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Abstract— Objective: Various types of sensors, such as
dynamometers, have been developed to assist in strengthening
the pelvic floor muscles, aiming to improve the quality of life for
women affected by urinary incontinence. This paper presents
silicone encapsulation method for portable vaginal
dynamometers that minimizes force measurement drift caused
by thermal expansion mismatch between the silicone and the
dynamometer housing due to body temperature. Methods: The
encapsulation process involves two steps. First, based on the size
and shape of the dynamometer, a mold is created to form a
cured silicone sleeve slightly larger than the sensor. This sleeve
is then slid over the dynamometer. A second silicone layer is
subsequently applied over the sleeve and any exposed surfaces
of the dynamometer. The dynamometers were tested in air and
water at 40 °C to simulate thermal conditions and assess the
force measurement drift at body temperature. Results: The
proposed method limited the force drift to 0.014 N—a significant
reduction compared to the 5 N observed when the silicone was
directly applied to the dynamometer surface. This demonstrates
the effectiveness of the two-layer encapsulation in mitigating the
impact of thermal expansion on the measured force.
Significance: This may pave the way to accurate personal pelvic
dynamometers for at-home and personalized pelvic muscle
training.

1. INTRODUCTION

Urinary incontinence is a prevalent condition that
significantly affects the quality of life of millions of women
worldwide [1]. Characterized by the involuntary leakage of
urine, urinary incontinence can lead to both physical
discomfort and psychological distress [2]. One of the primary
contributors to urinary incontinence is the weakening of the
pelvic floor muscles (PFM), which play a critical role in
maintaining continence by supporting the bladder and urethra

[3].

Assessing the strength of the PFM is therefore essential for
both diagnosis and treatment planning. Among the available
assessment tools, dynamometry offers a reliable and
quantitative method for measuring muscle force [4].
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Recently, wireless, wearable dynamometer systems have
been introduced to provide feedback during pelvic exercise
prescribed in rehabilitation programs [5]. However, great
variability in these systems design is observed in the literature
with no guarantee in the validity of the absolute force
measurement accuracy [6].

Building on the foundational work presented in El-Sayegh et
al. [7], this work focuses on the design and implementation
of a silicone encapsulation method that enhances force
measurement stability at body temperature (37°C) by
reducing thermally induced undesired stress. Like most, if not
all, systems, the dynamometer presented herein must be
calibrated at room temperature [7], yet remain accurate when
operating at body temperature.

The main contribution of this works lies in the development
of a two-step silicone encapsulation method that minimizes
the effect of thermal expansion mismatch between the
silicone and the dynamometer housing on the dynamometer
force measurements.

—— -

Figure 1: Encapsulated dynamometer
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II. SENSOR DEVELOPMENT

Figure 1 presents a picture of the silicone encapsulated
dynamometer wired to its electronics. A load cell is mounted
at the core of the dynamometer on two independent housing
shells, enabling the measurement of applied force on the
dynamometer, see Figure 2. This load cell is connected to the
printed circuit board (PCB), located centrally within the
device. This internal PCB is wired to a second PCB inside a
casing worn at the user’s belt, see Figure 2. The external PCB
enables Bluetooth communication to remotely access real-
time data with a user interface.

The housings for both the dynamometer and the external PCB
enclosures are fabricated using 3D printing with polylactic
acid (PLA) plastic.
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Figure 2: Exploded view of the dynamometer and its electronics

Applying a silicone coating to the dynamometer is essential
to ensure proper sealing of the internal electronics and to
allow proper cleaning of the device. Additionally, the
dynamometer encapsulating material must comply with
medical-grade biocompatibility standards to ensure safe
internal use.

One of the primary challenges in integrating the silicone
coating lies in managing the thermal expansion mismatch
between the PLA structure and the silicone when submitted
to body temperature. This mismatch must be addressed
carefully to avoid introducing mechanical stress on the load
cell, which could compromise force measurement accuracy.
Specifically, it must perform consistently at room
temperature (where the device is calibrated) and in aqueous
environments at body temperature. Addressing these thermal
effects is therefore essential for reliable performance and
accuracy.

III. MATERIALS AND METHODS

Two encapsulation techniques were explored for coating the
dynamometer with medical-grade silicone. Both designs have
been tested in similar controlled environments to assess the
force measurement drift.

A. Baseline Design

In the Baseline Design, the gap between the housing front and
back shells was sealed with medical tape. Then, silicone was

injected directly onto the sensor using a syringe and a 3D-
printed mold, ensuring full coverage of the dynamometer.
While this method effectively sealed the dynamometer, the
silicone adhered directly to the housing. Therefore, the
thermal expansion mismatch between the silicone and the
housing will induce undesired forces on the device assembly,
measured by the load cell.

B. Slide-Fit Design

This method involved forming a thin sleeve of silicone on a
core replicating the shape of the dynamometer housing. Once
fully cured, this sleeve was removed from the core and slid
over the sensor, avoiding direct adhesion of the silicone to
sensitive regions of the housing.

To achieve the desired shape and complete encapsulation of
the dynamometer, a second layer of silicone was then applied.
In this last step, the sensor was placed into a custom 3D-
printed mold designed to match the full geometry of the
device. Silicone was then applied uniformly along the inner
surfaces of the mold before it was closed around the sensor to
form the final encapsulation. The curing time of the Factor II
A-103 silicone was 18h-24h. While the process was
accelerated by applying heat, it was critical not to exceed
40 °C, as higher temperatures may cause deformation of both
the mold and the sensor housing [8].

The Slide-Fit Design prevents silicone from adhering to both
parts of the housing, thereby significantly enhancing force
measurement stability by reducing thermally induced stress.
As illustrated in Figure 3, the first layer covers only areas of
the housing that influence the load cell’s measurements,
which minimizes the impact of thermal expansion on force
measurements.

Figure 3: Schematic evolution of the silicone layers: a thin cured
silicon layer is installed with no adhesion to housing (middle
schematic). The entire assembly is covered with final silicone layer
(right schematic)

C. Experiments

The PCB housed within the external enclosure equipped with
an ESP32 microcontroller programmed with custom
firmware [9] was used to enable Bluetooth connectivity and
provide an interface for real-time visualization of the force
measurements from the load cell. Additionally, the system
was used to export the recorded data to a CSV file for further
analysis.

A series of experiments were conducted to evaluate
differences between coated and uncoated sensors under
various environmental conditions. These tests were designed



to assess the impact of silicone encapsulation on
measurement accuracy, thermal stability, and waterproofing.
Before each experiment, the sensor is calibrated at room
temperature with calibrated masses to ensure a good reading
of the values [9] and zeroed.

1) Experiment 1: Thermal Expansion in Air

In a first experiment, a dynamometer without silicone
encapsulation (uncoated) was tested to assess any thermally
induced drift unrelated to the silicone layer. Both Baseline
Design and uncoated dynamometer were calibrated at room
temperature and placed in an environmental chamber
maintained at 40 °C for 30 min. A 200g mass was applied to
each sensor to determine whether the force measurements
recorded by the load cell accurately matched the weight of
the applied mass. This setup enabled a comparative analysis
of any deviations, isolating the effects of silicone-induced
thermal expansion.

2) Experiment 2: Transient Response in Water

To simulate a more representative rapid thermal transition, a
second experiment was conducted in a warm liquid
environment for 30 min, reflecting the typical duration of a
pelvic floor exercise session. The sensor was calibrated at
room temperature and then submerged in a beaker filled with
water heated to 40 °C using a hot plate. The temperature was
monitored with a thermocouple. During the experiment, the
dynamometer was supported by its base with a stable support
fixture. A schematic of this setup is shown in Figure4.

Figure 4: Schematic representation of in water experiments

IV. RESULTS

A. Experiment I results : Thermal Expansion in air

Figure 5 shows the force readings for both, the uncoated and
silicone coated dynamometers, in the environmental chamber
maintained at 40 °C for 30 min under a constant load of 200g
(1.96 N). The measurements showed a drift of approximately
0.005 N and -5 N, respectively.

A significant decrease in the measured force values was
observed during the experiment for the Baseline Design,
highlighting the substantial impact of silicone’s thermal
expansion on sensor accuracy.

B. Experiment 2 results : Transient Response in Water

Force readings of the silicone encapsulated dynamometers,
using the Baseline Design and the Slide-Fit Design, are

shown in Figure 6. The two-step encapsulation method
showed minimal signal drift of 0.014 N when submerged in
40 °C water, whereas the Baseline Design showed an 8§ N
drift. Both dynamometers remained fully operational post-
submersion, confirming the waterproof integrity provided by
silicone encapsulation.
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Figure 5: Dynamometer force measurements over time for a load
of 200g static weight comparing the Baseline Design and the
dynamometer without silicone in the environmental chamber at
40°C
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Figure 6: Dynamometer force measurements over time without
load comparing the Baseline Design and the Slide-Fit Design
submerged in water at 40°C

V. DISCUSSION

This study presented a new silicone encapsulation method for
portable vaginal dynamometers to enable thermally stable
force measurement of PFM contractions while ensuring user
safety. To our knowledge, this is the first demonstration of
thermal stability for silicone coated pelvic muscle
dynamometer. Our developed coating method may guide
future dynamometer design to ensure precise and reliable
force measurement to support rehabilitation of women with
urinary incontinence. These devices have the potential to
provide meaningful, real-time feedback during pelvic floor
training and therapeutic exercises for improved outcomes
[10].



Although medical-grade silicone is essential for
encapsulating personal vaginal dynamometer to ensure
biocompatibility and user protection, its thermal expansion at
body temperature must be carefully managed to minimize
force measurement drift after room temperature calibration.
Experimental results demonstrated that directly molding
silicone onto the sensor surface causes the material to adhere
to the housing, resulting in a significant and undesirable drift
of 5 to 8 N in the force measurements over 30 min — a typical
training period (Figure 5 and Figure 6). The proposed two-
step encapsulation method yielded promising results, though
further validation with additional dynamometer units is
necessary. Nonetheless, our Slide-Fit Design prototype
demonstrated its ability to decouple the expansion of silicone
from the sensor’s sensitive regions. This resulted in an
abysmal drift of 0.01 N in water at 40 °C over a period of 30
min. For context, previous studies have reported median PFM
strength ranging from 3.6 to 5.05N [11] on a fixed-based
PFM dynamometer, although women affected by urinary
incontinence may exhibit lower force values depending on
the dynamometer design [12]; in-house testing with our non
fixed-based PFM dynamometer has yielded pelvic muscle
forces as low as IN. Our method could reduce thermal
expansion-induced drift to below 1% of typical force
measurements, underscoring its potential for measuring PFM
force more accurately both in assessment and intervention.
Further testing in vivo and vitro and needed to confirm
reliability and validity of these measurement.

Additionally, the dynamometer proved to be fully
waterproof, with internal electronics remaining functional
after submersion, confirming the effectiveness of the sealing
technique.

The main limitation of this study is that repeatability of the
coating method has not been tested. This is kept for a future
study. Moreover, acknowledging the importance of
validating the new coating method in real-world applications,
evaluating the wusability and performance of the
dynamometers in a clinical study with women affected by
urinary incontinence will be the next step.

VI. CONCLUSION

This paper presented a reliable silicone encapsulation
technique for portable vaginal dynamometers designed for
therapeutic training of women with urinary incontinence. The
proposed two-step silicone encapsulation method ensures user
safety, force measurement precision by minimizing thermal
expansion-induced drift and waterproof integrity. With
successful ensuing research, accurate personal vaginal
dynamometers may uniquely help women with urinary
incontinence with at-home and personalized pelvic muscle
training.
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