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In response to the global push for net-zero emissions, the automotive industry faces challenges 
from the environmental impact of traditional oil-based shock absorbers, as vehicle production in 
Europe consumes around 9000–9500 tons of hydraulic oil annually. Our research introduces an 
innovative shock-absorber that employs a Heterogeneous Lyophobic System (HLS) to replace 
hydraulic oil with a nonwetting liquid (NWL) and hydrophobic nanoporous materials (PMs). This 
system not only eliminates oil use but also enables the tuneability of the vehicle shock-absorber’s 
performance. By focusing on the dynamic intrusion/extrusion process, we developed a CFD-coupled 
model demonstrating how the adjustment of damping characteristics can be achieved, catering to 
a broad spectrum of vehicular requirements. The core of this study lies in its ability to simulate the 
patterns of intrusion and extrusion, including complete, partial cycles, and double-step cycles, thereby 
demonstrating both the practical applicability and theoretical foundation of using such mechanisms 
in shock-absorber design. With a strong correlation between experimental and simulation data, the 
current study not only underpins the accuracy of the developed theoretical and CFD models but also 
allows for the customisation of the shock-absorber performance under assorted conditions, laying a 
solid groundwork for future technological advancements in this field. Overall, this work provides a 
practical modelling framework that can guide the industrial design of next-generation sustainable 
shock-absorbers and broader adaptive damping systems.
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The quest for a net-zero society has become a global imperative, driven by the urgent need to combat climate 
change and mitigate its extensive impacts. In the transportation sector, car shock-absorbers typically rely on 
oil-based systems. According to data from the past five years, Europe produces between 17 and 18 million 
vehicles each year1. Considering each vehicle is equipped with four shock-absorbers and each shock-absorber 
requires 150 ml of hydraulic oil, this results in an annual consumption of about 9000–9500 tons of oil. Recycling 
this substantial volume of oil presents considerable challenges due to issues like contamination, chemical 
degradation, cost constraints, the need for specialised equipment, and regulatory compliance2,3. Addressing 
these sustainability challenges, we have developed a new type of shock-absorber that achieves damping without 
the use of hydraulic oil.

Recent progress in tunable dampers has mainly focused on magnetorheological (MR) systems and electronic 
valve control. MR dampers adjust fluid viscosity under a magnetic field, offering rapid response but requiring 
continuous power and specialised fluids. Electronic valve dampers regulate flow through actuated valves, 
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providing adaptive performance but depending on complex electronics. In contrast, the present study introduces 
a passive, design-stage tunable shock absorber based on nanoporous materials and non-wetting liquids. Its 
damping behaviour is tailored through material selection, requiring no sensors, control units, or power input, 
offering a simpler and more sustainable alternative.

The energy dissipation principle explored in this work is based on a Heterogeneous Lyophobic System 
(HLS), which is attributed to the intrusion-extrusion behaviour of a non-wetting liquid (NWL) such as water 
interacting with hydrophobic porous material (PM, grafted silica, in this case)4–10. As shown in this work, 
such principle, not only allows virtually oil-free shock-absorbing, but also offers a high degree of tunability by 
exploiting nanoporous materials of different characteristics in a single device. Moreover, such shock-absorber 
can harvest both heat from environment and mechanical energy from vibrations, converting these into electricity 
through triboelectrification6,11–13, thus serving as a regenerative shock absorber14–16. This breakthrough has the 
potential to dramatically reduce the environmental impact of the automotive industry while pushing forward 
the boundaries of green technology in transportation. While recent advances in HLS research (see Table  1) 
have explored sophisticated porous frameworks, e.g. MOFs and ZIFs, with tunable intrusion and separation 
behaviour17–19 to enhance performance, the present study is a computational investigation of a foundational 
silica–water HLS, serving as a baseline platform rather than presenting a materials innovation.

As a first step towards HLS-based regenerative shock absorber, in this work, we developed and validated 
a CFD model that captures the performance and tunability of the shock absorber based on water intrusion-
extrusion cycle into-from grafted nanoporous silica20–22. The CFD model was created using COMSOL 
Multiphysics  6.1 software focusing on the internal structure of the developed shock-absorber prototype with 
dual working chambers and corresponding buffer sacs23–25. Its effectiveness and the accuracy of the CFD 
modelling were verified by conducting comparisons with actual experimental results, ensuring the model’s 
reliability and applicability. The validated CFD modelling, integral to the broader electro-intrusion project5, 
guides the dimensional optimisation of the regenerative shock-absorber, ultimately to complete the puzzle by 
merging theory with practical application.

Design and operation
An assembly drawing for the shock-absorber prototype is shown in Fig. 1, schematic conceptual diagram can 
be found in20. A hollowed piston rod 1 situated inside a cylinder 3. The rod is divided by piston head 2, into two 

Fig. 1.  Schematic diagram of (a) the HLS-based shock-absorber and (b) corresponding liquid flow paths, 
reproduced from20.

 

Technology Control Key features Limitations

MR damper Active Fast, wide tuning range High cost, fluid issues11,12,15

Electronic valve Active Precise, adaptive control Complex, less robust14–16

HLS (This work) Passive Simple, oil-free, sustainable Practically early-stage validation

Table 1.  Comparison of tunable damper technologies.

 

Scientific Reports |        (2025) 15:39927 2| https://doi.org/10.1038/s41598-025-23782-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


internal chambers 1–1 and 1–2, where mixture of PM and NWL are filled inside. Capsules 5–1 and 5–2 contain 
the PMs from spreading into the working chambers 7–1 and 7–2. At the top of the prototype, the working 
chambers connect to a compensation chamber 8, through two check valves 9–1 and 9–2, whose closure is 
adjustable by two corresponding screw throttles 10–1 and 10–2. Details about how the check valves work can 
be found in supplementary materials. Hydraulic fluid, i.e. water in this study, is filled outside the capsules in the 
closed space formed by components 6–1, 6–2, 7–1, 7–2, and 8. The upper and bottom mounts 12 and 13 are the 
screws that connect the wheel and vehicle body when the suspension is practically installed.

The initial position of piston head (No.2 component) is set to a balance position at the centre, although 
the piston can move along its available range. For instance, during the process as the piston moves to the right 
from the balance position, the flow of hydraulic fluid is impeded by the throttling mechanism while passing 
through the restricted gap controlled by screw 10–2. The obstruction effect becomes significant as the velocity 
raises, which causes increased pressure in chambers 1–2 and 7–2 (marked as red in Fig. 1(b). The intrusion 
process starts when the pressure in 7–2 exceeds the threshold. By contrast, the pressure in chambers 1–1 and 
7–1, remains unchanged in this duration because of the open check valve 9–1, which allows the liquid to flow 
smoothly back to internal chamber 7–1 from compensation chamber 8. Therefore, the pressure in chambers 
1–1 and 7–1, remains close to the ambient pressure p0 (marked as blue in Fig. 1(b). When the piston returns 
(leftwards) after reaching the right end, check valve 9–1 closes promptly. The evolution of the fluidic pression 
in chambers 1–1 and 7–1, is the same as what occurred in chambers 1–2 and 7–2 during the piston’s rightward 
motion. Meanwhile, for the right-hand side, check valve 9–2 stays closed for a period because positive pressure 
still presents in chamber 7–2. The pressure gradually decreases along with the piston moves towards left and, 
momentarily, falls below the extrusion critical pressure thus initiating the extrusion process. Then, valve 9–2 
opens when the pressure in chamber 7–2 approaches to p0.

Modelling methods
The detailed methodology related to CFD-coupled modelling is introduced in this section. To maintain the 
minimal consumption of computational resource, a simplified 2D symmetric model is created based on the 
prototype of the HLS-based shock-absorber Fig. (1). Three simplified measures have been adopted in modelling: 
(i) The buffer tank is omitted, leaving two open boundaries where an ambient pressure condition is applied. (ii) 
Specific boundary conditions are implemented to imitate the valve functionality as in actual operation rather 
than considering the intricate valve structure. The operation of the check valves is briefly summarised here, 
while their detailed structural description is provided in the Supplementary Material (Figure S3). (iii) The model 
focuses on fluid domain only. Three coupling physical phenomena have been simulated in the modelling: the 
thermodynamic properties of HLS during intrusion and extrusion process; the dynamic behaviour of the fluid 
flow domain in the prototype shock-absorber; and the evolution of mechanical stress caused by the movement 
of the piston and the on/off action of check valves.

A semi-empirical macroscopic approach was employed to investigate the intrusion and extrusion mechanism 
occurring at the interfaces of PMs and NWL. The HLS, including the PMs, NWL, and the capsule, was regarded 
as a homogenous continuum medium that can be described by a specific set of the dynamic parameters. 
According to our previous work26, the thermodynamic state of HLS can be described by the following equations:
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where, vpore is the volume of the pores for per unit mass of solid particles, pi,e is the intrusion/extrusion pressure, 
D is the dispersion of the values of pi,e, vb is the total body volume consisting of liquid (vl) and solid (vs) phases, 
and C is a constant that is related to the initial state of pressure p0 and temperature T0.

These parameters of Eq. (1) can be determined by experiments for specific PMs and NWL. Based on our 
previous experimental approaches, the temperature at the surface of device increased less than 7 °C during the 
test of 260 cycles20. Thus, the current model is considered as an isothermal system, and the temperature-related 
terms from the constitutive equation (Eq.  (1b)) are neglected. Hence, the expression for the overall volume 
variation of HLS can be written as:
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where ∆v is solely dependent on the gauge pressure of the HLS. On the RHS of Eq. (2), the first term represents 
the volume variation upon NWL intrusion into or extrusion from the micropores of PMs, and the second term 
accounts for the compressibility of the HLS capsule, non-wetting liquid and nanoporous material.

To integrate the Eq. (2) into the numerical simulation, an apparent density concept for the HLS is introduced. 
Figure 2 illustrates the overall volume changes during intrusion/extrusion at the macroscopic scale. NWL in 
terms of ml is mixed with PMs (ms) within a closed chamber. For the initial phase (Fig. 2a), the volume of HLS 
is V = V0 when the pressure is at zero pascal, and the initial apparent density equals ρ0 = ml+ms

V0 . As the piston 
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moves downwards (or upwards), water is intruded into (or extruded out from) the pores of the PMs. Therefore, 
the apparent density of HLS (ρapp) can be derived as Eq. (3):

	
ρapp = ml + ms

V0 − ∆V
= 1

1
ρ0

− mR · ∆v
� (3)

where mR is the mass ratio of PMs to HLS, ∆v has already given by Eq. (2).
Consequently, the general governing equations for representing the fluid flow velocity field (u) can be written 

as:
Continuous equation

	
∂ρapp

∂t
+ ∇ · (ρappu) = 0� (4)

and Navier–Stokes equations for laminar flow:
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where μ represent the dynamic viscosity of HLS; F represents the item of force resulting from the displacement 
of the piston.

Additional technical details about building the simulation, in terms of moving mesh model (Section S1), 
boundary conditions (Section S2), check valve operation (Section S3), and verification of laminar flow condition 
(Section S4), are provided in the Supplementary Materials. A key assumption in the present model is that 
the working fluid behaves as a Newtonian liquid. Although literature reports non-Newtonian behaviours in 
fluid dampers, its influence is considered negligible in the proposed configuration for two reasons. First, in 
conventional dampers the primary energy dissipation mechanism relies on viscous shear across an annular thin 
gap between the piston rod and the cylindrical wall, where high shear rates make non-Newtonian behaviour 
significant. In contrast, the current design eliminates such annular gap structures and implements check valves 
as flow restrictors. Therefore, reversible compressibility and convective transport, rather than irreversible viscous 
dissipation, govern the fluid behaviour in this model; Second, the working fluid is a novel PM–NWL mixture 
with a moderate concentration (~ 43 wt% or ~ 26 vol%) in place of highly viscous silicone oils (e.g. 500,000 cSt). 
Silica suspensions have been reported to behave nearly Newtonian at solid volume fractions below ~ 30 vol%27. 
To verify this assumption, additional simulations are performed using a non-Newtonian viscosity model and 
compared against the Newtonian reference case, as detailed in Section S4.

Results and discussion
Thermodynamic description of HLS
The parameters defined in Eq.  (2) are first estimated by the experimental data for HLS, which are extracted 
from20. Theoretically, an isotherm intrusion-extrusion cycle consisting of four segments, in terms of isochoric 
compression, isobaric intrusion (upper horizon), isochoric expansion, and isobaric extrusion (lower horizon), 
would form a rectangle loop in the p–v diagram as illustrated in Fig.  3a inclusive. The point ‘pint’ (or ‘pext’) 
represents the criterion for the beginning of the intrusion (or extrusion) process. However, in practical terms 
(circled data sequence and red solid curves in Fig. 3a), because the sizes of pores are not uniform and both PMs 
and NWL are deformable, four segments may not be strict straight lines but rather curves that includes smooth 
transient zones. Consequently, the criterion ‘pint’ (or ‘pext’) can only serve as a reference threshold for intrusion 
(or extrusion). Instead, the actual intrusion (or extrusion) process takes place within a pressure range above and 
below this ‘threshold’. The experimental data in Fig. 3a elaborates the p − v isotherm diagram of the HLS consist 

Fig. 2.  Schematic diagram of intrusion/extrusion occurring inside a closed chamber.
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of silica gel—water at 25 °C. From the origin of the coordinate, the slope of the inclined line which corresponds 
to the pressure rise due to compression is determined by (dvb/dp). During the following intrusion process, the 
state of HLS along the upper curve as the increase of both pressure p and absolute volume difference |Δv|. The 
maximum can be read as 45 MPa and 0.55 cm3/g approximately, which corresponds to the full intrusion process. 
After that, the state of HLS returns to the origin of coordinates along a pressure drop route followed by the 
extrusion process (lower curve). The volume of pores per gram of solid, vpore, is represented by the horizontal 
distance between the two inclined lines. The values for those parameters which derived from experimental 
results20,21 are given in Table 2.

Under real-world working conditions, vehicle shock absorbers may not reach the maximum pressure of 
45  MPa (or the maximum volume difference of 0.55  cm3/g) with every cycle. As a result, full intrusion (or 
extrusion) on each compression (or extension) is not always achieved. For instance, if the wheel hit a large 
protrusion on the road which makes the shock-absorber reaching the instant working scenario of X0 = 30 mm 
(amplitude), f = 3 Hz (frequency), the peak pressure of the hydraulic fluid would be approximate 22 MPa only. It 
means that the pressure increases follow the upper curve (intrusion), when reaches 22 MPa, the pressure drops 
down following another parallel route back to origin, see incomplete cycle routes shown in Fig. 3b. These parallel 
incomplete extrusion routes can be regarded as the shift leftwards of the full extrusion route. To quantitatively 
describe such a shift of the extrusion curve, we defined a parameter called the intrusion rate: χ = vpore,int/vpore 
which denotes to the ratio of the intruded porous volume to the overall volume of pores. In Fig.  3b, as the 
parameter χ varies from 1 to 0, the extrusion route moves horizontally closer to the intrusion curve, while the 
enclosed loop area gradually reduced. The value of χ is significantly dependent on both the amplitude of the 
piston X0 and the instant frequency f. For example, with an amplitude of X0 = 30 mm and a frequency of f = 3 Hz, 
the estimated value of χ is 0.79. However, the value of χ drops to just 0.1 when X0 and f are reduced to 20 mm 
and 1 Hz, respectively.

Alternating pressure in dual working chambers
According to the structural design of the shock-absorber shown in Fig. 1 and the explanation of the operational 
concept which has introduced in section “Design and operation”, the pressure inside the working chambers 
(7–1 and 7–2) are swinging while the shock-absorber in its periodic working condition, as shown in Fig. 4a. 
The x-axis charts the sequence of time (0.7 s), encompassing two cycles of piston movement with the operation 
conditions at X0 = 30 mm and f = 3 Hz.

Properties Values Units

vpore 0.435 cm3/g

pint 21 MPa

pext 2 MPa

Dint 1.4 MPa

Dext 0.24 MPa

dvb/dp  − 0.0034 cm3/g/MPa

Table 2.  Parameters of HLS (Silica gel—Water @25 °C) for modelling.

 

Fig. 3.  (a) p − v isothermal diagram of HLS (Silica gel – Water) at 25 °C with experimental (hollowed 
circle) and modelling (solid line) data. (b) p − v isothermal diagrams for incomplete (χ = 0.4, 0.6, 0.8) and 
complete(χ = 1) intrusion/extrusion cycles, from modelling.
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Specifically focusing on the half cycle of the pressure data from chamber 7–1 (solid curve in Fig. 4a), it can 
be further divided into two stages: Stage I (hatching shadow area) starts at a pressure of 14 MPa corresponding 
to the start of intrusion process. It ends at the peak pressure of 21.5 MPa corresponding to the terminate of the 
intrusion process. Then, the pressure drops following incomplete cycle routes from the peak to 3 MPa (pext) in 
the Stage II (stippled shadow area). Neither intrusion nor extrusion occurs in chamber 7–1 during this stage, 
corresponding to the “pressure drop” segment illustrated in Fig. 3a inclusive. After the Stage II, extrusion process 
starts in chamber 7–1 until the pressure further drops to zero. For the pressure data from chamber 7–2 (dash-dot 
curve in Fig. 4a), it decreases from 3 MPa to zero in the Stage I (hatching shadow area) which corresponds to the 
extrusion process. Similarly, neither intrusion nor extrusion occurs in chamber 7–2 during the Stage II (stippled 
shadow area). Stage I and Stage II respectively occupies 65% and 35% of the half cycle. The subsequent half cycle 
mirrors the pattern described above, but with the evolutions of the two chambers reversed.

Figure 4b depicts the relationship between the differential pressure across the two working chambers (7–1 
and 7–2) and the simple harmonic displacement of the piston, synchronized with time. As a concise comparison, 
both the modelling (red solid curve) and experimental data (circle data sequence) are highly agreed, evidenced 
by an R-squared value of 0.929. This demonstrates strong consistency and confidently validates the model. Due 
to the presence of the intrusion/extrusion process, there is a phase difference between the variance of differential 
pressure (Δp) and the piston’s position (X) over time. The peaks of differential pressure |Δp|max precedes the 
moment when the piston head reaches its maximum displacement (± X0). When Δp is zero, the piston is 
positioned at two-thirds of the amplitude away from its equilibrium position. In the Stage I (hatching shadow 
area), the piston travels from a position of X =  − 20 mm to X = 30 mm, achieving a total displacement of 50 mm. 
During this phase, the differential pressure (Δp) climbs from 14 MPa to its peak at 21.5 MPa, only 7.5 MPa in 
pressure increase. This is attributed to the intrusion of liquid into the micropores of the PMs, which effectively 
absorbs the compressive energy from piston movement, thereby reducing the rate of the pressure increase in 
the chamber 7–1. Stage II presents a different scenario, where neither intrusion nor extrusion takes place. Here, 
a trend opposite to Stage I is observed between piston displacement and differential pressure. In this stage, 
differential pressure (Δp) undergoes a substantial drop of 33 MPa from its peak, falling to − 11.5 MPa, a result 
of decreasing pressure in the chamber 7–1 and increasing pressure in the chamber 7–2. Simultaneously, as the 
piston slows down approaching the limit, it exhibits a modest displacement of just 11 mm.

Damping performance of the shock-absorber
Hysteresis loop diagram, expressed as the circular behaviour of force–displacement, is commonly used to evaluate 
the performance of a shock-absorber, in terms of the damping characteristics and the energy dissipation during 
its operation. Based on the simulation model built for the HLS shock-absorber presented in this study, such 
hysteresis loops have been generated as red curves in Fig. 5a, under various working scenarios with the amplitude 
of piston X0 ranging from 10 to 40 mm and the frequency f at 1 and 1.5 Hz. Corresponding experimental data 
with same working scenarios that captured from literature20, have been also plotted as black data sequences for 
comparison. The outermost circles, illustrated in black squared marks (X0 = 40 mm and f = 1 Hz), demonstrate 
the peak hydraulic force at 78 daN from experimental results, and 70 daN from modelling. Similarly, the peak 
hydraulic force for X0 = 30, 20, 10 mm are respectively read as 71, 68, and 36 daN from experiments, and 67, 63, 
and 31 daN from numerical simulation. The results from simulation and experiment are well aligned in the first 
and second quadrants of the hysteresis loop, which approximately represents half of the cycle in the operation 
of the shock absorber. The mismatch between experimental and simulation data in the other two quadrants 
is because the experimental curves present obviously asymmetric feature. To achieve the same amplitude, the 

Fig. 4.  (a) Alternating pressure in the chambers (7–1 and 7–2). (b) Differential pressure between the chambers 
(7–1 and 7–2). These two data from these two sub-figures are based on the same condition of amplitude 
(X0 = 30 mm) and frequency (f = 3 Hz). The Stage I and II are precisely aligned on their respective x-axes, 
ensuring exact temporal consistency between the two stages across these two sub-diagrams.
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piston head experiences a higher force when compressing the lower working chamber (7–2 in Fig. 1) than when 
extending from it. As the piston approaches its lowest positions (X = − 40, − 30, − 20  mm), the experimental 
peak hydraulic forces reach − 98, − 80, and − 75 daN, respectively, representing increases of 26%, 13%, and 10% 
compared with the peak values measured during the opposite motion (X = 40, 30, 20 mm) at a frequency of 
1 Hz. This asymmetry likely originates from two reasons: (1) the two working chambers (7–1 and 7–2 shown 
in Fig.  1) within the prototype shock-absorber not being identical due to variations in manufacturing; (2) 
an inherent systematic force caused by gravity during experimental operations when the shock-absorber is 
vertically installed. However, due to the limitations of the present model, these explanations remain speculative 
and require further investigation.

The curve labelled 1 − 2 − 3 within a single loop in Fig. 5a represents a half cycle of the piston’s harmonic 
motion, with segments 1 − 2 and 2 − 3 denoting Stage I and Stage II, respectively. For the scenarios with 
amplitudes of 20, 30, and 40 mm and a frequency of 1 Hz, both curves from experimental and modelling results 
exhibit a ‘plateau region’ in segment 1 − 2, which indicates the feature of intrusion process. For a given frequency, 
a decrease in amplitude results in a narrower plateau region. During the process of reducing the amplitude from 
40 to 30, the width of the plateau region decreased from 44 mm (ranging from X =  − 6 mm to X = 38 mm), to 
29 mm (ranging from X = − 1 mm to X = 28 mm). However, as the amplitude further decreases, the width of the 
plateau region can hardly be identified when the amplitude X0 = 20 mm. The intrusion/extrusion process has 
vanished for the scenario with X0 = 10 mm, f = 1.5 Hz.

To evaluate the damping characteristic of the shock-absorber, in terms of the relationship between the 
damping force exerted by the shock-absorber and the velocity of the piston movement, a force–velocity diagram 
has been plotted in Fig. 5b. The dimensionless force on the vertical axis denoted as F/F0, indicates the ratio 
between the maximum force F and the critical force F0, where the critical force is defined as the turning point at 
which intrusion occurs in one chamber, corresponding to the pint theoretically. Figure 5b compares the curves 
plotted based on simulation (red solid line) and experimental data (circled marks), under the condition of 
amplitude X0 = 30 mm. In experiments, the critical force F0 is measured at 70 daN approximately at the piston 
velocity of uc,exp = 0.08 m/s. Those values generated from modelling are at F0 = 66 daN, and uc,sim = 0.066 m/s, 
respectively.

The damping characteristic graph illustrated in Fig.  5b can be divided into two regions by the critical 
piston velocity, for instance 0.08 m/s. In the low-velocity region, e.g. u < 0.08 m/s, both the experimental and 
simulation curves exhibit a soar with the increase of piston velocity. At microscale, the fluid pressure generated 
by the piston’s slow motion is insufficient to overcome the hydrophobic repulsion at the NWL-PM interface, 
preventing the NWL from entering the micropores of the PMs. Thus, the HLS exhibits similar properties to 
regular hydraulic oil or water with the nearly incompressible mechanical property. As the piston velocity further 
increases, e.g. u > 0.08 m/s, the instant force F surpasses the critical threshold F0, thereby initiating the intrusion 
process. From this point forward (high-velocity region), the NWL can intrude into the micropores of the PMs 
via their hydrophobic interfaces. Consequently, the mechanical energy of compression drives the intrusion 
process, leading to triboelectrification at the solid–liquid interface inside the micropores/channels and, thereby, 
generating electricity4. In this high velocity region, the dimensionless force F/F0 is less sensitive to the change of 
the piston velocity u, because the mechanical force resulted from the piston’s compression is effectively released 
as the NWL intrudes into pores through the interface, rather than being accumulated within the liquid bulk. 
Quantitatively, the slope of both the experimental and simulation curves in the low-velocity region is calculated 

Fig. 5.  Comparison of results from simulation and experimental data in terms of (a) Hysteresis loop diagram 
under conditions of X0 = 10, 20, 30, 40 mm, and frequencies f = 1 and 1.5 Hz. The simulation results exhibit 
symmetry about the origin, whereas the experimental loops show slight asymmetry, mainly due to chamber 
non-uniformity and measurement effects. (b) Force–velocity diagram under condition of X0 = 30 mm. The 
experimental data are extracted from20.
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to be 12.5. This is over 40 times greater than the slope of the experimental curve in the high-velocity region, and 
over 96 times greater than that of the simulation curve in the same high-velocity region.

In the high-velocity region, there’s a noticeable difference between the simulation and experimental curves, 
likely due to the friction and/or inertial force present in the actual movement of the piston, which is not accounted 
for in the simulation model. Consequently, in the experiments, a greater force is required to achieve the same 
piston velocity as in the simulations. Overall, the above results validate the CFD model against experimental 
data and highlight its limitations, such as asymmetry in the experimental hysteresis loops and the absence of 
frictional effects in the simulation. Building upon this validated framework, we next consider a more speculative 
perspective on industrial application through a double-step intrusion/extrusion approach.

Speculative industrial application: double-step intrusion/extrusion
The primary function of a suspension system is to isolate the vehicle from road disturbances while maintaining 
stability. A passive suspension will always be a trade-off between the two. Typical characteristics expected are soft 
damping with high speed improving comfort (ride on highways) and high damping with low speed improving 
handling (cornering reducing roll angle or breaking reducing pitch). The results in previous sections demonstrate 
realistic damping behaviours achievable with shock-absorbers with HLS system, highlighting how these can be 
fine-tuned based on the material characteristics. It could be interesting from an industrial point of view: by 
tuning the composition of a mix of PMs (with different size of micropores) capable of producing varying levels 
of intrusion/extrusion pressures, it’s possible to achieve a single shock-absorber that integrates both soft and 
hard damping characteristics, automatically switching between them based on operating conditions. Practically, 
such tuneability enhances the shock-absorber to meet specific requirement on the damping performance goals. 
Consequently, this adjustment reflects mathematically as modifications in Eq. (2). For instance, a double-step of 
intrusion/extrusion can be written as the equation shown in Eq. (6) below:

	
∆v = −vpore

π
arctan

(
p − pi,e

D

)
− vpore2

π
arctan

(
p − pi,e2

D

)
+

(
dvb

dp

)
p� (6)

where vpore and vpore2 represent two types of PMs with different volume of the pores for per unit mass. pi,e and pi,e2 
are the individual intrusion/extrusion pressures of the two types of PMs respectively. Thus, incorporating the 
second type of PMs into the HLS mixture can tune the shock-absorber’s dynamic performance through changing 
the shape of the hysteresis loop, in terms of damping force vs. piston displacement. Figure 6 compares one single 
loop (same one from Fig. 5a, parameters from Table 2) and two double-step loops with different parameters 
(displayed in Table 3). The parameters used in the first step of the two double-step loops are the same as those 
in the single-step loop. The second step utilises narrower range between the intrusion and extrusion pressures 

Fig. 6.  Hysteresis loop diagram in terms of damping force vs. piston displacement. The Single-Step loop comes 
from Fig. 5a, the Double-Step Loop enhances such Single-Step loop by incorporating a second intrusion/
extrusion process based on Eq. (6). The parameters for each curve refer to Table 3.
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(pint − pext). This adjustment flattens the middle of the originally almond-shaped hysteresis loop, transforming 
it into a peanut-shaped double-step loop in the performance of the shock absorber. This transformation is 
consistent with the context of ‘soft damping with high speed’. This enhancement, if implemented in vehicles, will 
significantly improve ride quality and stability under high-speed conditions, effectively absorbing impacts and 
reducing vibrations. Consequently, this tailored shock absorber performance not only extends the longevity of 
vehicle components but also enhances passenger comfort during a wide range of driving scenarios.

It’s worth to noting that, the feasibility of the double-step tuning is subject to practical materials challenges, 
such as mixture stability, particle interactions, and packing effects, which are not considered in the present CFD 
model. These aspects warrant a dedicated study as future work.

Conclusion
This study has successfully demonstrated the feasibility of a shock-absorber for vehicles that leverages the dynamic 
interaction between nonwetting liquids and hydrophobic nano-porous materials through an intrusion/extrusion 
process, enabling tuneable damping performance. Through simulating the intrinsic principles governing this 
process and a comprehensive investigation into the patterns of the intrusion/extrusion interactions, including 
full or incomplete intrusion/extrusion cycles, this work has proved the theoretical underpinnings and practical 
applications of utilising this mechanism in the design of effective damping systems. The comparison between 
experimental data from a patented prototype shock absorber and simulation data highly agrees, as evidenced by 
an R-squared value of 0.929, further reinforcing the validity and accuracy of our theoretical and CFD models. 
The performance of shock-absorber, in terms of hysteresis loop and damping characteristics, have also been 
thoroughly investigated. Considering the practical requirements of shock absorbers (e.g., the shape and thresholds 
of the hysteresis loop), our developed simulation model serves as a tool that allows for the customisation of 
shock absorber performance by adjusting the proportions of various porous materials in the Heterogeneous 
Lyophobic System (HLS). This enables us to meet the diverse and customized needs of shock absorbers. It 
highlights the robustness and potential of the developed simulation model and methodologies in predicting and 
designing the behaviour of the shock-absorber under various conditions, providing a solid foundation for future 
advancements in this technology. These results provide guidance for the industrial translation of HLS-based 
dampers into automotive suspension design, while also opening new avenues for future research on advanced 
porous materials and durability under dynamic loading.

Data availability
Data is provided within the manuscript or supplementary information files.
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