3Dresyns Engineering Publications - ER-369

Embedded Pneumatic Networks for Soft Robotic Structures:
Channel Integrity, Actuation, Fatigue and Control

From printable internal air paths to repeatable soft-robot motion governed by leakage, wall mechanics,
chamber geometry and cyclic durability

Juan Segurola

3Dresyns by Resyner Technologies S.L.

© 2026 Juan Segurola. All Rights Reserved.

Correspondence: info@3Dresyns.com - www.3Dresyns.com
ER-369 - Engineering Review * Version 0.2 -+ 1 October 2026

Abstract

Embedded pneumatic networks convert pressure into motion through asymmetric chamber deformation, so channel geometry, wall
mechanics and pneumatic dynamics must be qualified together. Small amounts of uncured or overcured material can strongly change
pressure delivery, while viscoelasticity produces creep and hysteresis in the pressure-motion map and leakage can appear first as control
drift. The measurement architecture combines inlet pressure and flow, full-field motion or curvature, blocked force, leak rate under hold
pressure and cycle-resolved residual deformation. Static pressure-motion-force maps establish the baseline, after which step-response and
fatigue tests separate pneumatic, mechanical and leakage contributions. This evidence defines a safe pressure window and the feedback
variable needed to maintain actuator output as the structure ages.
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1. Qualification problem: embedded pneumatic networks

A defensible qualification record for embedded pneumatic networks links observed behaviour to an explicit operating decision. Here the
record covers safe pressure window, whether actuator output should be controlled by pressure, flow or position feedback, and
inspection/requalification interval based on drift, with normalised pressure, resistance-compliance time constant, and strain-energy density
used to mark changes of regime. [1,2]

1.1 Scope boundary.
ER-369 owns pneumatic-actuator response, including channel integrity, pressure-deformation coupling, fatigue and control. ER-368 owns
passive architected flow networks and ER-370 foldable structures; those siblings define adjacent hydraulic and kinematic boundaries.

2. Governing balances for embedded pneumatic networks
Pneumatic actuation is described through scaled pressure, network time response, and local strain-energy demand.

actuation arises from pressure acting on an asymmetric compliant chamber, producing coupled membrane/bending/stretch deformation
flow resistance and chamber compliance set pressure rise time and dynamic bandwidth
large-strain hyperelasticity invalidates small-strain linear models over useful motion ranges
The three variables separate pressure capacity, dynamic response, and local fatigue demand within the embedded network.

3. Regime boundaries for embedded pneumatic networks
The pneumatic map allocates evidence to pressure safety, control strategy, or requalification interval according to the measured regime.
Table 1. Regime indicators for pneumatic-actuator response.

Indicator Engineering meaning Use

Check normalised pressure whenever 'safe pressure
window' is applied to a different geometry, history or
environment; it tracks the relevant change in actuation
pressure scaled by elastic modulus.

normalised pressure actuation pressure scaled by elastic modulus

Check resistance-compliance time constant whenever
'whether actuator output should be controlled by
dynamic timescale set by channel resistance and | pressure, flow or position feedback' is applied to a
compliance different geometry, history or environment; it tracks the
relevant change in dynamic timescale set by channel
resistance and compliance.

resistance-compliance time constant

Check strain-energy density whenever
'inspection/requalification interval based on drift' is
applied to a different geometry, history or environment;
it tracks the relevant change in local elastic energy
concentration at hinge or chamber hotspots.

local elastic energy concentration at hinge or chamber

strain-energy density hotspots

Pneumatic performance is transferred only within the pressure, dynamic, and strain-energy combinations demonstrated experimentally.

4. Couplings that move the embedded pneumatic networks

Small uncured or overcured channel deviations change pressure delivery strongly.
Material viscoelasticity causes creep and hysteresis in motion-pressure maps.
Leakage and permeation can appear as control drift before catastrophic rupture.
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5. Failure signatures and false diagnoses

Mechanism diagnosis requires the three failure branches—blocked channels, bond/wall rupture, fatigue cracking at chamber corners—to
remain distinguishable. pressure and flow at actuator inlet, full-field motion/curvature and blocked force and leak rate under hold pressure
are therefore read as complementary evidence rather than interchangeable proxies. Failure attribution also separates channel integrity from

actuator mechanics, because leak-free pressure retention does not by itself establish stable motion, dynamic bandwidth or fatigue
resistance.

Table 2. Failure-mode discrimination for pneumatic-actuator response.

Failure mode Observable signature Discriminating evidence

blocked channels pressure and flow at actuator inlet static pressure-motion-force maps

bond/wall rupture full-field motion/curvature and blocked force step response across pressure levels

fatigue cracking at chamber corners leak rate under hold pressure pressure hold/leak tests before and after cycling

loss of calibration due to permanent set or viscoelastic

drift cycle-resolved hysteresis and residual deformation

fatigue with periodic recalibration of the actuator map

Table 2 distinguishes mechanisms by controlled contrast. The accepted diagnosis is the one that predicts the response ordering across all
TOWS.

6. Measuring embedded pneumatic networks with traceable uncertainty

Qualification measurement is complete only when all three Table 2 observable channels are available with traceable calibration and state
metadata. Three independent checks structure the embedded pneumatic networks assessment; during metrology of embedded pneumatic
networks, hyperelastic deformation is resolved against fatigue demand. Independent resolution of chamber compliance and pressure rise
time establishes the primary state, separate monitoring of fatigue demand tests whether that state survives transfer, and an uncertainty-
controlled perturbation of hyperelastic deformation is the perturbation used when the two disagree; the uncertainty record for embedded
pneumatic networks keeps fatigue demand separate from chamber compliance.

7. Experiments that discriminate competing mechanisms

The four Table 2 interventions define the discrimination space; attribution is accepted only when one mechanism explains their combined
response without contradiction. For the embedded pneumatic networks problem, a replicate test of fatigue demand defines the independent
cross-check rather than a tuning variable; during the causal challenge for embedded pneumatic networks, fatigue demand is tested against
chamber compliance. The main inference uses a causal contrast between chamber compliance and hyperelastic deformation, whereas a
boundary challenge involving pressure rise time is reserved for the boundary test that can overturn the proposed interpretation; the
experiment for embedded pneumatic networks separates chamber compliance from pressure rise time.

8. Model identification and validation for embedded pneumatic networks

The first and third branches determine whether it predicts the mechanism rather than merely fitting the training state. [1,2] [3] [4,5] The
model output is converted into three separate decision intervals in Table 3, with no pooled nominal-setting correction. Rather than reduce
embedded pneumatic networks to one surrogate, the analysis combines an uncertainty-bounded check on fatigue demand with parameter
estimation for chamber compliance and pressure rise time; within model identification for embedded pneumatic networks, chamber
compliance is not fitted through pressure rise time. A separate prediction against hyperelastic deformation is used to challenge that
interpretation, making disagreement between the two routes visible instead of averaging it away; prediction for embedded pneumatic
networks keeps pressure rise time independent of hyperelastic deformation.

9. Qualification envelope and technology decisions
Table 3. Technology-decision matrix for pneumatic-actuator response.

Decision Minimum evidence Acceptance logic

safe pressure window

Support safe pressure window with state-resolved
pressure and flow at actuator inlet measurements that
bracket the candidate condition and quantify both
repeatability and uncertainty.

Accept only where the response of pressure and flow at
actuator inlet to 'static pressure-motion-force maps'
remains reproducible across the transfer states and
blocked channels is absent.

whether actuator output should be controlled by
pressure, flow or position feedback

The evidence set for whether actuator output should be
controlled by pressure, flow or position feedback should
contain calibrated full-field motion/curvature and
blocked force measurements from baseline through the
proposed limit, with independent replication near that
limit.

Accept only if 'step response across pressure levels'
leaves full-field motion/curvature and blocked force
inside the qualified response band and no bond/wall
rupture signature appears.

inspection/requalification interval based on drift

Evidence must include calibrated leak rate under hold
pressure in reference and candidate states, with replicate
measurements  that resolve the margin  for
inspection/requalification interval based on drift.

Retain the decision only where 'pressure hold/leak tests
before and after cycling' produces the expected bounded
change in leak rate under hold pressure; evidence of
fatigue cracking at chamber corners rejects the transfer.

An acceptable record for embedded pneumatic networks must show an explicit transfer limit on fatigue demand without inferring it from
tested ranges in chamber compliance and pressure rise time; inside the embedded pneumatic networks envelope, pressure rise time and
hyperelastic deformation define different transfer limits. In parallel, a separate boundary for hyperelastic deformation probes the boundary
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condition most likely to change the interpretation, and the resulting uncertainty is carried forward explicitly; qualification of embedded
pneumatic networks bounds hyperelastic deformation separately from fatigue demand.

10. Design consequences for embedded pneumatic networks

The qualified design space is the overlap of the three Table 3 rows, not the best value of any one metric. Implementation is separated into
a design change governed by chamber compliance and an implementation check on hyperelastic deformation; while safe pressure window
is controlled independently, a change in a requalification trigger tied to fatigue demand prevents the new setting from being called
equivalent; during design implementation for embedded pneumatic networks, hyperelastic deformation is constrained by fatigue demand.
The consequence is a bounded design decision with a defined route back to validation; the embedded pneumatic networks design record
separates fatigue demand from chamber compliance.

11. Evidence gaps for embedded pneumatic networks

The first and third branches should accompany that extension so that selectivity is preserved. Uncertainty in pressure rise time versus
hyperelastic deformation is the first stress test for embedded pneumatic networks; only after that result is bounded is scale transfer of
chamber compliance interpreted; for unresolved embedded pneumatic networks transfer, fatigue demand is studied separately from
chamber compliance. The record keeps independent replication of fatigue demand outside that inference and reports it as an independent
line of evidence; the evidence gap in embedded pneumatic networks distinguishes chamber compliance from pressure rise time.

12. Qualification outcome for embedded pneumatic networks

The qualification result consists of three explicit Table 3 limits, each tied to its own evidence route. Qualification of embedded pneumatic
networks treats agreement between measurement and prediction for chamber compliance as one axis and a renewed-evidence trigger when
fatigue demand changes as another; at final qualification of embedded pneumatic networks, chamber compliance is reconciled with
pressure rise time. Between them, causal evidence that separates pressure rise time from hyperelastic deformation supplies the deliberate
challenge that determines whether the apparent transfer is mechanistic or merely coincidental; the closing embedded pneumatic networks
claim keeps pressure rise time distinct from hyperelastic deformation.
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