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This study compares two stochastic models, Brownian Motion with Drift and the pure Wiener Process, applied 
to the degradation of a peristaltic pump used in a biomedical device. Failure was defined as the reduction 
of flow rate below a critical threshold required for safe operation. Simulations showed that the Wiener 
Process consistently produced higher time-to-failure (TTF) values across all scenarios, with larger differences 
under low and moderate variability (σ = 0.05 and σ = 0.3) and smaller differences under high variability (σ 
= 0.8). The observed effect results from the deterministic component in Brownian Motion with Drift, which 
accelerates average degradation, while the Wiener Process is driven solely by random fluctuations, allowing 
greater variability in failure time. Findings indicate that, in biomedical applications, selecting an appropriate 
degradation model is crucial for accurate lifetime predictions and predictive maintenance planning, particularly 
in low-variability environments. Future work should integrate stochastic degradation models with statistical 
monitoring techniques to improve early fault-detection accuracy and enhance the robustness of lifetime 
estimation under real operating conditions.
Keywords: Stochastic Models. Degradation. Peristaltic Pump. Predictive Maintenance. Wiener Process. 
Brownian Motion with Drift.
 

 
Autotransfusion devices play a crucial role in 

the global healthcare setting, primarily because 
they reduce patient blood loss and concentrate 
red blood cells for reinfusion, thereby minimizing 
the need for allogeneic blood transfusions [1]. 
The effective operation of these devices requires 
integrating multiple components, such as a 
centrifuge for blood separation and a peristaltic 
pump for fluid transfer in different directions, as 
in the case of the AutoLog system, according to 
the device’s user manual. It is noteworthy that the 
primary requirements for autotransfusion devices 
are to prevent contamination of the patient’s blood 
and to ensure precise control of the flow rate of the 
fluids involved [2].

Given these requirements, the peristaltic pump 
is well-regarded for meeting them, as it exhibits 
characteristics that ensure high reliability, such as 
the absence of direct contact between the pump 

mechanism and the system fluid, high flow rate 
accuracy, and ease of maintenance. These features 
demonstrate its effectiveness in the development 
of biomedical equipment [3].

Peristaltic pumps, also classified as infusion 
pumps, are essential for the operation of 
autotransfusion devices. In this regard, it 
is important to highlight the importance of 
maintaining these devices, as their failure may lead 
to severe patient complications, including venous 
spasms, pulmonary edema, and thrombophlebitis 
[4]. In this context, predictive maintenance is 
characterized by the continuous monitoring of 
critical operational parameters of equipment [5], 
providing essential data for decision-making 
aimed at preventing complete operational failure 
and thereby ensuring device reliability [6]. For this 
reason, condition-based maintenance is considered 
the most effective approach for peristaltic pumps 
[7].

In parallel with maintenance strategies, 
degradation models serve as a valuable tool 
for enabling more efficient asset management, 
contributing to both resource optimization and 
safety [8], given their capability to represent how 
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a system deteriorates or evolves, allowing the 
prediction of failures and degradation [9]. This, 
in turn, can help reduce uncertainties in decision-
making and future projections [10], as well as 
improve system reliability and durability [11].

It is possible to identify the Brownian motion 
with drift [12] and the Wiener process [13] in the 
context of degradation models. Brownian motion is 
characterized as a stochastic model that simulates 
the degradation of a system or variable over time, 
incorporating a directional trend [14]. In contrast, 
the Wiener process is a stochastic model that 
describes system degradation in a purely random 
manner over time [15]. Both models can be applied 
to the analysis of fluid flow in a peristaltic pump.

This study aims to develop, simulate, and 
compare the two presented stochastic models to 
predict the time-to-failure (TTF) of peristaltic 
pumps in autotransfusion devices, and to contribute 
to understanding the application of degradation 
models in the context of biomedical equipment.

 
Materials and Methods

The peristaltic pump is a mechanical device 
used in a wide variety of biomedical equipment, 
including autotransfusion systems, due to its 
ability to move fluids in a controlled manner 
while minimizing direct contact with moving 
parts, thus ensuring the integrity of the biological 
fluid. This study focuses on analyzing the gradual 
wear of the pump’s mechanical components, 
which can reduce operational performance and 
lead to eventual failure. To model the pump’s 
degradation process, two stochastic methods were 
compared: Brownian Motion with Drift, which 
incorporates a deterministic trend associated with 
the average wear rate, and the pure Wiener Process, 
which considers only the random component of 
the phenomenon, without a defined trend. This 
comparison aims to identify which approach more 
realistically represents the degradation evolution of 
the peristaltic pump.

The degradation model based on Brownian 
Motion with Drift describes the wear evolution 

as the sum of a deterministic component and a 
random term. In this way, the drift represents 
the average degradation rate over time, while 
the stochastic term models the inherent random 
fluctuations of the process, such as variations in 
friction or minor operational irregularities. The 
equation representing the wear X(t) is commonly 
expressed as follows [16]:

	 𝑑𝑋(𝑡) = 𝜇 𝑑𝑡 + 𝜎 𝑑𝑊(𝑡)	 (1)

Where μ is the drift coefficient, representing the 
average wear rate, σ is the intensity of the stochastic 
variability, and W(t) is the standard Wiener process. 
The development of this equation allows modeling 
the accumulated wear over time [16]:

	 𝑋(𝑡) = 𝑋(0) + 𝜇(𝑡) + 𝜎𝑊(𝑡)	 (2)

This model is widely used to represent the physical 
degradation of mechanical components, accounting 
for both the average failure trend and the random 
variations that can accelerate or delay the process.

The pure Wiener process describes degradation 
as an evolution of a purely random characteristic, 
devoid of any systematic trend. In this model, the 
wear is represented by the following equation [16]:

	 𝑋(𝑡) = 𝑋(0) + 𝜎𝑊(𝑡)	 (3)
 
   In addition to stochastic models, to model 
the degradation of the peristaltic pump 
more realistically, it is necessary to consider 
deterministic effects associated with pressure 
loss and random noise. Zhai and colleagues 
(2024) [17] represent the pressure loss by a 
quadratic function of time, which expresses 
the continuously increasing wear related to 
prolonged operation, as shown below:

	 𝑃(𝑡) = 𝛼𝑡2	 (4)

For the simulation of the peristaltic pump, 
parameters were selected based on real data from 
interviews with a perfusionist and the client who 
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requested the project, ensuring greater practical 
adherence to the peristaltic pump's operating 
conditions.

The pump flow rate under normal operating 
conditions is 600 mL/min, and this value was 
fixed in the developed model. In comparison, the 
equipment failure threshold was set at 480 ml/
min, equivalent to 80% of the initial flow rate, 
which marks the point at which the equipment’s 
performance is considered compromised. The time 
step was defined as 1 minute, a time resolution 
suitable for tracking the degradation evolution 
over the maximum simulated duration of 500 
hours (30,000 minutes).

The intensity of the stochastic noise was 
simulated at three levels: 0.05, 0.3, and 0.8. This 
variation aimed to represent different operational 
magnitudes and mechanical imperfections inherent 
to the process. Table 1 presents the simulation 
parameters.

simulation, enabling quantitative analysis of the 
useful life and comparison of the two models 
under different variability conditions.

 
Results

This section presents the results of simulations 
evaluating the time-to-failure (TTF) of a 
peristaltic pump used in autologous blood 
transfusion equipment, accounting for different 
levels of uncertainty in the degradation process. 
Two stochastic models were analyzed: Brownian 
Motion with Drift and the pure Wiener Process. 
The models were applied to three distinct 
scenarios of stochastic variability (σ = 0.05, 0.3, 
and 0.8). The use of these models is relevant for 
medical applications in which the continuous and 
safe operation of the pump is highly critical for 
the integrity of the transfusion procedure and the 
patient,  enabling the anticipation of interventions 
and reducing the risk of unexpected failures.

In the scenario with σ = 0.05, characterized by 
low variability, the estimated TTF was 11,070.00 
minutes (184.50 h) for the Brownian Motion with 
Drift model and 15,174.00 minutes (252.45 h) for 
the pure Wiener Process. At this level of uncertainty, 
it is observed that the pure Wiener model yielded a 
time-to-failure greater than that obtained with the 
Brownian Motion with Drift. Figure 1 presents the 
simulation results for σ = 0.05.

In the scenario with σ = 0.3, representing 
moderate process variability, the TTF was 8,786.00 
minutes (146.43 h) for the Brownian Motion with 
Drift model and 12,744.00 minutes (212.40 h) for 
the Wiener process. As in the previous scenario, the 
Wiener process showed higher values compared to 
the Brownian Motion with Drift. Figure 2 presents 
the simulation results for σ = 0.3.

In the high-variability scenario, modeled with 
σ = 0.8, the estimated TTF was 6,842.00 minutes 
(114.03 h) for the Brownian Motion with Drift 
model and 8,002.00 minutes (133.37 h) for the 
Wiener process. In this case, the TTF difference 
between the two models decreased. Figure 3 
presents the simulation for the σ = 0.8 scenario.

Table 1. Simulation parameters for peristaltic 
pump degradation modeling.

Parameter Value(s)
Initial Flow (𝑞0) 600 mL/min

Failure Threshold (𝐿) 480 mL/min 
(80% of 𝑞0)

Time step (𝑑𝑡) 1 minute
Maximum time 500 hours

Noise intensity (𝜎) 0.05; 0.3; 0.8

The computational simulation was implemented 
in MATLAB to model the degradation of the 
peristaltic pump using two distinct stochastic 
models: Brownian Motion with Drift and the 
pure Wiener Process. For each model, multiple 
individual degradation trajectories over time 
were generated, incorporating stochastic noise 
and deterministic components. The simulation 
progressed iteratively until the pump flow reached 
the established failure threshold or the maximum 
operating time was reached. During the process, 
the time-to-failure (TTF) was recorded for each 
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Figure 1. Comparison between the two stochastic 
models for σ = 0,05.

Figure 2. Comparison between the two stochastic 
models for σ = 0,3.
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Discussion

The comparative analysis between the stochastic 
models of Brownian Motion with Drift and the 
pure Wiener Process reveals a consistent pattern: 
across all simulated scenarios, the Wiener Process 
exhibited higher time-to-failure (TTF) values than the 
Brownian Motion with Drift model. This difference 
is more pronounced in low- and moderate-variability 
scenarios (σ = 0.05 and 0.3) and decreases as process 
variability increases (σ = 0.8).

The study was conducted to assess the 
degradation of a peristaltic pump used in a 
biomedical device, where failure is defined as a 
reduction in flow rate below a critical threshold 
required for the safe and effective operation of 
the system. In this context, understanding the 
influence of the chosen stochastic model is crucial 
for accurately estimating the component’s lifetime 
and for planning predictive maintenance actions.

The intrinsic characteristics of each model 
can explain the observed behavior. In Brownian 
Motion with Drift, the deterministic term 
(drift) tends to guide the degradation trajectory 
toward the failure threshold more consistently, 
accelerating the average wear rate. In contrast, in 
the pure Wiener Process, evolution is governed 
solely by the stochastic term, leading to larger 
cant oscillations around the mandalich in some c, 
delaying the attainment of the failure threshold.

In the high variability scenario (σ = 0.8), the 
TTF difference between the models is considerably 
reduced. This occurs because increasing the σ 
parameter amplifies the random effect in both 
models, making the drift’s influence relatively less 
dominant and bringing the simulated trajectories 
closer together. In this regime, the impact of 
random fluctuations prevails over the deterministic 
component, leading to more irregular, less 
predictable degradation trajectories.

From a practical perspective, these results 
indicate that for peristaltic pumps in biomedical 
applications, the choice of stochastic model 
can significantly affect lifetime predictions, 
particularly in processes with low or moderate 

Figure 3. Comparison between the two stochastic 
models for σ = 0,8.
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variability. Under high-variability conditions, the 
influence of the chosen model decreases, though 
it may still be relevant depending on the system's 
reliability requirements.

 
Conclusion

The comparative study between Brownian 
Motion with Drift and the pure Wiener Process, 
applied to the degradation of a peristaltic pump 
used in a biomedical device, demonstrated that 
the choice of stochastic model directly affects 
the estimation of time-to-failure (TTF). In all 
scenarios analyzed, the Wiener Process yielded 
higher TTF values, with the difference more 
pronounced under low and moderate variability 
conditions and less pronounced in high-variability 
scenarios.

The findings suggest that, for biomedical 
applications where reliability and operational safety 
are critical,  selecting an appropriate degradation 
model is essential for accurate lifetime predictions 
and effective predictive maintenance planning. 
Furthermore, the influence of the chosen model is 
more relevant in processes with lower variability. 
In contrast, in highly variable environments, the 
random component tends to dominate, reducing 
the differences between the approaches.

As a recommendation for future work, it is 
suggested to explore hybrid systems that combine 
stochastic degradation models with statistical 
monitoring techniques, such as control charts, 
to enhance early fault-detection accuracy and 
improve the robustness of lifetime estimation in 
real operating conditions.
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