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Abstract: impact vibration problems brought by impacts between sliding plates and rotating
chamber structures when revolver shooting processes go on, a parameterized dynamic model
which includes gas-driven mechanisms and curved chamber contact relations has been
constructed. The accuracy of the model has been verified by means of chamber pressure
measurement experiments and high-speed photography experiments. For overcoming the
computation restriction problems of high-precision simulated experiments, a sparse polynomial
chaos expansion method has been utilized by us for building a high-accuracy substitute
model. In combination with the Sobol global sensitivity analysis method, this research has
quantitatively carried out an evaluation of the influence that eight key geometric and physical
parameters exert uponmaximum collision forces. Our results have shown that the elliptical long
axis of recoil chambers is the main parameter that contributes 67.2% to the main effect; what
comes next is the elliptical minor axis and linear sections, which have contribution proportions
of 17.1% and 10.3% separately. Other parameters have demonstrated influences which can
be ignored. The optimization model which is gotten from sensitivity analysis has decreased
maximum contact forces by 29.73%, thus its validation errors are under 1% via high-fidelity
modeling. This study provides a theoretical basis and efficient analytical tools for structural
optimization and impact vibration suppression of turret-mounted guns.

Keywords: revolver system; sparse PCE model; global sensitivity analysis; Sobol
analysis; structural optimization

1. Introduction

Rotating-barrel guns are a high fire-rate weapon system that is widely used in the
field of air defense. In their working principle, the Y-shaped open groove mainly has
the function of guiding and passing on rotating power from automatic firearms. The
periodical clash between this groove and the rolling bodies forms a key constituent part
to reach accurate angle orientation and continuous shooting [1–3]. The instant impact
loads which are produced in the course of these collisions have a direct influence on the
precision of barrel rotation, the fatigue life of components, and the dynamic stability of
the whole system [4, 5]. Nevertheless, overabundant collisions may bring about stress
concentration, structural abrasion, and even early invalidation of key components [6, 7],
thus damaging the firing dependability and working life of rotating-barrel systems [8–13].
Therefore, confirming key parameters that have an influence on collision forces of Y-slots
and explaining their basic mechanisms has important engineering meanings for improving
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structure designs of rotating-barrel guns.
Existing research has already proven that the movement rules of automatic weapons

fundamentally are a strongly nonlinear multi-body dynamic coupling system, in which
reaction results are at the same time affected by gas dynamics, mechanical geometry
parameters, and frictional contact behaviors [14–16]. In the research of gas-driven
modeling, many scholars have made coupled models that combine gas flow and piston
movement on the basis of internal ballistic theory, which have given theoretical bases for
forecasting the propulsion force of automatic weapons [17, 18]. After that, multi-body
system dynamics methods have gotten broad applications in weapon mechanism motion
processes, which analyze system response characteristics through equivalent mass,
damping, and stiffness models [19, 20]. Nevertheless, the traditional simplified models
still have difficulty accurately depicting the evolution mechanisms of contact forces
in rotating chamber mechanisms that have complex spatial curved slot structures [21].
In recent years, the combination of experiment measurement and digital calculation
simulation has thus become a key method for the research of automatic weapon
movement rules. High-speed photography, cavity pressure measurement, and dynamic
signal gathering techniques are utilized by researchers to obtain real-time movement
parameters and load data in the working process of weapons [22, 23]. The research
shows that, when people use experimental data to verify dynamic models, this behavior
can greatly promote the credibility of models [24]. Even so, high-fidelity simulation
works often bring about very big calculation costs, and direct depending on numerical
models becomes a difficulty for large-scale parameter search in multi-parameter design
optimization or uncertainty analysis [25]. For solving the problem of high computation
demands, substitute models—which combine analytic expression ability with computation
efficiency—are broadly employed for uncertainty spread and sensitivity analysis [26–29].
When compared with conventional response surface methods, PCE can get close to
stochastic responses by utilizing orthogonal polynomial basic functions and directly
calculating Sobol sensitivity indices, hence enabling analytical evaluation of parameter
contributions [30, 31]. This method has obtained successful application in complex
engineering systems that contain structural dynamics, fluid-solid coupling, and impact
response analysis [32]. But, agent modeling and global sensitivity analysis, which is
based on polynomial chaos expansion (PCE), are still comparatively not common in
dynamic research of automatic weapons, especially rotating-barrel systems. Current
research mostly focuses on drive systems or whole motion performance analysis, whereas
the mechanisms that geometric structure parameters affect contact impact forces still have
not got enough understanding. It is worthy to note that the geometric parameters of curved
slots can influence the distribution of impact loads through the changing of contact paths
and kinematic constraint conditions. However, quantitative research works in this domain
still have not made enough achievements. Besides this, the systematic global analysis
frameworks which are used for finding key influence factors under multi-parameter
coupling are still lacking [33, 34]. Current research on automatic weapon dynamics
have already acknowledged the intrinsic property of multi-coupled systems. They use
modeling methods that integrate internal ballistic theory with multi-body dynamics and
meanwhile validate simulation results by means of experiments, and there are also chaotic
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explosion models used for sensitivity index computation. But, PCE agent models have not
been fully used in the analysis and optimization of rotating-barrel mechanism, especially
for the structures of complex space curved grooves, where calculation costs still keep
high, large-scale optimization is still a difficult problem, and systematic global sensitivity
analysis frameworks which are used to find key influence factors under multi-parameter
coupling still do not exist.

On the basis of already done research, the present research probes into vibration
mechanisms which are caused by sliding plate collision with rotating chamber
structures when rotating chamber guns carry out work, through the method of dynamic
modeling and parameter sensitivity analysis. Firstly, one parameterized dynamic model
which includes gas-pushed mechanisms and curved groove contact interactions is
built, with model verification being carried out through chamber pressure measuring
experiments and high-speed photograph experiments. Second, the sparse polynomial
chaos expansion method is utilized to build high-accuracy substitute models, thus
effectively decreasing calculation expenses that are connected with high-fidelity
simulations. Finally, through utilizing the Sobol global sensitivity analysis method, we
carry out quantitative assessment of the influence modes of key geometric and physical
parameters on the maximum collision force, and in the meanwhile, we make clear the
coupling mechanisms between important parameters.

2. Parametric dynamics modeling and experimental validation

2.1. Parametric dynamics model

2.1.1. Model assumptions and establishment

On the basis of guaranteeing an objective depiction of physical occurrences, the
model uses the following basic suppositions: the sliding plate, the rotating chamber,
and the rollers are processed as rigid bodies; the gas that gunpowder produces is
regarded as a perfect gas, which has one-dimensional stable adiabatic flowing inside
the gas channel; the friction that exists on contact surfaces follows Coulomb's law; the
secondary losses are put into neglect; the slip board carries out translation movement
along the x-direction, meanwhile, the rotation cabin carries out rotation around a fixed
axis.

The vibration characteristics of revolver mechanisms primarily result from
collision forces between the slide plate and rotating chamber structure. Figure 1
illustrates the force distribution during the recoil process, while Figure 2 depicts
the force distribution during the return stroke. Key parameters include: a1 and b1
representing the major/minor axes of the recoil elliptical slot; a2 and b2 for the return
elliptical slot; S1 and S2 indicating the linear segments of recoil and returnmotions. The
recoil direction is defined along the positive x-axis, with variables including: Fp (piston
force), Ff (friction force), v (slide plate velocity), x (displacement distance), k (spring
stiffness), Fk (spring force), β (parameter introduced for computational convenience),
Ft (tangential force exerted by the slide plate on the rotating chamber), θ (angle between
the normal vector at the roller-contact point and the x-axis), μ (friction coefficient), ω
(rotating chamber angular velocity), Rt (rotating chamber radius), Rb (center-to-slide
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plate curve slot radius), and α (rotating chamber angle).

Figure 1. Force diagram during recoil pro.

Figure 2. Force diagram during the re-entry process.

The kinetic equation is:

meqẍ+ ceqẋ+ keqx = Fgen. (1)

In the formula Fgen represents the generalized force. ceq,meq, keq are equivalent
mass, damping, and stiffness, respectively, with the corresponding expressions as
follows: 

meq = m+
I

R2
b

ceq =
µIω

R2
b

keq = k +
∂Ft

∂x

Fgen = Fp − µFtsinθ

(2)

2.1.2. Geometric relationships and supplementary equations

The geometric relationship of the groove curve is expressed by the ellipse formula:
(x− S1)

2

a21
+
y2

b21
= 1

(x− S2)
2

a22
+
y2

b22
= 1

(3)
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Other auxiliary supplementary equations are:

tanθ =
∣∣∣dxdy ∣∣∣ = b21(x−S1)

a21y(x)

tanθ =
∣∣∣dxdy ∣∣∣ = b22(x−S2)

a22y(x)

Ft = Fn · sinθ
Fk = k · x

Ff = µ · Fn · cosθ

(4)

The rotating chamber has a moment kg · m2of inertia of 0.092 kgꞏm2, with the
radius from its center to the sliding plate being 0.095 m. The sliding plate weighs 3.1 kg
and has a rotating chamber radius of 0.096 m. The spring stiffness is 650.23 N/m. The
recoil elliptical slot measures 0.1 m in length and 0.0655 m in width, while the reentry
elliptical slot measures 0.064 m in length and 0.04 m in width. The linear segments
for recoil and reentry are 0.04 m and 0.076 m, respectively. The mapping relationship
between input parameters of the dynamic model and PCE agent model parameters is
detailed in Table 1.

Table 1. Mapping relationship between input parameters of the kinetic model and parameters
of the PCE agent model.

Variables in the
model

Physical significance
Corresponding PCE
parameter symbol

a1 Long axis of the retrospinal groove X3

b1 Short axis of the retroacromial groove X4

S1 Straight-line segment of backward motion X5

a2 long axis of reentry groove X6

b2 short axis of reentry groove X7

S2 Re-enter straight segment X8

k spring rate X1

μ friction factor X2

The pressure calculation formula acting on the gas-guiding piston is:

ṁg = Cd ·Ad ·
√

2γpb
γRTb

· ( 2

γ + 1
)
γ+1
γ−1 , (5)

pg =
mgRTg

V0 +Apxp
. (6)

The physical symbols involved in the formula are listed in Table 2. Key parameters
include: gas 0.00003m2, 280 J/(kg · K), 1, 600 K, 0.00071 m2, 0m3, 10, 132 Pa flow
coefficient of 0.8 for the gas guide orifice, cross-sectional area of the gas guide orifice, gas
constant of gunpowder gas, chamber gas temperature, adiabatic index of gunpowder gas
(1.25), piston area, and initial chamber volume assumed to be constant (with machining
errors neglected). Environmental atmospheric pressure is specified, while the piston
surface pressure is calculated using experimentally measured chamber pressure as input
data.
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Table 2. Meaning of physical symbols.

Symbol Physical significance Unit

mg Gas mass in the air chamber kg
pg Cavity pressure Pa
xp Piston displacement/slab displacement m
ṁg Mass flow rate entering the gas chamber through the gas inlet port kg/s
Cd Flow coefficient of gas venting port dimensionless
Ad Cross-sectional area of gas vent m2

pb breech pressure MPa
R Gas Constant of Gunpowder Gas J/(kgꞏK)
Tb In-cylinder gas temperature K
γ Adiabatic Index of Gunpowder Gas dimensionless
Ap Piston cross-sectional area m2

V0 Initial volume of the air chamber m3

pa Ambient atmospheric pressure Pa

The contact force model between the roller and the curved groove adopts the
modified Hertz model:

Fn = Khδ
3
2 +Dhδ̇ (7)

In the formula, Fn represents the contact force, δ represents the penetration depth,
which is set to 0.1, Kh represents the contact stiffness, which is set to 100,000, and
Dh represents the damping coefficient, which is set to 50.

2.2. Experimental validation

2.2.1. Chamber pressure testing experiment

The chamber pressure testing apparatus comprises a ballistic cannon, a Kistler
6215 pressure measurement sensor (accuracy: ±0.5% FS, range: 0–500 MPa), a
dynamic signal testing and analysis system, and a data storage device, as illustrated
in Figure 3. Seven tests were conducted: the first two were for equipment verification,
while the average values of data collected at each time point from the subsequent five
tests are presented in Figure 4. The chamber pressure peak has maintained for 4.26
ms. There is a fast pressure rise at time 0. After that, there is a pressure flat stage,
which is about 142 MPa during 0.09–0.18 ms. In the five effective experiments, the
cavity pressure maximum showed a standard deviation of 3.2 MPa, having a variation
coefficient (CV) of 1.8%, hence the muzzle pressure standard deviation was 1.5 MPa,
hence all of them show that the performance is acceptable.

Figure 3. Test diagram of the pressure chamber test device.
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Figure 4. P-t curve of a ballistic gun.

2.2.2. Kinetic model validation test

The dynamic examination of the rotating cannon turret is shown in Figure 5. The
experiment's setting contains high-speed photographing apparatuses, a revolving turret
gun platform, and the real revolving turret gun itself. High-speed photography catches
the working procedure of the rotating turret gun, with proportion conversion and least
square fitting methods that are applied to obtain the angle rotation-time curve. The
marked points which correspond to 72°rotations of the turret were obtained in equally
spaced intervals, thus the video frame rates and the real-time stamps were recorded to
build the relationship between angle and time. Relative positions of the sliding plate
and the rotating turret have been measured before and after every test cycle, thus to
guarantee the alignment of components and the accuracy of data.

Figure 5. Site installation diagram.

Figure 6 shows the partial image outcome that comes from the high-speed
photography part (frames 1–221), with six images being output at 47-frame gaps. The
first picture catches the time point when the shooting projectile just starts, after that,
the rotating cavity part starts its movement at frame 65, and the first round finishes at
frame 236 when the rotating cavity part finishes a rotation of 72°.
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Figure 6. Partial image output from the high-speed photography section.

The bolt carrier starts its rotating motion at 0.0154 s, arrives at 72° at 0.0232 s,
stays motionless for 0.0178 s before it enters the next firing cycle with the rotation
angle being reset to zero, hence completing the first firing cycle. The bolt carrying
component commences its rotation once more at 0.056 s, attains a 72° rotational angle
at 0.064 s, and therefore finishes the second firing cycle at 0.082 s. The rotational
movement time length for two ignition work cycles is 0.0078 s and 0.008 s, with both
two cycles arriving at 72° rotation angle values.

2.2.3. Validation of the dynamics model

On the basis of Pearson correlation coefficient, RMSE, and temporal similarity
similarity test methods, the weighted average method is utilized by us to compute the
total similarity, wherein weight design follows the principle of “core feature first”. The
formula which is used for calculating the total similarity is just as below:

Soverall = ωpeak · Speak + ωtrend · Strend + ωlinear · Slinear + ωtemp · Stemp. (8)

In the formula, the peak similarity weight is set to 0.25, the temporal similarity weight
to 0.2, the linear similarity weight to 0.3, and the trend similarity weight to 0.25. The
similarity levels are categorized as: when Soverall ≥ 90% is extremely similar, when
80% ≤ Soverall < 90% is highly similar, when 70% ≤ Soverall < 80% is moderately
similar, when 60% ≤ Soverall < 70% is slightly similar, and when Soverall < 60% is
almost dissimilar [35,36].

Because of the restrictions on sensor installation that stop the direct measurement
of roller-groove contact force, an indirect checking method was utilized by us. The
rotational chamber angle acceleration which was obtained by high-speed photography
was utilized to get the tangential force that acts on the rotating chamber through
dynamic equations. The contact force Fn was afterward computed through algorithms
of geometric relation transformation. Simulation forecast results showed the biggest
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contact force of 1.38 × 105 N, hence the calculated value was 1.32 × 105 N, hence the
relative deviation is 4.5%, which is within the scope that people can accept.

Figure 7 does the comparison between simulation data and experimental data on
the rotational angle change of the rotating cylinder with the passing of time. Two curves
all display basic consistency in frequency and amplitude features. However, although
the simulation curve displays smooth changes in the starting and ending stages of the
rotating part's movement, the experiment curve has clear turning points. In addition, the
simulation curve displays a steeper gradient in the rising stage when compared with the
experimental data. This difference may come from excessively idealized assumptions
about driving force and accumulated errors that are brought by the accumulation of
system clearance.

Figure 7. Comparison between simulation data and experimental data.

Figure 8 shows the difference curve that lies between the simulation curve and the
test curve along with the change of time. In the time interval of 0.015 to 0.023 s, small
undulations have been observed by us between the two curves, and the minimum value
and maximum value are respectively recorded at 0.017 s (−4.29) and 0.021 s (+10.44).
Similar small undulations took place in the 0.056–0.064 s interval, in which the smallest
and largest values showed themselves at 0.058 s (−8.55) and 0.062 s (+7.94), separately.

Figure 8. Difference curve between simulation and test curves over time.
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The Pearson correlation coefficient, which is 0.9893 (close to 1), shows a
strong positive correlation, while the RMSE value, which is 0.0062, proves that the
mathematical model has extremely small prediction errors, so it confirms high linear
fitting accuracy. The similarity coefficient of time series attains 0.9984. Equation
(6) makes known that the whole similarity coefficient is 0.9285, and all measurement
indicators are within the reference ranges; only RMSE has a small exceeding of the
threshold. When we consider whether the theoretical model conforms to high-precision
demands, the dynamic model that we have built shows strong accuracy, hence it gives
a firm theoretical basis for the research that comes after.

3. Proxy modeling and sensitivity analysis framework based on PCE

3.1. Parameter space and sampling design
On the one hand, when we think about engineering practice, the lack of existing

prior information requires that we use a uniform distribution in accordance with the
maximum entropy principle to make the bias become smaller. On the opposite side, the
even distributionmakes possible an estimation without bias for the average contribution
that parameters give within the design space. Finally, the Legendre polynomial basis
functions are utilized by us to carry out fitting. To make the long story short, we have
the assumption that all parameters obey a uniform distribution in the ranges which are
defined for them.

Based on the aforementioned assumptions, an analytical framework integrating
polynomial chaos expansion and global sensitivity analysis was constructed. The
parameter space defined by eight key parameters X = [X1, X2, ..., X8] is presented
in Table 3, with each parameter following a uniform distribution within its specified
range.

Xi ∼ U(ai, bi), i = 1, 2, ..., 8. (9)

Table 3. Detailed definition of parameter space.

Parameter
symbol

Unit Excursion Base line
value

Parameter
type

Number of sampling
points

a1 mm [90,110] 100 Continuation 150
b1 mm [59,72] 65.5 Continuation 150
S1 mm [36,44] 40 Continuation 150
a2 mm [58,70] 64 Continuation 150
b2 mm [47,58] 52.5 Continuation 150
S2 mm [68,84] 76 Continuation 150
k N/m [585,715] 650.23 Continuation 150
μ Dimensionless [0.495, 0.605] 0.55 Continuation 150

Four sample groups were established with sample sizes of 500, 1,000, 1,500, and
2,000, respectively, and the coefficient of determination for each group was calculated.
The coefficient values for the four groupswere 0.98491, 0.98471, 0.98482, and 0.98474,
respectively. The variation range of these coefficients remained below 0.0002 across
all groups. Notably, the coefficient values began to decrease and stabilized from the N
= 1,500 sample size onward. Therefore, a hierarchical adaptive method was employed
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to generate 1,500 sample sets to construct the dataset.

B = {(X(j), Y (j))}Nj=1, (10)

where Y denotes the maximum collision force.

3.2. Construction of sparse PCE model
The agent model is constructed based on B using polynomial chaos expansion.

PCE approximates the output Y as a weighted sum of a multivariate orthogonal
polynomial basis:

Y ≈MPCE(X) =
∑

α∈A
cαΨα(X). (11)

Here, is α = (α1, ..., α8) the multiple exponent, cα is the expansion coefficient,
and A denotes the selected set of exponents, with:

Ψα(X) =
∏8

i=1
ψ(i)αi

(Xi). (12)

In the formula, ψ(i)
αiXi denotes the univariate orthogonal polynomial basis

corresponding to Xi. Since Xi follows a uniform distribution follows, Legendre
polynomials are selected, which satisfy the orthogonality condition:∫ bi

ai

ψ(i)
m (x)ψ(i)

n (x)wi(x)dx =
〈
ψ(i)
m , ψ(i)

n

〉
= δmnγ

(i)
m , wi(x) =

1

bi − ai
(13)

The coefficients cα are determined through regression. Equation (13) is discretized
at sample points to form a linear system:

Y = Ψc+ ε, Ψj,k = Ψαk
(X(j)) (14)

The coefficient model was established using a least squares regression model
with a double truncation scheme. The polynomial had a maximum total degree of p
= 3, candidate base terms of p = 165, and a truncation threshold of 1 × 10−4. The
actual retained non-zero terms numbered 47, yielding a sparsity of approximately
28.5%. Important terms were adaptively selected from the candidate set to form
matrix A, resulting in the sparse coefficient vector ĉ. The total variance output can
be approximated as:

D = Var[Y ] ≈
∑

α∈A,α ̸=0
c2α ⟨Ψα, Ψα⟩. (15)

3.3. Sobol index and uncertainty quantification
The first Xi-order Sobol index for the main effect of parameters is:

Si =
1

D

∑
α∈Ai

c2α ⟨Ψα, Ψα⟩, Ai = {α ∈ A : αi > 0, αj ̸=i = 0}. (16)
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The total effect Sobol index is:

STi =
1

D

∑
α∈ATi

c2α ⟨Ψα, Ψα⟩, ATi = {α ∈ A : αi > 0}. (17)

To compare the independent effects and interaction effects of distinguishable
parameters between Si and STi , we employed the leave-one-out method and
cross-validation. The Bootstrap method was used to estimate 95% confidence
intervals, with a 500-replication bootstrap sample size of 1,500. For each bootstrap
sample, the models constructed were analyzed to determine main effects and total
effects, with confidence intervals defined as the lower bound at 2.5% and upper bound
at 97.5%. The dataset was randomly divided into training and test sets. Evaluation
was conducted using the coefficient of determination and root mean square error.

R2 = 1−

∑Ntest
j=1

(
Y (j) − Ŷ (j)

)2

∑Ntest
j=1

(
Y (j) − Ȳ

)2 , Ȳ =
1

Ntest

∑Ntest

j=1
Y (j), (18)

RMSE =

√
1

Ntest

∑Ntest

j=1

(
Y (j) − Ŷ (j)

)2
. (19)

Meanwhile, cross-validation with a 10-fold split was employed to evaluate model
stability, ensuring the reliability of the results.

4. Simulation results and analysis

4.1. Accuracy of the PCE agent model (corresponding speed)
Figure 9 presents the validation set's residual distribution and prediction plot,

with the left panel showing residual scatter points, and the right displaying predicted
values. The residual plot reveals that residual values cluster around zero with a uniform
distribution, showing no monotonic increasing or decreasing trends. The residual range
spans from −5,806.75 N to 8,421.92 N. The predicted values scatter graph demonstrates
an R2 value of 0.978 on the test set, RMSE of 2,197.75 N, and MAPE of 1.27%. On the
validation set, predicted and actual values converge near the 1:1 line, indicating good
predictive performance.

Figure 9. Validation set prediction and residuals.
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As shown in Figure 10, the coefficient of determination for 10-fold
cross-validation ranges from 0.941 to 0.988, with a mean value of 0.972, a median
value of 0.973, and a standard deviation of 0.011. The root mean square error values
range from 1,823.03 N to 3,336.75 N, with mean values, medians, and standard
deviations of 2,732.15 N, 2,751.23 N, and 400.32 N, respectively.

Figure 10. Cross-validation result diagram.

The comparison of three models (PCE, GP, and RBF) across four metrics—R2,
RMSE, prediction time, and fitting time—is presented in Table 4. The results
demonstrate that the PCE model architecture enhances fitting and prediction efficiency
while maintaining computational accuracy.

Table 4. Comparison of model efficiency.

Name PCE model GP model RBF model

R2 0.9784 0.9784 0.8721
RMSE 2,197.75 N 2,195.09 N 5,348.48 N

Prediction time 0.00004 s 0.00202 s 0.00069 s
Fit time 0.00104 s 0.09682 s 0.00310 s

4.2. Results of global sensitivity analysis
Global sensitivity analysis results are presented in Table 5, which quantitatively

displays the main effects and total effects of eight parameters. Among them, the µµ
main effect and total effect of a1 are significantly the largest, exceeding 0.6, followed
by b1 and S1 with values ranging from 0.1 to 0.2 (approximately 0.045), while a2,
b2, S2, and k exhibit relatively small values approaching zero. Sobol analysis was
conductedwith three parameter ranges for a1: [85,115], [90,110], and [95,105], yielding
sensitivity indices of 0.703, 0.672, and 0.641, respectively. Results indicate that
although contribution rates decrease with narrower a1 ranges, these parameters remain
dominant. Based on existing dimensional specifications and tolerance requirements,
the study selects a range of 90–110 mm. The calculation results for second-order Sobol
interaction effect indices are shown in Table 6.
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Table 5. Global sensitivity index and confidence interval.

Parameter Main effect 95% CI Gross effect 95% CI

a1 0.672 [0.643, 0.700] 0.681 [0.652, 0.712]
b1 0.171 [0.148, 0.186] 0.177 [0.156, 0.193]
S1 0.103 [0.084, 0.118] 0.108 [0.090, 0.125]
a2 0.00014 [0.00002, 0.0017] 0.00093 [0.0009, 0.0063]
b2 0.00042 [0.00002, 0.0025] 0.00075 [0.0007, 0.006]
S2 0.00016 [0.00002, 0.0017] 0.002 [0.0009, 0.0077]
k 1.910–5 [0.00002, 0.0011] 0.00203 [0.0010, 0.0084]
μ 0.0401 [0.029, 0.052] 0.0429 [0.0342, 0.0553]

Table 6. Calculation results of second-order Sobol interaction effect index.

Row a1 b1 S1 a2 b2 S2 Ks ub

a1 0.00000 0.00372 0.00321 0.00010 0.00003 0.00008 0.00056 0.00078
b1 0.00372 0.00000 0.00126 0.00000 0.00003 0.00018 0.00005 0.00083
S1 0.00321 0.00126 0.00000 0.00004 0.00002 0.00001 0.00010 0.00015
a2 0.00010 0.00000 0.00004 0.00000 0.00017 0.00010 0.00003 0.00036
b2 0.00003 0.00003 0.00002 0.00017 0.00000 0.00000 0.00007 0.00002
S2 0.00008 0.00018 0.00001 0.00010 0.00000 0.00000 0.00097 0.00050
Ks 0.00056 0.00005 0.00010 0.00003 0.00007 0.00097 0.00000 0.00023
ub 0.00078 0.00083 0.00015 0.00036 0.00002 0.00050 0.00023 0.00000

4.3. Analysis of coupling effects of key parameters
Since a1, b1, S1 the sensitivity indices of these three parameters are significantly

higher than those of the other five influencing factors, we focus on analyzing their
interrelationships. The right axis represents the percentage change in Fmax (i.e., the
impact of a 1 mm displacement on maximum contact force), while the left axis shows
the predicted maximum contact force by PCE. Considering manufacturing constraints
and workpiece dimensions, a 1 mm adjustment is unaffected by tolerances or process
variations, as shown in Figures 11–13.

Figure 11. Range of variation in the long axis of the recoil slot.
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Figure 12. Range of short axis variation in the recoil curve slot ellipse.

Figure 13. Range of variation in the straight segment of the recoil curve slot.

As shown in the range of rear slot long axis variation in Figure 11, the maximum
contact force exhibits a significant monotonic decline with increasing values within the
90–110 mm range, decreasing from 1.65 × 105 N to 1.15 × 105 N, representing a 30%
reduction. The percentage change in Fmax rises from −200% to approximately −115%,
with a marginal decrease observed at higher end values, indicating a slightly weaker
marginal load reduction effect.

As shown in the range of short-axis variation of the recoil curve slot ellipse in
Figure 12, the maximum contact force exhibits a significant monotonic downward
trend within the range of 60–70 mm as the numerical value increases. The maximum
contact force decreases by 30% from 1.2 × 105 N to 1.45 × 105 N. The percentage
change of Fmax decreases from 96.5% to approximately 89.8%, indicating a relatively
stable overall change.

As shown in the linear segment variation range of the recoil curve slot in Figure
13, the maximum contact force exhibits a significant monotonic decreasing trend within
the range of 35–45 mm as the numerical value increases. The maximum contact force
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decreases by 30%, rising from 1.25 × 105 N to 1.45 × 105 N. The percentage change of
Fmax remains positive throughout the entire range and increases with the elastic value
as S1 increases.

As shown in Figure 14, the maximum contact force reaches its peak value of
195,588.3 N when S1 = 44 mm, a1 = 90 mm, and b1 = 72 mm. The minimum contact
force occurs at 102,436.4 N when S1 = 36 mm, a1 = 110 mm, and b1 = 59 mm. Key
parameters include: average contact force (136,347.0 N), standard deviation (17,698.8
N), response amplitude (93,151.9 N), and coefficient of variation (CV = 13%). The
maximum contact force increases with increasing values of S1 and a1 while decreasing
with b1.

Figure 14. Joint effect scatter plot.

The overall level of contact force gradually increases with increasing slice
numbers, and the differences in extreme values within each slice are relatively small.
This indicates that under fixed parameter conditions, the sensitivity of contact force to
residual variables is relatively limited. The combined variation of a1 and b1 dominates
the contact force, while S1 introduces systematic bias within a certain range, as shown
in Figure 15.

Figure 15. Combined two effect slice diagram.
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5. Discussion

5.1. Proxy model validation and critical parameter sensitivity analysis
The constructed sparse PCE proxy model demonstrates a coefficient of

determination increment below 0.0001 with a sample size of N = 1,500. The 10-fold
cross-validation shows an average R2 value of 0.972 and stable RMSE distribution.
The proxy model's prediction accuracy exhibits a coefficient of determination R2

of 0.978 with consistent numerical distribution. These results confirm the model's
computational convergence and practical engineering applicability, providing a
reliable foundation for subsequent sensitivity analysis and optimization processes.

For global sensitivity analysis, the dominant factor influencing the maximum
contact force is a1, with a main effect contribution index of 67% and a 95% confidence
interval not crossing zero. b1 and S1 exhibit secondary influence on the maximum
contact force, showing main effect contribution rates of 17% and 10%, respectively.
The remaining five parameters demonstrate negligible impact rates compared to the
first three, with effects approaching zero, thus being omitted from analysis. Given that
the total effect aligns closely with the main effect, limited parameter interaction effects
are inferred.

Regarding the single-parameter influence trends, the maximum contact force
shows a significant decline with increasing a1, exhibiting a strong negative correlation.
When the size increases from 90 mm to 110 mm, the maximum contact force decreases
by approximately 30%. Conversely, the maximum contact force demonstrates a
significant positive correlation with increasing b1, with the maximum contact force
rising by about 20% when the size increases from 60 mm to 70 mm. The sensitivity of
S1 also shows a positive correlationwith size, withmarginal effects slightly intensifying
in the high-value range.

To reduce impact force, minimize wear, and extend service life, priority should be
given to increasing a1 while maintaining b1 and S1 within specified ranges, with strict
control over a1's manufacturing tolerance to minimize maximum contact force. For
multi-parameter collaborative control of maximum contact force, a strategy involving
increased a1 to regulate b1 and restricted S1 within defined parameters should be
adopted. This approach enables regulation of the maximum contact force within the
range of 1.02 × 105–1.96 × 105 N, providing clear parameter directions and quantitative
references for subsequent optimization processes.

5.2. Optimization results
Based on single-parameter analysis of maximum contact force effects, a

multi-parameter optimization model incorporating engineering constraints was
established. The optimization model for minimizing contact force was constructed
with eight design variables under finite engineering size constraints. Three weight
configuration schemes—conservative, standard, and aggressive—were adopted, with
the weighted multi-objective function defined as:

J(x) = ωF · F̂max(x) + ωcPc(x) + ωmove · Pmove(x). (20)
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The 8-dimensional vector x = [a1, b1, S1, a2, b2, S2, k, μ]T. F̂max(x) represents
the maximum contact force response value. Pc(x) as the penalty term for violating
engineering constraints. Pmove(x) is the parameter modification penalty term. The
weight coefficients are indicated by ωF , ωc, and ωmove. The optimization results are
presented in Table 7. Under this scheme, the maximum contact force decreased from
138,534.85 N to 96,508.095 N, achieving a suppression effect of 29.73%.

Table 7. Optimization results table.

Parameter Optimization results

a1 110.0 mm
b1 58.9 mm
S1 36.0 mm
a2 70.4 mm
b2 57.8 mm
S2 83.6 mm
k 617.72 N/m
µ 0.594

To validate the accuracy of the optimized results, the optimized parameters were
incorporated into the high-fidelity model for verification calculations. As shown
in Table 8, the computational errors between the three optimization schemes and
the high-fidelity engineering model were 0.91%, 0.86%, and 0.86%, respectively,
indicating that the predicted values from the forecasting model are relatively accurate.

Table 8. Comparison of predicted 1 model and engineering model calculated values.

Scheme ωc ωmove PCE predicts F_N Simulation F_N Error rate

Conservative 90 1.2 101,044.60 101,976.20 0.91%
Baseline 50 0.6 96,508.095 97,348.330 0.86%
Aggressive 25 0.2 96,508.095 97,348.330 0.86%

6. Conclusion and prospects

This study establishes a multi-parameter dynamic model, conducts dynamic
simulations using acquired chamber pressure data as input conditions, and validates
model accuracy through high-speed photography experiments. Based on this model, a
PCE model is introduced to construct a high-precision surrogate model. Combined
with Sobol global sensitivity analysis methodology, the impact of eight parameters
on the maximum contact force is quantitatively evaluated. Results indicate that the
elliptical major axis of the recoil groove is the primary influencing parameter affecting
maximum contact force, contributing 67.2%, followed by the elliptical minor axis and
linear segment of the recoil curve groove, with contribution rates of 17.1% and 10.3%,
respectively. The influence rates of the remaining five parameters are negligible. An
optimization model was developed based on sensitivity analysis results, reducing the
maximum contact force from 138,534.85 N to 96,508.095 N with a suppression effect
of 29.73%. Comparative analysis between predicted values and engineering model
calculations demonstrates that error rates for all three optimization schemes remain
below 1%, confirming the reliability of the optimization results.
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Future research can focus on three key areas: model assumptions, model
boundaries, and uncertainty sources, and engineering constraints in optimization
schemes. Building upon existing models, we can integrate online learning mechanisms
to achieve adaptive search for enhanced optimization efficiency. Additionally,
incorporating model boundary conditions such as tolerances, material properties, and
temperature parameters will establish a more comprehensive agent model framework,
thereby improving model generalizability. These three dimensions warrant continued
exploration.
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