
SMSI 2025 Conference – Sensor and Measurement Science International 105

The surface normals are determined in CS ,𝒞𝒞
resulting in a surface normal at position 𝒙𝒙i

as 𝒈𝒈𝑖𝑖
𝒞𝒞.  Having all sample points acquired, nor-

mals are transferred into the CS . From norℳ -
mal’s slopes a gradient field in CS is derived.𝒞𝒞
For numerical integration, a model of surface
using RBS (Wendland functions) is used, with
number of RBFs beeing identical to number of
sample points and centers located in the mea-
surement positions 𝒙𝒙i.  Derivatives of RBF are
fitted to measured gradients. Due to uncertain-
ties and noise, an additional nonlinear optimiza-
tion step is necessary. Flow of reconstruction
process is depicted in Fig. 2. 

The second method uses supervised learning
for reconstruction. A “Growing and Pruning”
RBFN was implemented, which uses deriva-
tives of the Wendland function as a basis, see
Fig. 3. That approach promises a reduction of
compute time and memory, since model is opti-
mized continuously by new measurement data.

Results

The reconstruction methods were applied in
simulation as well as in measurement. For com-
parison reasons, here the outcome of simulated
measurement of a “Franke-surface” is presen-
ted, see Fig. 4 and 5. The surface was evalu-
ated using nonlinear optimization and integra-
tion (compare Fig. 2) as well as using super-
vised learning with RBFN approach (Fig. 3).
Both methods result in extremely small devia-
tions. The optimization method also proved its
performance with real live data.

Tab. 1: Comparison of reconstruction performance.

Method RMS/normalized t/s

Integration 2.560e-4 126.312

RBFN 8.623e-6 42.583

Conclusion

Two model-based techniques for reconstruction
of freeform surfaces from gradient data are
compared. In simulation, data-driven RBFN out-
performs integration method especially in re-
gard of processing time, but performance in real
measurement has to be investigated further.
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Fig. 2: Flowchart of the 
reconstruction process.

Fig. 3: Schematic Architec-
ture for the RBF Network. Φx 

und Φy are derivatives of
RBFs in x- and y-direction, ci 

denotes i-th center position,
p and q are the measured 
gradients in x and y direction 
and ŝ are the approximated
gradients in x and y direction.

Fig. 4: Plots presenting a) the reconstructed “Franke”
surface and b) its deviation from the surface model
using RBF integration .

Fig. 5: Comparison of reconstruction using a) least-
square RBFN and b) integration of RBF.
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Summary: This paper presents the integration of OPC UA as a communication protocol in a wireless sensor
network and the associated companion specifications as a semantic template for an information model. The Cyber
Physical Finite Element Sensor Network (CPFEN) for Shape Measurements, a distributed wireless system, uses
IO-Link Wireless for data transmission at the sensor level, OPC UA provides a unified interface for data access,
configuration, monitoring, and calibration tailored to the needs of the CPFEN for all level above. This opens up
additional possibilities, such as integrated quality assurance or creating a digital twin, while improving scalability.
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Motivation
The Cyber Physical Finite Element Sensor Net-
work (CPFEN) for Shape Measurements pro-
posed in [1] is a new approach addressing the
challenges of precise real-time shape monitoring
in industrial applications. It uses a network of in-
terconnected sensor nodes like a finite element
grid attached to the surface, enabling the contin-
uous measurement of shape and deformation in
large structures, as depicted in Fig. 1. This capa-
bility is critical for applications such as manufac-
turing process control and structural health mon-
itoring. In this network, IO-Link Wireless (IOLW)
connects sensor nodes to the Wireless-Master
(W-Master), enabling the transmission of mea-
surement data without the need for physical ca-
bling. IOLW also enables centralized handling
of calibration, configuration, and extended diag-
nostic data [2]. For higher-level communications,
OPC UA provides a unified interface as com-
munication framework. It extends across multi-
ple W-Masters to the central measurement com-
puter. A customized OPC UA information model
is used to meet the specific requirements of the
CPFEN. It provides a semantic structure for or-
ganizing sensor data, enabling monitoring, while
ensuring easy scalability and remote configura-
bility. This customization enables the integration
of applications such as predictive maintenance
and process optimization.

Architecture and Sensor Information Model
The structure of the CPFEN, described from
the lowest to the highest level, consists of up
to 40 sensor nodes per IOLW W-Master. The
W-Master is implemented on a TI TMDS64EVM
evaluation board and provides dedicated cores
for real-time processing of IOLW and sufficient
processing power for communication applica-
tions such as OPC UA implemented on a non-

Fig. 1: Sensor network attached to the surface of a
large structure.

real-time Linux [3]. In this configuration, the com-
munication application based on the Open62541
stack serves as a gateway, providing both, the
OPC UA server functionality and the ”Standard-
ized Master Interface” of IOLW on the same net-
work interface. In the subsequent layer, multiple
W-Masters can be connected to a control and
measurement computer via Ethernet or a cor-
responding wireless alternative such as 5G [4].
The sensor density is only limited by the capa-
bility of an IOLW cell, defined by the specifica-
tion [5], which allows up to three W-Masters with
120 corresponding sensor nodes within a 10 m
cell. A customized OPC UA information model,
based on the ”OPC UA for IO-Link Devices and
IO-Link Masters” specification [6], is adapted for
the sensors of the CPFEN and the wireless multi-
sensor system architecture. It comprises three
key elements: firstly, sensor data of each node
for easy access and integration; secondly, con-
figuration and calibration parameters for central-
ized control of settings; and thirdly, diagnos-
tic data for monitoring the sensor health and
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communication status. The information model
provides a flexible and scalable structure that
allows efficient expansion and integration with
higher-level applications such as quality assur-
ance. Fig. 2 illustrates the mapping of the pro-
cess input and output data to the correspond-
ing physical measurement value, which reflects
the sensor node structure as a representative of
the other aspects mentioned. The sensor nodes
consist of a central sensor probe with an acceler-
ation sensor (index 0) and up to six mechanical
interconnecting rods, each of which has an ac-
celeration sensor and a distance measurement,
of which up to three can be assigned to a node
for the data connection (index i 1 to 3).

Fig. 2: Information model for the
SensorNodeDeviceType according to [6].

Conclusion
The integration of OPC UA with IOLW in the
CPFEN provides a modern architecture for pre-
cise wireless shape monitoring in industrial
applications. OPC UA and the information
model adapted to the CPFEN enable standard-
ized communication, configuration and diagnos-
tic handling and facilitate the deployment of the
flexible sensor network in large structures. A
promising direction for future research is to im-
prove the real-time capabilities of OPC UA, as in-
vestigated by Pfrommer et al. [7]. They showed
that OPC UA PubSub in combination with TSN
can meet the demanding real-time requirements
in industrial environments, which is also in line
with the OPC UA Field eXchange specifications.

Time-sensitive applications, such as dynamic
condition monitoring of structures, automated
quality control, or simply shorter process cycles
and therefore also faster production, could be el-
evated by improved temporal precision and re-
duced latency. Enriching measurement data with
semantics is an enabler for digital twin model-
ing, rapid integration, and new business models.
Rentschler and Drath emphasized the use of Au-
tomationML [8], while the similar approach with
OPC UA also includes the communication proto-
col, and digital semantic models are largely con-
vertible.
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