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Summary:

Minimally invasive surgery lacks haptic feedback, limiting the surgeon’s ability to assess tissue interac-
tion forces. This work presents a miniaturized CMOS-based multisensor chip integrated in laparoscopic
instruments for multidimensional force sensing. Finite element modeling was used to optimize sensor
placement. Machine learning models reconstruct axial, lateral, and gripping forces from 32 sensors per
chip. A Random Forest model reached near-perfect accuracy between 0.0001 N and 0.0048 N. Results
demonstrate the feasibility of compact, high-precision force sensing in smart surgical instruments.
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Background, Motivation and Objective

Minimally invasive surgical procedures including
laparoscopy have significantly improved patient
outcomes by reducing trauma and recovery
time. However, the instruments currently used in
laparoscopy limit the surgeon’s tactile percep-
tion, as interaction forces between instrument
and tissue are strongly attenuated [1]. The loss
of haptic feedback can lead to surgical errors
and unintentional tissue damage [2].

Existing approaches can be broadly classified
into direct sensor integration and indirect estima-
tion methods. Indirect approaches are easier to
integrate but generally less accurate [2]. Micro-
electro-mechanical systems (MEMS) are partic-
ularly promising for direct force sensing due to
their small size and integrability. However, exist-
ing solutions (e. g. [3]) often lack full system in-
tegration or remain limited in practical applicabil-

ity.

The objective of this work is to develop a com-
pact and integrated sensing system capable of
reconstructing  multidimensional interaction
forces in laparoscopic instruments with high pre-
cision. The approach combines a CMOS-based
multisensor chip, model-based sensor integra-
tion, and data-driven force estimation algo-
rithms, as illustrated in Figure 1.
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Figure 1: Concept of the proposed force sensing sys-
tem for laparoscopic instruments: CMOS multisensor
chips combined with machine learning for multidimen-
sional force reconstruction.

Force Measurement Concept and System In-
tegration

At the core of the system is a miniaturized CMOS
multisensor chip comprising 32 spatially distrib-
uted sensors within a footprint of 2.0 x 2.5 mmz?
and a thickness of 0.3 mm, including readout
electronics providing a digital output signal [4].
The chip measures local mechanical stress
based on the piezoresistive effect; thus, the force
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sensor chip can resolve deformations of the in-
strument in different axes.

The sensor chip was integrated into a laparo-
scopic instrument from Erbe Elektromedizin
GmbH. The sensors were mounted and electri-
cally connected using flexible interconnects. The
sensor was placed at the shaft to capture tool-
center-point forces and at the handle to capture
gripping forces. Due to the instrument’s complex
mechanical structure, the resulting signals are
nonlinear, requiring advanced modeling for force
reconstruction.

Finite element modeling was used to identify op-
timal sensor placement within the laparoscopic
instrument, aiming at a distinct and interpretable
stress distribution across the sensor surface.
The simulations consider nonlinear effects in-
cluding contact, friction, and deformation during
the opening and closing of the instrument.

Force Estimation Methods

Force estimation was formulated as a super-
vised regression problem. The input features in-
clude 32 sensor values, statistical features
(standard deviation and variance), temperature,
shaft rotation, and lever arm geometry (45 fea-
tures in total).

Four regression models were evaluated: Linear,
Ridge, Lasso, and Random Forest, each using
an 80/20 train-test split including five-fold cross-
validation. Feature normalization was applied for
the linear models, while the Random Forest
model was trained on raw data.

The dataset was acquired using dedicated test
setups, where defined axial, lateral, and gripping
forces were applied to the instrument. Reference
forces were generated using calibrated weights
and force sensors, while the corresponding mul-
tisensor signals were recorded simultaneously.
Both static and dynamic load cases were consid-
ered to capture a wide range of operating condi-
tions.

Temperature effects were explicitly investigated,
as thermal expansion differences between sen-
sor and instrument introduce measurement drift.
Models with and without temperature as an input
feature were compared to assess its impact.

Results and Discussion

All evaluated models were capable of recon-
structing force components from the sensor
data. However, clear differences in performance
were observed. The Random Forest model
achieved the highest accuracy when including
temperature as an input feature, with coefficients
of determination of up to R?=1.000 and mean
absolute errors (MAE) of 0.0001 N for lateral
force, 0.0027 N for axial force and 0.0048 N for
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gripping force (see Figure 2). Linear models also
showed strong performance with R? values
above 0.96, but with higher estimation errors.
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Figure 2: Comparison between measured and pre-
dicted load values for Random Forest model. (a)
shows lateral force, (b) axial force, (c) and (d) gripping
force. Whereas (@) to (c) use the temperature feature,
(d) ignores the temperature.

The investigation of temperature influence re-
vealed that linear models only marginally benefit
from the inclusion of temperature as an input fea-
ture. In contrast, the Random Forest model
clearly benefits from temperature as additional
feature: As an example, the gripping force MAE
can be reduced from 0.0081 N without tempera-
ture feature (see Figure 2d) to 0.0048 N with
temperature feature (see Figure 2c).

The proposed approach can reliably estimate
axial, lateral, and gripping forces despite com-
plex mechanical coupling within the instrument.
Our results demonstrate the effectiveness of
combining spatially resolved sensing with data-
driven modeling.

Conclusions and Acknowledgment

The results demonstrate that the presented mul-
tisensor force chip is well suited for measuring
mechanical loads in laparoscopic instruments
with millinewton accuracy.

The Random Forest model provides maximum
accuracy. Our results suggest that it is feasible
to use force sensing in laparoscopic instruments
to provide real-time force feedback and thus im-
prove surgical safety for both manual and robotic
surgery.
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