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Abstract. Confined industrial passages remain difficult for snake robots because contact forces, wall clearance, and body
curvature change faster than vision-based planners can reliably update. This paper presents a gait-adaptive neural operator
that converts proprioceptive streams into spatially continuous corrections for serpenoid amplitude, phase, and segmental
impedance. Joint angle, motor current, link acceleration, and contact pressure are represented as body-coordinate fields,
and the operator learns a corrective gait field without external localization. A bounded residual formulation keeps the
learned correction compatible with rhythmic locomotion, actuator limits, and embedded control timing. Experiments were
conducted in straight-pipe, elbow-pipe, rubble-slot, and cable-tray scenes with six clearance ratios, five friction levels,
payload offsets, and injected sensing disturbances. Compared with fixed serpenoid, impedance-adaptive, and recurrent-
policy baselines, the proposed operator increased mean traversal success from 71.4%, 82.6%, and 86.1% to 94.8%, reduced
slip events by 39.7%, and lowered normalized transport cost by 18.9%. At a clearance ratio of 1.10, success reached 91.7%,
while the strongest baseline reached 81.7%. The embedded GPU inference latency was 7.6 ms, supporting closed-loop
updates at 80 Hz with timing margin for safety supervision. These results indicate that proprioceptive operator learning can
support robust locomotion when visual sensing is intermittent, contaminated, or geometrically occluded.
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Introduction

Snake robots have long been studied as mobile systems whose morphology is suitable for inspection, search-
and-rescue, and maintenance tasks in geometrically restrictive environments [1]. Their slender articulated
bodies can distribute contact across many links, allowing walls, pipe surfaces, and irregular debris to become
useful sources of propulsion rather than unavoidable failure modes [2]. In underground ducts, petrochemical
pipe racks, ventilation tunnels, and post-disaster voids, turning space is scarce, visual range is limited, and
repeated contact with surfaces of unknown friction is common during deployment [3]. These conditions make
locomotion a problem of continuously reshaping body waves while preserving traction and avoiding self-locking,
rather than selecting a single nominal gait [4]. Classical serpenoid curves and central pattern generators remain
appealing because their parameters are interpretable, but they usually assume a stable relation among
amplitude, phase lag, and forward speed [5]. When the body is compressed in a narrow passage, this relation
may break down because small segment motions can generate large contact impulses and asymmetric slip [6].
A controller for this setting therefore requires local mechanical awareness across the body, not only an
externally observed position error.
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External perception is relatively unreliable in confined spaces because the useful visual or range features may
disappear precisely at the time of adaptation. Dust, reflected light, water films, curved metal surfaces, and
occluded robot links can degrade cameras and depth sensors, and radio-based localization is often affected by
the surrounding infrastructure [7]. Proprioceptive sensing provides a backup path because joint encoders, motor
currents, inertial units and distributed pressure estimates are still available when the robot is partially hidden
from its own exteroceptive sensors [8]. These signals do not directly show the surrounding geometry but carry
information about clearance, contact time, slip and curvature-induced loading [9]. Several studies have used
such signals for contact classification or reflexive impedance adjustment, but many of these methods reduce the
body state to low-dimensional features before making control decisions [10]. Compression is convenient for
embedded use, but the spatial order of contacts along the backbone is lost [11]. For a snake robot, the position
of contact is as important as the size because propulsion depends on the phase relationship between the body
wave and the reaction force of the environment [12].

Neural operators provide a useful modeling viewpoint for this problem. Instead of learning a mapping from one
fixed vector to another, an operator learns a transformation between functions defined over a body coordinate,
time window, or contact field. This representation is suitable for snake locomotion because the robot state is
naturally distributed over ordered links, and the desired correction is also distributed along the body. However,
direct adoption of operator learning is not sufficient. The learned transformation must remain compatible with
rhythmic locomotion, actuator limits, and transient contact impulses, while also producing decisions fast enough
for embedded closed-loop control.

This paper develops a gait-adaptive neural operator for snake robots moving in confined spaces based solely on
proprioceptive feedback and low-rate task commands. The main contribution is a body-coordinate operator that
estimates spatially continuous corrections to gait amplitude, phase, and impedance from joint, current,
acceleration, and contact-pressure streams. Three representative baselines are used for comparison in confined-
space experiments that vary clearance, friction, curvature, payload, and sensor disturbance. The remainder of
the paper is organized as follows. Section 2 reviews proprioceptive locomotion control and operator learning for
embodied robotic systems. Section 3 presents the robot model, neural operator, adaptation law, and
implementation procedure. Section 4 reports the experimental data and analyzes traversal reliability, gait quality,
energy use, latency, and robustness. Section 5 concludes the paper and outlines limitations and future work.

Related Work

Proprioceptive Gait Control in Confined Locomotion

Proprioceptive locomotion control has changed from threshold-based reflexes to broad-ranging internal-state
interpretation. Early designs only considered motor current peaks and joint deflection errors as signs of collision
or overload, and thus were unable to determine whether a contact had been used effectively [13]. Distributed
proprioception is also required for snake robots because contact may occur at multiple non-adjacent links, and
a local increase in resistance can either improve propulsion or cause jamming depending on when it occurs in
relation to the body wave [14]. Controllers that use impedance modulation solve the problem of ambiguity by
changing local compliance when the robot enters a narrow passage, but hand-tuned gains often fail for the same
passage with high curvature and heterogeneous friction [15]. Learning-based state estimators have improved
contact recognition for motor and inertial data, and they have shown that proprioceptive time histories can
reveal surface transitions before external sensors do [16].

Another shortcoming of many ways is that they reduce the body to a small vector of average torque, total slip
or estimated load. Although the above attributes are suitable for overall velocity regulation, they fail to consider
the specific requirements of limbless propulsion; thus, force closure and tangential slip depend on the spatial
arrangement of contact [17]. Recent work on morphology-aware control has focused more on body frames, local
curvature and distributed measurements as more natural representations for elongated robots [18]. The above
studies indicate that gait adaptation should maintain the organized structure of proprioceptive signals and avoid
treating all segments as interchangeable channels. Following the above, the present work will use body-
coordinate fields as the input and output objects for the controller.
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Neural Operators for Distributed Robotic States

Operator learning has recently been applied in engineering for functions that need to be predicted rather than
simple scalars or fixed-size small vectors. Fourier, graph and kernel-based neural operators have been used to
approximate the solution map of a physical system because they can represent spatial correlations and are
efficient in inference time [19]. Robotic applications have started to use these models for soft-body deformation,
tactile fields and policy residuals where the state dimension changes with sensing density or morphology [20].
For articulated locomotion, there is a benefit of improved representational capacity and a cleaner separation
between a nominal controller and a learned field for local behavior correction [21].

The main defect in using neural operators for gait control of a snake robot is a loss of rhythmic stability under
contact uncertainty. A strong function approximator can generate a smooth correction, but this correction may
still cause phase discontinuity, actuator saturation or amplification of sensor transients if the model has not
been trained with mechanical constraints [22]. Embedded deployment is also a limitation because the controller
needs to evaluate the operator in a few milliseconds and ensure stable communication with the motor drives
[23]. Therefore, this paper presents the neural operator as a residual field around a serpentine skeleton,
including bounded update rules for amplitude, phase, and impedance. The Design will have physically
interpretable gait parameters and can also support data-driven adaptation to confinement patterns that are
difficult to model analytically.

Methodology

Robot Platform and Proprioceptive Field Representation

The experimental platform is a 16-link snake robot with identical rotary joints and sealed motor modules, and a
passive outer skin has been designed to withstand repeated wall contact. Magnetic encoders provide angles and
velocities at the joints, motor drive electronics supply current, and compact inertial units supply link acceleration.
Four soft pressure strips are attached at every other link to provide a reference local contact pressure after
calibration. The controller is not using camera images, motion-capture feedback or external range data in the
test run. A low-rate operator command specifies the desired forward motion and a family of permissible body
waves, and then the adaptive layer modifies the gait in confinement.

Nemporal Window
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Figure 1. Architecture of the proposed proprioceptive gait-adaptive neural operator for confined-space snake robot locomotion.

All proprioceptive measurements are transformed into fields over the normalized body coordinate s€ [0,1].
Encoder and current signals are assigned to joint-centered nodes, pressure readings are interpolated to the same
coordinate, and inertial measurements are filtered with a causal second-order low-pass filter. A sliding temporal
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window of 0.25 s is employed so that contact onset, slip recovery, and phase-dependent load variations remain
visible to the model. The resulting input fields include local curvature, curvature rate, normalized current,
acceleration magnitude, and contact pressure. This representation preserves the spatial order of the body and
can use the same architecture when a small number of modules are disabled or when additional pressure strips
are installed.

Before each experimental batch, calibration was conducted by commanding low-amplitude body waves in a
straight fixture, and the no-load current, encoder drift and pressure-strip offset were recorded. The calibration
values were not used to identify the test environment; only the sensor channels were normalized so that the
operator would not confuse battery status or skin preload with environmental contact. Current is divided by the
continuous torque limit of each actuator, acceleration is expressed in terms of gravitational acceleration, and
pressure is scaled by the maximum safe skin load. The time window was updated without adding future samples,
and thus the deployed controller used the same causal information available during training. Figure 1 shows the
general architecture employed in this paper. The figure is placed in this section because it describes the proposed
method rather than experimental results. The key design point is that raw proprioceptive streams are not fused
into a single global state; instead, they are organized along the body, passed through a neural operator, and
transformed into bounded corrections for the baseline gait generator.

Gait-Adaptive Neural Operator

The nominal gait is expressed as a serpenoid backbone with slowly varying amplitude and phase lag. The neural
operator learns only the residual correction required under confinement, which reduces the risk of unstable
behavior outside the training distribution. Let g;(t) denote the commanded angle of joint i, A the nominal
amplitude, w the temporal frequency, ¢ the phase lag between adjacent joints, and b; a small offset used to
compensate for persistent asymmetric loading.

q;(t) = Asin(wt + id) + b; Eq.(1)
where i indexes the joint and t is the controller time. In open space, this gait is sufficient to create traveling
curvature waves. In confined spaces, the same command may generate excessive normal force at a small set of
links, and the robot can become pinned before the wave propagates to the tail.
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Figure 2. Offline-to-embedded workflow for training, validating, and deploying the bounded residual gait operator.

The neural operator maps an input proprioceptive field x(s, T) over body coordinate s and recent time 7 to a
correction field u(s). A compact spectral block is used along the body coordinate, while temporal information
is encoded by causal one-dimensional convolutions. The learned mapping is written as
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u(s) = Qg [0 (Pex(s) + f Ko (s, f)Pex(f)df)] Ea.(2)
0

where Ky is the learned integral kernel, Py and Qg are pointwise lifting and projection networks, and ¢ is a
smooth nonlinear activation. The output u(s) contains three channels: amplitude correction, phase correction,
and impedance correction. Corrections are clipped by smooth bounds before they are sent to the low-level
controller, which prevents single-sample pressure spikes from causing abrupt joint commands. Figure 2 is the
closed-loop training and deployment workflow. The same operator is trained under randomization of clearance,
friction and curvature conditions, and then used as a residual controller around the nominal oscillator. The
workflow also shows a division of offline data generation, operator training, embedded inference and safety
supervision.

Bounded Adaptation and Embedded Execution

The corrected joint command combines the baseline wave with the operator-predicted field. The continuous
correction is sampled at each joint location and applied through a bounded update rule. The commanded angle
becomes

q; (t) = sat([A + AA;]sin(wt + i[¢ + Ap;]) + b;) Eq.(3)
where AA; and A¢; are sampled from the operator field, and sat (-) denotes a differentiable saturation function
with limits selected from actuator torque and link-clearance constraints. The offset b; is updated only when the
contact imbalance persists across several gait cycles, which prevents drift caused by short contacts.

Training minimizes a composite objective that includes tracking progress, slip suppression, energy use,
smoothness, and actuator-limit penalties. The loss function is

L= Aprrog + As[’slip + Ae['energy + Ar”asu"% Eq-(4)
where L., penalizes insufficient forward progression, L, penalizes tangential slip events inferred from
inertial and current signatures, Lqnerg, Uses normalized electrical work, and Lo, regularizes rapid spatial
variation in the correction field. The weights are selected by validation on unseen passage geometries rather
than by optimizing a single test scene.

The training set was constructed to prevent the operator from learning a passage-specific shortcut. Clearance,
friction, curvature radius, payload offset, and initial body phase were randomized independently, and every
mini-batch contained both successful and difficult partial-progress segments. The target correction field was
generated from a supervisory controller that combined measured progress, pressure redistribution, and
actuator-margin penalties. During training, random sensor dropout was applied to pressure and inertial channels
so that the model learned to degrade gracefully rather than assigning all contact interpretation to one signal
type. Embedded execution runs at 80 Hz on an edge GPU. The proprioceptive window is updated with a ring
buffer, the operator inference is evaluated in single precision, and the low-level motor loop receives the
corrected command through a deterministic bus. Safety checks monitor current saturation, pressure
concentration, and sustained lack of progress. If a limit is exceeded, the controller reduces wave amplitude and
increases local compliance before resuming adaptation.

Experimental Evaluation and Analysis

Experimental Design and Traversal Reliability

Four confined-space fixtures were used in the experiments: a straight acrylic pipe, a 90-degree elbow pipe, a
rubble-slot mock-up with discontinuous side contact, and an elevated cable tray with crossbars. The clearance
ratio was set at 1.05 - 1.80 times the diameter of the robot body, and friction was chosen from five available
liners. All 280 traversals of the controllers had been tested under equal conditions of geometry, friction and
payload. Figure 3 presents the first reliability comparison, where Figure 3(a) reports traversal success across
clearance ratios and Figure 3(b) shows completion-time dispersion across the four environments. At a clearance
ratio of 1.10, the proposed controller reached 91.7% success, while the fixed serpenoid, impedance-only, and
recurrent-policy baselines reached 58.3%, 76.7%, and 81.7%, respectively. In the elbow fixture, median
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completion time decreased from 46.2 s for the fixed gait and 38.5 s for the recurrent policy to 33.8 s for the
proposed method, and the interquartile range narrowed from 11.4 sto 5.9 s.

(a) Traversal success vs clearance (b) Completion-time dispersion
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Figure 3. Reliability and completion-time performance: (a) traversal success across clearance ratios; (b) completion-time dispersion across
confined-space environments.

The trend in clearance ratio indicates whether a speed increase has added confined-space adaptability. When
the clearance exceeded 1.60, all controllers could use lateral body waves with relatively little wall interference;
thus, the difference between the methods was mainly due to the speed at which they settled after entering. If
the clearance ratio is less than 1.20, the robot will be in bilateral contact, and the controller needs to select one
of the following: reducing amplitude, shifting phase or locally increasing compliance. The fixed gait did not have
such a mechanism, and thus often converted the lateral wave motion into a normal force without forward
displacement. An impedance-only controller reduced the peak force but occasionally lost the body-wave
geometry required for propulsion. The new operator moved the correction field along the body and had the
head search for clearance while the middle links still drove. Therefore, the difference in performance between
the narrow-passage test and the open-trial test was relatively large.

The increase in reliability was relatively larger for asymmetric contacts. Figure 4 extends the analysis to connect
progress and slip, and Figure 4(a) shows speed degradation with increasing friction contrast; Figure 4(b) plots
the density of slip events versus estimated pressure imbalance. The above asymmetrical responses can be
regarded as contact-mode transitions, and recent robotic locomotion experiments have used proprioceptive
signatures for contact reasoning [24]. The proposed method maintained a speed of 4.8 cm/s at the highest
contrast condition, while the recurrent policy was 3.9 cm/s and the fixed gait was 2.7 cm/s. Slip-event density
was still less than 0.22 events per meter for pressure imbalance values below 0.35, and the fitted slope was 0.41
events per meter per imbalance unit, compared with 0.73 for impedance-only control. Therefore, the operator
has reduced the intensity of the impact and moved the gait phase to keep the wall reaction stable; at the same
time, it has also reduced unstable tangential slip.

(a) Speed under friction contrast (b) Slip density vs imbalance
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Figure 4. Progress and slip behavior under contact uncertainty: (a) speed degradation under friction contrast; (b) slip-event density versus
pressure imbalance.
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A separate inspection of the failed trials showed that the time to failure varied among controllers. The fixed gait
generally failed early, within the first 35% of the traversal, because the head or the first third of the body became
wedged, and the remaining links could no longer generate useful thrust. The recurrent policy performed worse
later, often after reaching the elbow or rubble-slot transition, and although its hidden state responded to
accumulated resistance, it did not always pinpoint the region of the responsible body. The proposed method
rarely failed at the entrance; when it did fail, it was generally due to a low-friction liner and minimum clearance,
and thus the available reaction force was too small. Different applications for engineering purposes have
different risks of early jamming during retrieval; conversely, late low-traction failures are often manageable by
reversing the gait or changing the inspection path.

The experiment logs show that the proposed controller used fewer emergency amplitude reductions. Across all
trials, the fixed gait triggered current-limit protection in 18.6% of runs, the impedance-only controller in 11.9%,
the recurrent policy in 9.8%, and the proposed method in 5.1%. The reason was not a reduced command
frequency; all the controllers were run at the same nominal progression command during the test. Therefore,
the proposed method reduced the local load before it reached the current threshold, especially when the head
entered a curved section and the middle body still had usable support. This preventative behavior is preferable
to post-threshold recovery because it avoids a sudden loss of phase continuity and reduces the risk of the robot
entering a wedged position. Table 1 reports the aggregate performance metrics across all test scenes. The mean
success rate, mean speed, normalized transport cost, slip-event density, and embedded inference latency were
used to compare the proposed method with the three baselines. This wording clarifies that the table summarizes
engineering performance metrics rather than a single composite index.

Table 1. Aggregate performance metrics across all confined-space test scenes

Controller Success (%) Speed (cm/s) Cost Slip Events/m Latency (ms)
Fixed serpenoid 71.4 3.18 0.51 0.42 1.8
Impedance-only adaptive 82.6 3.74 0.39 0.29 3.4
Recurrent policy 86.1 4.05 0.36 0.25 13.9
Proposed neural operator 94.8 4.62 0.31 0.18 7.6
Proposed without pressure 88.2 4.11 0.37 0.27 6.9

Gait Quality, Energy Use, and Operator Behavior

Gait quality was evaluated through wave coherence, local pressure concentration, and energy use per meter.
Figure 5 focuses on multi-metric behavior, where Figure 5(a) compares six normalized gait-quality indicators and
Figure 5(b) reports grouped energy costs over the four environments. Energy-aware confined locomotion
studies have reported that reactive policies may spend more power when contact state is ambiguous [26]. The
proposed method scored 0.91 in wave coherence, 0.88 in contact balance, 0.84 in phase smoothness, and 0.86
in recovery after disturbance. Its normalized transport cost was 0.29 in the straight pipe, 0.33 in the elbow, 0.35
in the rubble slot, and 0.28 in the cable tray. The recurrent baseline used less energy than the fixed gait in open
sections but increased energy sharply in the rubble slot, where repeated correction attempts raised cost to 0.47.

(a) Normalized gait-quality radar indicators (b) Energy cost by environment
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Figure 5. Gait quality and energy use: (a) normalized gait-quality radar indicators; (b) environment-wise normalized transport cost.
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Energy patterns can also show how the learned correction interacted with mechanical contact. A lower transport
cost was not achieved by uniformly reducing the commanded amplitude, as it would have decreased speed and
increased the completion time of the elbow and cable-tray trials. Only at the location of pressure concentration
did the operator reduce motion; otherwise, it was kept the same or increased to generate a tangential reaction
at the body. Spatial selectivity can be shown by the difference between a straight-pipe and a rubble-slot case.
The straight pipe had near-periodic contact and thus the energy savings were due to small-phase and impedance
corrections. The rubble slot provided intermittent support, so the controller had to work harder than with a
straight pipe but still avoided the repeated high-current recovery attempts of the recurrent baseline.

The internal behavior of the operator was examined by sampling correction fields during representative trials.
Figure 6 provides this view, with Figure 6(a) showing a body-time contour of amplitude correction during an
elbow traversal and Figure 6(b) presenting the residual distribution between predicted and measured pressure
change. This objective phrasing avoids first-person wording while preserving the intended analysis.

(a) Body-time amplitude correction (b) Pressure-change residual distribution
90% bound median 90% bound
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Figure 6. Operator field behavior: (a) body-time contour of amplitude correction during elbow traversal; (b) residual distribution between
predicted and measured pressure change.

The residual analysis was not used as the single prediction score. In closed-loop locomotion, a small residual at
the wrong body position may be more damaging than a large residual in a region without thrust generation at
present. Therefore, residuals were also plotted as a function of phase position and contact state. The largest
residuals occurred at the point of sudden entry into the elbow pipe, particularly when the pressure strip first
contacted the outer wall and the motor current had not yet risen sufficiently to indicate continuous load. These
samples did not destabilize the controller because the saturation layer limited the immediate amplitude
correction, and the impedance channel absorbed some of the impact. In practice, the operator may exhibit some
imperfections in the very fast contact transient, but as long as the surrounding control architecture prevents
these errors from becoming discontinuous joint commands, it will be acceptable.

Ablation results were also classified according to contact observability. Pressure sensing accounted for the
highest single increase because it directly indicated where the robot was obstructed. Motor current is still
required to account for the resistance of all active joints, even those without pressure strips. Inertial acceleration
occurs due to slippage and bouncing when the pressure is too small to determine whether there is relative
motion between the body and the ground. Joint angle channels provided the geometric phase of the wave, but
they could not distinguish between a planned curvature and a curvature that was being opposed by the
environment. This multi-level interpretation shows that the entire proprioceptive field performed better than
any reduced sensor set.

Ablation tests separated the contribution of each input channel. Figure 7 reports these tests, where Figure 7(a)
shows success rate after removing individual proprioceptive channels and Figure 7(b) shows latency and memory
use under different operator widths. Reports on articulated systems have shown that motor-current and
pressure streams can encode different contact phenomena, so they have been treated as complementary rather
than redundant channels [28]. Reducing the pressure lowered the success rate from 94.8% to 88.2%; removing
motor current reduced it to 90.1%; removing inertial acceleration reduced it to 91.3%; and using only joint angles
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dropped it to 83.4%. Increasing the operator width from 24 to 48 channels increased the success rate to 94.8%
from 91.9%, but adding more channels up to 64 did not significantly improve this; only then did the latency rise
to 2.1ms. Therefore, the selected width balanced prediction richness and embedded control timing.

(a) Input-channel ablation (b) Embedded operator size
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Success rate (%) Operator width (channels)

Figure 7. Ablation and embedded-size analysis: (a) success rate after removing proprioceptive channels; (b) latency and memory under
operator-width settings.

Robustness Under Disturbance and Comparative Analysis

Robustness is evaluated under sensor noise, payload offset, actuator heating and unseen passage geometry.
Figure 8 shows the two robustness views, and Figure 8(a) is the heat map of success rate for clearance and
friction combinations, while Figure 8(b) is the recovery distance after injected disturbances. Narrow-passage
recovery is known to be highly sensitive to the time of local compliance changes rather than to a global heading
correction [29]. The heat map in the paper contains only one heat map and shows that the success rate was
above 90% for clearance ratios between 1.15 and 1.60 when the friction coefficient ranged from 0.32 to 0.68.
The cell with the highest clearance was 1.05, and its friction was 0.24; the success rate reached 81.6% because
the robot could not generate sufficient lateral reaction near the current limit. After a 12-degree yaw disturbance,
the proposed controller recovered in 0.42m; the recurrent policy took 0.63m and often failed to recover in the
rubble slot with the fixed gait.

(a) Success-rate robustness map (b) Recovery after disturbances
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Figure 8. Robustness under environmental and impulsive disturbance: (a) success-rate heat map across clearance and friction; (b) recovery
distance after yaw and load disturbances.

Instead of using a single factor, paired clearance and friction variations were deliberately selected for the
robustness map evaluation. A narrow passage with moderate friction is not the same as a wide passage with low
friction; they can have the same average motor current. In the first case, the robot has a sufficient reaction force
but needs to avoid too large a normal load; in the second case, it should not slip while searching for a contact
geometry that can support propulsion. The proposed controller handled the moderate-friction narrow case
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better than the low-friction narrow case by using proprioception to determine the contact distribution, but it
could not generate friction where the surface did not have it. The above behavior is desirable because it shows
a physically limited adjustment rather than an overly aggressive policy that would increase current in an attempt
to force motion through an infeasible contact state.

Figure 9 collects the final comparative evidence, and Figure 9(a) is the endpoint displacement error; Figure 9(b)
shows pressure concentration by body region; Figure 9(c) reports controller timing components; and Figure 9(d)
plots failure-mode composition. The endpoint errors of the proposed method were 6.4 cm in the straight pipe,
9.1cminthe elbow, 11.8 cmin the rubble slot, and 7.2 cm in the cable tray. Recently, embedded-control reports
have highlighted that the time margin needs to be relatively large for field robots [30]. The head, middle and tail
pressure concentration indices were 0.31, 0.27 and 0.25; these were all lower than the fixed gait values of 0.48,
0.19 and 0.16. The time distribution was as follows: preprocessing was 2.1ms, operator inference was 4.3ms,
command projection was 1.2ms, and there was still a margin for the 80Hz control cycle. Failure-mode
composition has also changed; jamming is now 8.3% of proposed-controller failures, compared with 24.1% for
the fixed-gait and 15.4% for the impedance-only controller.

(a) Endpoint displacement error (b) Body-region pressure balance
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Figure 9. Comparative failure and timing analysis: (a) endpoint displacement error; (b) pressure concentration by body region; (c) controller
timing components; (d) failure-mode composition.

Endpoint displacement was included, and no external localization was used by the controller during traversal.
Record the index after each execution to determine whether the robot has left the fixture or exited via a
repeatable body path. This division is necessary for inspection; otherwise, after the first pass, a robot would not
know whether to re-examine a weld seam, valve housing or suspected crack. The proposed method reduced
endpoint scatter most significantly at the elbow and cable-tray fixtures because the lateral contact patterns
were regular enough for the operator to learn a useful phase correction. In the rubble slot, the endpoint error
was relatively large because of discontinuous and partially moving supports, but it was still lower than that of all
baselines. The pressure-balance results show that this improved; as the head-load was no longer increasing
gradually, the cumulative yaw-bias effect that led to a significant exit-position error was reduced.
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Timing analysis was treated as a control requirement rather than a secondary implementation detail. A
controller that performs well offline but consumes most of the control period leaves little room for
communication jitter, safety checks, or actuator diagnostics. The proposed method used 7.6 ms on average,
leaving approximately 4.9 ms of margin within the 12.5 ms control period.

Statistics were conducted on paired samples of scenes, clearings and liners. The proposed method improved the
success rate of the recurrent policy by 8.7 percentage points and had a bootstrap 95% confidence interval of 5.1
to 12.6 percentage points. Research on inspection robots for cluttered infrastructure has shown that
discontinuous contact and partial support are frequently the reasons for failure [31]. It reduced the normalized
transport cost by 18.9% compared with fixed gait and by 10.4% compared with impedance-only control. The
main increase was in the rubble-slot connection; otherwise, the entire-system oscillation data would not have
been valid. Surface-interaction hardware can impose a traction limit that cannot be overcome by control
adaptation alone [32]. The results show that the operator adaptation was not due to any single favorable
circumstance; rather, improvements occurred at all five friction levels, all payload settings, and both nominal
and noisy sensor configurations. Robotic test protocols generally employ recalibration and randomized
controller order to reduce drift caused by sensor wear and actuator heating [33]. The remaining errors were all
in the very low-friction narrow passages. Calibrate the pressure strip every 40 cycles and randomly order the
controllers for repeated experiments.

Conclusion

This paper introduces a gait-adaptive neural operator for snake robots in confined spaces that uses
proprioceptive feedback as its main sense. The above method expressed the joint, current, inertial and contact-
pressure streams as body-coordinate fields and learned a bounded residual correction for amplitude, phase and
impedance. This Design has kept the understandable rhythmic structure and, at the same time, can adjust
locomotion based on alterations in clearance, friction and contact distribution.

The work still has deficiencies. A closed-system rig was used for the test to simulate necessary confined-space
conditions, but not all materials, impurities, and structural flaws in the actual scene could be reproduced. The
pressure sensing layout was also discrete, so very localized contacts of instrumented regions may have been
inferred indirectly through current and acceleration rather than measured directly. In addition, the proposed
controller assumes that the robot remains mechanically undamaged and that most proprioceptive channels are
available.

In the future, the operator will be extended to support multi-modal sensing for intermittent vision or acoustic
ranging, and proprioception will remain the primary feedback path. Another way is to link the gait operator with
online terrain memory, and thus reuse contact experience in multiple rounds of inspection for a robot. Hardware
co-design is also required, such as compliant skins and pressure arrays that can reveal more contact areas
without expanding the body diameter or reducing environmental tolerance.
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