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Severe diaphragm dysfunction canlead to respiratory failure and to the
need for permanent mechanical ventilation. Yet permanent tetheringtoa

mechanical ventilator through the mouth or via tracheostomy can hinder
apatient’s speech, swallowing ability and mobility. Here we show, in a
porcine model of varied respiratory insufficiency, that a contractile soft
robotic actuator implanted above the diaphragm augments its motion
duringinspiration. Synchronized actuation of the diaphragm-assist
implant with the native respiratory effort increased tidal volumes and
maintained ventilation flow rates within the normal range. Robotic implants
thatintervene at the diaphragmrather than at the upper airway and that
augment physiological metrics of ventilation may restore respiratory
performance without sacrificing quality of life.

The diaphragm is the major muscle responsible for inspiration and
contributes upto 70% of the inspiratory tidal volume in a healthy indi-
vidual?. Diaphragm dysfunction canresult from avariety of etiologies
including phrenic nerve trauma®and neuromuscular disease*’. Owing
to the degenerative nature of many of these etiologies, mechanical
respiratory failure exists as a continuous spectrum of dysfunction.
Severe diaphragm dysfunction or paralysis canlead to chronic respira-
tory failure. When disease progresses beyond the treatment capacity
of non-invasive treatment, patients must make the difficult decision
to opt for permanent invasive ventilation via a tracheostomy or to
pursue palliative care with an understanding of the terminal nature of
their disease. Invasive ventilation caninterfere with many aspects of a
patient’s quality of life, such as hindering speech, requiring full-time
care and possibly necessitating the patient move into a care facility.
Thereis anurgent need for therapeutic ventilation options that restore
respiratory performance without sacrificing quality of life, especially
for those with the most severe cases of diaphragm dysfunction.
Respiration is a fundamentally mechanical process. The dia-
phragmisadome-shaped muscle that drives up to 70% of respiration™®.

Soft robotic actuators are ideal for reproducing complex, repetitive
muscle contractions, such as that of the diaphragm, while interfacing
non-destructively with biological tissue. Previously, fully implanted
softactuators have shown the ability to augment heart function” " and
many other newly developed implantable robotics have shown utility
inabroad spread of biological applications'>°. Due to the mechanical
nature of respiratory failure, especially in the context of conditions
suchas muscular dystrophy, implanted soft robotic actuators applied
to the diaphragm have the potential to mechanically support and
augment its function. There is minimal previous work investigating
soft robotics applied to the augmentation of respiration; one of the
few examplesreportsadielectric elastomer sheet used to completely
replace an excised diaphragm and generate motion'>?'. Contrast-
ingly, the work presented here leaves the native diaphragm intact
while demonstrating function in terms of augmentation of clinically
relevant physiological metrics (ventilation flows, volumes and pres-
sures) inaddition to diaphragm motionin anin vivo porcine model as
opposed to solely replicating diaphragm motion while excising the
native diaphragm.
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Fig.1| Overview of the use ofimplantable PAMs for augmenting respiratory
muscle function. a, Schematic depicting the lateral cross-section of the native
diaphragm anchored to the ribs in arelaxed (left) and contracted (right) state.
b, Schematic of the components that makeup a single PAM. ¢, Pictures of a
single PAM in an unpressurized and pressurized state. d, Lateral cross-sectional
schematic of the strategy to augment diaphragm motion by placing PAMs
superior to the diaphragm. The PAM conforms to the relaxed diaphragm in its
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unpressurized (left) state and pushes the diaphragm caudally in its pressurized
(right) state. e, Visualization of the placement of PAMs (in black) superior to
the diaphragmin alive pig model. f,g, Lateral fluoroscopy view of the in vivo
porcine diaphragm with PAMs in an unpressurized (f) and pressurized (g) state
(fluoroscopic videos available as Supplementary Video 1). The air-filled balloon
oftheactuator is outlined with a dashed line and indicated by an arrow. A and P
denote the anterior and posterior direction of the animal, respectively.

Here we demonstrate adiaphragm-assist system that functions as
an implantable ventilator by using soft robotic actuators to mechan-
ically augment diaphragm function during inhalation, increasing
inspiration. As a proof-of-concept, we simulate arange of respiratory
insufficiency within each animal—specifically, we induce respiratory
depression via anaesthetics and diaphragm paralysis by severing the
phrenicnerve—and then demonstrate the ability of the assist system to
augment respiratory flows, volumes and pressures. We also investigate
specific metrics of inspiratory function, including peak inspiratory
flow and transdiaphragmatic pressure?’. We show that to achieve effec-
tive inspiration assistance, the actuation of the assist system must be
synchronized to the subject’s underlying respiratory effort. To achieve
this, we have built a control system in which actuation is triggered by
the beginning of inspiration. Through an analysis of the respiratory
waveforms, we investigate the optimal alignment of actuation with
the subject’s native respiratory effort. By augmenting diaphragm
functioninabiomimetic fashion, we demonstrate the replication and
augmentation of the native biomechanics of respiration in which a
negative pleural and alveolar pressure drives airflow, as opposed to
the positive pressure ventilation of standard mechanical ventilation.

Results

Soft robotic design strategy applied to mechanically assisting
inspiration

Asdepictedinthe schematicinFig.1a, when the diaphragm contracts,
thearclength of the diaphragm shortens, and the entire sheet of the dia-
phragm moves downwards, acting as apump. The thoracic cavity vol-
umeincreases and pressure decreases, ultimately driving respiration.

Our strategy aims to harness the contractile function of pneumatic
artificial muscles (PAMs) to mimic and augment the native contrac-
tion of the diaphragm. We opt for a McKibben type PAM—a classical
soft actuator type with a simple fabrication process and high force
generation”>?* that is capable of mimicking and augmenting biological
systems”®", At their simplest, McKibben actuators are composed of
an expandable weaved mesh surrounding a bladder connected to an
airline (Fig. 1b) (Methods). When the bladder is pressurized, the mesh
expands radially and drives linear contraction (Fig. 1c). The McKibben
actuators used in thiswork can generate up to 40 N of contractile force
under 20 psi pressurization (Extended Data Figs. 1 and 2 and Supple-
mentary Notes). Conceptually, we harness the linear contraction of
these PAMs by placing them superior to the native diaphragm so that
the relaxed PAM conforms to the native curvature of the diaphragm
(Fig. 1d). Mimicking the native diaphragm, we anchor the ends of the
PAMsto theribs (Methods). With pressurization, the length of the PAM
shortens, the arclength shortens and the PAM mechanically pushes
the diaphragm downwards (shown in situ in Supplementary Fig. 1).
Actuator behaviour is governed by the degree of pressurization. Set
pressurization waveforms are programmed to the control system and
electropneumatic regulators. In vitro and in vivo characterization of
actuator behaviour when controlled by different pressurization wave-
formsisincludedin Extended Data Figs.1and 2.

In contrast to the dielectric artificial diaphragm'?, our
diaphragm-assist system uses a set of two linear PAMs, leaves the
native diaphragm intact and has a low-profile presence (deflated:
5mlvolume, inflated: 17 ml volume). To test this conceptin alive por-
cine model, we surgically implanted a pair of McKibben actuators in
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Fig.2|Ultrasound imaging of the diaphragm and its associated displacement
with and without assisted ventilation. a,b, Two-dimensional view (B-mode)
ofthe diaphragm at the end of expiration (a) (device not pressurized,

muscle relaxed) and at the end of inspiration (b) (device pressurized, muscle
contracted). ¢,d, M-mode evaluation of diaphragm motion during unassisted
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ventilation (c) and assisted ventilation (d) (20 psi). For allimages, the probe was
positioned in the right subcostal space, pointing toward the cranial direction.
Orange dashed line, diaphragm; blue dashed ellipse, actuator cross-section; blue
star, spatial position of the diaphragm.

an anterior-to-posterior direction lateral to the heart. The actuator
placement is visualized in a three-dimensional rendering in Fig. le.
Fluoroscopy of the diaphragm was taken throughout the experiments.
The lateral cross-sectional view from the fluoroscopy shows the reali-
zation of our soft robotic strategy in anin vivo pig model (Fig. 1f,g).

Theactuators push the diaphragm caudally, augmenting the dia-
phragmdisplacement. Ultrasonography is used to visualize and quan-
tify diaphragm displacement (Fig.2). The coronal plane cross-section
of the actuator and the diaphragm is visualized via two-dimensional
(B-mode, brightness) ultrasonography of the diaphragm (Fig. 2a,b).
To quantify the motion of the device and the diaphragm, we used
M-mode (motion) ultrasonography (Fig. 2c,d), which visualizes the
image alongasingleline, selected within the B-mode image, over time.
The M-mode features excellent axial and temporal resolutions and is
particularly well-suited for motion analysis®. The actuator augments
the diaphragm displacement per breath from 0.37 cm displacement
of unassisted ventilation (Fig. 2c) to 1.92 cm displacement of assisted
ventilation (Fig. 2d).

Augmenting tidal volume and peak inspiratory flow in vivo
To evaluate the ability of our diaphragm-assist system to augment res-
piratory function, the animals were instrumented to collect physiologi-
caldata, including respiratory flows, volumes and pressures within the
respiratory system (Supplementary Fig. 2). The pressurization of the
softrobotic actuators was controlled via a custom-built control system;
the actuation pressure data were input into the same high-resolution
data acquisition system as the physiological data (Methods).
Ventilationis key to driving CO, exchange, so we first examine the
flow and volume waveforms as metrics of ventilatory function. Flow is
measured by aspirometer. Peak inspiratory flow can be used as aclini-
cal metric ofinspiratory function®, whichyields a direct measurement
of the effect of the diaphragme-assist system. Integrating the flow with
respect to time yields a volume waveform over time. The volume of

eachbreath (tidal volume) and its rate (minute ventilation) are the most
relevant parametersin directly measuring ventilation. Pressures within
therespiratory system, such as pleuraland abdominal pressures, reveal
information about the respiratory biomechanics that physically drive
ventilation and are discussed later in this work.

To start each study, the animal was anaesthetized appropriately
with isoflurane and placed on mechanical ventilation. Isoflurane
induces a respiratory depression with decreased tidal volumes and
increased respiratory rate that ultimately combine to areduced minute
ventilation®. Therespiratory depressionsecondary to theisofluraneis
used as our baseline animal model of respiratory insufficiency due to
hypoventilation. Each subject has areduced but non-zero respiratory
drive and response to CO, Mechanical ventilation is used to support
the animal throughout the implantation surgery. Within each sub-
ject, we introduce a series of respiratory challenges, collecting data
during periods of unassisted ventilation (in which any spontaneous
respirationis due to the native respiratory drive) and during periods of
actuator-assisted ventilation. Mechanical ventilationis used to restore
and maintain a state of normoventilation after and between respiratory
challenges. To investigate the effect of the diaphragm-assist system,
arepresentative respiratory challenge was chosen per subject. The
phrenicnerveisintact for all data shownin Fig. 3.

Inavignette from the best-responding subject (Fig. 3a), we show
that the assist system has the direct capacity to augment the peak
inspiratory flow from 0.18 1s™ to 0.59 I s™ and the tidal volume from
55mlto161 ml. Whenthe assistis resumed after ashort period of unas-
sisted respiration, the augmentation effect of the actuation on the flow
and volume waveforms is re-established nearly immediately over the
course of 2 breaths.

An example of a full respiratory challenge is shown in Fig. 3b.
During the unassisted ventilation at the start of the challenge, the
subject models a state of hypoventilation. During this period, the
tidal volumes and flows have a slight increase over time, indicating
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that the baselinerespiratory driveis responding to the increasing CO,
status due to the unassisted low minute ventilation (0.9 min™). When
assistis switched on (asindicated by the actuator pressure waveform,
the white background and the black arrow), there is a clear jump in
the peak inspiratory flow (+0.20 s, 95%Cl: +0.19 1 s to +0.221s™),
tidal volumes (63 ml, 95% Cl: 58 ml to 68 ml) and minute ventilation
(0.91minto 3.11min™). The actuators cycle between a pressurized
and unpressurized state for 10 min. At the end of the respiratory chal-
lenge when therespiratory effort hasreached asteady state, the assistis
switched offand we see that the respiratory effort drops slightly (peak
inspiratory flow:-0.09 1s,95% Cl: -0.08 to —0.10; tidal volume: -10 m,
95% Cl: =7 to —13 ml) but much less than the jump seen at the start of
the respiratory challenge.

The respiratory drive is a slow but dynamic factor underlying
all of the respiratory physiology data. As seen in the first 200 s of
Fig.3b, therespiratory drive visibly increases as the low minute ventila-
tion leads to CO, buildup. This response to CO, is dynamic and varies
between subjects on the basis of each animal’s response to isoflurane.
By examining the breathsimmediately before and after these transition
points (off-to-on and on-to-off), we can examine the direct effect of
the diaphragm-assist system in terms of augmenting volume and peak
inspiratory flow while minimizing the influence of the changing baseline.

This analysis was conducted for one representative respiratory
challenge for each of 5 subjects. These 5 subjects represent the sub-
set of experiments conducted with uninterrupted respiratory chal-
lenges that collected the unassisted baseline data both before and
after device assistance. We see a spectrum of responsiveness to the
diaphragm-assist system across subjects (Fig. 3c-e). The subjects are
ordered from largest change in tidal volume at the start of the chal-
lenge to the smallest (best responder to worst responder according to
Fig. 3d). We find that the diaphragm-assist system generates much
larger respiratory augmentations at the beginning of a trial-when
mechanical ventilation support has just been removed, minute ventila-
tion drops suddenly and the animal’s CO, state rises rapidly—than at
the end of the respiratory challenge when the respiratory baseline is
relatively more stabilized (Fig. 3c-e).

Subject A was much more responsive to the assist system than
any other subject. In terms of tidal volume, 4 of the 5 subjects show
anaugmentation of >30 ml per breath at the beginning, whereas only
1of the subjects shows substantial augmentation to the tidal volume
at the end. Of the 4 less responsive subjects (B,C,D,E), 3 show a mild
response at the end while in the worst responder (E), the actuation
overall decreased the ventilation metrics (Fig. 3c-e). The subject with

Fig. 3| Ability to augment tidal volume and peak inspiratory flow in vivo.

a, Arepresentative continuous segment of actuation pressure, flow and

tidal volume waveforms from the respiratory challenge with the largest
augmentation. Grey shading indicates the period when the diaphragm-assist
system is off, and the subject’s respiration is unsupported. b, Arepresentative
set of peak actuation pressure, peak inspiratory flow and tidal volumes for one
full respiratory challenge. Grey shading indicates the period when the system

is off, and respiration is unassisted. aand b represent 1 biological replicate.

c,d, Comparison of the average peak inspiratory flow (c) and tidal volume (d) in
the 30 s period immediately before and after the point where the assist is turned
on at the beginning (left two bars per subject) and off at the end (right two bars
per subject) of the respiratory challenge (as represented by the arrowsin b and
the grey dashed lines inb-e) across 5independent biological replicates (subjects
A-E, with11-27 breaths per subject). Each grey dot on the plots represents
technical replicates (1 breath) within the subjects. e, Body weight-normalized
minute ventilation achieved during the 30 s period immediately before and
after the assist is turned on at the beginning and off at the end of the respiratory
challenge across Sindependent biological replicates (subjects A-E). The range
of normal minute ventilation, as reported in ref. 7, isindicated by the light green
shading; the solid and dashed lines indicate the mean + s.d. In cand d, bar plots
and error bars show the mean +s.d., *P < 0.001 using a two-sided Wilcoxon
rank-sum test.

the weakest response had the highest baseline weight-normalized
minute ventilation at the beginning of the trial (Fig. 3e) compared
with other subjects.
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Body weight-normalized minute ventilation is used to compare
these results to normal physiology. Minute ventilation is ametric of the
ventilationrate, takingintoaccount bothtidal volume and the respiratory
rate. In anormal, conscious pig, the expected body weight-normalized
minute ventilation is 198 ml min™ kg™ + 41 ml min~ kg™ with a range of
104 ml min™ kg™ to262 ml min" kg™ (ref.”), indicated by the green shad-
inginFig.3e. Actuator-assisted ventilation allowed all 5subjects toreach
thelower range of normal physiology, and 2 of the subjects even achieved
aminute ventilation correspondingto one standard deviation below the
normal mean (Fig. 3e). However, we note that this minute ventilation is
achieved withlow tidal volumes and highrespiratory rates, whichresults
inalower alveolar ventilation than the same minute ventilation achieved
with high tidal volumes and low respiratory rates.

Synchronizing with the underlying respiratory effort

As with standard mechanical ventilation®®*’, patient-ventilator syn-
chrony in our system is critical to the ability to augment respiration.
Asynchronous ventilation can destructively interfere with the under-
lying respiratory effort, leading to worse ventilation with assistance
than without.

Tosynchronize the actuation of our assist systemwith the subject’s
underlyingrespiratory effort, we built a control system (Fig. 4a,b) that
can actuate on the basis of the respiratory flow rate. The system uses
the spirometry flow sensor as the source data. The flow data are read
into our dataacquisition system. The associated dataanalysis software
allows auser-set threshold voltage; this threshold voltage is manually
titrated during every respiratory trial to achieve qualitatively good
synchronization. When the flow rate passes this set threshold, a digital
pulse is triggered and sent to the microcontroller in our control box.
The microcontroller triggers a pre-set actuation pressure waveform of
one cycle of pressurization and depressurization in the electropneu-
matic regulator, filling and emptying the PAMs with pressurized air
(further details in Methods).

Our control system can implement both a set, rhythmic control
scheme independent of the native respiratory effort or a dynamic
control scheme synchronized with the underlying respiratory effort.
Due to the phase and frequency mismatch between the independent
actuation and the underlying respiratory effort, the mixed interfer-
enceof theactuator and the underlying respiratory effort canbe seen
in both the flow and volume waveform (Fig. 4c). Contrastingly, the
well-synchronized actuation reveals much more homogeneous flow
and volume waveforms (Fig. 4d).

Within each subject, we compare the tidal volumes and peak
inspiratory flows from one representative challenge of independent
actuation with onerepresentative challenge of synchronized actuation
(detailsin Methods). We find that synchronized actuation consistently
produces muchless variance in the tidal volumes (Fig. 4e,f). Although
in some subjects, such as subject A, independent actuation achieved
afew higher maximum tidal volumes, theindependent actuation also
achieved lower minimum tidal volumes across all subjects due to the
misalignment of actuations with the underlying respiratory effort lead-
ingto destructiveinterference, or dueto actuation with nounderlying
breath, representing a breath that is solely actuator driven. Misalign-
ment between the diaphragmatic contraction and the device during
independent actuation can be observed with M-mode ultrasound
(Fig.4g), incontrast to synchronized actuation (Fig. 4h). Asynchronous
moments of native diaphragm contraction produce a heterogeneous
waveform, asindicated by the orange arrowsin Fig. 4g.

Effect of synchronization on blood gas exchange

Physiologically, ventilation is necessary to bring in oxygen (O,) and
to clear out accumulated carbon dioxide (CO,) from the blood. Arte-
rial blood gases (ABGs) are discrete blood analyses that give a snap-
shot view of the gas exchange and acid-base homoeostasis, providing
measurement of partial pressures of 0, (P,0,) and CO2 (P,CO,), pH and

bicarbonates (HCO;") in arterial blood. P,CO, is directly and inversely
proportional to alveolar ventilation and is therefore a representative
metric of ventilatory function. Only pH and p.o, are depicted here in
Fig. 5, but the full ABG parameters are reported in Supplementary
Table 1and discussed in Supplementary Notes.

Asshowninthe previous section, the high variance fromindepen-
dently actuated ventilation showed mixed constructive and destructive
interference (Fig. 4e,f) which led to worse ventilation outcomes. The
same variance inthe peakinspiratory flows and tidal volumes over time
duetoindependent vs synchronized actuation canbe seeninFig. 5a,b.In
these tworespiratory challenges, asingle subject was switched directly
from the standard mechanical ventilation to our diaphragm-assist
system, evaluating its ability to maintain gas exchange.

Intherespiratory challenge operated withindependent actuation
(Fig. 5a), we see high levels of hypercarbia over time. As a result, res-
piratory acidosis develops, whichis a direct consequence of increased
P,CO, (Supplementary Table 1a). Contrastingly, in a respiratory chal-
lenge operated with synchronized actuation in the same animal
(Fig. 5b), pco, levels are relatively well maintained. The acidemia
observed for this trial is a combination of respiratory and metabolic
causes (called mixed acidosis), with a predominant respiratory com-
ponent (Supplementary Table 1b and Supplementary Notes).

In another experiment on a different subject, a respiratory trial
wasinitiated with 2 min of unsupported ventilation and then switched
to our diaphragm-assist system, evaluating its ability to recover from
aperiod of unsupported ventilation. During the 2 min of unsupported
ventilation, high levels of CO, accumulate quickly over this brief
amount of time (Fig. 5¢). After 2 min, the diaphragm-assist system is
actuated withsynchronized actuation. Theincreasing acidification and
accumulation of CO, reverses and some recovery from the hypercarbic
stateisseeninthe first 10 min, withaslight uptickin CO,around 15 min
into the challenge.

Factorsin optimizing synchronization

As seen by the mixed interference in Fig. 4c,g and the ability of inde-
pendent actuation to maintain blood gas balance in Fig. 5a, the align-
ment of the actuation with the underlying respiratory effort will
critically determine the constructive versus destructive nature of the
interference. Inrespiratory challenges thathad anindependentactua-
tionscheme or a poorly synchronized actuation scheme, we found the
datasets that provide anatural variationin the timing of the actuation
inrelationship to the underlying respiratory effort.

Because mechanical respiratory failure exists as a continuous
spectrum of loss of function, we looked at the implications of synchro-
nization at different levels of baseline respiratory effort. As seen in
Fig.3, thereisvarianceinthe underlying respiratory functionbetween
subjects. Tosimulate a controlled change inthe underlying respiratory
function within the same subject, we severed the phrenic nerve in
some subjects, simulating diaphragm paralysis, in combination with
therespiratory depression due toisoflurane (Methods). Fig. 6 depicts
the analysis of aligning the actuator synchronization to the underlying
respiratory effort for two respiratory challenges within subject B: (1)
the subject with preserved diaphragm function (Fig. 6, left) and (2) the
subject with a severed phrenic nerve (Fig. 6, right).

To optimize for maximum inspiratory augmentation, we investi-
gate the relationship of the timing of different waveform features to
the resulting tidal volume and peak inspiratory flow of each breath.
The high frequency sampling of our data acquisition system (1,000 Hz)
allows for millisecond temporal resolution. Custom software was writ-
tento analyse the actuation pressure, flow and volume data.

Weidentify the breathbounds as determined by the local minima
inthe volume waveform (thelocations of V), and then find the time dis-
tance betweenidentified waveform features for each individual breath
(further details in Methods). Waveform features analysed include the
start of anactuation waveform (P,), peakinspiratory flow (F,), the start
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Fig.4|Synchronous actuation with the native respiratory effort. a, Schematic
ofthe control system. The spirometry flow sensor data are fed into the data
acquisition system; when the flow sensor crosses a set threshold, a trigger
pulseis sent to the control box which triggers a set pressure actuation curve
inthe electropneumatic regulator, modulating the pressure inside the PAMs.

b, Aset of idealized waveforms (indicated by the green background) showing

the mechanism of synchronization. c,d, A representative set of collected
waveform data (actuation pressure, flow and tidal volume) from 1subject for a set
independent actuation scheme (c) and a synchronized actuation scheme (d). e,f,
Aswarm plot comparing the steady-state tidal volumes (f) and peak inspiratory

A B c D E F
Subject

Time (s)

flows (e) generated with independent actuation (light blue and light yellow) and
with synchronized actuation (dark blue and orange) for 6 independent biological
replicates (subjects A-F, with119-419 breaths per subject). Each dot on the

plots represents technical replicates (1 breath) within the subjects. g,h, M-mode
analysis duringindependent (g) or synchronized (h) actuation. Orange arrows
point toward asynchronous diaphragmatic muscle contraction. In e and f, steady-
state data are taken from 5 min to the end of the respiratory challenge. Black
significance bars are results from two-sided Welch’s ¢-test comparing means.
Grey significance bars are results from a two-sample F-test for equal variances,
*P<0.001for both statistical tests.

of inspiration (V;), the start of expiration (V,,) and others (Fig. 6a,b
and Supplementary Fig. 3).

The distances between features act as different metrics of
alignment and elucidate what factors are important to consider in

optimizing synchronization. There are many different features and
feature distances that can be analysed. Fig. 6¢c-f shows the time rela-
tionship of the start of expiration to the actuation pressure (V,,-P),
but other metrics are shown in Supplementary Fig. 3.
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Fig. 5| ABGs taken across distinct respiratory challenges. a, Inarespiratory
challenge operated withindependent actuation, arepresentative set of peak
actuation pressures, peak inspiratory flows and tidal volumes, and the pH and
Pco; Values from discrete arterial blood gases are shown. b, Inarespiratory
challenge operated with synchronized actuation, a representative set of peak
actuation pressures, peak inspiratory flows and tidal volumes, and the pH and
Pco; Values from discrete arterial blood gases taken during one full respiratory
challenge are shown. The respiratory challenges depicted inaand b are taken
from the same subject (1 biological replicate). ¢, Inanother animal (1 biological

replicate), arespiratory challenge began with a 2 min period of unsupported
ventilation and subsequent synchronized actuation. A representative set of
peak actuation pressures, peak inspiratory flows and tidal volumes, and the

pH and po, values from discrete arterial blood gases are shown. Grey shading
incindicates the period when the system is off and respiration is unassisted.
Inthe bottom rows of a-c, light green shading indicates the standard range of
normal values for each arterial blood gas metric. Complete ABGs can be found in
Supplementary Table1.

We examine the influence of these time metrics on tidal volume
and peak inspiratory flow. We find that the most important predic-
tor variables are time metrics related to the start of expiration (V).
With diaphragm function preserved, there is a weak linear relation-
ship between V,,-P, and the peak inspiratory flow (R* = 0.31, P< 0.001)
(Fig. 6¢), and no correlation with the tidal volume (R*= 0.04, P= 0.001)
(Fig. 6e). However, when the diaphragm function is removed by sever-
ing the phrenic nerve, a clear linear relationship emerges between
V,-Po and tidal volume (R*=0.84, P<0.001) (Fig. 6f) and a weaker
relationship with peakinspiratory flow (R*= 0.30, P < 0.001) (Fig. 6d).

Notably, we do not find these relationships when using the timing
between the start of actuation and the start of inspiration (P,-V,) as
ametric. There is no linear relationship between P,-V, and the peak
inspiratory flow or tidal volume for both the cases with and without
diaphragm function (Supplementary Fig. 4).

Comparing respiratory biomechanics
To compare the respiratory biomechanics of different modes of respi-
rationand ventilation, pleural pressure (P,), abdominal pressure (P,,)

and transdiaphragmatic pressure (Py; Py = Py, — P,y) waveforms are
analysed. Transdiaphragmatic pressure is ametric of diaphragm func-
tion®*>*', Pleural pressure and abdominal pressure are approximated
by asensor mounted on aballoon catheter placed inthe oesophagus
and stomach, respectively. As these sensors approximate P, and P,
the measurements are interpreted as relative measurements and not
absolute ones (see Methods for information about instrumentation
and normalization). When analysing relative pressure waveforms,
the most informative metric is the maximum change in pressure
per breath.

InFig. 7a-c, we show that across subjects (subject C was notinstru-
mented for pressure measurements, and is therefore not shown),
actuator-assisted ventilation more closely matches the respiratory
biomechanics of spontaneous respiration than mechanical ventilation.
Mechanical ventilation pushes air into the lungs, increasing pleural
pressure with inspiration, whereas both actuator-assisted ventilation
and spontaneous respiration generate a negative pleural pressure to
drive airflow. As the diaphragm is passive in mechanical ventilation, we
see anegligible changeinthe abdominal pressure, whereas the caudal
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inspiratory volume as it relates to the time between V,,, and P, for one respiratory
challenge with anintact phrenic nerve (c) (278 breaths) and one challenge with
asevered phrenic nerve (d) (215 breaths). e,f, Ascatterplot of tidal volume as it
relates to the time between V, and P, for one respiratory challenge with an intact
phrenic nerve (e) (278 breaths) and one challenge with a severed phrenic nerve
(f) (215 breaths). All data are taken from the same subject (1 biological replicate).
Each dot represents1technical replicate (1 breath).

movement of the diaphragminboth actuator-assisted ventilationand
spontaneous respiration increases abdominal pressure.

In the representative waveforms from subject A (Fig. 7d-f)—
the case of highest responsiveness as seen in Fig. 3c-e—the
actuator-assisted ventilation not only more closely resembles that of
spontaneous respiration, but also augments all of the pressure wave-
forms. Actuator-assisted ventilation generates more negative changes
in pleural pressure, greater increases in abdominal pressure and ulti-
mately greater increases in transdiaphragmatic pressure per breath.

Agraphical technique used to measure work of breathing (WOB) is
the Campbell diagram, referencing pleural pressure with lung volume.
Using the pressure and volume data from subject A, we generate the
pressure-volume (PV) loops of a Campbell diagram (Fig. 7g). WOB is
calculated from thisPVloop as theinternal area between the inspiratory
edge of theloop and the passive chest wall compliance derived from the

mechanical ventilation PV data. Normal WOB s 0.35-0.7 ) I} (refs. ?>%>%),
During attenuated spontaneous breathing, the subject’s WOB is
0.10] I". During actuator-assisted ventilation, the assist system shares
the WOB and increases the total average WOB t0 0.17 ] I}, a66% increase.

Discussion

We have used pneumatic soft robotic actuators to support and aug-
mentrespiration, demonstrating acute augmentation of physiological
metrics of respiration and feasibility as a proof-of-concept device. A
set of two McKibben-style PAMs surgically implanted superior to the
diaphragm can provide mechanical supporttothe diaphragminalarge
animalmodel of respiratory insufficiency. We thoroughly characterized
the in vitro mechanical properties of the device and investigated its
interactions with the respiratory system and the subject, using mul-
timodal metrics to evaluate respiratory function (in particular, tidal
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Fig.7| Comparison of respiratory waveforms. a-c, Average changein P, (a), P,,
(b) and P (c) per breath under mechanical ventilation (MV), actuator-assisted
ventilation (AAV) and spontaneous respiration (SR) taken from a representative
steady-state segment from one respiratory challenge for 4 independent
biological replicates (subjects A, B, D and E, with 11-32 breaths per subject). Each
grey dot on the plots represents technical replicates within the subjects. d-f,
Representative P, P,,, P and flow waveforms for mechanical ventilation (d),
actuator-assisted ventilation (e) and unassisted spontaneous respiration (f) from
onerespiratory challenge from 1biological replicate. The alternating grey and

2

A pleural pressure (cmH,0)

white background indicates the bounds of each breath. g, Respiratory

Campbell diagram plotting the pleural pressure-volume loops for representative
breaths from MV, AAV and SR for 1 biological replicate. The direction of
inspirationisindicated by the arrow. The compliance of the passive chest wall
derived from the MV is indicated via the solid black line. The shaded regions
outlined by the dashed/dotted lines indicate the area representative of the WOB.
Ina-c, bar plots and error bars show the mean + s.d., *P < 0.001 using a two-sided
Wilcoxon rank-sum test.

volume and inspiratory flow), biomechanics (cavity pressures, WOB),
motion (ultrasonography and fluoroscopy) and gas exchange (ABGs).

Contributions

The diaphragme-assist system generated substantial augmentation
inrespiratory function—measured via peak inspiratory flow (a direct
metric of inspiratory function), and tidal volume and minute ventila-
tion (metrics of ventilation)—in our most responsive subject. Subject
A had the highest change in peak inspiratory pressure, tidal volume
and minute ventilation; the corresponding large augmentationin peak
inspiratory pressure indicates that the volume and minute ventilation
augmentations are specifically due to the soft robotic actuators aug-
menting the diaphragm’sinspiratory function. Responsiveness to the
system varied across subjects.

Varianceinresponsivenessis probably dependent onacombina-
tion of many factors. One factor is the level of preserved respiratory
baseline. The weak response in the subject with a relatively high pre-
served weight-normalized minute ventilation (subject E) suggests that
the assist system may have weak augmentation or even a disruptive

effectin cases of well-preserved diaphragm function. Other potential
factorsinclude precise actuator placement, actuator fit and anatomi-
cal variations.

We showed that synchronization with the native respiratory effort
isacritical design elementin our system. Synchronous actuationis key
to consistent, low-variance respiratory waveforms and tidal volumes.
Asinstandard mechanical ventilation, off-cycle actuation of the actua-
tors canlead toadestructive interference with the underlying respira-
tory effort, resulting in a poor augmentation and poor blood acid-base
balance. In evaluating the effect of synchronization on the system'’s
ability to maintain appropriate gas exchange, we demonstrated that
despite generating asimilar range of tidal volumes, independentactua-
tionled to aninability to maintain appropriate p.y, levels and resulted
inrespiratory acidosis. Contrastingly, in two trials of well-synchronized
actuation, we observed some capacity of the device to maintain and
recover baseline pcq, levels.

The control system used in this study was a simple but effective
first-generation system with many directions for improvement. The
synchronization wastriggered fromairway flow, whichis also the metric
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used by gold standard clinical ventilatory support options for trigger-
ing, but flow is also the most downstream signal in neuro-ventilatory
coupling. The downstream nature of the signalis a potential source of
delays and asynchrony®*. Toachieve consistent assistance from breath
to breath, the synchronization must be optimized for the alignment
that maximizes constructive interference. The systemrelied onamanu-
ally titrated threshold set for the flow sensor data. It is designed to be
triggered at the start of aninspiratory flow effort, whichisrelated to V.
However, the manual nature of the system meant that if the threshold
was set too low, noise in the flow signal could cause pre-emptive or
false triggering (as evidenced by the negative values for Py-V;). Our
alignment analysis reveals two important considerations forimprove-
ment towards this goal. The first considerationis that the influence of
alignment changes with the degree of preserved respiratory function,
as seen with the difference in results between the intact and the sev-
ered phrenic nerve. When the phrenic nerveis severed, all diaphragm
motion is governed by the actuators, and misaligned actuation with
the remaining native respiratory effort—expansion of the ribcage—
resultsinmore consequential destructive interference. However, when
the phrenic nerve is intact, the net diaphragm motion results from a
combination of native diaphragm function and the effect of the actua-
tors, because the actuators only operate along 2 discrete lines on the
diaphragm. The contraction of the rest of the native diaphragm motion
isstill synchronized with the ribcage motion, so the effects of misalign-
mentareless apparent. Thisimplies that optimal alignment parameters
may be different for different disease states and the control system will
need to be dynamic and adaptive to changes in respiratory function,
even within the same patient. The second consideration is that the
actuation curve’s relationship to the beginning of expiration (V,,) is
more influential than the relationship to the beginning of inspiration
(V). Thisimplies that an updated system should trigger from a signal
related to expiration as opposed to the beginning of inspiration. Some
neuromuscular signals, such as the electrical activity of the diaphragm
(Edi), contain detailed information about both inspiration and expira-
tion times®*°. Edi amplitude is also proportional to the neural drive,
as well as the degree of contraction of the diaphragmatic muscle,
therefore opening up the possibility of adaptive control. Triggering
from Edi measured at the oesophageal level viaa feeding tube” may be
warranted toimprove mechanical ventilation. This method, known as
neurally adjusted ventilatory assist, is available in the clinical setting
with mechanical ventilation and may improve respiratory weaning of
patients that are challenging to wean>. The same principle could be
applied to our diaphragm-assist system; using amore upstream signal
with greater information on the native respiratory effort would allow
for amore robust control system.

Overall, we show that the strategy to augment the native function
ofthe diaphragm with soft robotics acts as aform of negative-pressure
ventilation by driving ventilation through the generation of anegative
pressurein the thoracic cavity. Our diaphragm-assist systemis biome-
chanically similar to that of spontaneous breathing, sharing a substan-
tial portion of the work of breathing in our best-responding subject. By
functioning as an assist device, as opposed to completely taking over
breathing, our system has the potential to be compatible with voluntary
use of the diaphragm. Manoeuvres such as voluntary deep breaths
or drinking through a straw—abilities related to patient autonomy
and quality of life—can be preserved with this implantable ventilator
strategy. Additionally, in contrast to current modes of mechanical
ventilation, recapitulation of native biomechanics, as shown with this
system, can avoid the deleterious effects that arise secondary to the
use of positive pressure ventilation, such as barotrauma***’ or haemo-
dynamic changes in patients with concurrent cardiac pathologies***.,

Overall limitations
In this study, we demonstrate the foundational work towards a soft
roboticimplantable ventilator. Translationally, there are many hurdles

to overcome between the proof-of-concept state presented here and
the ultimately envisioned system, and we discuss them in the subse-
quent text.

Given that we saw variable responsiveness to the device across
subjects, additional studies are needed to understand what factors
in system designand implantation can replicate high responsiveness.
Our system could generate the low end of acceptable minute ventila-
tions but relied on high respiratory rates to do so. Given the presence
of dead space, low tidal volumes result inless alveolar ventilation than
if the same minute ventilation is achieved with higher tidal volumes
and a lower respiratory rate. A core goal of the next-generation sys-
tem is to further improve the tidal volume augmentation, which will
needtobeachieved through bothactuator design and control system
development.

Here we used the classic McKibben actuator; a more application-
specific or customized actuator type may allow for further increases
intidal volumes in future work. Other factors in actuator design, such
asthe number, layout and positioning of actuators, will also be critical.
We demonstrated tunability of assist by controlling pressurization, but
anupdated design will require finer characterization. Synchronization
is critical to device performance, and thus future work lies in building
anext-generation control system; this includes creating a system that
is cognizant of the beginning of expiration as opposed to inspiration,
an automated control system that removes the error of manual titra-
tion and further investigation of dynamic actuation curves. An ideal
next-generation control system should aim to trigger from a more
upstream neural signal, such asthe electrical activity of the diaphragm,
to provide an earlier signal that enables an advanced control systemto
optimize synchronization, removing delays and asynchrony. Neural
triggering via implanted electrodes would also untether the current
system from the flow instrumentation, freeing the patient from inter-
ventions at the mouth or trachea. To fully realize untethering from
bulky machines, as in standard mechanical ventilators, the external
components that control and power the system require miniaturization.
Future work will aim to eventually miniaturize the system to the scale
of asmall backpack—onethat could be wornby the patient or attached
to abelt or an electric wheelchair. The process of miniaturization and
portability has proved to be possible in similar complex devices, such
as ventricular-assist devices (for example, Thoratec HeartMate IlI) or
total artificial hearts (for example, Syncardia TAH, Carmat Aeson)** .

Towards clinical translation
Envisioning translation to the clinical field, the following considera-
tions might help to optimize managementand pave the way to human
application. The diseases leading to chronic diaphragmatic dysfunction
arenumerous and feature very different pathophysiologies. Therefore,
athorough understanding of the underlying pathology as well as its
specificity is critically needed to help optimize management and antici-
pate complications*®. Moreover, patient selection and indication will
needtobeclearly defined, to select patients who will benefit from this
therapy the most. Here we present a generalized mechanical strategy
fordiaphragm support, but the parameters of actuator designoractua-
tion control will need to be optimized and specialized on the basis of
the needs of a given pathology as well as individual patient anatomy.
Owing to the complexity of the procedure, a multidisciplinary
team highly trained in advanced thoracic surgery is required to build
expertise and develop this technology, ideally inahigh-volume centre®.
Technological improvement is required to provide the least invasive
approach ofimplantation. In this regard, a thoracoscopic route might
be beneficial and will be the subject of future work. Given the invasive
nature ofimplantable devices, the diaphragm-assist systemis targeted
towards patients with chronic-to-permanent ventilator dependence.
We recognize that surgery in patients suffering severe diaphragm
dysfunction causing respiratory failure can carry a high morbidity and
mortality. Peri-operative complications can be numerous; one of the
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most feared is the worsening of the pulmonary status, which may itself
precipitate the need for long-term ventilation*®. Nevertheless, it has
been well demonstrated that complex thoracic surgery is feasible even
invery frail patients. Lung transplantation for terminal respiratory dis-
ease isone of the most striking examples. Thus, surgery could still be
considered inasuitable target population that would ultimately benefit
from this mechanical augmentation of diaphragm function, suchasa
range of neuromuscular disorders. The concept of diaphragm assist
isin itself a means of preventing further complications from chronic
respiratory failure and preserving key aspects of quality of life, such
as speech and mobility.

Owing to the focus on feasibility, we acknowledge that there are
limitationsin these acute studies fromthe lens of regulatory approval
and clinical translation. We did not study device biocompatibility or
long-term device operation. The device was constructed from types
of polymers that are already used in established medical devices** ™,
such as poly(ethylene terephthalate) (PET) and polyurethanes (Sup-
plementary Information). Because the device focuses on mechani-
cal interaction, as opposed to biochemical interactions with the
body, the materials used in the device can easily be substituted with
regulatory-approved materials in future iterations. With improved
performance and stability, future long-term studies willneed to inves-
tigate the long-term effects of the system, including tissue remodelling
and the ability to provide full-time respiratory support.

Thetechnology requires further advancements in the net tidal vol-
umesit cangenerate before it can fully match the ventilation capacity of
acurrent mechanical ventilator. We envision the further translational
potential of this technology when combined with the development
of smaller and more portable pneumatic energy sources>** as the
field of soft robotics advances. With the integration of a portable
pump and control system, the technology could provide an additional
level of patient autonomy viaincreased mobility. We believe that with
optimized design, the technology may provide a radically different
ventilation technology that preserves key metrics of quality of life for
people with end-stage mechanical respiratory failure.

Methods

Study design

There were two main objectives of our study. First, we sought to dem-
onstrate the proof-of-concept capability to augment ventilation via
implanted soft robotic actuators in an animal model of respiratory
muscle weakness. To evaluate ventilation metrics, we measured spiro-
metric flow and volume. Second, we aimed to demonstrate that this
soft robotic strategy replicates more native respiratory biomechan-
ics than standard mechanical ventilation. To evaluate the respiratory
biomechanics, we evaluated the respiratory pressure data along with
the spirometry data.

Toevaluate system performance under varying conditions withina
single animal, aseries of respiratory challenges were performed. Before
thefirstand between subsequent respiratory challenges, volume con-
trolmechanical ventilation operated through the facility’s Drager Tiro
ventilator (Dragerwerk) was used to maintain the animal’s ventilation
needs and recover from respiratory challenges if needed. Measure-
ments of arterial blood gases were taken to validate normal baseline
respiratory status before each challenge. Each respiratory challenge
was initiated by switching the ventilator to a manual mode of ventila-
tion. Dataforamix of unsupported ventilation and actuator-supported
ventilation were collected. Vital signs and respiratory status were
monitored. For experiments with uninterrupted trials, ABGs were
collected at 2 or 5 minintervals during the challenge.

Fabrication and characterization of PAM

The actuators were a modified version of previously described PAM
actuators™. Specifically, McKibben pneumatic artificial muscles
were fabricated according to the protocol detailed in Supplementary

Methods. Actuator dimensions were selected to fit the anatomical
needs of the 30-40 kg swine. They consist of athermoplastic elastomer
bladder (Stretchlon 200, FibreGlast), a thermoplastic polyurethane
tubing (1/8 inch tubing, 5648K226, McMaster) and an expandable
braided mesh (PTOO0.25BK, TechFlex). Before in vivo use, actuators
were fatigue tested to a pressurization of 20 psifor >1,000 cycleson the
benchtop. Mechanical characterization was performed on an Instron
5499 universal testing system (Instron).

Actuator characterization was conducted bothin vitroandin vivo.
Fortheinvitrocharacterization, actuator performance was measured
via Instron testing. Classic tensile testing was conducted to measure
the contractile force. Amodified flexural bend setup (Supplementary
Fig. 5) was used to measure the perpendicular force applied to the
diaphragm viaarclength shortening. For the in vivo characterization,
performance of the diaphragme-assist system was evaluated through
the diaphragm displacement (via ultrasonography) and the functional
metrics (tidal volume, Campbell diagram) (Extended Data Figs.1and 2).
Different pressurization shapes and levels were inputinto the actuator
(Extended DataFigs.1and2) and theresulting behaviour was measured.
Further details can be found in Supplementary Information.

Live animal studies

All studies were conducted according to protocol no. 19-05-3907
approved by the Boston Children’s Hospital (BCH) Institutional Ani-
mal Care and Use Committee (IACUC) policy.

Procedures were carried out at Boston Children’s Hospital in
accordance with BCH IACUC under protocol no. 19-05-3907 and MIT
IACUC under protocol no. 0118-006-21. Protocol reviews were con-
ducted in accordance with the standards outlined in the National
Research Council’s Guide for the Care and Use of Laboratory Animals
and BCH’s Animal Welfare Assurance.

Female Yorkshire (30-40 kg) swine were sourced from Parson’s
Farm (Hadley, MA, USA). We used a total of 12 swine during the devel-
opment and testing of our system, and we present data from 9 swine
in the manuscript. Different subsets of subjects were used for the
experimental investigations reported; not all subjects were used in
every experimental investigation. Animals were acclimated and cared
for according to standard facility protocols. Each experiment was
conducted under 2-3%isoflurane anaesthesia, titrated to each animal
to maintain a stable anaesthetic plane. Anaesthesia and mechanical
ventilation were controlled through the facility’s Drager Tiro ventila-
tor (Dragerwerk). Vital signs were monitored via a SurgiVet monitor
(Smiths Medical). After completing the study and acquiring the data,
animals were euthanized using Fatal-Plus solution (Vortech Pharma-
ceuticals) ata dose of 110 mg kg™ body weight.

Surgical procedure
Afterinduction of anaesthesia, the animal wasintubated and placed on
mechanical ventilation. A trans-oesophageal electrocardiogram catheter
was placed tomonitor the heartrate. A carotid arterial sheath and jugular
venous line were placed using cut-down technique for animal systemic
and central venous pressures monitoring, respectively. Two balloons
wereplaced, oneinthe oesophagusand oneinthe stomach, for pressure
monitoring. A Foley catheter was placed for urine output monitoring.
Subsequently, the chest cavity was accessed through midline
sternotomy. Next, we opened both pleural cavities and placed one soft
actuator along the diaphragm curvature on each cavity. The anterior
portionwas attached to the sternum and the posterior attachment was
madeto thelowest posterior ribin the most medial position that canbe
achieved without disrupting the region of the major arteries and veins,
oesophagus and spine. To do this, we passed each actuator posteriorly
at lowest intercostal space to outside the chest cavity and fixed it to
the skin using sutures. Then, we fixed the other end to the sternum
using sutures and we passed the actuation lines through a separate
opening through the skin. Next, we approximated the sternum using
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sternal wires and closed the subcutaneous layers and the skinin layers
using sutures. After the sternotomy was closed, the negative pressure
inthe thoracic cavity was restored via chest tube, and the respiratory
challenges were conducted with a closed chest.

Simulating varying levels of respiratory function

To simulate varying levels of respiratory functions, two animal models
of respiratory muscle weakness were used. The first method relied on
the respiratory depressive effects of isoflurane. Isoflurane levels were
held between2-3%and titrated to astable plane of anaesthesia while still
maintaining a depressed but non-zero level of spontaneous respiration
duringrespiratory challenges. The second method modelled diaphragm
paralysis by mechanically severing both the left and right phrenic nerves.
This model was still conducted under the setting of the isoflurane, and
thus combines the effects of the isoflurane and severed phrenic nerve,
and represents amore severe model of respiratory weakness.

Data acquisition

The biomedical sensors and instrumentation data were input into a
PowerLab 35 series (PL3516, ADInstruments) high-performance data
acquisition system with a 1,000 Hz sampling frequency for all chan-
nels. During the experiments, data were monitored live via LabChart
software (ADInstruments). After the experiments, data were exported
intoand processed in MATLAB (MathWorks).

Spirometry instrumentation

An analogue spirometer (Gas Flow Sensor, ES Systems) was placed in
line between the ventilator Y-tubing and the endotracheal tube. Ana-
logue data were input into PowerLab. The data were converted from
mass flow to volumetric flow according to manufacturer specifications.

Respiratory pressure instrumentation and measurement
Pleural pressure and abdominal pressure were measured via oesopha-
geal balloon catheters (Cooper Surgical) placed in the oesophagus
and stomach, respectively, each connected to a pressure transducer
(PRESS-S-000, PendoTech).

Respiratory pressure data were normalized in MATLAB post pro-
cessing. For a given segment of interest, the average of the pressure
reading at the breath bounds was set to zero to allow the analysis to
show the change in pressure over the course of one breath.

Ultrasonography

Ultrasonography, a non-invasive, non-ionizing imaging method, was
used toinvestigate the interactions of the device with the diaphragm.
Ultrasonography can be used to assess diaphragm displacement and
dysfunction®. More precisely, it allows direct two-dimensional visu-
alization of the diaphragm, permitting quantification of its motion
and function, and serves as an ideal tool to assess the interaction of
the device with the diaphragm. A Philips iE33 (Philips Healthcare)
echography machine was used with the X7-2 transducer (Philips Health-
care). Atwo-dimensional image (so-called B-mode, Brightness) of the
diaphragm and the device was obtained by placing the probe in the
right subcostal space, pointing inthe cranial direction. To quantify the
motion of the device and the diaphragm, M-mode was used.

Control system design and instrumentation

Our group hasbuilt a custom electropneumatic control system utiliz-
ing electropneumatic pressure regulators and valves (SMC Pneumat-
ics, SMC) controlled by a custom software described in ref. *°. The
softwareis designed to allow custom pressure waveforms to be input.
The control system can generate a desired waveform via an analogue
input tothe electropneumatic regulators. The nominal peak pressure
for all waveforms was 20 psi. The regulators also output an analogue
signal of the actual pressure waveform; these data were input into
the PowerLab system.

Independent and synchronized actuation

The custom control system can generate a manual timing set to a fre-
quency of actuation that is initiated by user input. This set timing
initiates the custom pressure waveform programmed into the system
andisindependent of the subject’s native breathing.

To implement synchronization in our system, we used the Fast
Response Output add-on for LabChart (ADInstruments). Analogue
spirometry flow data were used as the input channel. Voltage and
hysteresis settings were manually titrated between a voltage range
equivalent to 0.011s™ to 0.07 I s™ and a hysteresis range of 2-5%
during every respiratory trial to achieve qualitatively good syn-
chronization, as visually recognized by the homogeneity of the
real-time flow and volume waveforms. The digital output channel
on the PowerLab system was used to send a trigger pulse to a digital
input channel in the microcontroller of the custom control system
described above.

Statistical analysis

Statistical tests were conducted as described in the respective fig-
ure captions for Figs. 3, 4 and 7 and Extended Data Figs. 1and 2. For
Figs.3c,d and 7a-c, two-sided Wilcoxon rank-sum analyses were con-
ducted in MATLAB (MathWorks) via the ‘ranksum’ function. Fig. 4e,f
depicts two sets of statistical tests. A two-sided Welch’s t-test without
assuming equal variances was conducted to compare the means of
the populations via the ‘ttest2’ function in MATLAB with an ‘unequal’
variance type specification. Additionally, atwo-sample F-test for equal
variances was conducted to compare and confirm unequal variances
viathe ‘vartest2’ functionin MATLAB. For Extended Data Figs.1and 2,
two-sided t-tests were conducted via the ‘ttest2’ function in MAT-
LAB. Significance denoted in figures is *P < 0.001, unless an exact
Pvalueis given.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The maindatasupporting the findings of this study are available within
the Article and its Supplementary Information. Additional data are
available from the corresponding author on request. Source data for
the figures are provided with this paper.

Code availability
The custom MATLAB codes used in this study are available at https://
github.com/RocheLab/ImplantableVentilator.
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Extended Data Fig. 1| See next page for caption.

A Pleural Pressure [cmHZO]

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-022-00971-6

Extended Data Fig. 1| Controlling actuation via different pneumatic
waveforms. Input waveforms of a (a) curved, (b) square, and (c) triangle shape
canbe programmed into the custom-built control system. The effective output
pressure of the electropneumatic regulator for the (d) curved, (e) square, and (f)
triangle shape drives actuation. The PAM actuation forces were characterized
for different waveforms invitro on a classic Instron tensile test setup (g,h,i) and
our modified flexural test setup (j,k,l) (depicted in Supplementary Fig. 5). Input
waveforms of a (m) curved, (n) square, and (o) triangle shape generate different

shapes of diaphragm displacement as visualized via M-mode ultrasound.

p, Average diaphragm displacement from (m,n,0). q, Average tidal volume

and (r) respiratory Campbell diagram plotting the pleural pressure-volume
loops for representative breaths from different waveform shapes. (m-r)
represent one biological replicate. In (q), bar plot shows mean, error bars +s.d.,
*p <0.001using atwo-sided t-test. Each grey dot represents a technical replicate
(14-15breaths per bar).

Nature Biomedical Engineering


http://www.nature.com/natbiomedeng

Article

https://doi.org/10.1038/s41551-022-00971-6

=

Peak Actuator Pressure [psi]

Assisted
Ventilation

N

N
&

e
o
@

Average Diaphragm Displacement [cm]
o =y

o

5 10 15
Actuator Pressure [psi]

20

Assisted
Ventilation
10 psi

— a b c d
3
20 20 20 20
215 15 15 15
[0}
a 10 10 10 10
€5 5 5 5
2
So 0 0 0
0 0.5 1 15 0.5 1 15 0 0.5 1 15 0 0.5 1 1.5
Time [s] Time [s] Time [s] Time [s]
e
40 ’ 407
Z Z
[0 [0
O ° ©
= 30 530 .
S b
i) (_)E L
2 20 2 20f
() ()
— o
X ~ .
° . © |
61_) 10 &) 10 .
0 0
0 5 15 20 0 5 10 15 20

Peak Actuator Pressure [psi]

Assisted
Ventilation

Assisted
Ventilation

| m
5 psi
100 7 — 100
p=416 10 psi
p=.0200
O 15psi
L 0 ’
— 80 — 8 O 20psi
c e Spontaneous
— 1 - Respiration
o /0L g 60
E T >
2 5
o
> 40t = 40
g g
'_
20t 20
O O PO
0 5 10 15 20 -3 2 - 0 1

Actuator Pressure [psi]

Extended Data Fig. 2| Tuning actuation depth via level of pressurization.
Theactuator pressure profile for acurved waveform scaled to have a peak
nominal pressure of (a) 5 psi, (b) 10 psi, (c) 15 psi, (d) 20 psi. The peak forced
generated by different levels of actuation were characterized in vitroon a

(e) classic Instron tensile test setup and (f) our modified flexural test setup
(depicted in Supplementary Fig. 5). Diaphragm displacement generated by
actuations of (g) 5 psi, (h) 10 psi, (i) 15 psi, (j) 20 psi visualized viaM-mode
ultrasound. (k) The average diaphragm displacement per breath from one

A Pleural Pressure [cmH20]

sample subject viaM-mode ultrasound. (I) Tidal volume achieved via

different levels of pressurization from one sample subject. Significance is
indicated by p values using a two-sided t-test. Error bars show +s.d. Each grey
dot represents a technical replicate (6-15 breaths per level of pressurization).
(m) Respiratory Campbell diagram plotting the pleural pressure-volume loops
for representative breaths from different levels of actuation. (g-m) represent
one biological replicate.
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Sample size We used a total of twelve swine during the development and testing of our system, and we present data from nine swine in the paper. For
each subject, a series of respiratory challenges and conditions were tested. Different subsets of subjects were used for the experimental
investigations reported; not all subjects were used in every experimental investigation. In this study, each breath provides a data point for the
various analyses shown. A single respiratory challenge supplies a large pool of data.

Data exclusions  Data from nine swine are presented in this paper (six for quantitative data, and three for echocardiographic measurements). The data from
the three swine not shown were not conducted under the same conditions, and therefore are not presented.

For Fig. 3, panels a and b are representative datasets. In this figure, the six swine presented are labeled A—F. Five of six swine (subjects A—E)
are shown in Fig. 3c,d; subject F did not have data for the apnea condition at the start of the respiratory challenge and is therefore not shown.

Fig. 6 depicts the analysis of aligning the actuator synchronization to the underlying respiratory effort for two respiratory challenges within
subject B.

Fig. 7 a—c omits subject C and F because the pressure-sensing instrumentation was nonfunctional for those two swine and the data for this
parameter was not collected.

Replication The trends shown in Fig. 6 are from one respiratory challenge within the animal. To ensure replication, this analysis was conducted on all data
from this subject, and the reported trend replicates in a different respiratory challenge within the same animal.

For other subjects, the synchronization was actually overly consistent, and therefore lacked the variability in timing needed to visualize these
trends. In order to replicate these results in another subject, a sweep of the synchronization/delay will generate the appropriate variability
needed.

Randomization  The full set of respiratory challenges were conducted in each of 6 subjects, but in a semi-random order. The order of the independent and
synchronous challenges was randomized, but the challenges conducted with a severed phrenic nerve necessarily came after all of the data

with an intact phrenic nerve were collected. Echocardiography was performed in three swine.

Blinding Individual subjects were not grouped and instead a variety of respiratory challenges were conducted within each subject.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XXXOXXX s
OO0OXOOO

Dual use research of concern

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Yorkshire swine, female, 30-40kg.

Wild animals The study did not involve wild animals.
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Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All studies were conducted according to protocol #19-05-3907, approved by the Boston Children's Hospital (BCH) Institutional Animal
Care and Use Committee (IACUC; policy and MIT protocol 0121-001-23).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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