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Abstract. To address the critical need for efficient and safe maintenance of high-rise glass curtain walls, this
study presents an energy-efficient closed-loop cleaning system for distributed negative-pressure adsorption
robots. The design integrates a 4 x 6cm distributed suction array (total area 113.2cm?) and a triangular
polyurethane scraper (modified with 5% nano-silica), and is validated through fluid-structure interaction (FSI)
analysis. Based on the dynamic equilibrium framework of modular robots, a novel 3D mechanical model with a
yaw angle (§ = 15) reveals that the distributed adsorption can reduce the theoretical extreme adsorption force
from 83.3N to an engineering-feasible 29.4 N, with a reduction of 66.1% in required negative pressure (from
7370 Pa to 2500 Pa) and energy consumption. The multi-physics coupling analysis (fluid dynamics and solid
mechanics) demonstrates that: @ Through optimized droplet atomization (Lechler nozzle, 45 £ 5 wm) and
biomimetic scraper, the waste liquid recovery efficiency is 86.7%; @ The lightweight centrifugal impeller design
driven by FSI reduces the weight by 40% and reduces the stress from 84.37 MPa to 68.5 MPa; ® 120% flow
redundancy (3.52 mL/min recycling and 2.93 mL/min supply) is addressed. This work bridges the gap between
theoretical adsorption requirements and practical implementation, providing a standardized energy-saving
solution for high-altitude cleaning robots.

Keywords: Window cleaning robot / distributed negative-pressure adsorption / fluid-structure interaction (FSI) /

closed-loop cleaning system / multi-physics optimization / energy-efficient design

1 Introduction

Global urbanization has promoted the rapid proliferation
of glass curtain walls in high-rise buildings. Since the 21st
century, buildings exceeding 100 min height have been
increasing at a rate of 7.2% annually [1]. In 2023, more than
8,600 new structures were constructed, and 70% of them
adopted full-glass facades. The maintenance of high-rise
glass facades is a tripartite challenge in technical evolution.
First, traditional rope-based operations (accident rate: 0.8
incidentsper10,000 h [2]) presents a safety paradox: China’s
statistics show that 17.3% of high-altitude casualties are
related to curtain wall cleaning [3]; Second, the low
operational efficiency is due to dual constraints: manual
cleaning of 100 m? requires 810 h, and the Beaufort 6 wind
level causes 30% work interruptions [4]. Third, environ-
mental degradation (with a cleaning agent consumption of
2.3L/m*and 41% COD increase [5]) reflects a design flaw in
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open-loop systems. Therefore, existing robots lack inte-
grated optimization of adsorption-cleaning-locomotion
systems.

In adsorption technologies, the theoretical adsorption
force of negative-pressure systems is 83.3 N [6]. In practice,
it drops to 29.4N due to boundary-layer separation, not
meeting safety standards. The magnetic adsorption is
120N [3], but it is only applicable to 35% of ferromagnetic
facades. Biomimetic adhesion [7] provides an adhesion
force of 4.7N/cm?, but degrades by more than 30% after
500 cycles [2]. Yoon et al. [8] optimized the nozzles to
increase the coverage to 92%, but it resulted in 120% flow
redundancy. Changxin Storage Technology Co., Ltd. [9]
improved the wastewater recovery to 78%, but without
addressing atomization-negative pressure mismatches.
In motion control, the ASL-DWA algorithm achieved a
plane error of less than 5% [10], but there was a re-planning
delay of 1.8s at obstacles. The EEG-controlled robots
have a trajectory deviation of 8.7mm. Sun et al. [11]
achieved an accuracy of 43 millimeters with the UAV-
assisted installation, but lacks obstacle negotiation.
Vega-Heredia et al.’s [5] demonstrated a tracking error
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of more than 12 millimeters on a curve with a radius of 2 m
[12]. This reflects the lack of multi-physics optimization in
the "adsorption-cleaning-locomotion” system. Ma et al.
[13] proposed the thermal-fluid-structure coupling optimi-
zation for variable-span inflatable wings, which provided
information for the aerodynamic-structural integration of
centrifugal impeller. Shi et al. [14] developed a bio-inspired
attachment mechanism based on Dynastes Hercules to
optimize the structure of biomimetic scraper. Zhang et al.
[15] proposed adaptive pseudo inverse control for con-
strained hysteretic systems, which supports the dynamic
compensation of adsorption force. Qi et al. [16] designed a
worm-inspired creeping gait for variable-wheelbase robots
to enrich the adaptive motion control strategy. Wang et al.
[17] developed a prescribed performance adaptive robust
control for robotic manipulators with fuzzy uncertainty,
helping multi-physics coupling in handling environmental
disturbances. However, these studies lack systematic
integration with the ‘“adsorption-cleaning-recovery”
closed-loop system, resulting in the core bottlenecks of
energy efficiency and waste liquid recovery performance
remaining unaddressed.

This study proposes a “distributed adsorption-multi-
physics coupling-lightweight integration” framework.
The three-unit negative-pressure array can achieve an
adsorption force (S =1.5) of 32.7N under Beaufort 6
winds, which is 11.3% higher than traditional systems
(29.4N). The biomimetic scraper-atomization system
optimized by ANSYS FSI can achieve a wastewater
recovery (n=25, p <0.01) of 86.7%. The topology-
optimized carbon fiber-reinforced POM can reduce the
mass to 2kg (a reduction of 86.7%), and the ISO
interfaces achieves the compatibility ranging from 0-30°
(covering 92% of facades). This innovation bridges
64.7% of the theoretical-engineering adsorption gap
through multi-physics coupling and establishes a
paradigm for industrialization.

2 Materials and methods

2.1 Construction of mechanical models
2.1.1 Three-dimensional force balance model

As shown in Figure 1, the force applied on the robot
during static adsorption can be decomposed into a
vertical adsorption force and parallel friction force
system. The adsorption force threshold can be derived
through the force balance equation. The equilibrium
equation for the total gravity G, the frictional forces
on the cleaning cloth/track f;/f, the support forces
N,/ N,, and negative-pressure adsorption force F, are
as follows:
fi+2f; =G ,Ni+ Ny =F, (1)
where fi = uNy, fo = uNy (with p = 0.3).
For a yaw angle 0, the torque balance about the
adsorption center is expressed as follows:

2NyL + NiL+ GHcos 6 = F,L (2)
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Fig. 1. Schematic diagram of robot force analysis.

with L = 0.1 m (track-to-adsorption distance) and H =
0.05 m (center-of-gravity height). To clarify the theoretical
origin and adaptability, this model modifies and extends
the dynamic equilibrium framework for modular robots
proposed by Vega-Heredia et al. [18]. This framework
combined friction force components between the cleaning
cloth and track with the structural characteristics of the
distributed suction cup array. The speed calculation
formulas and circular velocity formulas for subsequent
impeller design (Sect. 2.4.1) are derived from classic fluid
machinery theory [19] to ensure the rigor of the theoretical
basis.

2.1.2 Critical adsorption force calculation

For a 2kg robot, the combined force and torque balances
resulted in a theoretical extreme adsorption force Fj, =
83.3N (7370 Pa). Using four 6cm-diameter distributed
suction cups (total area 113.2 cm?), the corrected formula is
as follows:

Fp:PXST (3)

yielding an engineering design value of 29.4N (2500 Pa,
safety factor 1.04).

2.2 Dynamic characteristic analysis
2.2.1 Uniform motion force correction

For uniform motion, the friction reversal modifies equation
(1) to:

2fo—f1=G (4)

where f; = 5N, compared with static conditions, the orbital
driving force increased by 68.5%, verifying the dynamic
demand increment.

2.2.2 Accelerated inertial force coupling

Combined the acceleration a with the yaw angle 6:

2fy — f1 =G+ Ma cos 0 (5)

When a = 0.5 m/s? the inertial force increases the driving
force by 4.1%, with a redundancy of 0.8 m/s. This is based
on the multi-sensor compensation strategy proposed by
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Fig. 2. Impeller geometry with double-circular-arc profile (inlet radius 25 mm, outlet radius 40 mm), with 3 mm fillet stress relief zones.

Vega-Heredia et al. [18], which reported an 12% error rate
of inertial force for model validation. The inertial force
compensation strategy can be combined with the EEG
control algorithm [20] to achieve precise force feedback
under dynamic loads.

2.3 Cleaning fluid system design
2.3.1 Supply system modeling

Let @, = 2.93 mL/min, the reservoir capacity is as follows:
V=@, xt (6)

V = 80mL for a coverage of 20 m (27.3min). A 12V DC
diaphragm pump (DP-30) is selected, and the flow
parameters in the optimal range of 2.8-3.2mL/min [§],
with a coverage of 92%. The cleaning fluid is a
neutral aqueous solution. Its composition is: deionized
water (95%), non-ionic surfactant (alkyl polyglucoside,
4%), and corrosion inhibitor (sodium molybdate, 1%).
At 25 °C, its density is 998 kg/m (Anton Paar DMA 5000)
and the surface tension is 0.038N/m (Kriiss K100),
which has been optimized for efficient atomization and
recovery.

Droplet velocity at the mnozzle outlet (Bernoulli’s
equation) is as follows:

2p 2
V=4 /—+ . 7
i (7)

The atomization diameter d follows the Weber number
model:

_ pvid
o

W, =32 (8)

where p = 1000kg/m, vo = 1.2 m/s, P=0.2 MPa, v ~
20.03 m/s, 0 =0.072N/m, and d=575 pm. The
optimization is to ensure sufficient impact energy for
contaminant detachment while maintaining uniform
atomization (45 &+ 5 pm) [§].

2.3.2 Recovery system theory

Using the boundary layer theory, the triangular polyurethane
scraper (with a gap of less than 0.5 mm) increases the waste
flow rate to 0.8 m/s. Triggered by the “5 min timer + 80%
liquid level”, the recovery flow @, = 3.52mL/min provides
120% supply redundancy, ensuring a residual volume of more
than 25 mlin the waste tank margin. The triangular scraper is
made of 85-Shore A polyurethane modified with 5% nano-
silica. It is selected to balance wear resistance and flexibility
based on the comprehensive performance evaluation of three
common polyurethane materials (Shore A 75, 85, 95). The
0.5mm gap between the scraper and the glass surface is
determined based on boundary layer theory, and is calibrated
by experiments, ensuring efficient scraping of waste liquid
without damaging the glass surface.

2.4 Fluid dynamics optimization

The design of the centrifugal impeller is crucial for the
generation of negative pressure and fluid transmission in a
closed-loop system. As shown in Figure 2, the key
geometric parameters include the impeller inlet diameter
Dy, blade inlet diameter Dy, outer diameter D, blade inlet
width d;, outlet width d», inlet angle 8,, and outlet angle
Bi. These parameters directly determine the aerodynamic
performance and energy efficiency of the impeller, and
require system optimization to balance the negative
pressure and power consumption.

2.4.1 Specific speed and impeller diameter calculation

The specific speed n, is calculated as follows:

g2
ns = 5.54n perz (9)
where n = 8000rpm, ¢ = 0.008 mg/s, and P = 2500 Pa,
yielding n, = 11.2. The outer diameter D, is determined by
the circumferential velocity:

v [P
27\ 0.5yp

(10)
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Fig. 3. Stress analysis diagram of transmission shaft.
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Fig. 4. Displacement analysis diagram of transmission shaft.

where (¢ =175, p = 1.2kg/m%), u, = 48.8 m/s and
Dy = 116 mm. Equations (9) and (10) are derived from
the classic fluid machinery design theory [19].
The parameter selections (such as P = 2500Pa,
¢ =0.008 m/s) closely match to the negative pressure
demand and flow characteristics of the robot closed-loop
cleaning system, ensuring the impeller to meet the actual
operating requirements.

2.4.2 Blade outlet angle effect

For backward-curved blades:

Y=Yy +k tan B, — Cn? (11)
where v, =0.21, k=085 C=32x 10— 5, with a
target of ¢ = 0.75, and B; = 32.4°. Actually, it is set to
60° for process stability. The optimal blade count
(Pfleiderer formula) is as follows:

D, + D, By + B,

Zopt = 6. e
pt 65XD2—D1 S 5

(12)

where Dy = 60mm, B, = 150, let Z,,, = 8.7, Z=11 for
enhanced flow guidance.

The centrifugal impeller design (Fig. 2) integrates
aerodynamic with structural optimizations. The speed
(ns = 11.2) is calculated by equation (9), and the outer
diameter D2 = 116 mm is obtained from circumferential
velocity u2 = 48.8 m/s (Eq. (10)). The angle of the blade
outlet angle 8, = 60° (compared to the theoretical 32.4°)
balances process stability and stress reduction. The stress
of POM material decreases from 84.37 MPa to 68.5 MPa
through a 3mm root fillet. The number of blades Z = 11
(predicted by Pfleiderer formula: 8.7) increases the flow
capacity by 23% [18].

2.5 Simulation and experimental validation
2.5.1 FEA parameters

Transmission shaft analysis uses SolidWorks with 201
annealed stainless steel, fixed at one end under torque
and F = 5N. The maximum stress o,,,. = 58.7 MPa
(safety factor 4.97) confirms the design redundancy
(Figs. 3-5).

Dynamic stress analysis of the centrifugal fan (POM
plastic, n = 8000rpm) shows that the edge velocity
v=47.7 m/s, and the centrifugal force F,= 4260N.
Theinitial blade root stress is 84.37 MPa, exceeding the
POM strength (71.5 MPa) by 18%. Then it is reduced to
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Fig. 5. Strain analysis diagram of transmission shaft.
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Fig. 7. Displacement analysis diagram of centrifugal fan.

68.5 MPa by a 2mm fillet (safety factor 1.04, Figs. 6-8). 2.5.2 Experimental setup

Soaking tests in the cleaning fluid for 100 days show that

there is no significant degradation in tensile strength (loss Comparing traditional/single and distributed suction cups,
<3%), ensuring long-term resistance to the cleaning fluid PT124G sensors ( £0.5% FS) and Phantom cameras
environment. measured an adsorption force of 29.4 N, with a deviation
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Fig. 8. Strain analysis diagram of centrifugal fan.

of —64.7% from the simulation results, and corrected by
mesh refinement [5]. The adsorption force measurement
experiment was repeated 5 times to ensure data reliability,
and the average value was taken as the final result. To
simulate real operating, the glass surface was pre-
contaminated with SiOy dust (0.5% mass fraction) and
mineral oil (0.3% mass fraction) before the experiment. The
control system adopts an Arduino microcontroller scheme
similar to Markom et al. [21] to ensure the stability of
sensor data acquisition. To measure the waste liquid
recovery efficiency (86.7%), a precision balance (accuracy
0.1mg) and flow meter are used to record the mass of
sprayed cleaning fluid and recovered waste liquid
within 30 min. The test was repeated 5 to reduce random
errors. The cleaning fluid used in the experiment contained
4% surfactant, consistent with the actual application
scenario.

3 System design
3.1 Topology and dynamic compensation

The distributed negative-pressure adsorption robot adopts
a rectangular layout (150 mm horizontal/100 mm vertical
spacing) with a 4 x 60 mm suction cup array (total area
113.2 cm). The theoretical adsorption force is reduced from
83.3N t0 29.4 N (2500 Pa, 66.1% energy savings) by multi-
sucker collaboration. The yaw-angle (6 = 15°) torque
compensation algorithm is based on the dynamic frame-
work of Vega-Heredia et al. [5], adjusting the suction cup
pressure differentials to balance 3.4% torque increments.
The dynamic compensation algorithm is based on the
design of a compliant adaptive robotic arm [22], and
achieves dynamic balance of adsorption force through
pressure difference adjustment. To ensure long-term stable
operation of the adsorption system in complex high-
altitude environments, the suction cups are made of
fluorosilicone rubber with excellent UV resistance and
oxidation resistance. Accelerated aging tests show that
after 1000h of UV radiation (30 W/m) and 30 days of
immersion in 3% hydrogen peroxide solution (simulating
oxidative environments), the adsorption force only

Fig. 9. Cleaning solution supply system.

decreased by 2.5% (from 29.4 N to 28.7 N). The mechanical
properties of the material remained unchanged, effectively
addressing the challenge of environmental stability.

3.2 Cleaning fluid supply and recovery integration

The supply system adopts a three-stage design, with Lechler
dualnozzles (45 £ 5 pm droplets, 18 cm coverage) matched
with a DP-30 diaphragm pump (2.93 mL/min), as shown
in Figure 9 (1- Atomizing nozzle; 2- Conveying water pipes;
3- Liquid storage tank; 4- Micro pump). To solve the problem
offluid spillage during robot movement, the anti-slosh baffles
of the POM plastic reservoir is designed with a multi-layer
grid structure: three layers of PP baffles (1 mm thick) were
horizontally arranged at 15mm intervals, with 5 mm x
5mm grid holes and 10° inclined upper/lower surfaces,
closely fitting the tank inner wall to form independent
compartments. This structure can increase fluid flow
resistance and reduce the sloshing amplitude by 70% under
dynamic motion (0.5 m/s acceleration) or vibration
(5-20Hz, 2mm amplitude). The inclined surfaces guide the
spilled fluid back to the tank bottom, ensuring no spillage in
harsh operating. The POM plastic reservoir is equipped with
anti-slosh baffles, a 15° inclined bottom, and 5 mm drain holes
to ensure a liquid residue of less than 5%. The micro-pump
connects through an ISO quick-plug interface (response time
<0.1s), and the Lechler 136.304 nozzles (0.3 mm orifice, 0.2
MPa) achieve 45 + 5 pm atomization [8].
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Fig. 10. Recycling system.

The recovery system achieves an efficiency of 86.7%
(with 120% flow redundancy) through a triangular scraper
(gap <0.5mm) and a dual trigger of "5 min timer + 80%
level” (Fig. 10, 1-Waste liquid collection box; 2- Micro
suction pump; 3-Suction pipette). The material and
structure of the polyurethane scraper (11mm height,
3.5 mm wall thickness) is carefully selected: after compar-
ing three materials (Shore A 75/85/95), 85-Shore A
polyurethane modified with 5% nano-silica is selected for
optimal wear resistance and flexibility. The accelerated
wear tests (5000 cycles) and the chemical soaking tests
(30 days in alkaline pH = 10/acidic pH = 4/neutral
cleaning agents) showed that the wear is less than
0.2 mm and the hardness loss is less than 3%, corresponding
to the expected lifecycle of 3 yr. The 8 mm recovery port of
the scraper is equipped with a streamline flow guide.
Through fluid dynamics optimization, the collection
efficiency is increased by 27% through fluid dynamics
optimization. The turbulent waste liquid is transformed
into laminar flow (increased the velocity from 0.5 to
0.8 m/s). Eddy currents are reduced and the scattered
droplets are concentrated into a continuous liquid film.

To ensure long-term unobstructed operation of the
recovery system, the 0.5 mm filter in the 50 mL waste tank
is designed. The filter material is PTFE, with excellent
chemical resistance and low surface energy. Its pleated
structure triples the effective filtration area. The filter pore
size of 0.5 mm is determined based on on-site contaminant
particle size analysis (most contaminants <0.4mm),
balancing filtration effect and flow resistance. In addition,
the system is equipped with a backwashing function. Every
30 min of operation, the micro suction pump will reverse for
5s to flush the filter surface, preventing particulate matter
accumulation and frequent clogging. A continuous opera-
tion test with contaminated fluid (containing 0.5% solid
particles) was conducted for 50 h to confirm that there was
no blockage and the flow rate reduction was less than 5%.
The polyurethane scraper (11 mm in height, and 3.5 mm
wall in thickness) has an 8 mm recovery port with flow
guides, and the 50 mL waste tank includes a 0.5 mm filter
and a 10 mm drain.

3.3 Centrifugal impeller aerodynamic optimization

The key impeller parameters (n, = 11.2, Dy = 116 mm,
By =60°, Z=11) are from the fluid mechanical design
(Fig. 2). The double-circular-arc profile (25 mm inlet/
40mm outlet radius) with 3mm blade root fillets can

reduce the stress from 84.37 MPa to 68.5 MPa (POM
plastic, S = 1.04), achieving a weight reduction of 40%
(from 0.12kg to 0.072kg). This design is consistent with
the specific speed methodology of Yoon et al. [8], and
FSI-driven light weighting strategies of Vega-Heredia
et al. [18]. Considering the long-term contact between the
impeller and cleaning fluid (containing surfactants and
corrosion inhibitors), the chemical stability of POM
material is verified through soaking tests. The impeller
was immersed in the cleaning fluid for 100 d (25 °C); the
tensile strength loss is less than 3%; the impact strength
loss is less than 2%, and the surface remains smooth
without corrosion or cracking. The operating temperature
of the impeller during operation is less than 60 °C, far
below the thermal decomposition temperature of POM
(2230 °C), ensuring long-term reliable service in the
closed-loop system.

3.4 Modular interface design

ISO 228-1 quick-plug fluid interfaces (leakage rate <0.5%)
and 105% flow redundancy enable it to operate stably on
curved facades (curvature radius >2 m) and Beaufort scale
6 winds, meeting the compatibility standards [11]. The
modular interface design refers to the reconfigurable robot
concept of Parween et al. [23], and achieves rapid
component replacement through ISO standard interfaces.
This modular design also facilitates the replacement of key
components such as the scraper, filter, and nozzles,
matching the lifecycle of each component and improving
the overall service efficiency of the robot.

4 Results and discussion
4.1 Simulation validation results

Table 1 shows the consistency of key parameters between
simulation and experiment.

Based on the finite element analysis model in Section
2.5.1, the stress analysis of the transmission shaft shows
that the maximum equivalent stress is 58.7 MPa (the yield
strength of 201 stainless steel is 292 MPa, and the safety
factor S = 4.97), confirming the design redundancy. +6.1%
of the simulation-experiment error mainly comes from an
element mesh density of 10 mm, which is consistent with
Lee et al. [24]. Due to the mesh effect, the error in
measuring stress on transparent surface was +4.2%.

The dynamic stress of the centrifugal fan in the initial
model was 84.37 MPa (exceeding the POM strength by
18%), which was reduced to 68.5 MPa (S = 1.04) through a
3mm fillet. —16.4% of the error is due to unmodeled fillet
relief, which is consistent with Lee et al. [24]. They found
similar fillets can reduce the polymer stress concentration
by 22-28% (matching thel8.8% reduction in this study). It
is worth noting that the POM materials chemical stability
was further verified in post-test analysis. After 100h of
operation in a closed-loop cleaning system, the impeller
surface remained free of corrosion or swelling, and the
stress did not drift significantly. This confirms its
compatibility with the cleaning fluid containing surfac-
tants and corrosion inhibitors.
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Table 1. Key parameter validation.

Parameters Simulation Experiment Relative  Error source analysis
error
Transmission shaft stress 58.7 MPa 62.3 MPa +6.1% Inadequate mesh density
Centrifugal fan stress 84.37 MPa 70.5 MPa —16.4%  Unaccounted fillet stress relief
Adsorption force 83.3N (extreme) 29.4N (measured) —64.7% Distributed suction area compensation

Table 2. Technical parameter benchmarking.

Performance indicators This study Skyline robotics (2024) Zhang, et al. (2024)
Recovery efficiency (%) 86.7 <50 72

Energy consumption (W)@Beaufort 4 wind 4.1 8-12(Traditional negative  6.5(Magnetic adsorption

pressure system) system)

Adsorption force (N) 294 (6 =15°) — —

System weight (kg) 2.0 15.0 —

Cleaning efficiency (m/h) 25 18-20 —

Scraper lifecycle (years) 3 — —

Note: Energy consumption comparison refers to traditional negative-pressure systems [4] and magnetic adsorption systems [26]
validated by cross-referencing manufacturer technical specifications and published test data. The cleaning efficiency and scraper life
cycle data are obtained from practical application testing and accelerated aging experiments of a 120-meter-high building, respectively.

4.2 Experimental validation results

When @, =2.93mL/min and @, = 3.52mL/min, 120%
flow redundancy (3.52mL/min and 2.93mL/min), the
design meets the 1.2x supply-recovery ratio in Section 3.2.
Adjusting the throttle to n = 105% will reduce the waste
overflow to less thanl%. Compared with the open-loop
system, the detergent loss has decreased by 70%.

The efficiency of the triangular scraper (gap <0.5 mm)
with Lechler nozzles (45 + 5 wm droplets) is 86.7%, 73.4%
higher than Skyline Robotics arms (<50%) and 16.7%
higher than biped robot [25]. To clarify the measurement
reliability and real-world applicability of this efficiency
value, the experiment was conducted using a precision
balance (accuracy 0.1 mg) and flow meter to record the
mass of sprayed cleaning fluid and recovered waste liquid
within 30min. The test was repeated 5 times (standard
deviation +1.2%). The cleaning fluid was doped with SiO,
dust (0.5% mass fraction) and mineral oil (0.3% mass
fraction) to simulate actual contamination. It also contains
4% non-ionic surfactant consistent with commercial
cleaning agents. Using the boundary layer theory, the
triangular scraper increased the waste flow to 0.8 m/s. This
velocity refers to the laminar flow rate of waste liquid
recovered during the scraping process along the glass
surface, which is different from the high-velocity ejection
(20.03 m/s) at the nozzle outlet. This is designed for
atomizing the cleaning agent.

The optimization of the centrifugal impeller reduced the
weight by 40% (from 0.12kgto 0.072kg), stress by 18.8%, and
negative pressure deviation by —0.6% (2500 Pa). At aspecific
speed of n, = 11.2, the fan efficiency increases by 5.2%, and
the cutting energy consumption decreased from 8-12'W to
4.1W. The low energy consumption advantage was

further confirmed in continuous operation tests. The robot
maintained stable performance for 4 h on a 50 m glass curtain
wall, consuming only 0.0164 kWh of electricity, which is
59-66% lower than traditional negative-pressure cleaning
robots.

4.3 Performance comparison and mechanism analysis

The comparison of technical parameters (Tab. 2) high-
lights the superior recycling efficiency and energy con-
sumption compared to the most advanced technology.

Fluid dynamics analysis indicates that the distributed
adsorption (4 x 6cm vs. single 12cm  suction cups)
converts local vacuum requirements into pressure compen-
sation. This is in sharp contrast to the rigid 76 mm
obstacle-climbing module, as our flexible design is suitable
for a curvature radius of more than 2 m. In terms of surface
adaptability, Nemoto et al. [27] window shape estimation
algorithm provides a reference for cleaning curtain walls
with a curvature radius of not less than 2 m.

When the gap between the scraper glass is less than
0.5 mm, the waste forms a continuous film at a speed of
0.8 m/ s (0.5 m/s for flat scrapers). The Washburn
equation calculation indicates that a 45° inclination
increases the droplet spread from 1.2mm to 1.8 mm, and
the use of flow guide increases the efficiency by 27%. This
improvement is due to fluid dynamics optimization rather
than reduced adhesion. The streamlined flow guides
transform the disordered turbulent waste liquid into
ordered laminar flow, reducing the area of eddy current
by 45% (verified by CFD simulation). The scattered
droplets are concentrated into a continuous film, thereby
enhancing the capture efficiency of the scraper. The
laminar flow speed of 0.8 m/s ensures that the waste
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liquid is quickly transported to the collection port without
splashing or residue adhesion. Vega Heredia et al. [1§]
confirmed that similar boundary layer control increased
the cleanliness uniformity by 19%—23%, validating this
design.

Regarding the impact of droplet size (45 & 5 wm) on
evaporation and residual staining: the moderate droplet
diameter balances the decontamination efficiency and
evaporation rate. At a relative humidity of 50-60%, each
droplet is completely evaporated in —15s, providing
sufficient time for the dissolution of contaminants before
drying. The uniform droplet coverage (92% surface
coverage rate) and low-adhesion surfactant (alkyl poly-
glucoside) can prevent local fluid accumulation, resulting
in a residual amount of less than 0.01 mg/cm (measured via
UV spectrophotometry), and there are no visible stains
under a 50x magnification.

Temperature changes will also affect system perfor-
mance by changing the viscosity of the cleaning fluid. At
0 °C, the fluid viscosity increased to 2.8 mPa-s, leading to a
slight increase in droplet size (to 55 £ 5 pm) and a 5-8%
reduction in recovery efficiency; at 40 °C, the viscosity
decreased to 0.7 mPa-s; the droplet size decreased to
40 + 5 pm, and the recovery efficiency improved by 2-3%.
However, the temperature-compensated pump control
strategy (adjusting pump pressure to maintain the nozzle
outlet velocity at 20 £ 0.5 m/s) stabilizes atomization and
recovery performance. This ensures that the efficiency
variation within the temperature range of 0 °C—40 °C was
within + 8%, meeting the operating requirements of most
urban environments.

4.4 Multi-physics field collaborative optimization

The fluid-structure interaction (FSI) optimization of the
impeller has achieved concurrent light weighting and
strength enhancement. Fluid analysis guided the design of
Bb = 60° blade (reducing impact loss by 12%), and solid
mechanics simulations minimized stress through fillets.
This is consistent with the “sensor-structure-control”
framework [18], and extends the 15° orientation control
to 30° adaptability. The FSI optimization also considers
the fluid-material compatibility: the design of the impellers
flow channel reduces the residence time of the cleaning
fluid, further reducing the potential risks of chemical
degradation, and complementing the inherent chemical
stability of the POM material.

5 Conclusion

Using a three-dimensional torque balance model (adapted
from Vega-Heredia et al. [18] and supplemented with
cleaning cloth/track friction components), the 4 x 6cm
distributed suction array reduced the theoretical extreme
adsorption force from 83.3 N to a practically feasible 29.4 N,
and optimized the negative pressure from 7370Pa to
2500 Pa (with a reduction of 66.1% in energy consumption).
The suction cup is made of fluorosilicone rubber and
possesses excellent resistance to UV and oxidation. After
the accelerated aging test, it maintains stable adsorption

performance (force reduction <2.5%) after accelerated
aging tests, ensuring reliability in high-altitude environ-
ments. The dynamic analysis shows that when a = 0.5 m/s,
the driving force increases by 5.1%, providing a guidance
for the selection of motors (torque >0.45 N-m) for energy-
efficient operation.

The multi-physical coupling optimization achieved a
wastewater recovery efficiency of 86.7% through optimized
droplet atomization (Lechler nozzle, 45 + 5um) and a
triangular scraper gap of less than 0.5 mm. The scraper is
made of 85 Shore A polyurethane (modified with 5% nano-
silica), and selected for a balanced combination of wear
resistance and flexibility. The estimated 3 yr lifecycle was
verified through accelerated wear and chemical immersion
tests. The closed-loop system is compatible with neutral,
alkaline (pH = 8-10), and acidic (pH = 4-6) cleaning
agents, without any corrosion or efficiency loss. The supply
system incorporates a multi-layer grid anti-slosh baffle
design, which reduces the fluid sloshing amplitude by 70%
under dynamic motion. The 0.5 mm PTFE pleated filter
(equipped with a backwashing function) can prevent
frequent clogging during long-term operation. The supply-
recovery flow matching (3.52 and 2.93 mL/min) provides
120% redundancy to prevent overflow.

The design with a specific speed (n, = 11.2) drive has
reduced the weight of the impeller by 40% (from 0.12kg to
0.072kg), with the stress increasing from 84.37 MPa to
68.5 MPa (POM safety factor S = 1.04), and the negative
pressure efficiency has improved by 5.2%. The POM
material has excellent chemical stability towards the
cleaning solution, with a tensile strength loss of less than
3% after 100 days of immersion, ensuring long-term
compatibility in the closed-loop system.

The 2kg robot (42.9% lighter than the magnetic
system) maintains adsorption stability under 5.42 N wind
pressure with yaw-angle compensation (0 < 15°), and
operates on a curvature facade with a radius of greater
than 2 m by ISO-compliant interfaces (leakage rate
<0.5%). The on-site tests conducted on a 120-meter-high
building confirmed that the cleaning efficiency was 25 m/h
(3-4 times that of manual operation); the qualification
rate was 98.2%, and the energy consumption was 4.1 watts
(59-66% lower than that of traditional negative-pressure
robots). The closed-loop framework has bridged 64.7% of
the theoretical-engineering adsorption gap, setting a
modular standard for curved-surface cleaning. Its 86.7%
recovery efficiency is superior to Skyline Robotics (<50%).
The modular interfaces facilitate the quick replacement of
key components (scraper, filter, and nozzles), improving
the overall service efficiency.

The established “adsorption-cleaning-recycling” closed-
loop multi-physics framework has filled 64.7% of the
theoretical engineering adsorption gap, providing a reusable
design paradigm for curved facades (curvature radius>2).

The plan involves integrating photovoltaic self-power-
ing (with efficiency>15%) with the MPPT algorithm and
optimizing it through real-time voltage-current curves
(such as perturbation and observation). In terms of path
planning, the improved Dijkstra algorithm [28] can be
combined with the dynamic robot allocation model [29] to
further optimize the real-time performance of cleaning
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paths. Zhou et al. [28] improved the Dijkstra algorithm and
reduced the path planning time by 58%. This provides a
reference for the computational efficiency of real-time
implementation of MPPT, further reducing the energy
reduction by 20%.

Future work will also focus on optimizing the
adaptability of robots to vertical surfaces with a curvature
radius of less than 2 m and enhancing the wind
compensation algorithms to reduce negative pressure
fluctuations under Beaufort 6+ winds.
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