this study because
of its strengths in symmetric growth in the height direction
[47]. The large friction coefficient between two layers of
Velcro plays a role in fixation. The length of the strap can
be adjusted to accommodate the epigastric perimeters of dif-
ferent people. The origami-inspired actuators are in the middle
position of the connection line between the xiphoid and the
navel, covering the upper abdomen of the human body. The
actuators are composed of eight soft actuators side by side,
with four in each row. The actuators recoil back and keep a
contracted state in the nonworking state.

The geometric parameters of soft Yoshimura origami (Y-ori)
are shown in Note S3 and refer Fig. S2 for details [48], [49].
The soft origami can be unfolded and stretched, achieving
dual-mode morphing similar to the actuator made by Woong-
bae [50]. However, the soft actuator fabricated by Woongbaes
elastomer casting method termed the “layer stacking method”
can only output forces below 3 N. Therefore, it cannot provide
a sufficiently high impact force (exceeding 200 N) to squeeze
the human abdomen effectively.

Here, we present a novel monolithic fabrication method,
termed the “fiber-reinforced double-layer method,” for the
three-dimensional (3D) architecture of a soft origami unit
that can generate a high force output and an excellent
pressure bearing capability. In this method, the lost-wax
process [51]-[53] is used for the inner mold to make mono-
lithic forming possible. Furthermore, the relatively large pre-
folding angle makes it possible to attach fibers to silicone
to improve the pressure bearing capacity and limit radial
deformation [54]-[56].

Detailed fabrication processes are illustrated in Fig. 6. First,
3D printed molds for an inner wax mold with a rod, external
mold, and outer mold are prepared. First, molten wax is
poured into the cavity through the gate (Fig. 6(a)) and then
cured at room temperature to form a Y-ori wax core with an
embedded carbon fiber rod to enable precise positioning in
the following steps. In particular, a rod with a screw thread
is chosen to prevent the unacceptable rotation and improve
the positioning accuracy of the wax core in the following
processes. Then the solid wax Y-ori is wrapped by two parts
of the external molds and accurately positioned by the rod and
the located boss. The elastomer is poured into the outer mold
and cured to form the inner silicone with the Y-ori wax core
inside (Fig. 6(b)). As shown in Fig. 6(c), fibers are attached
to the silicone core manually using inextensible Kevlar thread
in a left-right symmetrical double helix configuration. Then
the outer silicone skin is fabricated using the outer mold,
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Fig. 6. Fiber-reinforced, double-layered integrated fabrication method. In this method,the lost-wax process is used to achieve monolithicformation
and increase the air tightness of the actuator. Furthermore, two sets of symmetrical fibers are adopted to improve the output forces and limit radial
deformation. The final soft origami is not only deployable but also stretchable.

as presented in Fig. 6(d), similar to Fig. 6(b). After a similar
curing process for the outer silicone skin, the actuator is put
into hot water at nearly 60°C to melt the inner wax core (the
melting point of paraffin wax is 50°C—60°C). Then the carbon
fiber rod is extracted from the actuator when the wax core is
totally molten. Subsequently, the liquid wax drips out of the
silicone because of the effect of gravity, as shown in Fig. 6(e).
Finally, a soft elastomeric actuator is formed with the novel
monolithic fabrication method, as displayed in Fig. 6(f).

To accurately control the exoskeleton for rapid abdomi-
nal thrust during the coughing process, it is necessary to
characterize the performance of the soft origami actuator.
The fabricated prototype has a compact initial configura-
tion, and it demonstrates its strength in axial elongation,
as shown in Fig. 7.

The result demonstrates that the soft origami has a 400%
elongation that can satisfy the height requirement during
abdominal thrust. The output force is also investigated. A full
description of the characterization studies is provided in Note
S4. The force characterization experiments demonstrate that
an output force exceeding 200 N can be delivered from the
actuators (Fig. 8, and Movie S2).

In addition to high output forces, the time response of soft
origami is another key indicator. To meet the rapid air response
control while ensuring the safety of the soft origami actuator,
we design a control strategy based on the model prediction
(Fig. S4(a) and Note S4). Our approach is to increase the
pneumatic source pressure to increase the inflation rate of
the pneumatic system and use an electromagnetic valve com-
bined with an electronic circuit for the valve opening time
control. Before validating the time responses of soft origami,
we set the initial height of the soft origami to 8.4 cm, set

12
10
g
~ 84
=]
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8
— 67
4
-
2 T T T T T T T T |
-5 0 5 10 15 20 25 30 35
Pressure (kPa)
Fig. 7. Length change and morphing behaviors of soft origami in

response to inner pressure. The inset images indicate the pre-folded,
original, unfolded, and stretched states of the soft stretchable origami.

the number of actuators to eight, and optimize the supply
tube system. The reason for this is that the response time
varies with the number of actuators and the damping of the
supply system, which makes it difficult to simultaneously
satisfy the required response time and the higher output force.
Furthermore, the force profiles of soft origamis under 100 kPa,
130 kPa, and 150 kPa in 200 ms are analyzed to validate
the time response. It can be concluded that the amplitude
of the output force of the soft origamis increases slightly with
the increase of the pneumatic source pressure. The inflation
time decreases and both the force keeping time and the defla-
tion time increase with the increase of the pneumatic source
pressure (Fig. 8).
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Fig. 8. The experimental scenario of mechanical testing of soft origamis.
The valve opening time is equal to 200 ms.
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Fig. 9. Timing control strategy of the soft exoskeleton and the human—
robot coordinated control strategy. The total duration of one respiration
cycle is approximately 4 s, the inspiration phase occupies 50% of the
cough cycle, amounting to 2 s, and the breath-holding phase lasts for
1 s. The negative pressure chamber begins to deflate 100 ms earlier
than inspiration. The soft origamis start to inflate 100 ms earlier than the
glottis opens and stop with the PVT (approximately 100 ms).

E. Human—Robot Coordinated Control Strategy

The actuation of the exoskeleton is performed by an inte-
grated pneumatic source including a positive control system
and two negative control systems. The components of control
system are elaborated in Note S5.

To make the robotic assistance more effective, the action
sequence of both the positive and negative pressure modules
of the soft exoskeleton is proposed based on the proposed
coupling model (Fig. 9). At the start of a cough assistance
working cycle, the jamming shell is deflated to its extreme
negative pressure, and it continues to be stiff during the whole
cough cycle. The inspiration phase is set to occupy 50% of
the cough cycle to obtain a deep inspiration. Thus, the nega-
tive pressure chamber functions during the whole inspiration.
The negative pressure chamber needs to return to its original
pressure within the breath holding phase so that the residual
pressure does not affect the expiratory phases.

The impact force is exerted on the human abdomen by the
inflation of the soft origami when the glottis opens. If the
impact force of soft origami is too early, the human glottis
may open in advance, which makes the pressure in the lung

and the expiratory flow rate decrease sharply. However, the
impact force will not contribute to an increase of the airway
flow rate if it is applied on the abdomen after the glottis opens
because the lung is no longer a closed cavity and because
the decrease of the lung volume cannot make an increase
of flow. Therefore, the soft origami needs to start inflation
before the exact moment when the human glottis opens and the
output impact force occurs within the time that the expiratory
flow reaches the maximum peak velocity time (PVT). Thus,
considering the air response of soft origamis and the PVT
value of a human, the soft origamis should start to inflate
100 ms earlier than the glottis opens and then deflate at the
PVT time.

To meet the output force requirements of different modules
of the exoskeleton, the allowable control parameter ranges are
analyzed based on the characterization experimental results
shown in Fig. 8. For the positive module, the pneumatic source
pressure can vary between 100 and 150 kPa, with 100 kPa
being the minimum pressure setting that reaches the mini-
mum air pressure limit for solenoid valves. For the negative
pressure module, the jamming shell is jammed at —76 kPa
(pneumatic negative pressure source) to lock its original shape
and to withstand the differential pressure inside and outside
the shell. For the negative pressure chamber, its pressure is
decided by both the deflation rate and the air leakage rate.
Therefore, to obtain a maximal lung insufflation and avoid
any influence on a patients blood pressure or cause of discom-
fort, the pneumatic negative pressure source of the chamber
can be varied within minus 30 kPa to adapt to different
patients.

Asynchrony is a common problem for both ventilated and
manual assistive techniques. It results in not only a significant
reduction of the effectiveness but also a risk to the interface of
a patients voluntary respiratory action. Therefore, to make the
human-robot coordinated process easier and more effective,
the synchronization between the exoskeleton and a human
during assistive cough needs to be solved.

The glottis needs to stay closed during the breath-holding
phase of the cough process, which results in obvious increased
intrathoracic pressure and forceful, high-velocity expiration as
soon as the glottis opens. Clinical evidence shows that SCI
patients retain the motor function of throat muscles to control
the glottis opening and closing. Therefore, we design a respira-
tion instruction strategy to achieve synchronized human-robot
cooperation.

Different instruction words including inspire, hold, and
expire appear on the computer screen in turn, and the patient
needs to act synchronously with the given words. The tim-
ing control strategy is as follows. The LIS shell is jammed
when the exoskeleton starts to work. To maximize a patients
lung insufflation, the inspiration time is set to 2 s and the
patient is asked to inspire. During this period, the negative
pressure chamber is vacuumed and human thoracic expansion
is assisted. If “Hold” appears on the screen and continues
around 1 s, the patient needs to stop inspiring and voluntarily
close his glottis. The positive pressure module begins to inflate
approximately 100 ms earlier than the “Expire” instruction
appears.
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I1l. RERULTS

We conduct tests with a mannequin, healthy participants,
and SCI patients wearing the soft exoskeleton to validate the
robotic effect on the PEF increment (Fig. 10).

Inclusion criteria of participants are described in Note S6.
All the 20 healthy participants and the 3 patients are included
in the protocol after meeting the criteria and providing written
informed consent (Clinical Trials Identifier, IRBO0O006761-
M2020520).

A. Mannequin Testing

Before the experiments in human testing, we first perform
mannequin testing to validate and optimize the design and
control parameters of the exoskeleton, as well as clarify the
influence of robotic assistance on the flow rate. Because the
skin of the mannequin is unstrechable, which makes the neg-
ative pressure module ineffective, the mannequin experiment
only aims to verify the assistive effect of the robotic positive
pressure module. In addition, the mannequin lacks an artificial
diaphragm. Thus, pressing the epigastrium will not cause
the shrinkage of the lung volume as it would in a human.
Therefore, the positive pressure module is directly worn on
the mannequin chest to validate the robotic assistive effect.

Fig. 10(a) presents the comparison of the respiratory
mechanical parameters of the ventilated mannequin with
and without robotic assistance. The lung pressure (Paw in
Fig. 10(a)) also has a sudden surge before the start of expi-
ration with the thrust of the robotic positive module and the
PEF increases obviously.

The effect of the control variables including the pressure and
the inflation duration on the PEF are analyzed. The increment
of the PEF has an obvious positive correlation relationship
with the positive pressure P and the inflation duration of soft
origami actuators denoted as t (maximum increase of 57.67%
in Fig. 11). When t < 150 ms and P < 100 kPa, there is little
increase of the PEF, which is mainly the result of the unstable
morphing and output for the not-fully expanded origami actu-
ators under this condition. Additionally, the origami actuators

200 ms and P 200 kPa and the obvious positive correlation with pressure
is kept when t = 300 ms.
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Fig. 12.  The PEF increases with the increase of the VT, while the
increasing ratio for different VT values remains similar.

reach an unacceptably high risk of explosion when the pres-
sure is greater than 160 kPa, which can likely cause lateral
expansion at the fiber restricted areas. Therefore, the ranges
of P and t are determined, namely, 100 kPa < P < 160 kPa
and 150 ms < t < 300 ms.

Three values of the tidal volume (VT) that are correlated to
human heights and weights are analyzed in Fig. 12. The results
demonstrate that the value of PEF increases with the increase
of the VT. However, the increasing ratio of the PEF with the
same control parameters shows no relationship with the VT.
Thus, considering the individual differences, the increasing
ratio of the PEF with and without robotic assistance is selected
as the evaluation index of the robotic cough-assistive effect in
this study.

B. Health Participant Testing

The human testing is conducted on healthy participants
to validate the effectiveness and the safety of robotic cough
assistance before testing on SCI patients. The subjects are
first given an overview of the research and told about the risk
involved in the measurements. After calibration and familiar-
ization with the system over 3 min to 4 min, the subjects
are asked to hold a spirometer to perform the flow rate
measurements, as shown in Fig. 10(b).
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To evaluate the contribution of the negative and positive
pressure module to increasing the coughing performance as
well as their integrated effect, four types of flow measurements
including without robotic assistance (WA), negative pressure
module assistance (NA), positive pressure module assistance
(PA), or negative plus positive pressure module assistance
(N/PA) are conducted. The results of normal respiration (i.e.,
without robotic assistance, WA) are used as the baseline for
evaluating the assistance effect of the robot under other three
conditions. Each test is repeated three times for every subject.

As shown in Fig.13 and Table S1, with robotic assistance,
the PEFs for NA, PA, and N/PA increase significantly com-
pared with those of WA. The average PEFs of the healthy
participants for NA, PA, N/PA increase by 50.74 £ 42.36%,
220.21 + 117.37%, and 278.10 £+ 147.28%, respectively.
The matched samples t-test shows a significant difference
(p < 0.0001, n = 20).

Note S7 presents the simulation parameter estimation
method based on the healthy participant experiments. Fig. S5
shows that the maximum residual between the fitted PEF for
the healthy participant results and the calculated PEF based on
the proposed coupling respiratory mechanic model is less than
7%, confirming the effectiveness of the theoretical model.

C. SCI Patients Case Study

The effect of the exoskeleton has been validated on three
SCI patients with different types of symptoms (Fig. 10(c)).
For all the patients, the PEF of the maximum voluntary cough
increases significantly with positive pressure module assis-
tance (Fig. 14). The exoskeleton successfully assists one SCI
participant with respiration dysfunction to cough up phlegm
independently (Movie S3). Additionally, the PEF increment
and the phlegm-cough-up differ for the state of SCI. Thus,
an in-depth analysis is given.

The first patient (male, 55, C6-C7, A level) is mechani-
cally ventilated via an orotracheal cannula. The vital volume
of the patient is set in advance through a ventilator, which
makes it difficult to validate the effectiveness of the negative
pressure part. The values of the PEF are collected directly
by the ventilator. The results demonstrate that for the single
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==
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Effective cough

Ineffective cough

PEF (L/min)

27.60%increased .
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—t—
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50
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Fig. 14. Comparison of the PEF of the SCI patients with different injury
levels with and without robotic assistance. For different kinds of SCI
patients, the increasing ratios are different. The centerlines show the
medians. The box limits indicate the 25th and 75th percentiles.

positive pressure module assistance, the PEF of the patient
increases by 27.60% and the maximum value achieved is
90.60 L/min. However, the maximum of the PEF still does
not reach the threshold of the PEF for producing an effective
cough (160 L/min). The reason for this is that although the
patient can perform a cough action, the continuously opened
glottis makes it difficult for air compression to occur in the
lung. Therefore, the mechanically ventilated SCI patient is
not applicable for robotic phlegm-cough-up, but the positive
module can be applied for abdominal muscles training.

The second patient (male, 52, C4, A level) who has intu-
bation removed for one day has excessive phlegm and a
weak cough function after a surgical operation. The patient
cannot follow the respiration instruction because of poor con-
sciousness. Thus, the robotic action is manually controlled
by the doctor. The PEF of the patient increases by 124.47%
and the maximum value achieved is 192.00 L/min, which
exceeds the effective cough threshold. Movie S3 shows that
the patient coughs up the phlegm independently with positive
pressure assistance.

For the home-rehabilitated patient (male, 32, C5, B level)
who can cough independently but strenuously after two years
of rehabilitation, four conditions including WA, NA, PA, and
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N/PA are conducted to validate the assistive effect of both
the negative and positive pressure modules as well as their
synergy effect. The PEF is measured by a spirometer. The
PEF increasing ratios for NA, PA, and N/PA are 20.00%,
60.78%, and 35.22%, respectively, and the maximum of the
PEF reaches 336 L/min. The patient reports that the negative
pressure module can apparently assist inspiration and the
positive module can strengthen the cough effectively. However,
it is difficult for the patient to cooperate with both the negative
and positive pressure modules, leading to a relatively small
increment of N/PA compared with NA. Additionally, the cough
capability of the patient has been partially rehabilitated and the
volume of phlegm decreases. The soft exoskeleton presents its
potential application in expectoration assistance.

IV. DISCUSSION

The performance of the device is quantitatively com-
pared with the existing devices including Iron Lung, Cuirass,
Exovent and pneumobelt, as shown in Table S4 [57]-[61].
Although the proposed soft exoskeleton shows great strength
compared with current expectoration devices in terms of non-
invasiveness and portability, several aspects of the performance
of the soft exoskeleton can be further improved.

First, during the robotic assistance process, patient—robot
asynchronization is found to be the most important factor
that directly determines the assistive results. The human-robot
coordination strategy could be optimized using a series
of expectoration—intention detection methods such as a
diaphragm electromyogram (EMG) or electroencephalogram
(EEG) for better human-robot synchronization and more
“intelligent” assistance.

Second, the soft exoskeleton improves cough capability by
assisting primary respiration muscles, whereas the accessory
inspiratory muscles including the sternomastoid, scalenus ante-
rior muscle, and trapezius, which are located in the neck and
back, are not included. It remains to be seen whether assisting
other accessory respiratory muscles could be more effective
during respiration.

Finally, the optimized design of soft exoskeleton should be
directed as follows: 1) The effectiveness of soft origamis assis-
tance will be further improved by changing the actuation direc-
tion from perpendicular to diagonally upward. The upward
component of the acting forces will help the diaphragm move
upward directly during expiration. 2) The wearability of the
soft exoskeleton may be improved by making the negative
pressure shell more form-fitting. The controllable shape tech-
niques can be combined with layer jamming actuation to make
an exosuit with variable shapes and stiffness.

People with COVID-19 are facing respiratory dysfunc-
tion including the retention of phlegm, posing an urgent
need for respiratory rehabilitated exoskeletons. Additionally,
patients with respiratory disorders as well as aging people
with degraded respiratory function, could also use the soft
exoskeleton to assist coughing and improve respiratory func-
tion. The results of this study suggest that embedding similar
bionic assistive principles into expectoration or respiratory
rehabilitation devices can potentially avoid ventilator-induced

lung injury and make the rehabilitation process easier and
more comfortable. In the future, a portable soft exoskeleton
may further promote wider clinical application.

V. CONCLUSION

Inspiration—expiration synergy bionic cough assistance
presents greater improvement in cough tensity, few side
effects, and more comfort than previous expectoration devices.
The theoretical human-robot coupling respiratory mechanic
model provides new ideas for noninvasive and physiological
clinical expectoration treatment. Soft exoskeleton assistance
increases the PEF for a mannequin, healthy participants, and
SCI patients. The mannequin testing experiment verifies the
feasibility of the cough bionic design and determines the
robotic control parameters in terms of the PEF increase. The
comparison results of healthy participant testing experiment
under four conditions quantifiably characterize the assisting
principles and the PEF increase for the single negative and
positive pressure modules as well as their synergy action. For
SCI patients, the result shows that SCI patients who have
cough dysfunction can intensify their cough capability using
the proposed soft exoskeleton. One EET-removed tetraplegic
patient who has excessive phlegm enhances expectoration
function with robotic assistance. The SCI patient testing exper-
iments further demonstrate that the positive pressure module
squeezes the paralyzed abdominal muscles of SCI patients
forcefully and increases the PEF. The positive pressure module
of the soft exoskeleton plays the most important role in
cough assistance. The negative pressure module of the soft
exoskeleton demonstrates the potential in the application in
lung function rehabilitation.
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