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A Simulation Study of Novel Piezo-MOS and Current 
Mirror Integrated Microbridge Mass Sensor for Low 

Mass Sensing Applications 

1, * Menuvolu TETSEO, 1 Kalpana GOGOI, 1 Gaurav KUMAR,  
2 Shashi KUMAR and 1 Pradeep Kumar RATHORE 

1 Department of Electronics and Communication Engineering, National Institute of Technology 
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Abstract: The article presents a MEMS microbridge integrated with two identical MOSFETs in a current mirror configuration. 
The input MOSFET, embedded on the substrate, serves as a reference MOSFET, while the output MOSFET is placed at the 
fixed edge of the microbridge to detect deflection-induced mechanical stress. Due to the piezoresistive effect, applied mass 
changes the channel mobility of the output MOSFET, resulting in changes in drain current and voltage across its drain 
terminals. Three microbridge-based sensing configurations are investigated: (a) pMOS channel resistive loaded, (b) nMOS 
channel resistive loaded and (c) dual channel current mirror integrated microbridge mass sensors. Simulation using COMSOL 
Multiphysics and TSpice software shows sensitivity of approx. 0.11 µV/µg, 2.33 µV/µg and 12.67 µV/µg for pMOS, nMOS 
and dual channel sensors, respectively. Fabrication process steps and mask-layout design are also discussed. Overall, this study 
demonstrates a promising and robust approach for highly sensitive low-mass sensing applications. 

Keywords: Microelectromechanical systems, Piezoresistive devices, Current mirror circuit, Sensor systems. 

1. Introduction

Over the years, a significant amount of research
has been dedicated to Microelectromechanical System 
(MEMS) based biosensors [1-5]. A key area of focus 
within this research is the detection of small masses, 
particularly in the field of biomedical and chemical 
applications. Integrating sensors alongside a readout 
circuit on a single chip is highly preferable and 
instrumental in achieving high sensitivity and 
precision in detecting small masses. This integration 
can be facilitated by the CMOS-MEMS technology 
[6-13]. CMOS-MEMS enables seamless integration of 
the MEMS sensor with CMOS readout circuit, leading 
to improved performance, noise reduction, and 
various other benefits such as miniaturization,  

cost-effectiveness, reduced power consumption and 
rapid response times. 

Mass sensors using MEMS structures such as 
diaphragm, microcantilever and microbridge have 
been reported by researchers worldwide [13-17]. The 
MEMS microbridge structure consists of a beam with 
two fixed edges and two free edges. When load is 
applied, the microbridge undergoes deflection and 
stress is induced at its fixed edges. This stress can be 
measured using different transduction solutions like 
piezoresistive [11], piezoelectric [18], capacitive [17], 
and optical transduction mechanism [19]. Each of 
these methods faces inherent limitations like 
temperature sensitivity, noise and nonlinearity when 
operated under adverse environmental conditions [20]. 
Recent years have seen the integration of FETs with 

https://www.sensorsportal.com/p_3400.html
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MEMS, where researchers have reported several 
studies exploiting the piezoresistive effect in 
MOSFETs [21–24]. This piezoresistive effect in 
silicon MOSFET arises due to distortion of energy 
band upon application of load. This distortion affects 
the effective mass, which in turn affects the electron 
and hole mobility, and hence its resistivity [25]. This 
piezo-MOS transduction mechanism is an inherent 
property of MOSFETs and remains relatively 
unexplored, leaving a significant scope for further 
investigation using CMOS circuit as sensor  
readout circuits. 

In this context, one promising approach is the use 
of MOSFET-based current mirror as sensor readout 
circuit [24, 26–29]. While commonly used as biasing 
circuit, current mirrors have shown to offer several 
advantages when used as a readout circuit such as 
temperature compensation, seamless interfacing and 
full CMOS compatibility. This eliminates the need for 
complex ∆R/R measurements and additional 
temperature compensation circuit, unlike other works 
reported in the literature [30–32]. Prior studies have 
demonstrated the efficiency of this approach in 
pressure sensors [26–29], and most recent work 
demonstrated cantilever-based piezo-MOS sensing 
under tip loading [24]. In the present study, the same 
sensing concept is applied to a microbridge structure 
under central loading, introducing a different 
mechanical boundary condition. This changes the 
governing equations and stress distribution, with 
symmetric stress generated at both fixed edges, 
resulting in a distinct electromechanical response. 

From the literature [33], microbridge structures 
offer advantages over microcantilevers due to their 
double-clamped configuration, including better 
mechanical stability, lower sensitivity to residual 
fabrication stress, easier sensing-layer deposition, and 
improved MEMS integration. They also exhibit higher 
resonant frequency and mass sensitivity. While 
microcantilevers are preferred for large deflection and 
very low mass sensing, microbridges are suitable for 
applications requiring higher stability and larger mass 
range. However, the present work is limited to a  
proof-of-concept study on integrating a microbridge 
structure with a MOSFET sensing element and a 
current mirror readout circuit for low-mass sensing 
applications, focusing only on the static behavior of 
the sensor under constant mass-loading conditions. 
 
 

2. Design and Modelling 
 

2.1. Physical Structure and Working Principle 
 
The proposed mass sensor consists of a 

microbridge beam as its mechanical mass sensing 
element. This study introduces three different mass 
sensor configurations, shown in Fig. 1: (a) resistive 
loaded p-channel MOSFET based current mirror 
integrated mass sensor, (b) resistive loaded n-channel 
MOSFET based current mirror integrated mass sensor, 
(c) dual channel MOSFET current mirror integrated 

mass sensor. In the p-channel and n-channel sensors, 
two identical MOSFETs are arranged in a resistive 
loaded current mirror configuration. These sensors 
consist of one reference MOSFET (Mp1/Mn1) 
positioned on the substrate and one stress sensing 
MOSFET (Mp2/Mn2) placed on one fixed edge of the 
bridge. Resistors are connected to the drain terminals 
of both the reference and output MOSFET branches to 
provide resistive loading. The dual channel mass 
sensor consists of four MOSFETs, with Mp1 and Mn1 
serving as reference MOSFETs, while Mp2 and Mn2 
act as stress sensing MOSFETs. The current mirror 
circuits were designed using the 5 µm CMOS 
technology parameters given in Table 1. These 
parameters were selected to analyze the proposed 
circuit under long-channel operating conditions, 
where current mirror behavior and stress-induced 
mobility variation can be examined without additional 
complexity from advanced device scaling effects. 
 
 

 

 
 

Fig. 1. (a) pMOS channel resistive loaded; (b) nMOS 
channel resistive loaded, and (c) dual channel current 

mirror integrated microbridge mass sensors. 



Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 1-10 

 3

Table 1. Parameters of 5 µm CMOS technology [34]. 
 

Parameters p-MOSFET n-MOSFET 
Mobility (cm2/Vs) 250 750 
Threshold voltage (V) -1 1 
Thickness of gate 
oxide (nm) 

85 85 

Supply voltage (V) 10 10 
Oxide capacitance 
(fF/µm2/Vs) 

0.406 0.406 

Early voltage 
(V/ µm) 

6.67 20 

Transconductance 
(µA/V2) 

10.15 30.45 

 
 

The cross-sectioned view of the proposed bridge 
sensor under no-load and applied load condition is 
illustrated in Fig. 2. Upon applying mass load, the 
bridge undergoes deflection, inducing stress at its 
fixed edges. This leads to a change in mobility of the 
output MOSFET (Mp2/Mn2), and consequently its 
drain voltage and current, while the mobility of the 
reference MOSFET (Mp1/Mn1) remains the same and 
unaffected by load. The output voltage corresponding 
to external load can be calculated between the drain 
terminals of the reference MOSFET M1 and output 
MOSFET M2. In all three sensor configurations, the 
reference MOSFET is diode-connected, establishing 
the gate bias for the corresponding sensing transistor. 
 
 

 
 
Fig. 2. The cross-sectional view of the microbridge sensor 
under: (a) no load condition and (b) applied load condition. 

 
 

2.2. Theoretical Model 
 

a) Micromechanical Element: Microbridge 
The proposed sensor incorporates a silicon 

microbridge with its dimension parameters given in 
Table 2. The maximum displacement (Wmax) and stress 

(Tmax) for the bridge under load conditions are given in 
equations 1 and 2 [35]. 
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where b and h are breadth and height of bridge, E is 
the Young’s modulus, M represents central mass of the 
bridge, x is the original position of the beam and a1 is 
the distance of the central mass from the fixed ends of 
the bridge. 
 
 

Table 2. Parameters used to design and simulate  
the proposed current mirror bridge based mass sensors. 

 
Parameters p-MOSFET n-MOSFET 

MOSFET Channel 
length and width  

Length = 10 µm 
Width = 20 µm 

Microbridge 
dimension (Length, 
breadth, height) 

(200, 100, 5) µm 

Drain resistor 
(RD) 

11.94 kΩ 17.73 kΩ 

Resistance of 
MOSFET 
piezoresistor 

197.92 kΩ 593.46 kΩ 

Piezoresistive 
coefficient (10−12 
Pa−1) 

π11 = -66 
π12 = 11 

π44 = -1380 

π11 = 1020 
π12 = -534 
π44 = 136 

Mass load 
In range of 0 to 100 µg, with 

step size of 10 µg 
 
 
b) Transduction Mechanism 

The proposed sensor uses the piezoresistive effect 
in MOSFET as the transduction mechanism. As 
reported in a previous work [26], the pMOS and 
nMOS are designed as a simple piezoresistor where its 
resistance is equal to MOSFET’s channel resistance 
(Rch = ro = VA/ID). [25] reported that under externally 
applied load, the mobility changes alone create a drain 
current change of the MOSFET. Hence, the carrier 
mobility and corresponding drain currents of both the 
pMOS and nMOS under load condition are given as 
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where μ denotes the carrier mobility, ∆µ is the change 
in carrier mobility under applied load, π is the 
piezoresistive coefficient, while σ is the stress 
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developed in the MOSFET channel region. L and W 
denote channel length and width respectively, Cox is 
the oxide capacitance per unit area. VGS is the  
gate-to-source voltage, while Vtp and Vtn represent the 
threshold voltages of the p- and n-channel MOSFETs, 
respectively. 
 
c) Readout Circuit 

The output voltage corresponding to external load 
can be calculated between the drain terminals of the 
reference MOSFET M1 and the output MOSFET M2 

 

 DDDSDS RIVVV 121  , (6) 

 
where VDS1 and VDS2 represent drain-to-source voltages 
of MOSFET M1 and M2, respectively. 

All the MOSFETs were biased to operate in the 
saturation region. The mathematical model of the 
readout circuit has been described and explained  
in [24, 26]. 

 
 

3. Simulation Results 
 

COMSOL Multiphysics was employed to simulate 
the mass sensing bridge structure while the analysis of 
the electrical behavior of the current mirror circuit was 
done using TSpice simulation tool. The parameters 
employed for simulations are given in Table 2. The 
simulation starts with the construction of a 3D mass 
sensing bridge structure integrated with strain sensing 
MOSFET equivalent piezoresistors. Subsequently, the 
material properties, mechanical and electrical 
boundary conditions, and meshing of the sensor 
structure were defined. Input voltages corresponding 
to the threshold voltages of the pMOS and nMOS 
transistors were applied across their respective 
equivalent piezoresistors. Mass load was then applied 
to the bridge structure, and simulations were 
conducted to analyze the piezoMOS behavior of the 
proposed mass sensors. Fig. 3 and Fig. 4 illustrate the 
maximum displacement and stress profiles of the 
microbridge structure obtained from COMSOL 
Multiphysics. Under a load of 100 µg, the microbridge 
structure undergoes a maximum deflection of  
0.207 nm at the center and maximum stress of  
65.3 kPa at the fixed edges. 

 
 

 
 

Fig. 3. Displacement profile of a microbridge structure 
under 100 µg load. 

 
 

Fig. 4. Stress profile of a microbridge structure  
under 100 µg load. 

 
 

The variations in channel resistance and mobility 
were obtained. These mobility values were 
subsequently used in TSpice simulation tool to 
determine the drain currents and voltages of the 
current mirror readout circuit. In order to study the 
effect of thickness of MOSFET equivalent 
piezoresistor, simulation was performed for five 
piezoMOS thicknesses for both pMOS and nMOS. 
Under an input load of 100 µg, pMOS and nMOS 
equivalent piezoresistors gives a change of (0.00088, 
0.00086, 0.00079, 0.00079, 0.00072) cm2/Vs and 
(0.0331, 0.0320, 0.0309, 0.0285, 0.0267) cm2/Vs in its 
channel mobilities for piezoMOS thickness of (0.1, 
0.25, 0.5, 0.75, 1) µm, respectively. Fig. 5 and Fig. 6 
show the variations in channel mobility and resistance 
of pMOS and nMOS equivalent piezoresistors, 
respectively, with different values of piezoMOS 
thickness. The results showed that mobility and 
resistance changes are higher with smaller piezoMOS 
thickness. However, simulation of structures with one 
dimension significantly smaller than the others may 
result in meshing and convergence issues [36]. 
Therefore, piezoMOS thickness of 0.5 µm was 
selected for this study [26]. 

 
 

 
 

Fig. 5. Plot of: (a) channel resistance and (b) channel 
mobility with respect to resistor thickness of pMOS. 



Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 1-10 

 5

 
 

Fig. 6. Plot of: (a) channel resistance and (b) channel 
mobility with respect to resistor thickness of nMOS. 

 
 

A mesh convergence analysis using nine mesh 
sizes was conducted to evaluate simulation accuracy, 
with results summarized in Table 3. The output 
voltage plot with respect to the number of meshing 
elements is given in Fig. 7. The graph shows that the 
voltage output starts to saturate after ‘coarse’ mesh 
size, meaning any mesh size ranging from ‘coarse’ to 
‘extremely fine’ produced convergent result. Hence, 
we have conducted this study with ‘finer’ mesh size, 
which lies within the range of converged result, 
affirming its accuracy. 

 
 

Table 3. Results from meshing analysis. 
 

Meshing 
size 

No. of meshing 
elements 

Output 
voltage 

(µV) 

% 
variation 
in output 
voltages  

Extremely 
coarse 

444 150 - 

Extra 
coarse  

944 220 46.667 

Coarser 1630 220 0 
Coarse 3135 230 4.545 
Normal 6370 230 0 

Fine 13704 230 0 
Finer 19863 230 0 

Extra fine 32511 230 0 
Extremely 

fine 
77173 230 0 

 
 

When mass is loaded on the bridge beam, it results 
in a change of channel resistance and channel mobility 
of all three mass sensors. The piezoMOS effect, 
described by [25], was used to study channel 
resistance and mobility change. Fig. 8 (a-c) show the 

channel resistance change for the pMOS, nMOS and 
dual channel mass sensors with varying load, 
respectively. Under a 100 μg load, the pMOS sensor 
showed a reduction of approx. 0.6 Ω, nMOS sensor 
showed an increase of approx. 24.5 Ω, while dual mass 
sensor showed a decrease of approx. 0.6 Ω and 
enhancement of approx. 24.6 Ω for its pMOS and 
nMOS equivalent resistor, respectively. 
 
 

 
 

Fig. 7. Graph of output voltage with respect to number  
of mesh elements. 

 
 

 
 
Fig. 8. Graph of channel resistance vs mass for: (a) pMOS, 

(b) nMOS and (c) dual channel mass sensor. 
 
 

Fig. 9 (a-c) show the change in the channel 
mobility for the pMOS, nMOS and dual channel mass 
sensors, respectively. Under 100 µg load, the pMOS 
experiences an increase of approx. 0.0008 cm2/Vs 
while the nMOS undergoes a decrease of approx. 
0.0309 cm2/Vs. The dual sensor showed an increase of 
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approx. 0.0008 cm2/Vs and a decrease of approx. 
0.0311 cm2/Vs for the pMOS and nMOS, respectively. 
This channel mobility obtained from COMSOL 
Multiphysics was then used in TSpice simulation tool 
to calculate the electrical properties of the mass 
sensors. The reference MOSFETs remains 
independent of load applied, while output MOSFETs 
acts as a function of external load. Therefore, drain 
currents and voltages of the output MOSFETs will 
change under load, while those of reference 
MOSFETs remain the same. Under 100 µg load, the 
pMOS experience an increase of 0.001 µA in its drain 
current while the nMOS and dual channel mass 
sensors show a reduction of approximately 0.01 µA in 
its drain current. This variation in the drain current is 
shown in Fig. 10 (a-c). 

Fig. 11 (a-c) illustrate the drain voltage change of 
the three sensors under varying mass load. An increase 
in the drain voltage of approx. 0.00005 V, 0.00023 V 
and 0.00127 V was noted for the pMOS, nMOS and 
dual channel mass sensors, respectively. The plots of 
differential output voltage proportional to the input 
mass load for pMOS, nMOS, and dual channel mass 
sensors are depicted in Fig. 12 (a-c). The pMOS, 
nMOS and dual channel mass sensors give a 
sensitivity of 0.11 μV/μg, 2.33 μV/μg, and  
12.67 μV/μg, respectively. 
 
 

 
 
Fig. 9. Graph of channel mobility vs mass for: (a) pMOS, 

(b) nMOS and (c) dual channel mass sensor. 
 

 
The higher sensitivity of dual channel sensor over 

the other two sensors can be attributed to the fact that 
the dual sensor incorporates two sensing elements, 
while pMOS and nMOS mass sensor have only one 
sensing element. In addition, the higher sensitivity of 
nMOS over pMOS mass sensor is due to the 
piezoresistive effect. It has been reported that devices 

with n-type show better piezo resistivity in both 
longitudinal and transverse direction as compared to 
p-type device [37]. Table 4 summarizes the electrical 
parameters of both the reference and output MOSFET 
for each sensor configuration under a 100 µg load. 
 
 

 
 

Fig. 10. Graph of drain current vs mass for: (a) pMOS,  
(b) nMOS and (c) dual channel mass sensor. 

 
 

 
 

Fig. 11. Graph of drain voltage with respect to mass  
for: (a) pMOS, (b) nMOS and (c) dual channel  

mass sensor. 
 
 
Additional performance metrics including noise, 

limit of detection (LOD), resolution, and linearity 
were calculated for all three sensor configurations. 
Noise was evaluated using the Johnson–Nyquist 
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relation [38] based on the equivalent MOSFET 
channel resistance. At 300 K for 1 Hz bandwidth, the 
calculated RMS noise voltages are 57.3 nV for the 
pMOS sensor, 99.3 nV for the nMOS sensor, and 
114.6 nV for the dual-channel sensor. The 
corresponding LOD values are 1.56 µg, 0.128 µg, and 
0.027 µg, respectively. The estimated resolutions are 
0.52 µg, 0.043 µg, and 0.009 µg for the pMOS, nMOS, 
and dual-channel sensors, respectively. Linearity is 
assessed by linear regression of output voltage versus 
applied mass, yielding R2 values of 0.9959, 0.9987, 
and 0.9999 for the pMOS, nMOS, and dual-channel 
sensors, respectively. These results demonstrate 
excellent linearity across the entire sensing range. 

 
 

 
 

Fig. 12. Graph of output voltage with respect to mass  
for: (a) pMOS, (b) nMOS and (c) dual channel  

mass sensor. 
 
 
To further evaluate temperature stability, the 

sensors are simulated at temperatures of 300 K, 325 K, 
and 350 K. Table 5 summarizes the corresponding 
electrical characteristics for all three sensor 
configurations under a load of 100 µg. The results 
show that channel resistance, mobility, and drain 
voltages vary with temperature across all three 
sensors. However, the calculated sensitivities remain 
stable over the investigated temperature range. This 
occurs because both the reference and sensing 
MOSFETs undergo similar temperature-dependent 
variations in their device parameters. Consequently, 
the current mirror output largely cancels these 
common shifts, providing inherent temperature 
compensation within the simulated range.   

The proposed fabrication process flow of the 
pMOS mass sensor is shown in Fig. 13. The process 
starts with dry oxidation on an RCA-cleaned silicon 
wafer to grow the field oxide (Fig. 13 (a)). The first 

lithography step patterns the source-drain regions 
(Fig. 13 (b)), followed by source-drain doping (Fig. 13 
(c)). Subsequently, another lithography process 
defines the gate oxide region (Fig. 13 (d)), followed by 
the growth of gate oxide (Fig. 13 (e)). A third 
lithography process patterns the contact vias (Fig. 13 
(f)), while the fourth lithography process forms the 
metal lines and contact pads (Fig. 13 (g)), followed by 
metallization and the lift-off process (Fig. 13 (h)). The 
front side of the wafer is then coated with photoresist 
to protect the circuit (Fig. 13 (i)). The backside 
window is then patterned by the fifth lithography step, 
followed by DRIE etching of backside silicon (Fig. 13 
(j)). Subsequently, the front side of the bridge structure 
is defined using a sixth lithography step, followed by 
DRIE etching of silicon to release the structure  
(Fig. 13 (k)). Finally, removal of photoresist from both 
top and bottom layers (Fig. 13 (l)) completes the 
fabrication of the sensor. The fabrication process flow 
is largely similar for all three sensors, with the pMOS 
and nMOS designs consisting of six lithography steps 
whereas the dual channel sensor requires eight 
lithography steps, two additional lithography  
needed for the formation of the P/N well and  
source/drain regions. 

Table 6 also shows the sensitivity comparison of 
our sensors with that of several reported work in 
literature. These comparisons show that our bridge 
sensors achieve comparable and even superior 
performance relative to existing design, including 
cantilever-based structures, which are typically more 
sensitive than bridge configurations. The higher 
sensitivity reported in [37] is attributed to its  
multi-beam array structure. In contrast, the proposed 
single-beam bridge sensor achieves comparable 
performance with lower structural complexity and 
simpler CMOS integration. 

Further work was done to study the effect of bridge 
thickness on sensor sensitivity. Five different bridge 
thicknesses (1, 2, 3, 4 and 5) μm were simulated, and 
the results show that lower thickness leads to higher 
sensitivity, as shown in Table 7. This is because 
thinner bridge structures exhibit lower stiffness and 
undergo greater deflection under the same applied 
load, resulting in larger output variation. However, 
extremely thin structures may introduce fabrication 
complexities, increased fragility during mass loading, 
and reduced structural robustness during handling and 
operation. This highlights the need for a tradeoff 
between sensitivity, structural reliability and 
fabrication complexity in sensor design. 

 
 

4. Conclusion 
 
This study investigates CMOS-MEMS integrated 

mass sensors with three different configurations. 
Among them, the dual-channel sensor demonstrated 
the highest sensitivity of 12.67 µV/µg, significantly 
outperforming the pMOS and nMOS sensors with 
sensitivities of 0.11 µV/µg and 2.33 µV/µg, 
respectively. In addition to superior performance, the 
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dual-channel sensor also offers the advantages of 
being fully CMOS-compatible and does not require 
any external component. Comparison with previously 
reported sensors shows that our sensors are 
comparable, and in some cases, outperforms existing 
works including cantilever-based sensors, which are 
typically considered more sensitive but are fragile and 

less stable than bridge structures. The effect of 
microbridge thickness on sensor sensitivity was also 
examined. The fabrication process steps for the sensor 
were also presented. Future works will focus on sensor 
fabrication and experimental characterization of the 
proposed sensors. 

 
 

Table 4. Electrical parameters of the proposed current mirror mass sensors under 100 µg load. 
 

Parameters  
p-channel MOSFET mass 

sensor 
n-channel MOSFET mass sensor Dual channel mass sensor 

M1 M2 M1 M2 M1 M2 
Gate to source voltage, 

VGS 
(V) 

5.976 5.976 4.024 4.024 5.976 5.976 

Drain current, ID 
(µA) 

337.007 337.008 337.007 336.994 337.007 336.997 

Drain to source 
voltage, VDS 

(V) 
4.02395 4.02396 4.02395 4.02418 5.97605 5.97478 

Output voltage, Vout 
(µV) 

(VDS1 – VDS2) = 10 (VDS1 – VDS2) = 230 (VDS1 – VDS2) = 1270 

 
Table 5. Variation of electrical parameters and sensitivity of the proposed sensors with temperature under 100 µg. 

 

Sensor 
type 

Temperature 
(K) 

Channel 
resistance 

(kΩ) 

Mobility 
(cm2/Vs) 

Drain voltage 
(V1) 

Drain voltage 
(V2) 

Sensitivity 
(µV/ µg) 

p-channel 
MOSFET mass 

sensor 

300 K 197.9433 249.9687 4.02376 4.02377 0.1 
325 K 198.0341 249.8540 4.02308 4.02309 0.1 
350 K 198.1223 249.7427 4.02242 4.02243 0.1 

n-channel 
MOSFET mass 

sensor 

300 K 592.9951 750.5868 4.02297 4.02320 2.3 
325 K 591.21 752.8428 4.01939 4.01962 2.3 
350 K 589.4231 755.1010 4.01582 4.01605 2.3 

Dual channel 
mass sensor 

300 K 197.9452 249.9663 5.97711 5.97585 12.6 
325 K 198.0392 249.8476 5.98093 5.97967 12.6 
350 K 198.1247 249.7397 5.9847 5.98344 12.6 

 
 

 
 

Fig. 13. Fabrication process flow of pMOS mass sensor. 

Table 6. Comparison of proposed sensors with other works 
reported in literature. 

 
Type of work Sensitivity (µV/µg) Ref. 

Simulation and 
experimental 

18.87 [39] 

Simulation and 
experimental 

0.515 [40] 

Experimental 0.024 [41] 
Experimental 0.219 [42] 
Experimental 5.299 [43] 

Simulation  
0.11 (pMOS) 
2.33 (nMOS) 
12.67 (dual) 

This 
work 

 
 

Table 7. Effect of bridge thickness on sensor sensitivity. 
 

Thickness 
of bridge 

(µm)  

Sensor sensitivity 
(µV/µg) 

pMOS nMOS 
Dual 

channel 
1 1.44 32.13 173.99 
2 0.55 12.04 65.44 
3 0.24 6 32.41 
4 0.14 3.55 19.21 
5 0.11 2.33 12.67 
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Abstract: Temperature sensing is fundamental in various engineering applications, including industrial automation, HVAC 
systems, and biomedical instrumentation. Accurate temperature measurement requires signal-conditioning circuits to process 
the low-level, often nonlinear outputs of different types of temperature sensors. Traditional designs typically require manual 
wiring and predefined circuits for each sensor type, limiting flexibility and increasing complexity. This article presents the 
design and implementation of an integrated smart signal conditioning circuit based on a microcontroller. The system 
autonomously identifies the type of connected temperature sensor whether it is an NTC, PTC, RTD, or thermocouple by 
analyzing its resistance value and surrounding temperature. Once identified, the system automatically routes the sensor to the 
appropriate analog signal-conditioning path. Thermocouple signals are amplified using an AD620 instrumentation amplifier 
(gain ≈ 207.5) before analog-to-digital conversion, while RTD measurements are acquired through a precision voltage-divider 
interface and processed using a linear temperature-resistance model. This hybrid analog–digital architecture enables flexible 
multi-sensor integration without relying on dedicated digital converter modules. The proposed system significantly reduces 
the need for manual sensor configuration and wiring, allowing for adaptive interfacing and real-time measurement. 
Experimental validation and simulation (Proteus) demonstrate the reliability and accuracy of the system under various 
conditions. This work paves the way for intelligent, reconfigurable temperature sensing interfaces suited for future Internet of 
Things (IoT) and industrial applications. 
 
Keywords: Microcontroller, Temperature sensor, Signal conditioning. 
 

 
1. Introduction 

 

Integrated solutions based on microcontrollers are 
gaining popularity in the conditioning of temperature 
sensor signals, as they offer a compact and flexible 
approach compared to discrete component designs  
[1, 2, 13]. These solutions typically provide an  
analog-to-digital converter (ADC) to convert the 
analog signal from the sensor to digital form, 
processing power to plan the sensor response, 
calibration management, and compensation for 

environmental effects [3, 4]. Furthermore, they often 
include standard communication interfaces (such as 
SPI or I2C), which facilitate the transfer of 
temperature data to other system components [5]. This 
integration reduces the space required on the circuit 
board, simplifies the design process, lowers the overall 
cost, and enhances accuracy and reliability with digital 
signal processing algorithms [6, 7, 11]. Although 
temperature sensors (platinum resistance, thermistors, 
and thermocouples) are widely used in industrial, 
medical, and environmental applications [8, 9, 20], 

https://www.sensorsportal.com/p_3401.html
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their direct readings typically require dedicated signal 
conditioning circuits for each type to ensure 
compatibility with microcontroller inputs [10]. Based 
on this identification, the system automatically routes 
the sensor to the optimal analog signal conditioning 
circuit (amplification, filtering, compensation) and/or 
activates the appropriate digital processing algorithm 
within the microcontroller [14, 15]. This automatic 
switching mechanism is achieved using a 
programmable switching system or analog switches, 
eliminating the need for manual re-connection or 
hardware modification [16]. The main hypothesis of 
the research is that it is possible to reliably identify the 
type of temperature sensor through its resistance value 
and ambient temperature, thereby activating the 
optimal signal-conditioning path without manual 
intervention. To achieve this, the study will follow a 
mixed methodology that includes theoretical analysis 
of the working principles of sensors [17, 18] and signal 
conditioning [19]. This research contributes by 
providing a practical framework that simplifies the 
integration of multiple types of temperature sensors 
into electronic and digital systems, which is consistent 
with the requirements of sustainable and flexible 
electrical design. The proposed system is expected to 
have wide applications in industrial monitoring 
systems, heating, ventilation, and air conditioning 
(HVAC) systems, and sensor networks for the 
Industrial Internet of Things [12]. 

 

2. System Design and Implementation 
 
This study presents the design and implementation 

of an intelligent system for conditioning temperature 
sensor signals based on an integrated microcontroller 
(Arduino Mega 2560). The system aims to achieve 
automatic recognition of the type of connected sensor 
(NTC/PTC thermistor, Pt100 platinum precision 
resistor, K-type thermocouple) and select the optimal 
signal-conditioning path without manual intervention, 
thereby increasing the flexibility and accuracy of 
measurement and control systems. The design was 
first validated through comprehensive simulation 
using Proteus 8 Professional software, followed by 
practical implementation and performance testing. 

 
 

2.1. Design Methodology and Architecture 
 
The system is based on a hybrid analog-digital 

architecture (Fig. 1). Dedicated analog signal 
conditioning circuits (voltage divider, instrumentation 
amplifier) condition the raw signal from the sensor, 
while the microcontroller handles the digital tasks: 
sensor recognition, dynamic calibration, 
computational processing of readings, and 
implementation of a closed-loop PID control 
algorithm to control the heating element. 

 

 
 

Fig. 1. Block diagram of the proposed system. 
 
 

2.2. Analog Design and Signal Conditioning 
 

2.2.1. Switching and Isolation Circuit 
 
To ensure signal isolation and reduce power 

consumption, electromagnetic relays (SPST) are used 

for electrical isolation of the resistive sensors (NTC, 
PTC, and RTD). Each relay is operated via an NPN 
transistor (BC547) by a signal from the 
microcontroller, with diodes (1N4148) used to 
suppress the reverse voltage generated by the relay 
coils (Fig. 2). 
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Fig. 2. Relay operating circuit using a BC547 transistor. 

 
 

2.2.2. Thermocouple Signal Conditioning 
 
Due to the low output voltage of the thermocouple 

(∼41 microvolts/°C), an instrumentation amplifier 
(AD620) was used to boost the signal level. The 
amplifier gain (∼207.5 times) was adjusted using an 
external resistor (240 ohms) to convert the 
thermocouple voltage range (0–30 millivolts) to a 
range suitable for the controller's analog-to-digital 
converter input (0–5 volts), Equation (1), Fig. 3. 

 

 𝐺 ൌ 1 ൅
ସଽ.ସ௄ஐ

ோ௚
, (1) 

 
where G is the gain of the instrumentation amplifier 
(dimensionless), Rg is the external gain-setting resistor 
(in ohms or kΩ), 49.4 kΩ is an internal  
factory-trimmed gain resistance value (in kilo-ohms) 
specific to the AD620 architecture. 
 
 

 
 

Fig. 3. Thermocouple signal conditioning circuit using  
an AD620 amplifier. 

2.2.3. Reference Calibration Sensor 
 
An LM35 sensor (with an accuracy of 10 mV/°C) 

is integrated as a standard reference for on-site 
calibration. The sensor is only activated during the 
calibration process via a dedicated relay, which 
reduces the effect of self-heating and provides an 
independent reference reading to compensate for 
offset errors of the active sensor. 

 
 

2.3. Software Design and Algorithms 
 

2.3.1. Automatic Sensor Recognition  
          Algorithm 

 
The algorithm sequentially activates the relays 

(each for 70 ms) and reads the corresponding output 
voltage. The sensor type is determined by comparing 
the measured value (ADC) that reflect the 
characteristic electrical properties of each type  
(Fig. 4). 

 
 

2.3.2. Voltage-to-Temperature Conversion  
          Model 

 
Various mathematical models were implemented 

within the program: NTC thermistor: A beta (β) model 
was used to derive the temperature from the resistance. 
Pt100 platinum resistance: A linear approximation 
(0.385 Ω/°C) was used. Thermocouple: Calculation of 
temperature from amplified voltage using the Sea beck 
coefficient, with compensation for cold junction 
temperature (assumed to be 25 °C). 
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Fig. 4. Flowchart of the sensor recognition algorithm. 
 
 

2.3.3. PID Control Algorithm 
 
A digital proportional-integral-derivative (PID) 

controller was implemented to control a heating 
element via a PWM signal. The output signal (u (t)) is 
calculated based on the error (e(t)) between the desired 
and measured temperatures, Equation (2). 

 

 𝑢ሺ𝑡ሻ ൌ 𝐾௣𝑒ሺ𝑡ሻ ൅ 𝐾௜ ׬ 𝑒ሺ𝑡ሻ𝑑𝑡 ൅ 𝐾ௗ  
ௗ௘ሺ௧ሻ

ௗ௧
, (2) 

 
where u(t) is the control signal (output of the 
controller), e(t) is the error signal (setpoint – measured 
variable), Kp is a proportional gain, Ki is an integral 
gain, Kd is a derivative gain, t is a time, τ is the dummy 
integration variable, 𝐾௣=40.0, 𝐾௜=0.3, 𝐾ௗ=20.0. The 
coefficients (Kp=40.0, Ki=0.3, Kd=20.0) were set 
experimentally to obtain a fast response with reduced 
overshoot. 
 
 
2.4. Simulation and Verification Results 

 
The complete system simulation in Proteus 

verified the basic functions: 
1. Sensor recognition: The system accurately 

identified the type of sensor connected and 
displayed it on the LCD screen; 

2. Dynamic calibration: The system calculated 
and compensated for an offset of +0.6 °C 
between the RTD reading and the LM35 
reference reading; 

3. Temperature control: The closed PID control 
loop maintained the temperature at the set point 
(30 °C) with remarkable stability, as the PWM 
duty cycle of the heating element is regulated 
in response to deviations (Fig. 5); 

4. Signal integrity: All conditional signals 
remained within the safe range of the  
analog-to-digital converter inputs (0–5 V) with 
no interference between channels. 

 
 

2.5. Practical Implementation  
       and Performance Tests 

 
The work presents an integrated system that solves 

the complexity associated with using multiple types of 

temperature sensors. The automatic recognition and 
calibration mechanism reduces the effort required for 
reconfiguration and increases the overall accuracy of 
the system. The results show that integrating custom 
analog signal conditioning with intelligent digital 
processing in a single microcontroller is a practical 
and cost-effective approach. This paves the way for 
industrial Internet of Things applications where 
flexibility and interoperability are critical. An 
intelligent signal conditioning system based on a 
microcontroller has been successfully designed and 
implemented. The system demonstrates the ability to 
automatically recognize different types of temperature 
sensors, perform on-site calibration using a reference 
sensor, and maintain precise temperature control via a 
PID algorithm. The solution combines the simplicity 
of integrated architecture with the flexibility of 
software configuration, making it a promising solution 
for a wide range of industrial and research 
applications. 

 
 

 
 

Fig. 5. Temperature response in the simulation showing 
PID control at a specific point (30 °C). 

 
 

3. Results and Discussion 
 

3.1. Experimental Validation Methodology 
 
The performance of the proposed multi-sensor 

temperature control system was validated through 
comprehensive simulation using the Proteus Design 
Suite (v8.13), which provides virtual system modeling 
for physical components. The simulated platform 
included an Arduino Mega 2560 microcontroller and 
models of diverse thermal sensors: NTC and PTC 
thermistors, an RTD (Pt100), a K-type thermocouple, 
and an LM35 as a reference. A systematic 
experimental protocol was designed to test each 
system layer sequentially: automatic sensor detection, 
in-situ self-calibration, measurement, and closed-loop 
control using a Proportional-Integral-Derivative (PID) 
algorithm. 

 
 

3.2. Sensor Performance and Automatic 
Detection 

 
The system demonstrated high reliability in 

the automatic detection of the connected sensor type 
within 0.5 seconds of startup, utilizing an algorithm 
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based on predefined analog input voltage thresholds. 
To prevent electrical crosstalk, each resistive sensor 
(NTC, PTC, RTD) was isolated using a dedicated 
SPST electromagnetic relay (RL1, RL3, RL4), which 
was activated only during its measurement cycle. 
Conversely, the thermocouple was permanently 
connected via an AD620 instrumentation amplifier 

with a gain of 207.5. The results for each sensor type, 
following the in-situ calibration routine using the 
LM35 reference, are detailed below. The calibration 
successfully compensated for component tolerances 
and simulation-specific offsets, ensuring high 
measurement accuracy (Fig. 6). 

 
 

Table 1. Summary of system performance for each sensor type (accuracy, range, response time). 
 

Block Function 
Temperature Sensors Measure Temperature 

Voltage Divider  
Conditioning the signal output from the sensors to ensure it falls within a range appropriate 
for the MCU, converting the resistance or thermal signal into a voltage that can be easily 
interpreted. 

Switching and 
Detection Circuit 

Detects the connected sensor type based on voltage or resistance and switches the signal 
path to the corresponding conditioning circuit. 

Signal Conditioning 
Modules 

Enhancement, Selection, and Linear Transformation of the signal obtained from the 
sensors to guarantee precise accuracy in the measurements. 

Arduino Mega 2560 
MCU 

Central unit for reading signals, performing calibration, and controlling heater via PWM, 
and transistor data to the display and Internet of Things (IoT). 

LCD Display & IoT 
Module 

Displays readings and supports external monitoring. 

LM35 (Reference 
Sensor) 

Used for temperature calibration and comparison. 

Heater Driver  
Controls the heater's on/off operation based on microcontroller (MCU) commands, which 
are received from sensors, the PID controller, and the PWM interface. 

Filtering & ADC 
Interface 

Filters noise and sends conditioned analog signals to the microcontroller’s ADC input. 

 
 

 
 

Fig. 6. Sensor Detection Success across All Types. 
 
 

3.2.1 NTC Thermistor Results 
 
 
The NTC interface, utilizing the Beta-parameter 

equation (β=3950), achieved a measurement accuracy 
within ±0.2 °C across the 20–40 °C test range after 
calibration (Table 2). The signal chain –from the 
voltage divider output through ADC conversion to the 
final temperature calculation –showed excellent 
agreement with theoretical expectations, confirming 
the robustness of the chosen model for the operational 
range (Fig. 7). 

The analog input A1 was connected to the NTC 
thermistor with a nominal resistance of 20k ohm at  
25 °C and a voltage divider with a 10k ohm resistance 

in series with the thermistor. The processed volume 
was recorded at the ADC of the Arduino, and the  
Beta-parameter model was employed by the firmware 
to calculate the temperature. The results of the 
experiment in the entire operation range are presented 
in Table 2 and relate the actual temperature, the output 
voltage, ADC value, and the temperature measured 
after the calibration of the LM35-based calibration. 

 
 

 
 

Fig. 7. The operational circuit with RL1 in a closed state, 
the NTC linked to A1, the LCD display indicating "NTC: 

25.5 °C CAL", and the heater activated. 
 
 
The results have shown that the NTC interface 

circuit, with the conversion algorithm of the firmware 
and the calibration process, is remarkably accurate 
(within the range of ±0.2 °C) across the entire test 
range. The fact that the minor fixed offset is added to 
the code (+0.12 °C) is an additional correction of 
minor mismatches at the simulation level, thus 
providing maximum consistency to the reference. 
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Table 2. A Result NTC Sensor Data from Proteus 
Simulation. 

 
True 
Temp 
(ºC) 

𝑹𝑵𝑻𝑪 ሺ𝑲𝛀ሻ 𝑽𝒐𝒖𝒕 ሺ𝑽ሻ 
Measured 
Temp (ºC)  

20.0 28.22 3.48 20.1 
25.0 20.00 3.31 25.5 
30.0 14.90 2.98 30.2 
35.0 11.39 2.63 35.1 
40.0 8.85 2.31 40.2 
 
 

3.2.2. PTC Thermistor Results 
 
Using a linear approximation model (temperature 

coefficient α=0.0075/°C), the PTC subsystem also 
maintained an accuracy of approximately ±0.2 °C 
within the 20–40 °C range (Table 3). This confirms the 
adequacy of a linear model for the limited temperature 
span of this application, while acknowledging that a 
more complex model would be necessary for wider 
operational ranges (Fig. 8). 

 
 

 
 

Fig. 8. The operational circuit with RL3 in a closed state, 
the PTC linked to A3, the LCD display indicating "PTC: 

25.8 °C CAL", and the heater activated. 
 
 

The data in Table 3 supports the idea that the PTC 
interface depicts the effectiveness of the linear model 
within the identified range of operations (20–40 °C). 
Beyond this range, the nonlinear properties of the PTC 
would demand a more advanced model, but at the 
parameters of this system, the chosen methodology 
can be proven efficient and accurate. 

 
 
Table 3. A Result PTC Sensor Data from Proteus 

Simulation. 
 

True Temp 
(ºC) 

𝑹𝑷𝑻𝑪 ሺ𝑲𝛀ሻ 𝑽𝒐𝒖𝒕 ሺ𝑽ሻ 
Measured 
Temp (ºC)  

20.0 6.61 1.97 20.1 
25.0 6.80 2.02 25.8 
25.8 6.83 2.03 26.1 
30.0 6.99 2.07 30.2 
35.0 7.16 2.11 35.1 
40.0 7.33 2.15 40.2 

 
 

3.2.3. RTD (Pt100) Results 
 
The RTD interface demonstrated high precision, 

with errors within ±0.2 °C across a broader range of  

0–100 °C when using a linear conversion model  
(Table 4). The inherent linearity of the Pt100 sensor 
makes this approach both efficient and accurate for 
precision applications within this system's scope [22]. 

 
 
Table 4. A Result RTD Sensor Data from Proteus 

Simulation. 
 

True 
Temp (ºC) 

𝑹𝑹𝑻𝑫 ሺ𝛀ሻ 𝑽𝒐𝒖𝒕 ሺ𝑽ሻ 
Measured 
Temp (ºC) 

0.0 100 0.452 0.9 
20.0 107.8 0.507 25.5 
25.0 109.5 0.515 26.0 
30.0 111.6 0.525 30.9 
50.0 119.4 0.559 50.8 
75.0 129.0 0.599 77.1 

100.0 138.5 0.638 99.2 
 
 

Table 4 and Fig. 9 confirm that RTD interface is 
accurate (±0.2 °C) within the operational range up to 
100, which proves that the linear model is applicable 
to the desired operational range (0-100 °C). The 
linearity of Pt100 RTD is very high and therefore it is 
especially applicable in precision applications and the 
adopted strategy is efficient and accurate. 

 
 

 
 

Fig. 9. The RTD subcircuit with RL4 closed, the voltage  
at AD6 measured as 0.45 V, and the LCD displaying “RTD: 
26.0 °C CAL”, confirming successful detection, calibration, 
and measurement. 

 
 

3.2.4. K-Type Thermocouple Results 
 
 
Despite the thermocouple's low output signal  

(~41 µV/°C); the AD620 amplifier stage enabled 
reliable measurement. After applying cold-junction 
compensation (25 °C) and a software calibration offset 
(tc_offset), the system achieved an accuracy 
within ±0.3 °C in the 20–50 °C range (Table 5  
and Fig. 10). 

The K-type thermocouple generates a See beck 
voltage of approximately 41 µV/°C. To make this 
signal measurable by the Arduino’s 10-bit ADC, it is 
amplified using an AD620 instrumentation amplifier 
with a gain of 207.5 times, set by a 240 Ω resistor. The 
amplified signal is connected directly to analog input 
A7. The firmware computes temperature from the 
amplified voltage using the See beck coefficient and a 
fixed cold-junction compensation of 25 °C. Table 5 
presents the experimental data across the operational 
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range, correlating true temperature, amplified voltage, 
ADC value, and measured temperature after  
LM35-based calibration. 

 
 

 
 

Fig. 10. Thermocouple Operational State in Proteus 
Simulation. 

 
 

Table 5. A Result Thermocouple Data from Proteus 
Simulation. 

 
True Temp (ºC) 𝑽𝑨𝑴𝑷 ሺ𝑽ሻ Measured Temp (ºC) 

20.0 2.80 21.1 
25.0 3.45 25.4 
26.0 3.74 26.2 
30.0 4.20 30.1 
50.0 5.50 50.3 

 
 

However, this discrepancy is resolved by the 
calibration offset (tc_offset) applied in the code, which 
compensates for the difference between the theoretical 
and simulated behavior, ensuring zero  
steady-state error. 

 

3.3. Discussion of Engineering Challenges  
       and Solutions 

 
Several key challenges were overcome during the 

design: Preventing interference between sensors: 
Solved using a time-shifting strategy based on relays, 
which electrically isolates each sensor when not in use. 
Amplification of weak thermocouple signals: Solved 
using an instrumentation amplifier (AD620) with 
precisely calculated gain to raise the signal level to the 
appropriate range for the analog-to-digital converter. 
Nonlinearity in the response of some sensors: 
Addressed by implementing appropriate mathematical 
models (such as the beta equation for NTC) in the 
firmware. Precise heating control: Avoided the use of 
bang-bang control in favor of PWM technology using 
MOSFETs, which enabled smooth proportional 
control and better PID performance. 

 
 

3.4. Comparison of Performance  
       to Conventional System 

 
Performance of the proposed system was 

compared to those of conventional single-sensor 
temperature control systems, which are usually 
present in laboratories and industries in order to assess 
the innovation and practical value of the proposed 
system. It contains a comparison of five main aspects 
such as sensor flexibility, ability to calibrate, precision 
of control, efficiency in development and system 
intelligence. 

 
Table 6. Performance Comparison between Proposed System and Conventional Approaches. 

 
Feature Conventional system Proposed system 

Sensor 
support 

Single sensor type (only 
lm35 or only thermocouple) 

Multi-sensor support: NTC, PTC, RTD, k-type Thermocouple, LM35 

Sensor 
detection 

Manual configuration 
required 

Automatic detection via relay-based switching and software logic 

Calibration 
Factory calibration only; no 
in-situ adjustment 

Real-time in-situ calibration using LM35 as reference 

Control 
strategy 

On/off control (relay-based) Proportional PID control via MOSFET (IRL540) and PWM 

Accuracy 
±1.0 °C to ±2.0 °C (no 
correction) 

±0.3 °C or better after calibration 

Development 
workflow 

Hardware prototype, 
firmware test, iteration 

Full co-simulation in proteus (firmware validated before physical build) 

User 
feedback 

Basic led or no display 
Real-time LCD showing sensor type, temperature, ADC value, and 
calibration status 

Scalability Fixed functionality Modular architecture, easy to add new sensors or actuators 
 
 

Multi-Sensor Intelligence: Traditional systems 
would need manual rewiring and change of code when 
using other types of sensors. The suggested system, in 
contrast, recognizes the attached sensor automatically 
and sets the acquisition and processing chain to suit 
the sensor [21], getting rid of the human error and 
improving the usability. Dynamic Calibration: Unlike 
many low-cost systems, which use factory calibration 
(which drifts with time), this system uses live 

calibration on an LM35 reference during start. This 
counterbalances component tolerances, aging and 
environmental variations, making it accurate in the 
long term. High-quality Thermal Control: Designs that 
are more conventional retain the use of 
electromechanical relays to control heaters, and this 
leads to ON/OFF (bang-bang) behavior with 
oscillations of ±2-3 °C. The suggested system is based 
on PWM-controlled MOSFET that allows efficient 
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power regulation and minimization of steady-state 
error to < ±0.3 °C. Simulation to Implementation 
Workflow: Proteus enables full simulation of both 
circuit and firmware allowing a significant reduction 
in development time and cost. Wiring, Logic, or Time 
errors are also identified early as compared to the 
traditional methods, which would require physical 
prototyping to verify their validity. Improved 
Diagnostic Capacity: The LCD offers detailed 
operating information that is invaluable in debug and 
verification capabilities not implemented in simple 
temperature controllers [20]. Limitations and  
Trade-offs: Flexibility and accuracy are more 
important to the system than ultra-low cost, since it 
requires a relay, an instrumentation amplifier (AD620) 
and a microcontroller with several analog inputs. The 
calibration procedure presupposes ambient conditions 
at start up (cold-junction compensation at 25 °C), 
which can be sources of small error in harsh 
conditions. However, in educational, laboratory, and 
mid-precision industrial applications, the proposed 
system provides a substantial improvement of 
flexibility, stability, and user-friendliness to the 
traditional single-purpose temperature regulators. 

 
 

3.7. Problems Experienced and Engineering 
Relies 

 
The design of a single multi sensor temperature 

control system in a simulated environment posed 
many interconnected problems of a certain 
engineering nature. These were analog circuit design, 
sensor physics, microcontroller interfacing and  
real-time control logic. The combination of hardware 
innovation and firmware intelligence was used to 
solve each challenge and produced a unified and 
functionally sound virtual prototype. The increasing 
number of analog sensors all attached to the same 
microcontroller was one of the major challenges in 
ensuring that there was no cross-interference between 
them. Assuming that all sensors were left constantly 
powered, their voltage divider networks would be 
loaded between each other, biasing ADC readings and 
doing away with accuracy. To address this, a time 
division-multiplexing strategy implemented a relay 
based strategy. All resistive sensors – NTC, PTC and 
RTD – are interconnected with respective SPST 
electromagnetic relay (RL1, RL3 and RL4, 
respectively). Digital pin pins 22, 24 and 25 of the 
Arduino Mega 2560 through BC547 NPN transistors, 
drive these relays. The firmware only activates one of 
the relays during operation with a short window of 
70ms to stabilize the circuit before reading the ADC 
value. This will guarantee electrical isolation, 
crosstalk removal, and will allow effective automatic 
sensing detection. 

The second major challenge was the very low 
production output voltage of the K-type thermocouple 
that produces approximately 41 μV per degree 
Celsius. These signals are many times less than the 
resolution of the 10-bits ADC that is available on the 

Arduino (which has a minimum step of about  
4.88 mV). Hard connection would give insignificant 
readings. The answer was to combine an AD620 
instrumentation amplifier with a 240 Ω in the  
gain-setting position with 240 gain-setting resistor, 
which gave an approximate 207.5 gain. This converts 
the thermocouple signal to 0–5 V range that can be 
converted to ADC. Another capacitor, 1 µF at the 
amplifier output, additional filters the noise at the high 
frequency, and signals are stored. The thermocouple 
always has a connection unlike the switched sensors 
since the AD620 has a high input impedance and 
buffering ability. 

Another impeding factor was the nonlinear 
characteristics of the temperature sensors. An example 
is the NTC thermistor whereby the resistance-
temperature relationship is exponential and cannot be 
represented by simple linear models. The firmware 
responds to this by using a simplified version of the 
Steinhart-Hart equation, the Beta-parameter equation, 
to plot resistance versus temperature within the 
operating range. On the other hand, PTC sensor was 
represented through a linear approximation with the 
temperature coefficient (α = 0.0075/°C), 
supplemented by small empirical offsets (+0.12 °C for 
NTC, +0.37 °C for PTC, etc.) to correct for residual 
discrepancies observed in simulation. 
Another source of error that was expected was 
component tolerances and system drift. A small 
variation in reference resistors or ADC offset can add 
up to serious temperature errors. In response to this, an 
in-situ calibration mechanism was created whereby 
the LM35 IC sensor was used as a constant reference. 
When starting up, when the sensor is detected, the 
system briefly switches relay RL1 to energize the 
LM35 and measures its temperature which is 
automatically accurate at ±0.5 °C and then measures 
the active sensor and calculates an offset correction. 
This compensation is also retained and used in all the 
next measurements, and the hardware imperfections 
are corrected. To provide actuator control, a basic 
choice was to eliminate the usual habit of using a relay 
to switch the heater, which only allows the crude 
ON/OFF (bang-bang) control. Rather, a low-side 
switch made of an IRL540 N-channel MOSFET was 
used as driven by PWM on digital pin 26. This allows 
real proportionate control of the heater power, which 
is critical to the stability, and accuracy of the PID 
algorithm. The logic-level gate driving capability of 
the MOSFET is compatible with the Arduino 5 V 
output, and a 220 Ω gate resistor helps to restrict inrush 
current and safeguard the microcontroller pin. 
Lastly, the inductive characteristic of relay coils posed 
the risk of spikes of voltages during deactivation, 
which would be detrimental to the driving transistors 
or microcontrollers. This was reduced by a 1N4148 fly 
back diode across the coils of a relay operated in 
reverse parallel which allowed the back-EMF current 
to conduct a safe path. Additionally, a 1 kΩ base 
resistor was included in each BC547 driver stage to 
limit base current and ensure the transistor operates 
safely in saturation. Combined with other engineering 
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solutions, there has been a holistic design strategy in 
which accuracy, adaptability, and robustness are key 
elements. The system perceives every challenge with 
a designed, physics-conscious answer, which 
guarantees the reliable multi-sensor activities, the 
accuracy of thermal management, and complete 
confirmation in a simulated environment, which is a 
strong basis of possible physical implementation. 
 
 

6. Conclusion 
 
This research presented the successful design and 

implementation of an integrated intelligent system for 
conditioning and controlling temperature sensor 
signals, based on a microcontroller. The system 
demonstrates the ability to automatically recognize 
different types of sensors (NTC, PTC, RTD, and 
thermocouple), perform self-calibration on site using 
a reference sensor, and maintain precise temperature 
control using a digital PID algorithm. Comprehensive 
verification through simulation has proven the 
feasibility and reliability of the proposed architecture, 
achieving measurement accuracy better than ±0.3 °C 
and stable control. The solution combines the 
flexibility of multi-sensor support with the efficiency 
of a simulation-first design methodology, making it a 
practical solution for cost-limited measurement and 
control applications in educational, research, and 
industrial fields. 

 
 

Recommendations for Future Research 
 
Physical experimental verification: Build a 

physical prototype and test performance under real 
operating conditions, including the effects of noise and 
electromagnetic interference. Improve sensor 
recognition: Explore more powerful algorithms 
(machine learning) to improve the reliability of 
distinguishing between sensors with similar 
characteristics. Integration with the Internet of Things: 
Add a wireless communication module (such as Wi-Fi 
or LoRa) to enable remote monitoring and control, 
transforming the system into a smart node within a 
sensor network. Development of a graphical user 
interface: Design a computer or mobile application to 
facilitate system configuration and data display and 
analysis. Expand the range of supported sensors: 
Integrate additional sensor types (such as DS18B20 
digital sensors or humidity and pressure sensors) to 
create a complete environmental monitoring system. 
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Abstract: This paper presents a design and simulation study of SiC-MEMS pressure sensors featuring an embedded peripheral 
MOSFET and an integrated current-mirror for high temperature applications. The proposed pressure sensor structures 
employ square and circular shaped strain sensing MOSFETs embedded on the periphery of square and circular SiC 
diaphragms, respectively. The MOSFETs are configured as a resistively loaded current mirror configuration. Pressure-induced 
strain is detected through the piezoresistive behaviour of 4H-SiC n-channel MOSFET devices. The mechanical and electrical 
behaviour of the proposed sensors was simulated using COMSOL Multiphysics and TSPICE software over pressure and 
temperature ranges of 0 – 10 MPa and 25 – 400 °C, respectively. The simulated pressure sensitivities for square and circular 
sensors were found to be 0.2 mV/MPa and 0.4 mV/MPa, respectively, at 25 °C which increased to 27.86 mV/MPa and  
62.66 mV/MPa at 400 °C. The temperature sensitivities of proposed square and circular shaped pressure sensors were found 
to be 0.65 mV/ °C and 1.49 mV/ °C, respectively, at an applied pressure of 10 MPa. The simulation results underscore the 
critical role of channel geometry in improving sensor sensitivity, paving the way for robust 4H-SiC MOS-based pressure 
sensors for harsh environments. 
 
Keywords: Silicon carbide, MOSFET, MEMS, Pressure sensor, Piezoresistivity, Current mirror, Diaphragms. 
 

 
 
1. Introduction 

 

Pressure is a critical physical parameter widely 
utilized in consumer electronics, medical, aerospace, 
automotive, industrial and defence applications [1]. 

Advancements in semiconductor and Micro-Electro-
Mechanical Systems (MEMS) technologies have 
enabled the integration of complex mechanical 
components such as beams, flexures, linkages, sensing 
units, and actuators onto a single microchip [2-7]. 
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Among MEMS structures, the diaphragm is the most 
fundamental micromechanical element and is widely 
used in pressure sensors. When subjected to pressure, 
a diaphragm deflects and this deflection can be 
measured by piezoresistive [8], piezoelectric [9], 
capacitive [10], or optical methods [11]. However, 
each technique has its limitations, especially under 
harsh environmental conditions [12]. The MOSFET 
embedded sensing technique enables the development 
of CMOS-MEMS integrated sensors by offering a 
novel transduction mechanism based on the 
piezoresistive characteristics of MOSFETs [13]. 

Researchers from all across the world are 
attempting to optimise silicon transistors for pressure 
measurement in order to boost sensitivity and reduce 
device size and minimize the mechanical and electrical 
faults [14-16]. However, high temperatures have an 
impact on silicon device performance, limiting their 
use in extremely harsh environments [17]. MEMS 
pressure sensors based on silicon carbide (SiC) have 
become a possible substitute for silicon because of 
their low intrinsic carrier concentration, strong 
breakdown field strength, and broad bandgap (3 eV), 
which make them appropriate for high temperature 
applications [18]. The piezoresistive properties of SiC 
have been widely explored by researchers for pressure 
sensing applications in harsh environments [19-21]. 

In our earlier work [22], a conceptual and 
simulation study was conducted on a SiC-MEMS 
pressure sensor integrating a conventional rectangular 
MOSFET-based strain sensing element, a current 
mirror readout circuit and a SiC diaphragm, 
representing one of the earliest reports on SiC-based 
MOSFET embedded pressure sensors with current 
mirror readout. The sensor employed two smaller 
strain sensing MOSFETs at the diaphragm’s edge and 
centre to sense tensile and compressive stresses under 
applied pressure. This work extends our previous 
study by proposing pressure sensors with a single 
square or circular MOSFET at the periphery of square 
or circular SiC diaphragms to exploit maximum edge 
stresses. This paper presents background and related 
work in Section 1, sensor structure and operation in 
Section 2, followed by simulation results in Section 3, 
design of mask layout and fabrication steps in  
Section 4, and finally concludes in Section 5. 
 
 
2.  Sensor Structure and Working 

Principle 
 

This study investigates two pressure sensor 
structures that employ square and circular shaped 
strain sensing MOSFETs embedded on the 
periphery of square and circular SiC diaphragms, 
respectively. The MOSFETs are arranged in a current 
mirror configuration with resistive loads, as shown in 
Fig. 1(a) and 1(b). Fig. 1(c) and 1(d) present the  
cross-sectional views of square and circular  
strain-sensitive MOSFETs integrated along the edges 
of the SiC diaphragms. Identical current-mirror pairs 

(M1–M2) are used in each design, with M1 as the 
reference and sensing transistor, M2, is integrated on 
a flexible SiC diaphragm that bends when external 
pressure is applied, modulating carrier mobility in the 
channel and consequently altering the drain current. 
This variation produces a pressure-dependent output 
voltage across the drains of the current-mirror circuit. 
Table 1 presents the fundamental governing equations 
of the proposed SiC-MEMS based peripheral 
MOSFET embedded and current mirror integrated 
pressure sensors. 

 
 

 
(a) 

 

  
(b) 

 

 
(c) 

 

 
(d) 

 
Fig. 1. (a) Schematic of a resistively loaded n-channel 
MOSFET current mirror circuit with the reference transistor 
M1 and the pressure-sensitive transistor M2,  
(b) Cross-sectional view of the SiC-based MOSFET 
integrated pressure sensor structure, (c) Cross-sectional view 
of the square shaped MOSFET-based sensor,  
(d) Cross-sectional view of the circular shaped  
MOSFET-based sensor. 
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Table 1. Fundamental governing equations of the proposed 
SiC-MEMS based peripheral MOSFET embedded  

and current mirror integrated pressure sensors. 
 

A. Mechanical pressure sensing elements: Square 
and circular diaphragms [23] 

Diaphragm 
shape 

Maximum 
displacement  

Maximum 
stress 

Square 0.26paସ
ሺ1 െ νଶሻ

Ehଷ  1.23p
aଶ

hଶ 

Circular 0.19paସ
ሺ1 െ νଶሻ

Ehଷ  0.75p
aଶ

hଶ 

B. Transduction mechanism: Piezoresistive effect in 
MOSFET [24] 

∆µ

µ
 ൌ െ

∆ோ

ோ
 ൌ െሺ𝜋௟𝜎௟ ൅  𝜋௧ 𝜎௧ሻ 

C. Current mirror readout circuit 
V୓୙୘  ൌ  Vୈଵ െ  Vୈଶ ൌ ሺIୈଶ െ IୈଵሻRୈ,

Iୈଵ  ൌ  μC୭୶
୛

୐
 
ሺ ୚ౝ౩ି ୚౪ ሻమ

ଶ
, 

Iୈଶ  ൌ  ሺμ ൅ ΔμሻC୭୶  
୛

୐
 
ሺ ୚ౝ౩ି ୚౪ ሻమ

ଶ
, 

where p is the applied pressure, a is the side length or 
radius and h indicates the thickness of square and circular 
diaphragm, E and ν denotes the Young’s modulus and 
Poisson’s ratio of the diaphragm material, μ and R are the 
initial electron mobility and channel resistance, Δμ and 
ΔR are the changes in electron mobility and channel 
resistance under applied pressure, πₗ, πₜ, σₗ and σₜ denotes 
the longitudinal and transverse piezoresistive and stress 
components, RD is the drain resistance, ID1, ID2, VD1 
and VD2 are the drain current and voltages of reference 
and pressure sensing MOSFETs. 

 
 

The design and simulation parameters used for the 
proposed SiC-MEMS pressure sensor embedded 
peripheral MOSFET and integrated current mirror are 
given in Table 2. In the first pressure sensing structure, 
a square shaped SiC strain sensing MOSFET with its 
channel integrated along the periphery of a square SiC 
diaphragm. Similarly, for the second sensor structure, 
a circular shaped SiC strain sensing MOSFET with its 
channel integrated along the periphery of circular SiC 
diaphragm. The simulations of mechanical and 
electrical performance were carried out using 
COMSOL Multiphysics and TSPICE. 

 
 

3. Results and Discussion 
 
To investigate the piezoresistive behaviour of 

square and circular shaped n-channel SiC MOSFET 
pressure sensing structures, a three-dimensional finite 
element model consisting of an n-channel MOSFET 
equivalent piezoresistive embedded in SiC diaphragm 
was developed using COMSOL Multiphysics. The 
temperature-dependent electrical behavior of the  
n-channel 4H-SiC MOSFET, as reported in [26], was 
assumed to align with standard current-mirror-based 
pressure sensing designs. At room temperature, a 
voltage equivalent to the MOSFET Early voltage was 
applied across the corresponding piezoresistor, and 
this voltage was used exclusively to simulate the 

sensor’s piezoresistive behaviour in COMSOL 
Multiphysics. To evaluate the device response under 
applied stress, pressure was applied on the diaphragm. 
Fig. 2(a) illustrates the three-dimensional  
square-shaped pressure sensing structure modelled in 
COMSOL Multiphysics, while Fig. 2(b) depicts the 
corresponding stress distribution in the square 
diaphragm under externally applied pressure of  
10 MPa. The stress profile is visualized using a color 
gradient, where purple represents regions of minimum 
stress and red indicates areas of maximum stress. 
Similarly, Fig. 3 shows the three-dimensional  
circular-shaped pressure-sensing structure and stress 
distribution in the circular diaphragm subjected to  
10 MPa of applied pressure. 
 
 
Table 2. Parameters used for design and simulation  
of the proposed SiC-MEMS based pressure sensor featuring 
a peripheral embedded MOSFET and a current-mirror 
readout circuit. 

 

Parameter Unit 
Square 
Shape 

Circular 
Shape 

A. Parameters for analyzing Piezoresistive Effects  
in N-Channel 4H-SiC MOSFETs using COMSOL 

Multiphysics. 
Diaphragm dimensions

(side/diameter, 
thickness) 

μm 100, 2.5 110, 2.5 

MOSFET equivalent 
piezoresistor value 

kΩ 13852 13852 

Piezoresistive 
coefficients [25] 

(ൈ 10ିଵଵ) 
𝑃𝑎ିଵ 

𝜋ଵଵ = −3.4, 
𝜋ଵଶ = 6.15 

𝜋ଵଵ = −3.4, 
𝜋ଵଶ = 6.15 

B. Parameters for analyzing electrical behavior of Current 
Mirror Design using TSpice software. 

MOSFET dimensions 
(L, W) 

μm 10, 300 10, 300 

Early voltage (V/µm) 33 33 
Oxide capacitance 

(Cox) 
fF/μm2 4.425 4.425 

Gate Oxide thickness 
(tox) 

nm 20 20 

Threshold 
Voltage(Vth) 

V 2.69 2.69 

Carrier mobility (μ) cm2/Vs 0.0248 0.0248 
Gate-to-source 
voltage, VGS 

V 20 20 

Drain resistor, RD kΩ 10 10 
Reference current, 𝐼௥௘௙ μA 23.8255 23.8255 

 
 
The simulation results reveal that the maximum 

stress is concentrated around the clamped edges of the 
diaphragm, reaching 5661 MPa for the square 
diaphragm and 5371 MPa for the circular diaphragm. 
This confirms that the square diaphragm experiences 
greater stress concentration at its fixed boundaries 
under the applied pressure. To assess the accuracy and 
reliability of the simulation results for the 4H-SiC 
MOSFET-based piezoresistive sensor, a mesh 
convergence analysis was performed in COMSOL 
Multiphysics for both circular and square piezoresistor 
configurations under a uniform applied pressure  
of 10 MPa. 

Nine different mesh sizes were employed to assess 
model sensitivity and convergence. The simulation 
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results for the square and circular geometries are 
summarized in Table 3. Fig. 4 shows the variation in 
resistance of square and circular MOSFET-equivalent 
piezoresistors with different default mesh settings in 
COMSOL Multiphysics. In both cases, the resistance 
values are nearly saturated as the mesh is refined from 
finer to extremely fine. Based on this convergence, the 
finer mesh setting was chosen for simulations to 
balance accuracy and computational efficiency. 

 
 

 
(a) 

 

 
(b) 

 
Fig. 2. (a) Three-dimensional square shaped pressure 
sensing structure integrated with a square shaped MOSFET 
equivalent piezoresistor, and (b) Stress distribution  
at an applied pressure of 10 MPa. 
 
 

Fig. 5(a) depicts channel resistance versus applied 
pressure (0–10 MPa) for square and circular 4H-SiC 
MOSFETs. MOSFET M1, located at the fixed edge, 
exhibits a constant channel resistance of 13.85 MΩ, 
indicating no pressure sensitivity. In contrast, 
MOSFET M2 devices with square and circular 
channels, embedded near the fixed edge, experience 
longitudinal channel stress under applied pressure, 
resulting in pressure-dependent resistance reduction. 
At 10 MPa, the channel resistance decreases to  
13.70 MΩ for the square channel and 13.56 MΩ for 
the circular channel. Fig. 5(b) depicts the effect of 
externally applied pressure on the channel mobility of 
the current mirror transistor (M2), whereas the 
reference transistor (M1) retains a constant mobility of 
0.0248 cm²/Vꞏs, indicating no pressure dependence. In 
contrast, the pressure-sensitive MOSFETs M2 with 

square and circular channels exhibit a noticeable 
increase in channel mobility with rising pressure, 
reaching 0.0251 cm²/Vꞏs and 0.0253 cm²/Vꞏs, 
respectively. The simulated drain current and channel 
resistance under zero pressure show good agreement 
with COMSOL results. The pressure response of M2 
was further analysed using FEM modelling. For input 
pressure of 10 MPa, an increase of nearly 0.2 µA is 
observed in the drain current for the square shaped 
channel and 0.41 µA for the circular channel 
configuration, which are then converted to voltage 
signals using the drain resistance RD, as shown  
in Fig. 1(a). 
 
 

 
(a) 

 

 
(b) 

 
Fig. 3. (a) Three-dimensional circular shaped pressure 
sensing structure integrated with a circular shaped MOSFET 
equivalent piezoresistor, and (b) Mechanical stress 
distribution under an applied pressure of 10 MPa. 

 
 

Table 3. Results of mesh analysis for circular  
and square-shaped MOSFET equivalent piezoresistor. 

 

Default mesh size 
in COMSOL 
Multiphysics 

MOSFET equivalent 
piezoresistance (MΩ)

Circular 
shaped 

Square 
shaped

Extremely coarse 13.347 13.70 
Extra coarse 13.362 13.741 
Coarser 13.415 13.768 
Coarse 13.510 13.809 
Normal 13.560 13.839 
Fine 13.670 13.855 
Finer 13.728 13.8601 
Extra fine 13.745 13.86302 
Extremely fine 13.758 13.86417 
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Fig. 4. Variation in MOSFET equivalent piezoresistance  
as a function of mesh size for square and circular shaped 

piezoresistors. 

 
As illustrated in Fig. 6, the drain output voltages of 

both the reference and pressure-sensitive MOSFETs 
change in response to the applied pressure for square 
and circular channel geometries placed near the 
diaphragm’s edge, The drain voltage exhibits a 
continuous decline as the applied pressure rises to  
10 MPa. Under ambient conditions (25 °C and  
10 MPa), the differential output voltages 𝑉஽ଵ െ 𝑉஽ଶ for 
the square and circular peripheral MOS devices are 
approximately 2 mV and 4.17 mV, respectively.  
Fig. 7 presents the output response of the proposed 
peripheral MOS-embedded SiC-MEMS pressure 
sensors at a raised temperature of 400 °C. Due to the 
excellent temperature endurance and robustness of 
4H-SiC in extreme environments, the proposed sensor 
has an almost linear voltage response with increasing 
temperature under constant pressure conditions. 

The output voltages of the square and circular 
shaped peripheral MOSFET embedded pressure 
sensors reach approximately 278.5 mV and 626.6 mV, 
respectively. This consistent increase in output voltage 
with temperature indicates reliable device operation 
and confirms its ability to maintain stable performance 
at elevated temperatures, thereby validating the 
suitability of the proposed design for  
harsh-environment sensing applications. Figs. 8 and 9 
illustrate the output voltage response of the square and 
circular shaped SiC MOSFET-based pressure sensors 
as a function of input pressure applied in the range of 
0 to 10 MPa over a temperature span of 25 °C to  
400 °C. The results show that the sensor’s output 
voltage exhibits a linear dependence on input applied 
pressure across the full range of temperature from  
25 °C to 400 °C. 

 
 

4.  Proposed Mask Layout and 
Fabrication Process Flow 

 
This section proposes design of mask layout and 

step by step fabrication process flow for the 
development of proposed 4H-SiC MOSFET-based 
pressure sensors. As illustrated in Figs. 10, the 
fabrication of proposed SiC based pressure sensors 

employ six-mask-layer design, following a  
“CMOS-First” and “MEMS-Last” integration 
strategy. The proposed pressure sensor chip, with 
dimensions of 620 × 620 µm, was designed using  
K-Layout software. The fabrication process flow for 
the proposed pressure sensors was designed based on 
established literature on fabrication of SiC based 
MOSFET and bulk micromachining techniques of SiC 
substrate [26–28]. Fig. 11. illustrates the sequential 
fabrication process of the proposed 4H-SiC n-channel 
MOSFET device. 
 
 

 
(a) 

 

 
(b) 

 
Fig. 5. Pressure-dependent characteristics showing  
(a) channel resistance and (b) carrier mobility for square- 
and circular shaped sensing MOSFETs as a function  
of pressure. 

 
 

 
 

Fig. 6. Pressure-dependent output voltage characteristics  
at 25  °C, exhibiting pressure sensitivities of approximately 
0.21 and 0.41 mV/MPa, respectively, for the square  
and circular shaped SiC MOS based pressure sensors  
as a function of pressure. 
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Fig. 7. Output voltage characteristics of square and circular 
SiC MOSFET-based pressure sensors at 400 °C,  
showing pressure sensitivities of approximately 27.86  
and 62.62 mV/MPa, respectively. 

 
 

The details of the proposed fabrication process 
flow are outlined below: 

a) The fabrication of the sensor begins with a 
properly cleaned p-type 4H-SiC substrate; 

b) A thick SiO₂ field oxide layer is deposited to 
provide surface isolation; 

c) The first photolithography step defines the 
source and drain regions; 

d) Arsenic ion implantation is performed to 
achieve n-type doping in these regions; 

e) Dopant activation is carried out through  
post-implantation annealing, during which a 
carbon cap is employed to prevent surface 
degradation; 

f) The carbon cap is subsequently removed; 
g) A thin gate oxide is grown by thermal 

oxidation’ 
h) The second photolithography step patterns the 

contact vias for the source and drain, followed 
by Nb/Ni deposition to form low-resistance 
ohmic contacts; 

i) Source and drain contacts are formed using a 
lift-off process; 

j) Metal silicidation is performed to further 
reduce contact resistance; 

k) An aluminum layer is deposited over the 
structure; 

l) The third photolithography step patterns the 
aluminum layer to form the gate electrode and 
contact pads for the source, drain and gate; 

m) An interlayer SiO₂ dielectric is deposited to 
electrically isolate the metal layers; 

n) The fourth photolithography step, followed by 
dielectric etching, opens the contact windows; 

o) A second aluminum layer is deposited for final 
metallization; 

p) Photoresist is applied to both sides of the wafer; 
q) The fifth photolithography step defines the 

backside oxide window to enable diaphragm 
formation; 

r) The diaphragm is realized through backside 
bulk micromachining of the 4H-SiC substrate; 

s) Photoresist is removed from both sides of the 
wafer; 

t) The sixth photolithography step patterns the 
top metal interconnects and contact pads. 

 
 

 
 

Fig. 8. Variation in the output voltage of square shaped 
pressure sensor as a function of applied pressure at various 

temperatures ranging from 25 °C to 400 °C. 
 
 

 
 

Fig. 9. Variation in the output voltage of circular shaped 
pressure sensor as a function of applied pressure at various 

temperatures ranging from 25 °C to 400 °C. 
 
 

The proposed sensors exhibit competitive 
sensitivity, demonstrating their suitability for  
high-temperature pressure sensing. Table 4 compares 
their sensitivity with previously reported works, 
highlighting improved performance. Table 5 
summarizes important parameters such as chip size, 
operating pressure range, full-scale output, linearity 
deviation, and sensitivity at both room temperature 
and 400 °C. 

The observed improvement in sensitivity at 
elevated temperatures can be attributed to 
temperature-dependent device characteristics. At 
higher temperatures, reduced interface trap occupancy 
and diminished Coulomb scattering enhance the 
effective channel mobility, as reported in [29–33]. 
Furthermore, the decrease in threshold voltage with 
increasing temperature leads to a higher drain current, 
which collectively contributes to the enhanced 
sensitivity. 
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(a) 

 

 
(b) 

 
Fig. 10. Mask layout design of the proposed square  

and circular shaped SiC MOSFET embedded pressure 
sensor featuring an integrated current mirror configuration. 

 
 

Table 4. Comparison of present work with SiC based 
pressure sensors reported in literature. 

 

Ref. 
Sensitivity 
(mV/MPa) 

Readout 
circuit 

Temperatur
e 

[34] 15.6  
Wheatstone 

Bridge 
30 °C 

[35] 3.4 
Wheatstone 

Bridge 
500 °C 

[36] 13.4 
Wheatstone 

Bridge 
600 °C 

[37] 2 
Wheatstone 

Bridge 
400 °C 

This 
work 

27.86 and 
62.62 

Current 
mirror 

400 °C 

 
 

5. Conclusions 
 
This article describes the design and simulation 

based study of a 4H-SiC MEMS pressure sensor 
integrated with n-channel MOSFETs using square and 
circular shaped channel geometries connected in a 
current mirror configuration. The proposed pressure 
sensor structures employ square and circular shaped 
strain sensing MOSFETs embedded on the periphery 
of square and circular SiC diaphragms, respectively. 
The sensor converts strain-induced variations into 
electrical signals by exploiting the piezoresistive 
properties of 4H-SiC, achieving linear response over a 
pressure range of 0 – 10 MPa and temperatures up to 
400 °C. Simulation results show enhanced pressure 
sensitivity for the circular-channel design and reduced 

temperature sensitivity for the square-channel 
configuration. The CMOS compatible design ensures 
robust performance in harsh environments, which 
clearly indicates its potential use in high-temperature 
applications for the aerospace, automotive, 
petrochemical, nuclear, and oil & gas sectors. 

 
 

  
(a) 4H-SiC P type 

Substrate 
(b) SiO2 & 

photoresist coating 
(c) Etched 

openings for 
source and drain 

regions 

 
 

(d) Arsenic doping (e) Carbon 
capping layer & 

annealing 

(f) Stripping of the 
carbon cap layer 

 
(g) SiO2 & 

photoresist coating 
(h) Contact vias 

opening & Nb/ Ni 
deposition 

(i) Lift-off for 
defining source 

and drain contacts 

   
(j) Metal 

silicidation 
(k) Al metal 
deposition 

(l) Defining metal 
contact lines  

and pads 

 
(m) Interlayer 

SiO2 deposition 
(n) Contact 

window opening 
(o) Al metal 
deposition 

  
(p) Photoresist 
coating on both 

sides of substrate 

(q) Window 
opening for 

realizing 
diaphragm 

(r) SiO2 & SiC 
etching 

(s) Removal of photoresist (t) Metal lines and pads 

 
Fig. 11. Design of proposed fabrication process flow  
of the proposed n-channel 4H-SiC MOSFET based pressure 
sensor incorporating square and circular channel structures 
in a current mirror configuration. 
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Table 5. Key parameters of square and circular shaped 
SiC-MEMS based Peripheral MOSFET Embedded  

and Current Mirror Integrated Pressure Sensors. 
 

Parameter Unit 
Square 
Shape 

Circular 
Shape 

A. General Sensor Parameters 

Chip area μm2 
620 × 
620 

620 × 620 

Pressure range MPa 0-10 0-10 
B. Output Characteristics at Different Temperatures 

FSO value measured 
at 25  °C 

mV 2 4.17 

FSO value measured 
at 400 °C 

mV 278.5 626.6 

Linearity error in 
FSO at 25 °C 

% 2.29 4.14 

Linearity error in 
FSO at 400 °C 

% 2.36 4.07 

Pressure sensitivity at 
25 °C 

mV/MPa 0.20 0.416 

Pressure sensitivity at 
400 °C 

mV/MPa 27.86 62.66 

C. Thermal Sensitivity and Errors 
Temperature 

sensitivity at 10 MPa 
mV/ °C 0.65 1.49 

Error in temperature 
sensitivity at 1 MPa 

μV/ °C 8.27 25.1 

Error in temperature 
sensitivity at 10 MPa 

μV/ °C 17.1 64 
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Abstract: This article proposes a vehicle localization method that enhances MEMS sensor-based self-localization by 
incorporating roadside object detections obtained from on-board camera images. Although conventional MEMS-based 
approaches have achieved meter-level accuracy, their performance degrades on roads with limited surface variations, leading 
to reduced robustness. To overcome this limitation, roadside objects such as traffic lights, traffic signs, and poles are detected 
using a fine-tuned YOLOv8m model and utilized as visual landmarks. The spatial configurations of the detected bounding 
boxes are matched with a reference dataset associated with RTK-GNSS positions, enabling correction of accumulated 
localization errors. This approach reduces dependency on road surface features and improves localization stability in diverse 
urban environments. Experimental results using real-world driving data demonstrate that the proposed method achieves 
improved robustness and maintains localization errors within approximately 3.13 m (mean), 0.42 m (median), 12.6 m (RMSE), 
and 111.8 m (maximum) under challenging conditions. 
 
Keywords: Vehicle localization, MEMS sensors. RTK-GNSS, Object detection, YOLOv8m, Bounding box. 
 

 
 

1. Introduction 
 
Among vehicle localization algorithms [5–19], 

previous studies have applied cross-correlation to 
signals obtained from MEMS sensors to identify the 
best match with reference data recorded together with 
precise RTK-GNSS measurements [1, 2]. Although 
such approaches can achieve meter-level accuracy, 
their performance may degrade on smooth roads with 
limited surface variations, occasionally resulting in 
position errors of up to 10 m. 

To compensate for this limitation, camera images 
captured during driving are exploited to extract 
additional environmental information. In this study, 
YOLOv8m, developed by Ultralytics [3], is applied to 
video sequences to detect roadside objects. The spatial 
distribution of the detected objects within each frame 
is then used as supplementary information for vehicle 

localization. YOLOv8 provides several model variants 
(v8n, v8s, v8m, v8l, and v8x) with different model 
sizes and computational costs. Among them, 
YOLOv8m offers a good balance between accuracy 
and computational efficiency, making it suitable for 
on-board applications, which are the target scenario of 
this study. 

Since the standard 80 classes provided in the 
COCO dataset are insufficient to represent roadside 
landmarks relevant to localization, additional training 
data were collected and annotated. These data include 
traffic lights, traffic signs, trees, and other roadside 
structures. 

Although many studies have utilized camera or 
LiDAR data for vehicle localization [4], relatively few 
have focused on self-localization methods that rely 
primarily on on-board sensors without external 
infrastructure. This work aims to bridge this gap by 

https://www.sensorsportal.com/p_3403.html
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integrating visual landmark information with  
MEMS-sensor-based localization. This article is an 
extended version of the conference paper [1]. 

 
 

2. Vehicle Localization Algorithm Using 
Roadside Object Detection 
 
Fig. 1 illustrates the overall processing flow. A 

video sequence captured by an on-board camera is 
processed using YOLOv8m, and the resulting object 
detections can be time-synchronized with 
measurements obtained from MEMS sensors, if 
available; however, no MEMS sensors are used in this 
study. The original COCO-80 label plays only a minor 
role in this study because many roadside objects 
suitable as landmarks are not included in the  
standard classes. 

Therefore, YOLOv8m was fine-tuned using a 
custom dataset comprising seven classes of roadside 
objects: traffic lights, traffic signs, variable message 

signs (VMS), poles, trees, pedestrian bridges,  
and towers. 

 
 

 
 

Fig. 1. Pipeline of the proposed vehicle localization method. 
YOLOv8m detects seven classes of roadside objects  
from real-time video images, and the vehicle position is 
estimated by similarity matching with reference data based 
on the detected bounding boxes. 
 

 
 

 

 

(1) 

 
 
The dataset was constructed from video recordings 

captured for approximately 40 minutes along an 
arterial road in Edogawa-ku, Tokyo, on August 20, 
2024. Frames were sampled at 30-second intervals, 
resulting in a total of 76 images (60 for training and 16 
for validation). 

To compensate for the limited dataset size, data 
augmentation techniques provided by YOLOv8m – 
such as flipping, rotation, noise injection, and contrast 
adjustment – were applied, expanding the training set 
to 660 images (i.e., each original image was 
augmented to approximately ten images). 

The model was trained for 600 epochs with a batch 
size of 8 on a desktop PC equipped with an NVIDIA 
RTX 4060 GPU. The dataset consists of 660 images, 
resulting in approximately 83 iterations per epoch with 
a batch size of 8. The training data were shuffled at the 
beginning of each epoch. The trained YOLOv8m 
model was then applied to recorded video frames. For 
each detected object, the bounding box parameters  
(x, y, w, h) and the corresponding class label were 
obtained. The timestamp for each frame was computed 
from the video metadata based on a frame rate of  
29.97 fps and the video start time. 

 
 

3.  Matching the Bounding Boxes  
to the Reference Data 
 
Bounding-box matching was performed using the 

similarity criterion defined in Eq. (1), which is 

computationally more efficient than pixel-level image 
correlation. To estimate the position of vehicles, the 
similarity between the bounding-box layouts of a 
target frame and those stored in a reference dataset was 
evaluated. Each reference frame contained a set of 
bounding boxes detected by the fine-tuned YOLOv8m 
model, along with the corresponding RTK-GNSS 
position. For each pair of frames, bounding boxes with 
identical class labels were matched. The similarity 
score was computed based on the positional and size 
differences between corresponding bounding boxes. 
The reference frame with the highest similarity score 
was selected as the most probable vehicle position, and 
the associated RTK-GNSS coordinates were adopted 
as the estimated position. 

Let 𝐹௜  and 𝐹௝  denote image frames with frame 
indices 𝑖  and 𝑗, respectively. 𝑁௜  and 𝑁௝  represent the 
numbers of bounding boxes in frames 𝐹௜ and 𝐹௝. 

The class labels of the bounding boxes are denoted 
by 𝑐௟  and 𝑐௠ , and l and m are indices of bounding 
boxes in each frame. The similarity function is defined 
as follows: The parameters were empirically 
determined as α = 0.7, β₁ = 0.002, and β₂ = 0.005. The 
variables ሺ𝑥௟ , 𝑦௟ ) denote the coordinates of the 
bounding-box l’s center, while 𝑤௟ and ℎ௟ represent the 
width and height of the bounding box l. All values are 
normalized by the image resolution of 
960×540(original resolution: 1920×1080).  

Although other similarity measures, such as 
Intersection over Union (IoU), could be used, the 
proposed greedy similarity function was adopted for 

1. VMS(Variable Message Sign)
2. Pedestrian bridge
3. Pole
4. Tower
5. Traffic light
6. Traffic sign
7. Tree

YOLOv8m

Bounding boxes
for seven classes

Realtime On-board
video  image

Vehicle localization by 
similarity matching to 
reference data
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computational efficiency, as it relies only on positional 
and size differences between bounding boxes. 

 
 

4. Test Field and Experimental Setup 
 
Field experiments were conducted on August 20, 

2024, in Edogawa-ku, Tokyo, along National Route 
14, also known as Shin-Ohashi-dori. A satellite image 
of the test course is shown in Fig. 2, where the 
evaluation section is indicated by a yellow arrow. The 

length of the evaluation section was approximately 
1.75 km, and the travel time was about 300 s. The test 
vehicle was a Toyota Noah, a 2-liter, five-door 
minivan equipped with a GoPro HERO12 camera to 
capture video data during driving. Ground-truth 
vehicle positions were obtained using an RTK-GNSS 
receiver (u-blox ZED-F9P) [20], operating at 10 Hz 
with centimeter-level accuracy. Figs. 3 and 4 show the 
test vehicle and the RTK-GNSS receiver, respectively. 
The built-in electronic image stabilization function of 
the GoPro HERO12 was enabled. 

 
 

 
 

Fig. 2. Field test course. National road route 14 in Edogawa-ku, Tokyo, known as “Shin-ohashi-dori’. The length  
of the evaluation section is 1.75 km and is indicated by yellow arrow. 

 
 

 
 

 

Fig. 3. Vehicle used for data collection (Toyota Noah,  
2.0 L, 7-passenger capacity). 

Fig. 4. RTK-GNSS receiver module (u-blox ZED-F9P) 
used for ground-truth position measurement  

in the field experiments. 
 
 
Data acquisition for the section indicated by the 

yellow arrow was performed twice by driving along a 
circular course that included this section. The total 
travel time for the entire course was approximately  
40 minutes. RTK-GNSS data, video images, and 
MEMS sensor data were acquired; however, the 
MEMS sensor data were not used in this article. 

5. Details of Processing 
 

5.1. Summary of YOLOv8m Training 
 

Before presenting the vehicle localization results, 
a summary of the YOLOv8m training and validation 
process is provided. In the training phase of 
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YOLOv8m, still images were extracted from GoPro 
HERO12 video footage at 30-second intervals. The 
total number of images is 76. These images were 
divided into 60 training and 16 validation samples, and 
annotations were created using the cloud-based tool 
Label Studio [21]. 

Fig. 5 shows how the acquired images were used 
as training and validation data. The dataset was split 
into training (60 images) and validation (16 images) 
sets. Data augmentation increased the training dataset 
to 660 images.  

Seven classes were defined as typical roadside 
objects: variable message signs (VMS), pedestrian 
bridges, poles, traffic lights, traffic signs, and trees. 
The frequency of each class in the training dataset is 
summarized in Fig. 6. As shown in the figure, the 
dataset is highly imbalanced, with the pole class being 
significantly overrepresented compared to the others. 
This imbalance is inherent to roadside environments 
and was therefore not corrected in this study. 

 
 

 
 

Fig. 5. Dataset preparation and training pipeline. The dataset 
was split into training (60 images) and validation  
(16 images) sets. Data augmentation increased the training 
data to 660 images. YOLOv8m was used for training  
and evaluation. 

 
 

 
 

Fig. 6. Number of instances for each object class  
in the training dataset. The distribution is highly imbalanced, 
with the pole class being significantly more frequent than  
the other classes. 

Despite this imbalance, the proposed method is 
applied to vehicle localization. 

Table 1 shows the confusion matrix. Taking the 
pole class as an example, 21 out of 38 instances were 
correctly detected in the validation dataset, 
corresponding to a recall of approximately 55 %. In 
contrast, traffic signs were detected accurately (10 out 
of 10 instances). Overall, the object detection 
performance is limited, mainly due to the small dataset 
size and significant class imbalance. Although these 
issues are difficult to resolve, vehicle localization is 
performed using the detection results as they are. 

 
 

Table 1. Confusion matrix of YOLOv8m object detection 
results on the validation dataset. A substantial number  
of objects, particularly poles, are misclassified  
as background, indicating a high false-negative rate. This 
degradation in performance is mainly attributed to dataset 
imbalance and the inherent difficulty of detecting small  
and thin objects. 

 

 
 
 

Fig. 7 shows the training and validation loss curves 
over 600 epochs. The box regression loss (box_loss), 
classification loss (cls_loss), and distribution focal 
loss (dfl_loss) are presented for both the training and 
validation datasets. The training losses decrease 
steadily, while the validation losses exhibit slight 
fluctuations and gradually stabilize, indicating 
reasonable generalization performance given the 
limited dataset size. To examine the convergence 
behavior of YOLOv8m, the model was trained for up 
to 600 epochs. However, slight overfitting was 
observed after approximately 400 epochs. Therefore, 
considering computational efficiency, the model 
parameters corresponding to the best validation 
performance within the first 400 epochs were used for 
the vehicle localization step, as they provide 
comparable performance while reducing training cost. 

 
 

5.2. Object Detection 
 
Examples of object detection are shown in  

Figs. 8a, 8b, and Figs. 9a, 9b. After fine-tuning, the 
COCO-80 classes are rarely detected, while the newly 
defined seven classes become dominant.  
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Fig. 7. Training and validation loss curves and precision 
during training. The training losses decrease steadily, while 
the validation losses remain higher and fluctuate, indicating 
possible overfitting. The precision gradually improves  
and stabilizes as training progresses. 

 
 

 
 

Fig. 8a. YOLO detected image of the start point  
of the evaluation course. The first trip at 11:32:54. 

 
 

 
 

Fig. 8b. YOLO detected image of the start point  
of the evaluation course. The first trip at 12:00:20.3. 
 
 
Although the training is not perfect, the detection 

performance was moderately effective. The system 
outputs YOLOv8m object detection results in the form 
of bounding box attributes, including the class, width, 
height, and the x- and y-coordinates of the center 
position. YOLOv8m is sufficiently fast to detect 
objects in 29.97 fps HD video with a resolution  
of 1920 × 1080 pixels, while the images are 
downsampled to 960 × 540 for efficient processing. 

Figs. 8a and 8b show snapshots of the video images 
captured at the same location but at different times of 
day and during different trips. The detected bounding 
boxes are overlaid on the images. Figs. 9a and 9b show 
the corresponding bounding-box-only representations. 
Since the images differ only in transient objects such 
as vehicles, the bounding-box representations remain 
highly similar. Consequently, the spatial layouts of the 
bounding boxes are also highly similar, leading to a 
high similarity in their spatial distributions. The 
proposed similarity matching procedure operates on 
these bounding-box representations rather than raw 
pixel data, eliminating the need for pixel-wise 
processing and enabling efficient computation.  

 
 

 
 

Fig. 9a. YOLO detected bounding box only image  
of the start point of the evaluation course. The second trip 

at 11:32:54. 
 
 

 
 
Fig. 9b. YOLO detected bounding box only image  

of the start point of the evaluation course. The second trip 
at 12:00:20.3. 

 
 
To generate reference data, object detection results 

during the reference data acquisition phase are 
augmented with precise location information (latitude 
and longitude) and accurate time stamps, as illustrated 
in Fig. 10. The latitude and longitude are estimated by 
interpolating the 10 Hz RTK-GNSS data to match the 
29.97 Hz video sampling rate. The interpolated 
positions are then associated with the corresponding 
YOLO-detected objects, forming a time-aligned 
reference dataset. 

Since RTK-GNSS provides more accurate 
timestamps than the video camera, the alignment is 
performed using the GNSS timestamps. A precise 
calibration is subsequently applied to refine the 
alignment. 
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Fig. 10. Overview of the mapping process between object 
detection results and video frames.  Detected roadside 
objects (left) are associated with corresponding bounding 
boxes in the video frames (center), which are sampled  
at 29.97 fps. This temporal alignment enables the conversion 
of detection results into a continuous time series  
for subsequent matching and localization. 

 
 

6. Results and Discussion 
 

6.1. Results of Similarity Matching 
 
The results of bounding-box similarity matching 

are shown in Figs. 11a and 11b, which illustrate the 
relationship between the running times of the target 
vehicle and the reference vehicle. Each point 
represents a correspondence obtained by matching 
objects using the proposed similarity function, where 
the best similarity is selected for each time step of the 
target vehicle. The matching is performed frame by 
frame. The solid line indicates the estimated temporal 
alignment between the two vehicles derived from 
these correspondences. The step-like structure reflects 
differences in vehicle motion, such as stop-and-go 
behavior, and the dispersion of points indicates 
matching uncertainty. Despite the presence of outliers, 
the overall trend accurately captures the temporal 
alignment between the two vehicles. Fig. 11a shows 
the result using the best YOLOv8m weights after  
100 epochs, whereas Fig. 11b presents the result using 
the best YOLOv8m weights after 400 epochs. The 
results are comparable, indicating that 100 epochs are 
sufficient to achieve reliable estimation of the 
temporal difference between the reference and  
target vehicles.  

Fig. 11c presents the result after applying a median 
filter to the result of Fig. 11b. 

Fig. 12 shows the ground truth of the temporal 
difference between the reference and target vehicles 
obtained using RTK-GNSS. Both vehicles were 
equipped with RTK-GNSS, and their precise positions 
were used to compute the temporal difference when 
they were at the same location. The sampling rate of 
RTK-GNSS was 10 Hz, whereas the video frame rate 
was 29.97 fps. Therefore, interpolation and 
oversampling were applied to obtain location data at 
29.97 Hz. 

 
 

Fig. 11a. Results of bounding-box similarity matching 
using the best model obtained after 100 epochs. 

 
 

 
 

Fig. 11b. Results of bounding-box similarity matching 
using the best model obtained after 400 epochs. 

 
 

 
 

Fig. 11c. Results after median filtering of the bounding-box 
similarity matching using the best model obtained  

after 400 epochs. 
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By comparing Figs. 11a and 11b with Fig. 12, it 
can be observed that the temporal difference is 
estimated with high accuracy, although some spike 
noise remains. 

 
 

6.2. Results of Location Estimation 
 
Fig. 13 shows the results of position estimation. 

Fig. 14 shows the cumulative distribution of the 
position error. The error distribution exhibits higher 
kurtosis than a Gaussian distribution, with 
approximately 84.4 % of the errors within 2 m, 92.7 % 
within 5 m, and 95 % within 10 m, while a small 
number of outliers exceeding 20 m are observed. 

 
 

 
 

Fig. 12. Ground truth of the temporal difference between 
the target and reference vehicles. 

 
 
Table 2 summarizes the error statistics. Although 

occasional large-error spikes are observed, the overall 
error distribution remains narrow. 

Fig. 15 shows the directional distribution of the 
position error. The position errors in the east–west and 
north–south directions are concentrated near the origin, 
while larger errors exhibit a correlated trend in both 
directions, reflecting the constraint of the reference 
trajectory along the road geometry. 

The maximum error is mainly caused by 
occasional spike errors in the similarity matching of 
detected object frames. In most cases, the error 
remains within several meters, demonstrating the 
effectiveness of the proposed method. These spike 
errors can be mitigated by integrating a  
dead-reckoning approach.  

 
 

 
 

Fig. 13. Position error over time for the target vehicle.  
The horizontal axis represents the running time of the target 
vehicle, while the vertical axis shows the position error  
with respect to the reference trajectory. The error remains 
within several meters for most of the duration,  
with occasional spikes caused by mismatches  
in object detection. 
 

 

 
 

Fig. 14. Cumulative distribution of position error. 
Approximately 84.4 % of the errors are within 2 m, 92.7 % 
within 5 m, and 95 % within 10 m, while a small number  
of outliers exceeding 20 m are observed. 

 
 

 
 

Fig. 15. Scatter plot of east–west and north–south position errors. Most errors are concentrated near the origin,  
while larger errors exhibit a correlated trend in both directions, reflecting the constraint  

of the reference trajectory along the road geometry. 
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Although dead reckoning inherently accumulates 
errors over time, its combination with the proposed 
method, which provides reliable absolute position 
estimates, can significantly enhance localization 
robustness and stability. Moreover, integrating a 
MEMS sensor-based localization algorithm can 
further compensate for the limitations of the proposed 
approach. 

 
 
Table 2. Summary of the position estimation error. 

 
Average error 3.13 m 
Median error 0.42 m 

RMSE 12.6 m 
Max error 111.8 m 

 
 

7. Conclusions 
 

This article presents a vehicle localization 
algorithm based on the spatial arrangement of 
bounding boxes obtained from on-board camera 
images. In an experiment conducted on a 1.7 km 
arterial road section, the results demonstrate that 
incorporating roadside object detections improves 
localization robustness under challenging conditions. 
The estimated location error was 3.13 m on average, 
with approximately 84.4 % of errors within 2 m, 
92.7 % within 5 m. 

The proposed approach can also be extended to 
pedestrian localization scenarios where only camera 
images are available. Consequently, the method has 
the potential to support navigation in GNSS-denied 
environments, such as urban canyons and 
mountainous regions, provided that suitable visual 
landmarks are available. 

Future improvements in YOLO training and model 
optimization are expected to further enhance the 
reliability and accuracy of the position estimation. 
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Abstract: This article presents a conceptual framework for automated mission planning of mobile robots in smart factory 
environments, integrating Building Information Modeling (BIM) with industrial digital twins. Our first contribution is 
BIM2Robot, an open-source framework that systematically transforms building models, given in a standards-compliant IFC 
description, into a ROS-compatible topological navigation graph including a geometric environment model and an executable 
mission plan, enabling Automated Guided Vehicles (AGVs) to be deployed in the described building without manual waypoint 
definitions. The second contribution is the Assembly Twin, a production digital twin built on NVIDIA Omniverse that  
integrates design and process data from PLM and ALM platforms, real-time sensor streams via the Adaptive Framework for 
Optical Sensors (AFOS), and AI-based assembly monitoring via the Confirmation and Tacit Data System (CTDS). The  
Assembly Twin provides real-time worker guidance through extended reality interfaces and continuously tracks workbench 
states and production progress. The integration of both systems establishes a closed loop between production intelligence and 
robot navigation: When the Assembly Twin detects a production disruption, such as an unexpected workbench failure, it runs 
a script provided by the BIM2Robot framework that generates an updated mission plan and reroutes the affected AGV(s) 
autonomously. Relying on open standards including IFC, USD and OPC UA, the combined framework is adaptable and  
accommodates continuous changes in the workplace layout. Generating robot code directly from a building model eliminates 
the need for manual reconfiguration. Combined with a live digital twin of the assembly hall, AGVs benefit from a continuously 
synchronized understanding of both the static geometry and the dynamic production state, enabling context-aware navigation 
decisions that transcend purely geometric path planning. 
 
Keywords: Robot motion planning, Digital twins, Assembly automation, Building Information Modeling (BIM), Robot  
Operating System (ROS 2), Robot programming methodology, Code generation. 
 

 
 

1. Introduction 
 
In modern smart factories, manual and automated 

manufacturing processes are deeply intertwined to 
ensure high efficiency, quality, and flexibility. Central 
to this environment are interconnected workbenches 
that serve as pre- and end-assembly stations, including 
integrated quality control. At these stations, operators 
are supported by worker guidance systems utilizing 

smart sensors, machine vision, and digital twins to 
execute complex assembly tasks. To sustain this 
production process, a seamless flow of inbound and 
outbound components is required, which is typically 
facilitated by Automated Guided Vehicles (AGVs) 
handling the intralogistics between workbenches. 

However, maintaining continuous operation in 
such dynamic environments poses significant 
challenges, particularly when the manufacturing 

https://www.sensorsportal.com/p_3404.html
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process is impacted by unforeseen events. Two 
frequently occurring scenarios highlight the 
limitations of current static production systems: 

First, unexpected failures can disrupt the 
workflow. If a workbench goes offline unexpectedly  
– for example, due to a broken tool – the production 
process must be rerouted dynamically. Components 
currently in transit or waiting must be swiftly 
transferred to alternative workbenches via AGVs to 
minimize idle times and prevent bottlenecks. 

Second, the concept of a living shopfloor 
introduces continuous spatial and logistical changes. 
Modifications in the shopfloor layout directly 
influence intralogistics. Consequently, AGVs  
and mobile robots must autonomously find new  
routes to meet their objectives. This requires the 
system to constantly update and understand 
environmental models and contextual data to identify 
the exact start and goal locations of components, as 
well as the newly designated stations for assembly  
and warehousing. 

To address these scenarios, this article proposes a 
novel framework that bridges the gap between 
dynamic production management and robot spatial 
planning by combining two approaches to automation: 
the Assembly Twin, implemented via NVIDIA 
Omniverse, and the open-source framework Robot 
BIM (BIM2Robot). While the Omniverse-based 
Assembly Twin acts as the cognitive core for the 
production process – managing real-time workbench 
states, worker guidance, and the dynamic rerouting of 
tasks – BIM2Robot provides the semantic and 
geometric understanding of the facility. By 
automatically translating standardized Building 
Information Models (IFC) and spatial annotations into 
ROS-compatible mission plans, the system ensures 
that AGVs can instantly adapt to living  
shopfloor changes. 

In combination, the two technologies establish a 
resilient, fully synchronized manufacturing 
environment where both the production logic and the 
ROS-driven mobile robots act on a shared, real-time 
understanding of the factory floor. This article 
integrates and extends two prior conference papers. 
The first introduced the Assembly Twin as a 
production digital twin for real-time worker guidance 
and workbench monitoring [1]. The second presented 
BIM2Robot as a code generation framework for  
IFC-based robot navigation [2]. 

The remainder of this article is organized as 
follows. In Section 2, we discuss related work on 
factory automation with digital twins and on indoor 
path planning for robots. Section 3 uses the case study 
of producing aircraft drives to highlight features of our 
Omniverse-based Assembly Twin. In Section 4, we 
explain how BIM2Robot facilitates automatic path 
planning in a factory hall. Section 5 shows how an 
automated factory benefits when a digital twin is 
combined with a robot mission plan derived from the 
building description, using failure recovery as a 
possible use case. Finally, in Section 6 we conclude 
the article with an outlook on future work. 

2. Related Work 
 
Manufacturing digital twins have evolved into 

connected components of immersive environments 
referred to as the industrial metaverse. Siemens 
connected its Xcelerator platform with NVIDIA 
Omniverse in 2022 [3] and later added OpenUSD [4] 
support to Teamcenter X, letting engineering teams 
collaborate in a shared 3D environment [5]. Dassault 
Systèmes follows a different path with its 
3DEXPERIENCE platform, where the DELMIA 
division provides virtual manufacturing planning and 
process optimization across the product lifecycle [6]. 
Where Siemens uses OpenUSD [4] as its 
interoperability layer, Dassault relies on IFC and 
STEP. NVIDIA Omniverse serves as a platform for 
physically accurate digital twins. Its USD (Universal 
Scene Description [4]) scene graph lets assets from 
CAD, BIM, and simulation tools be combined [7]. 

 
 

2.1. Digital Twins in Manufacturing 
 

A virtual commissioning methodology was 
proposed to integrate digital twins into a flow-shop 
manufacturing system, validating digital-twin-driven 
reactive scheduling in response to machine 
breakdowns before physical deployment [8]. 
Furthermore, fourteen open-source digital twin 
frameworks were compared, showing that no single 
framework covers all needs, so practitioners often 
combine multiple frameworks [9]. Among these, 
Eclipse BaSyx implements the Asset Administration 
Shell aligned with RAMI 4.0, which is relevant here, 
as our earlier RAMI4.0-based asset combination [10] 
took a similar layered approach to connect sensing and 
context generation to the visualization layer. 

XR-based worker guidance in manual assembly is 
closely related to the architecture presented in this 
article. XR applications across assembly stages were 
reviewed from a human-centric Industry 5.0 
perspective, mapping benefits at the operator, 
enterprise, and industry level [11]. For tracking 
assembly progress without manual input,  
YOLO-based object detection was combined with 
pose estimation to recognize repetitive worker actions, 
achieving 92.8 % recognition accuracy [12]. Zero-shot 
or few-shot models extend this capability by 
generalizing unseen objects without retraining, relying 
only on reference images and CAD models. This 
property is relevant for high-variability production 
where components change frequently. 

Our architecture builds on two research threads 
from the COCKPIT4.0 and DIREKT projects. A 
modular pipeline for mixed reality environments was 
built to structure visualization assets from different 
sources into reusable workflows [11]. Furthermore, a 
RAMI4.0-based asset combination was proposed to 
connect AFOS, CTDS, EAS, and VIS as coordinated 
assets for operating a digital twin in human-centered 
assembly [8]. Building on this RAMI4.0-based asset 
combination, our earlier work advanced this 
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foundation toward an Omniverse-based Assembly 
Twin for manual assembly. The study did not redefine 
the RAMI4.0 architecture itself; rather, it transferred 
this earlier conceptual basis into a concrete  
digital-twin environment centered on NVIDIA 
Omniverse, with a particular focus on the visualization 
layer. Its added contribution was the real-time 
integration of design and production data streams, the 
organization of assembly states through USD scene 
hierarchies and sublayers, and the coupling of  
AI-based tracking with XR-based worker guidance. A 
twin for manual production, as both works showed, 
requires a pipeline with sensing, context 
interpretation, and operator feedback. We extend this 
toward the industrial metaverse with USD-based scene 
composition, synchronized design and production 
twins, and XR-based guidance. To keep the spatial 
model current, the Environment Acquisition System 
(EAS) [8], a mobile robot equipped with LiDAR, 
acceleration, and RGBD sensors, is used. The joint use 
case of component commissioning across multiple 
workstations with load-dependent rerouting requires 
both this up-to-date spatial model and robot navigation 
between stations. For this purpose, we consider the 
derivation of navigation plans from BIM data. 

 
 

2.2. BIM and Robot Path Planning 
 

Mobile robots increasingly reduce the reliance on 
manual labor in logistics [13]. Transferring existing 
robotic solutions to new facilities, however, remains a 
persistent challenge, as environmental models, 
navigation graphs, and waypoint structures are 
typically tied to specific floor layouts and require 
substantial redesign effort when the environment 
changes [14]. 

BIM data provides structured sources of 
environmental information for robotic systems. In the 
construction domain, sensor data has been aligned 
with geometric information from IFC files to improve 
robot localization accuracy [15], and IFC-based 
semantic building models have been used to support 
robot task planning and execution in built 
environments [16]. 

More recent work demonstrates that the direct 
generation of robot-specific navigation maps from 
BIM data reduces computational overhead, compared 
to traditional SLAM-based navigation. BIM data also 
include high-level semantic descriptions of building 
structures, thereby enabling robots to navigate with 
greater autonomy [17]. Object detection techniques 
have also been integrated with BIM data to initialize 
pathfinding strategies in unknown environments [18], 
and ontology-based building models have been 
proposed to categorize building elements and their 
functionality for inspection tasks [19]. 

Beyond the BIM domain, digital building twins, 
created, e.g., via 3D laser scanning, have been applied 
to support indoor localization across multiple user 
platforms, demonstrating the broader relevance of 
semantically enriched environment models for robot 

navigation [20]. Model-driven approaches to robot 
programming have demonstrated the potential of 
generating application code directly from formal 
models [21]. 

In contrast to these concepts, where BIM data 
serves as a supplementary geometric information 
source or requires manual enrichment of building 
elements with robot-specific instructions, BIM2Robot 
uses the standardized building model itself as the 
primary source for new robot applications. Building 
on our previously proposed concept [22], the 
framework systematically transforms IFC descriptions 
into topological navigation graphs, geometric 
environment models, and executable mission plans 
through a structured parsing pipeline. BIM2Robot 
bridges the gap between descriptive building models 
and executable robot programs without requiring 
proprietary map files or waypoint definition. 

 
 

3.  Assembly Twin: Our Architecture  
for Digital Twins in Manual Assembly 
 
Our proposed assembly digital twin architecture is 

shown in Fig. 1. 
 
 

 
 

Fig. 1. Reference architecture. 
 

 
3.1. Methodology for Real-Time Integration  
       of Design and Production Digital Twins 

 
All technological components are built around 

NVIDIA Omniverse as the central integration  
environment [23]. 

 
 

3.1.1. Technological Framework 
 
The main components of our Assembly Twin are 

Omniverse Nucleus [24], Omniverse Kit, used for 
project-specific extensions [25], and software-specific 
connectors that enable synchronization between 
heterogeneous tools and data sources [26]. 
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Sensor data is acquired via the Adaptive 
Framework for Optical Sensors (AFOS) [10]. The 
Confirmation and Tacit Data System (CTDS) 
processes assembly progress and implicit signals like 
time expenditure. 

At the design level, BIM authoring environments, 
such as Autodesk Revit [27], can be integrated through 
Omniverse connectors. Connector-based 
synchronization is particularly relevant, since changes 
in the BIM model can be propagated to Omniverse 
applications. 

Augmented reality (AR) and extended reality (XR) 
interfaces are available to factory workers and can 
close the loop between digital planning and physical 
execution. This is helpful for validating manual steps 
or for guiding workers based on operator behavior. 

 
 

3.1.2. Data Acquisition and Transfer Pipeline 
 
Our data integration pipeline is shown in Fig. 2. 

We explain its components using motor assembly as 
an example. Production-related information such as 
composition rules, Computer-Aided Design (CAD) 
models, and bills of materials (BOM) are retrieved 
from cloud-based Product Lifecycle Management 
(PLM) platforms, such as Teamcenter, and from 
Application Lifecycle Management (ALM) platforms, 
such as Polarion, through dedicated Omniverse 
connectors. Additional inputs include post-processed 
simulation models and animation sequences generated 
in Visual Components, 3ds Max, or Blender. Scanned 
physical prototypes can also be integrated into  
the pipeline. 

 
 

 
 

Fig. 2. Modular frameworks for mixed reality 
environments. 

 
 

At the physical workspace level, the Adaptive 
Framework for Optical Sensors (AFOS) as a visual 
IoT platform provides a decentralized infrastructure 
for the integration of a strategically positioned camera 
system on the workbench consisting of two Orbbec 

Femto Bolt RGBD cameras. It also enables the 
creation of distributed data pipelines to allow real-time 
big data preprocessing of the camera streams including 
data fusion, e.g. for colored point cloud creation, 
multi-camera synchronization and the publication of 
the result to other applications via gRPC (Remote 
Procedure Calls). These data streams, combined with 
CAD assets from Teamcenter, feed into the 
Confirmation and Tacit Data Acquisition System 
(CTDS), which employs deep learning models to track 
worker actions and identify assembly deviations. 
Afterward, structured data flows into a centralized 
database optimized for cross-disciplinary 
collaboration. The high-fidelity digital twin, rendered 
in real-time, serves as the backbone of this knowledge 
base, delivering it to the operator through XR-enabled 
devices. The assembly information from Polarion is 
compared in order to check the sequence of the 
activities performed. 

At the same time, the system automatically records 
the best fitting activities or delays from workers, 
improving the ideal time needed for each step and 
identifying when it takes too long, which helps to 
continuously improve the workflow using data. 
Beyond operational guidance, the digital environment 
serves as an immersive training platform, enabling 
operators to rehearse tasks in a risk-free virtual setting, 
thereby accelerating skill acquisition and increasing 
task confidence. 

The same pipeline is used for the design digital 
twin and the production digital twin, with significant 
differences in the data feed and features, as shown  
in Table 1. 

 
 

Table 1. Functional comparison between design  
and production digital twins. 

 

Feature 
Design Digital 

Twin 
Production Digital 

Twin 

Phase 
conceptual/ 

pre-production 
in-operation/ 

execution 

Source of 
Data 

PLM, ALM 
(Fitting 

Instructions), EAS 
(environment scan) 

AFOS + CTDS 
(real-time sensor & 
ML input), ALM 

(Trace Cards) 

Purpose 
Simulation, Layout 

validation 
Process validation, 

live monitoring 

Dynamics 
Static or versioned 
(e.g. planned state) 

Dynamic and 
continuously 

updated 

Usage 
Virtual 

commissioning, 
planning 

Monitoring, 
feedback, worker 

assistance 
 
 

3.2. Automated Compositing 
 
We present an overview of the detection logic for 

assembly monitoring, USD-Sublayer configuration 
and stage control via Extensions, bridging the gap 
between digital representations and manual execution. 
As an example, we discuss the assembly of electric 
aircraft propulsion systems for a hybrid engine stator. 
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3.2.1. Use Case Description: Digital Twin  
          for Hybrid Aircraft Drive Assembly 

 
The Nucleus Workstation serves as our local 

Omniverse server, which represents all application 
objects using the standard USD format and gives us 
access to the control infrastructure. It enables 
collaborative interactions with USD assets through 
tools like USD Composer, Isaac Sim and various  
third-party applications through dedicated connectors 
and custom extensions. The Omniverse USD API 
wrappers allow us to aggregate diverse data sources 
into a multi-layered USD hierarchy, as illustrated in 
Fig. 3. Modular Scene composition in Omniverse 
Composer. Layers stack assets, animations, or 
modifications, with higher layers overriding lower 
ones where necessary to assemble a cohesive scene. 

 
 

 
 

Fig. 3. Modular Scene composition  
in Omniverse Composer. 

 
 

The USD structure mirrors the physical assembly 
hierarchy: Each assembly level is represented as an 
Xform, which is a scene node controlling the position, 
rotation and scale of its children. Mechanical 
relationships are reflected via nesting. In the aircraft 
use case, e.g., screw tightening operations are nested 
within the motor subassembly. Sublayers define 
assembly progression (“aircraft base frame installed”) 
and bundle the 3D models required for each step. This 
modular approach supports animation integration (e.g. 
training systems toggling sublayer visibility to guide 
assembly workflows) and environmental elements 
(e.g. workbenches, manufacturing floors to support 
XR training environments and increase immersion), 
which are added as compressed payloads to balance 
detail and performance. Additionally, fitting 
instructions extracted from trace cards outlining the 
assembly steps can be integrated as custom USD 
metadata, including positioning and textual 
information in USD format. 

Our architecture clearly separates design concerns 
encompassing CAD data, assembly logic, and 
animation workflows, from operating aspects driven 

                                                 
1 Version 106.5-109.3 

by sensor inputs, contextual inference, and operator 
guidance. 

 
 

3.2.2. Increased Factory Performance  
          with AGVs 

 
Each workbench display presents the relevant 3D 

views of the aircraft drive to the respective workers 
without requiring their intervention. The assignment 
of assembly stages to the workers is configured in our 
worker assistance system built upon the Omniverse 
USD Composer App Template (from the  
“kit-app-template”toolkit1) with KIT extensions  
[28-30]. 

These extensions facilitate the end-to-end 
monitoring of the aircraft drive assembly, and also the 
cooperation between automated guided vehicles 
(AGVs) and our Assembly Twin. AGVs are provided 
with stage position data from the factory OPC UA 
server and send back their locations, allowing their 
visualization within the 3D scene in real time. 

While the Assembly Twin monitors AGVs, it does 
not maintain a spatial model of the factory from which 
navigation plans for the AGVs are derived from. Such 
plans that govern how AGVs physically move, which 
doors are passed, and which rooms are traversed must 
be provided by an external system. 

Despite the added complexity, the use of AGVs is 
worth considering since they significantly contribute 
to the performance of processes such as component 
commissioning, which is time-critical in the aircraft 
drive assembly use case. The AGVs distribute parts 
across pre-assembly and end-assembly workstations 
taking the current machine loads into account. The 
real-time visualization of this process allows operators 
and facility managers to observe this load-balancing 
behavior within the digital twin. Adapting to layout 
changes requires deriving new, executable navigation 
programs reflecting the physical reconfiguration. 
Generating such routes from a revised floor plan is 
outside the scope of the Assembly Twin. 

The visualization remains continuously 
synchronized with the factory workflows, as the KIT 
event message bus toggles the relevant sublayers to 
reflect the corresponding transition, whenever the 
completion of a step is detected. The fitting 
instructions for the following step are then rendered 
using the Omni.UI API, and the corresponding 
assembly-state animation is initiated. 

 
 

3.2.3. AI-Powered Guidance 
 
The AI-based guidance subsystem provides 

operators and facility managers with a live view of the 
assembly state at each workstation, including the steps 
required for completion and real-time feedback during 
the assembly process. Zero-shot and few-shot models 
allow process-agnostic analysis, reducing the need for 
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retraining when components or assembly sequences 
change. The AI-powered action detection and worker 

guidance components are shown in the right part of the 
architecture diagram in Fig. 4. 

 
 

 
 

Fig. 4. AI-Powered Assembly Twin Components. 
 
 

When a worker begins an action, MediaPipe Hands 
[31] detects the corresponding state transition. For 
reliable action detection, our movement tracking 
includes lift-off distances, workbench zones,  
hip-to-arm distances, and wrist-elbow-shoulder angle 
ratios. From this data, observed movements are 
classified. Hand proximity to commission boxes 
indicates, e.g., grasping events. 

Object detection is performed with YOLO11 to 
verify that the required components have been 
retrieved from the commission boxes and are present 
at the workbench. Pose estimation based on 
FoundationPose [32] complements the object 
detection by providing continuous 6D tracking of 
components, including partly occluded objects, under 
variable lighting conditions. FoundationPose requires 
an initial bounding box and a CAD model in OBJ 
format for each target object. To eliminate the need for 
a manual initialization, we use Any6D [33] in 
combination with FoundationPose, SAM2 
segmentation [34] and InstantMesh mesh generation 
[35], allowing us to start from an anchor RGBD image 
instead of a CAD model. 

Accurate pose estimates are a prerequisite for  
AR-based assembly guidance, where virtual overlays 
are registered to physical components in real time. Our 
AR interface works with tablets, smart glasses, and 
VR headsets. 

In the targeted component commissioning scenario 
with multiple workstations, the same tracking pipeline 
can operate at each station independently, as the zero, 

few-shot and model-free approaches do not require 
station-specific training data. 

As Fig. 4 shows, not only the worker movements 
(tracked by the MediaPipe Hands) but also the 
aforementioned components, AFOS and CTDS 
(Section 3.1), provide input from cameras and other 
sensors to our guidance system. To orchestrate the 
multiple AI models involved, we use the NVIDIA 
Triton Inference Server [36]. AFOS packages camera 
streams together with the static reference data 
including CAD files, initial bounding boxes and 
anchor images. CTDS receives this bundled input, 
recognizes objects and assembly states and eventually 
submits inference requests to the Triton server via 
gRPC. The server executes the models and returns 
results in the protobuf format [37, 38]. Triton enables 
concurrent model execution and dynamic batching, 
which improves throughput and efficiency. 

 
 

4.  BIM2Robot: Keeping AGVs  
Up-to-Date with the Factory 
Environment 
 

BIM2Robot complements the Assembly Twin 
presented in Section 3. We developed this open-source 
framework independently of NVIDIA Omniverse. 
However, it proves particularly valuable in automated 
factory environments such as the shopfloor scenario 
which we described above to introduce our  
Assembly Twin. 
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4.1. Sideloading the Robot Workplace 
 
While the Assembly Twin seamlessly integrates 

animated visualization with operating procedures, 
BIM2Robot separates the static environment in the 
form of a building model from these dynamic 
processes. BIM2Robot can generate navigation plans 
from building models, but has no awareness of why a 
reroute is needed. The Assembly Twin can detect 
production disruptions and manage workflows, but 
cannot autonomously translate a production event into 
updated robot navigation. This directly addresses the 
gap identified in Section 3.2.2: the Assembly Twin 
coordinates AGV destinations but cannot supply the 
underlying navigation plan. BIM2Robot fills this role 
by deriving executable routes from the building’s IFC 
description, providing the spatial navigation layer that 
the Assembly Twin relies on but does not  
contain itself. 

BIM2Robot takes IFC-formatted building 
description files, as they are commonly used in 
architecture, as input for a conversion pipeline that 
tokenizes the contained data and re-interprets the 
resulting token stream as a robot-compatible 
navigation plan that ROS-compliant AGVs can 
execute. When these AGVs are deployed to an 
automated factory, detailed workplace layout 
information is transferred or “sideloaded” into 
assembly scenarios like the one described in  
Section 3. 

Unlike additional sensors or cameras, which 
merely produce more data or alternative views, 
BIM2Robot generates executable source code for 
robot tasks directly from the workplace description. 
This generated source code enables the rapid 
development of new AGV applications which can go 
beyond load balancing in an assembly process, such as 
the one described above. BIM2Robot includes its own 
GUI for IFC manipulation (shown in Fig. 5) and task 
authoring: users can interactively select relevant 
spaces in a factory and integrate robot tasks with the 
IFC file as mission entities, e.g., the origin and 
destination of a transportation task, in the form of 
annotations. With its GUI BIM2Robot supports a 
human-in-the-loop workflow for task specifications 
outside the standard manufacturing procedures. These 
robot tasks may include: 

 Facility inspection: robots regularly scan 
technical rooms, record sensor values, and check 
conditions. Our GUI supports assigning 
inspection tasks to specific rooms and linking 
them to the mission; 

 Intralogistics and supply-chain operations: 
robots move safely through warehouses and 
production halls, recognize doors, walls, and 
paths from the BIM model, and support order 
picking, material transport, empty-container 
return, automatic inventory scans and cleanup. 

The second gap from Section 3.2.2 is addressed 
here as well: when the shopfloor is reconfigured,  
re-running the BIM2Robot pipeline on the updated 
IFC file produces a revised topological graph and a 

new mission plan that immediately reflects the  
new layout. 

 
 

4.2. The BIM2Robot Translation Pipeline 
 
The BIM2Robot framework is organized as a 

pipeline-based system that processes a  
mission-annotated IFC building model and derives 
multiple robot-compatible outputs. The architecture 
separates (i) task authoring within the IFC model,  
(ii) structured parsing and conversion, and (iii) the 
generation of deployable representations for robotic 
execution. Fig. 6 summarizes these components and 
data flow. 

 
 

 
 

Fig. 5. The BIM2Robot GUI / IFC Editor. 
 
 

 
 

Fig. 6. The BIM2Robot IFC conversion pipeline. 
 
 

The system workflow starts with the integration of 
robot tasks added by the users as annotations in the 
IFC building model. Using our GUI, users can open 
the IFC Task Editor as a context menu for any entity 
shown in a building, and assign task-related 
annotations such as start and target markers, task 
types, and execution parameters to process elements 
marked previously. These graphical editing steps 
result in an annotated IFC file that serves as the input 
for the subsequent processing steps. 

The IFC data is a single source of truth, containing 
both the architectural building description and the 
robot-specific task definitions. No separate task 
description files or external mission specifications are 
required, as all task-relevant information is embedded 
in the BIM model. 
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The pipeline is organized as a classical parsing 
process consisting of lexical analysis, syntax analysis, 
and result generation. During this process, relevant 
IFC entities such as spaces, boundaries, and task 
annotations are identified, structured, and mapped into 
an internal representation that serves as a common 
basis for all subsequent outputs. The lexical and 
syntactic analysis stages are implemented using the 
GNU tools Flex and Bison2 (as we have shown in a 
concept paper before [22]). Our design is inspired by 
compiler construction and allows the conversion 
pipeline to remain independent of specific robotic 
frameworks (i.e., it is forward compatible with future 
ROS versions) while ensuring that both geometric 
information and task-related annotations are 
consistently interpreted. 

In the last processing step, three robot-compatible 
outputs are produced: 

1. A topological graph of the robot workspace 
capturing rooms as nodes and doors or 
passages as edges. This graph represents the 
spatial connectivity of the environment and 
serves as a high-level navigation structure 
independent of metric planning; 

2. A geometric environment model formatted as a 
URDF description with associated STL 
meshes. This representation enables the use of 
the building geometry in simulation and 
collision checking in physics-based 
environments or robot simulators; 

3. A LISP program (with ROS library 
extensions), which encodes the mission logic 
derived from the task annotations in the form 
of an abstract syntax tree. This functional code 
comprises high-level instructions that can be 
executed using the Cognitive Robot Abstract 
Machine library (CRAM [39]) and the roslisp3 
interpreter for controlling the robot application. 

By separating these outputs, the architecture 
allows each representation to evolve independently 
while remaining consistent through a shared  
source model. 

 
 

4.3. Methodology 
 

We now examine the BIM2Robot components 
comprising the data transformation pipeline [22]. 

 
 

4.3.1. Task Encoding 
 

In the first step, robot task-related information, 
such as start and target locations, e.g. for filming, are 
added as semantic annotations, allowing the building 
model to serve as a unified source of structural and 

                                                 
2 https://www.gnu.org/software/bison 
3 https://wiki.ros.org/roslisp 
4 https://westes.github.io/flex/manual 

task data. Robot task specifications are thus defined at 
a high level of abstraction and independently of any 
specific robot platform or execution framework. 

The interpretation of the task annotations and their 
transformation into robot-compatible representations 
are addressed in the subsequent processing steps. 

 
 

4.3.2. Token Streaming and Parsing 
 
During token streaming, the IFC file is processed 

sequentially by a lexical analyzer, which we 
implemented via GNU Flex4. 

The IFC analyzer (and the other BIM2Robot 
components) are available via github5. 

Relevant constructs are identified in the textual 
IFC representation and translated into a stream of 
symbolic tokens representing spatial entities, 
relationships, and task annotations. This step abstracts 
from the original IFC syntax and isolates information 
required for robotic navigation and task execution. 

The token stream is then passed to a syntax 
analyzer implemented with Bison. Based on a 
predefined grammar, the tokens are combined into a 
structured intermediate representation that encodes 
containment relations, connectivity between spaces, 
and references to task-relevant locations. This 
representation preserves the logical structure of the 
environment while remaining independent of the IFC 
file format. By specifying a different grammar, users 
may also switch to a USD6 building description, as 
used internally by Omniverse’s visualization 
components. Thus, BIM2Robot can be used with 
Omniverse (as we show in Section 5) or 
independently. 

 
 

4.3.3. Output Representations 
 
The first output is a topological graph, such as the 

one shown in Fig. 7. Here, rooms are nodes and 
passable connections are edges. This graph captures 
the navigational structure of the building and serves as 
a high-level abstraction for route selection. Internally, 
the graph is stored as an adjacency matrix, but it can 
be stored in a comma-separated file and plotted using, 
e.g., GNUPlot. 

A geometric environment model is derived in the 
form of a URDF description as the second output, 
including associated mesh files (see Fig. 8). This 
representation provides collision geometry and spatial 
context for simulation and execution, enabling the use 
of standard robotic tools for animated experiments 
with virtual robots in ROS-compliant simulation 
software. 

5 github.com/TimMHoffmann/digital-building-models-to-
cram 
6 https://openusd.org 
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Fig. 7. Topology of the floor of the building from Fig. 5. 
 
 

 
 

Fig. 8. URDF-based geometric environment model used. 
 
 
The third output is functional code that encodes 

task logic derived from the annotated building model, 
in the form of an executable program for a  
ROS-compliant robot. Using the structural 
information from the topological graph and the 
geometric reference frame of the environment model, 
the CRAM layer synthesizes executable robot actions 
such as navigation between rooms or task-specific 
operations at defined locations. 

 
 

5.  Toward a Unified Framework: 
Integrating BIM-Based Navigation  
and Digital Twin-Driven Assembly 
 
BIM2Robot excels at transforming standardized 

building descriptions into executable robot navigation 
plans, providing a semantically rich, geometry-aware 
model of the factory floor that can be easily updated 
whenever the physical environment changes by  
re-running the appropriate script. The Assembly Twin, 
on the other hand, delivers real-time awareness of the 
production process, monitoring workbench states, 
guiding workers through complex assembly tasks, and 
managing the dynamic rerouting of components in 
response to live production events. 

5.1. Complementary Capabilities 
 
These strengths are complementary. Where 

BIM2Robot understands space, the Assembly Twin 
understands the process. Both technologies keep 
humans in the loop: in the case of BIM2Robot, 
typically software developers, and in the Assembly 
Twin, typically factory workers. By combining both 
technologies, we gain what neither system offers 
alone: a closed loop between production intelligence 
and spatial navigation, a shared environment model 
that is simultaneously process-aware and 
geometrically precise, and the ability to autonomously 
adapt to both production disruptions and shopfloor 
layout changes without manual intervention. 

 
 

5.2. Conceptual Framework Architecture 
 
The proposed framework is structured around a 

shared data model in which workbenches, storage 
locations, AGVs, and assembly tasks are consistently 
referenced across both systems. Workbench identifiers 
used in the Assembly Twin must correspond directly 
to spatial entities annotated in the IFC model, as this 
alignment is the technical prerequisite that makes 
event-driven communication between the two layers 
possible. Both layers retain their own internal logic 
and interact exclusively through defined interfaces, 
requiring no centralized controller. 

 
 

5.3. Scenario Walkthrough 
 
To illustrate how the framework operates at 

runtime, consider the following scenario: a workbench 
goes offline unexpectedly due to a tool failure. The 
Assembly Twin detects the failure via AFOS and 
CTDS monitoring, identifies all components currently 
queued for the affected workbench, and issues an 
event message containing the workbench identifier 
and rerouting priority to BIM2Robot. BIM2Robot 
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queries the topological graph, determines a viable 
alternative workbench, and returns an updated  
ROS-compatible mission plan. The affected AGVs are 
rerouted accordingly while the Assembly Twin 
updates the Omniverse visualization to reflect the new 
production state in real time. 

 
 

6. Limits and Perspectives 
 
The framework presented here lays the conceptual 

foundation for an event-driven integration of 
production intelligence and robot navigation, with 
practical implementation and experimental validation 
remaining as the next steps. Event communication 
requires that workbench identifiers are uniquely 
mapped to IFC entities. In practice, IFC models are not 
always kept up to date with the physical shopfloor 
state, and discrepancies between the building model 
and the actual layout would result in incorrect 
navigation plans without the system detecting the 
inconsistency. Ensuring continuous synchronization 
between the IFC model and the physical environment 
is therefore a central focus of the planned 
implementation work. The integration of dynamic 
obstacle detection into BIM-derived navigation plans 
is a natural extension for future work, as is the 
formalization of the criteria by which BIM2Robot 
selects an alternative workbench, such as shortest 
route, available capacity, or task priority. Once the 
framework is fully implemented, BIM2Robot scripts 
will no longer be called manually. A production event 
such as a workbench failure will then automatically 
trigger a complete navigation replanning and  
AGV rerouting. 

 
 

7. Conclusion 
 
This article proposes a conceptual framework that 

combines BIM2Robot and the Assembly Twin to 
establish a closed loop between production 
intelligence and robot navigation. Using an example 
scenario, we have illustrated how the combined 
framework enables autonomous adaptation to both 
unexpected production disruptions and continuous 
shopfloor layout changes. The reliance on open 
standards such as IFC, ROS, and OPC UA ensures 
interoperability and reduces dependence on 
proprietary infrastructure. 
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Abstract: To facilitate the integration of people with disabilities into sports domains using simulators, particularly in the field 
of skiing, this article proposes a solution to the Motion Cueing Algorithm (MCA) parameter optimization problem under some 
human-platform interactions and environment constraints, distinguished here as a multi-objective problem. The considered 
simulator is redundant with respect to skier’s motions and to generate high-fidelity movements, the Linear-Quadratic Regulator 
(LQR) method is employed to minimize the human perceptual error between the real and simulated skier environments. Both 
the vestibular model and the redundant simulator constraints are considered in MCA parameter optimization. Linear  
time-invariant representations are detailed and the appropriate optimal control parameters are solved. The implemented skier 
scenarios demonstrate the improvement in human sensation and the efficiency of the proposed redundancy resolution method. 
 
Keywords: Optimal control, Human sensation, Hybrid robot, Motion cueing algorithm, Redundancy resolution. 
 

 
1. Introduction 

 
3D interactions in mixed reality environments and 

their integration into industry have recently 
experienced significant growth [1, 2]. A crucial 
question for the design and validation of a modern 
simulator is how to combine mechanical systems and 
virtual tools [3]. The best-known examples are driving 
simulators [4] and flight simulators [5], which have 
contributed much knowledge to the automotive and 
aerospace industries. They can help study the effects 
of implementing active safety technologies and driver 
assistance, and explore human factors such as driver 
response to road conditions and aging [6]. 

Handiskiing [7, 8], which combines the words 
Disability and Alpine Skiing, refers to the adaptation 
of alpine skiing to people with disabilities. It is a new 

sport that has attracted a lot of interest from enthusiasts 
who enjoy practicing it every year. However, there are 
many constraints on ski training, especially for people 
with disabilities. There are environmental 
dependencies, as skiing requires a good amount of 
snow and slopes, which limits the sport to adapted 
resorts. For this reason, ski simulators are becoming 
increasingly popular in the ski sports industry due to 
their ability to replicate real snow conditions and 
provide users with an immersive experience. They use 
advanced technologies to reproduce sliding 
movements, gravity and snow vibrations, such as 
Motion Cueing Algorithm (MCA) [9, 10]. Ski 
simulators can also be coupled with virtual reality to 
increase immersion and human sensation. A motion 
simulator proves to be an effective tool that allows 
training of people with various joint diseases while 
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maintaining a clinical safety environment [11]. In 
addition, these simulators provide psychological, 
muscular and social benefits for people with severe 
disabilities [12]. A Motion-Cueing Algorithm (MCA), 
also known as a washout filter algorithm, is the 
strategy that controls how motion cues are generated 
while keeping the motion of the platform within its 
physical limits [10]. The main goal is to provide 
realistic motion cues to the pilot or seated skier in the 
simulator while keeping the motion platform within its 
physical limits. 

In [13, 14], several washout algorithms have been 
proposed. Many researchers have modified and 
improved these algorithms in recent years [15, 16]. 
They can mainly be divided into classical, adaptive 
and optimal cueing algorithms. The classical approach 
consists of defining fixed coefficients in the  
worst-case maneuvers, which degrades the quality of 
motion perception in moderate maneuvers. Moreover, 
it can generate wrong cues due to the filter 
characteristics and lead to wrong motion signals. The 
main drawback of the classical washout filter is that it 
does not take human perception into account. The 
adaptive approach was implemented by Reid and 
Nahon [17]. It eliminates this shortcoming by 
adaptively modifying the coefficients and providing 
better motion sensation. Several motion cueing 
approaches have been proposed in recent years. 
Qazani et al. [18] introduced a fuzzy logic-based 
adaptive motion cueing algorithm to improve 
simulator performance under varying operating 
conditions. However, such approaches are mainly 
heuristic and do not explicitly incorporate a detailed 
mathematical model of human motion perception. 
Nahavandi [19] emphasized the importance of  
human-centric design in modern engineering systems, 
highlighting the need to integrate human perception 
into control strategies. In this direction, Gharib et al. 
[20] proposed an evolutionary optimal washout filter 
based on a genetic algorithm, aiming to optimize 
motion cueing performance through advanced 
optimization techniques. This optimal washout filter 
algorithm was based on human motion perception and 
considered a mathematical model of the human 
vestibular system [21].  

The optimal algorithm, which uses LQR-based 
control techniques, attempts to provide higher-order 
filters prior to real-time application to minimize the 
error of motion sensing rather than motion states while 
maintaining the physical limits of the simulator. To the 
best of our knowledge, all existing ski simulators use 
only a 2-DoF mechatronic system, which is not 
sufficient to reproduce all the skier’s movements. In 
general, most simulation platforms use only one 
hexapod platform. As a result, fewer research studies 
have addressed MCA for hybrid platforms. A  
so-called XY table is a significant improvement over 
the conventional simulators, which are able to perform 
larger translational motion in the longitudinal and 
transverse directions. The hexapod (6-DoF) is 
mounted above a table (2-DoF), giving a total of eight 
degrees-of-freedom (8-DoF). Thus, the human 

operator is exposed to both motions. Therefore, we 
propose a VR based high degree-of-freedom indoor 
ski training system, an 8-DoF simulator. Using this 
training system, we replay the movement of an expert 
skier recorded on a virtual slope and can reproduce this 
movement in the simulator as closely as possible [22]. 

In recent years, an increasing number of 
kinematically redundant robots have been used in 
various fields of robotics [23, 24]. This may be due to 
the focus on increasingly constrained environments 
where the conventional six degrees of freedom  
(6-DOF) may prove insufficient for obstacle 
avoidance and singularity [25, 26]. Kinematic 
redundancy occurs when a manipulator has more 
degrees of freedom than are required to perform a 
particular task. Thus, it is widely recognized that a 
seven-joint robotic arm following an end-effector 
motion trajectory requiring six degrees of freedom is 
generally considered an example of an inherently 
redundant manipulator. This means that a particular 
position and orientation of the end effector determines 
an entire solution space, rather than a single solution. 
To obtain a particular configuration (or joint 
velocities/moments), a redundancy resolution method 
should select the element with the “best fit” in the 
solution space. The simplest method uses the  
pseudo-inverse of the Jacobian matrix. This 
guarantees a least-squares reconstruction of the 
desired end-effector velocity. A drawback of this 
method is that singularity avoidance cannot be 
guaranteed despite local minimization of joint 
velocities [27]. 

This journal article extends our previous 
conference work [28] with several significant 
contributions. First, a complete and explicit  
state-space formulation of the human vestibular 
system is provided, including both otolith and 
semicircular canal dynamics, whereas the conference 
version presented a more limited formulation. Second, 
a simplified and computationally efficient linear  
time-invariant (LTI) representation is introduced to 
facilitate real-time implementation of the motion 
cueing algorithm. Third, perceptual thresholds of the 
human vestibular system are explicitly incorporated 
into the MCA design, improving the realism of the 
generated motion cues. Fourth, the LQR-based 
formulation is extended with a fully specified cost 
function, explicit weighting matrices, and a 
reproducible numerical setup. Fifth, the redundancy 
resolution strategy is further developed and 
formalized, including a clear algorithmic 
implementation for motion distribution between the 
hexapod and the XY table. Finally, a quantitative 
performance evaluation is introduced through a  
well-defined performance indicator (PI), allowing 
comparison with classical, adaptive, and optimization-
based approaches. These extensions significantly 
enhance the rigor, reproducibility, and practical 
applicability of the proposed method compared to the 
conference version. 

In this article, we describe the model of human 
motion perception in Section 2. Then, in Section 3, we 
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explain the optimal MCA control based on the LQR 
theory. In Section 4, we develop a redundancy solution 
method that makes the simulator nonredundant with 
respect to the task by finding the appropriate motion 
distribution of the XY table and the hexapod. Finally, 
in Section 5, we draw a conclusion and give an outlook 
of the work. 

 
 

2. Human Motion Perception System 
 
The vestibular system illustrated in Fig. 1 is a set 

of organs located in the inner ear and responsible for 
detecting inertial movements, whether translation or 
rotation. There are two subsystems: the otolith organs 
and the semicircular canals, responsible for the 
detection of translation and rotation, respectively. A 
certain threshold of detection must be crossed to feel a 
movement. 

According to [29], the specific stimulus of the 
otolith organs is the shear force between the two layers 
of the otolith membrane. The deformation of the 
gelatinous layer will induce the bending of the hair 
cells. The operation that transforms the biomechanical 
signal (bending of the hair cells) into nervous impulses 
(electrical activity of the hair cells) is the transduction 
mechanism [30]. When the hair cells tilt towards the 
kinocil, this causes depolarization. The frequency of 
the action potentials (nerve impulses noted Ni and 
measured in ips: impulse per second) is sent to the 
brain. When the hair cells tilt in the opposite direction, 
the sensory cells are hyperpolarized and the 

production of action potentials decreases. The 
variations in polarization (excitation and inhibition) 
lead to a variation in the frequencies of the action 
potentials of the afferent fibers. 

Each semi-circular canal has a swollen base (bulb) 
that contains sensory cells and a cup (elastic gelatinous 
membrane denser than the endolymph). The bulbs also 
have a receptor area (sensory epithelium) called the 
ampullary ridge, similar to the macula of otoliths. As 
with otoliths, this area is involved in the 
transformation of the rotational movement of the head 
into a neuronal signal. The cupula is a gelatinous 
membrane, attached to the base of the ampullary ridge 
and the top of the bulb. The crista ampullaris or crista 
ampullaris (thick, rounded area) contains the hair cells 
responsible for neural transmission. When a rotational 
movement of the head occurs in the plane of one of the 
canals, the endolymph undergoes an inertial force with 
respect to the labyrinth and deforms the cupula. This 
deformation of the cup causes the hair cells to bend in 
the direction opposite to the movement (inertia). The 
fluid then continues to rotate in the canal at the same 
rate as the rotation. However, when the rotation 
continues at constant speed, the cup returns to its 
equilibrium position (non-linear phenomenon of 
saturation in neutral position and energy 
accumulation). Then, at the end of the rotation, the 
endolymph-cup system reacts in the opposite direction 
(energy discharge) of the one of the rotations which 
was completed. Finally, the cup returns to its  
initial position. 

 
 

 
 
Fig. 1. Motion transduction, Rest vs otoliths (a) and semicircular canals (b) subjected to linear and rotational motion, 

respectively [29]. 
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The proposed MCA must consider the human 
sensation model. The development of a mathematical 
model of the vestibular system is therefore crucial. 

In the literature, the otolithic subsystem dynamics 
are modeled as a mass-spring-damper absorber [31] 
and [32]. This dynamic is modeled by the following 
second-order filter: 

 

 , (1) 

 
where 𝜏ଵ, 𝜏ଶ , and 𝜏௅ are long time, short time, and 
lead term constants, respectively, and s is the Laplace 
operator. 𝐹෠ is the felt specific force and 𝐹 is the 
stimulating specific force at the head level. Recall that 
the specific force is the difference between the linear 
acceleration and the gravity vector since, at rest, the 
otolithic organs undergo vertical gravity acceleration. 

However, the dynamics of the semicircular canal 
subsystem are modeled as an overdamped pendulum 
[33–35]. This dynamic can be modeled by the 
following second-order low-pass filter: 

 

 , (2) 

 
where Ω෡ is the felt angular velocity, Ω is the head 
angular velocity and 𝜏ଵ, 𝜏ଶ , 𝜏௅ and 𝜏௔ are long time, 
short time, lead term, and adaptation operator 
constants, respectively. In the context of motion 
restitution using a motion simulator, there are three 
modes. The first mode is the longitudinal mode, also 
called surge/pitch mode which consists of a translation 
along the x-axis and a rotation 𝜃௬ around the y-axis. 
The second mode is the transverse mode where the 
translation is along the y-axis and the rotation 𝜃௫ is 
around x-axis and finally the third mode is the vertical 
mode which consists only of a translation along the  
z-axis. These modes are decoupled at the level of 
human sensations and, consequently, at the level of the 
vestibular system [28]. Therefore, the development of 
each mode occurs separately and in a similar way. 
Therefore, in this article, we present and develop 
below the algorithm of the longitudinal mode  
only (𝑥, 𝜃௬). 

We develop the state space representation of the 
vestibular system constituting the otolith subsystem 
and the semicircular canal subsystems. The otolith’s 
dynamic (1) in the longitudinal mode can be  
rewritten as: 

 

 ,
 

(3) 

 
where 𝐾௢௧௢  ൌ  𝐾௢௧௢  

ఛಽ

ఛభ ఛమ
 is defined as the static 

sensitivity.  
Let us define the input as: 
 

 𝑈ሺ𝑠ሻ ൌ ൫𝑈ଵሺ𝑠ሻ𝑈ଶሺ𝑠ሻ൯
்

൫𝑠𝛩𝑦ሺ𝑠ሻ𝑠ଶ𝑋ሺ𝑠ሻ൯
்
,  

where ൫ ൯
்
 denotes the transpose. The specific force 

in the longitudinal mode is expressed by  
 

 𝐹௫ሺ𝑠ሻ ൌ 𝑠ଶ𝑋ሺ𝑠ሻ ൅ 𝑔𝛩𝑦ሺ𝑠ሻ  
 

Therefore, 𝐹௫ሺ𝑠ሻ ൌ 𝑈ଶሺ𝑠ሻ ൅ ቀ𝑔
ଵ

௦
ቁ 𝑈ଵሺ𝑠ሻ. 

Substituting 𝐹௫ሺ𝑠ሻ into (3) and introduce the 
Laplace inverse transformation leads to: 

 

 
𝑓ሷመ

௫ ൅ ൬
𝜏ଵ ൅ 𝜏ଶ

𝜏ଵ𝜏ଶ
൰ 𝑓ሶመ

௫ ൅
𝑓௫
෡

𝜏ଵ𝜏ଶ
ൌ 

ൌ 𝐾ഥ௢௧௢ ቀ𝑔𝑢ଵ ൅
௚

ఛಽ
׬ 𝑢ଵ𝑑𝑡 ൅ 𝑢ሶ ଶ ൅

௨మ

ఛಽ
ቁ, 

(4) 

 
where 𝑓௫ሺ𝑡ሻ ൌ 𝑢ଶሺ𝑡ሻ ൅ 𝑔 ׬ 𝑢ଵሺ𝑡ሻ 𝑑𝑡 and  

𝑢ሺ𝑡ሻ ൌ ቀ𝜃ሶ௬ሺ𝑡ሻ𝑥ሷ ሺ𝑡ሻቁ
்
. 

We retain the model of the head movement (𝑢ଵ, 𝑢ଶ) 
and the human sensation at the otolith level: 

 

 
𝑓ሷመ

௫ ൅ 𝜆ଵ𝑓ሶመ
௫ ൅ 𝜆ଶ𝑓௫

෡ ൌ 𝜆ଷ𝑢ሶ ଵ ൅ 𝜆ସ𝑢ଵ ൅
൅𝜆ହ ׬ 𝑢ଵ𝑑𝑡 ൅ 𝜆଺𝑢ሶ ଶ  ൅ 𝜆଻𝑢ଶሻ, 

(Sensation dynamics = Input dynamics), 
(5) 

 
where 
 

 

𝜆ଵ ൌ
𝜏ଵ ൅ 𝜏ଶ

𝜏ଵ𝜏ଶ
, 𝜆ଶ  ൌ  

1
𝜏ଵ𝜏ଶ

, 

𝜆ଷ  ൌ  0, 𝜆ସ  ൌ  𝐾ഥ௢௧௢ 𝑔, 

𝜆ହ ൌ 𝐾ഥ௢௧௢
𝑔
𝜏௅

, 𝜆଺ ൌ  𝐾ഥ௢௧௢, 𝜆଻  ൌ  
𝐾ഥ௢௧௢

𝜏௅
 

(6) 

 
Let us consider the state vector  

𝑥௢௧௢  ൌ  ሺ𝑥௢௧௢ଵ𝑥௢௧௢ଶ𝑥௢௧௢ଷሻ் as follows: 
 

 
𝑥௢௧௢ଵ ൌ  𝑓௫

෡  , 
𝑥௢௧௢ଶ ൌ 𝑥ሶ௢௧௢ଵ െ 𝜆ଷ𝑢ଵ  െ 𝜆଺𝑢ଶ, 

𝑥௢௧௢ଷ ൌ 𝜆ହ ׬ 𝑢ଵ𝑑𝑡  
(7) 

 
By taking the derivative state 𝑥ሶ௢௧௢ଵ, we get the 

following LTI (Linear Time Invariant) model: 
 

 
𝑥ሶ௢௧௢ ൌ 𝐴௢௧௢ 𝑥௢௧௢ ൅ 𝐵௢௧௢ 𝑢, 
𝑦௢௧௢ ൌ 𝐶௢௧௢ 𝑥௢௧௢  ൅ 𝐷௢௧௢ 𝑢 

(8) 

 
where 𝑥௢௧௢ 𝜖 ℝଷ, 𝑦௢௧௢ 𝜖 ℝ and 𝑢 ൌ  ሺ𝑢ଵ𝑢ଶሻ் 𝜖 ℝଶ, 
are the otoliths states, output and the vestibular system 
input, respectively. The constant matrices are given as: 
 

𝐴௢௧௢ ൌ ൭
0 1 0

െ𝜆ଶ െ𝜆ଵ 1
0 0 0

൱ ; 𝐶௢௧௢  ൌ  ሺ1 0 0ሻ, 

𝐵௢௧௢ ൌ ൭
𝜆ଷ 𝜆଺

𝜆ସ െ 𝜆ଵ𝜆ଷ 𝜆଻ െ 𝜆ଵ𝜆଺
𝜆ହ 0

൱ ; 𝐷௢௧௢  ൌ ሺ0 0ሻ 

(9) 

 
The semicircular subsystem dynamic (2) can be 

rewritten as: 
 

ஐ෡ሺ௦ሻ

ஐሺ௦ሻ
ൌ

ఉర௦యାఉయ௦మ

௦యାఉమ௦మାఉభ௦ାఉబ
, (10) 
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where 
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ఛೌାఛభାఛమ

ఛೌఛభఛమ
, 

𝛽ଶ  ൌ  
𝜏ଵ𝜏ଶ ൅ 𝜏௔ሺ𝜏ଵ ൅ 𝜏ଶሻ

𝜏௔𝜏ଵ𝜏ଶ
,  𝛽ଷ  ൌ  

𝐾௦𝑐𝑐
𝜏ଶ

,   

𝛽ସ  ൌ  
𝐾௦௖௖𝜏௅

𝜏ଶ
 

(11) 

 
Let us take the semicircular states  

𝑥௦௖௖  ൌ  ሺ𝑥௦௖௖ଵ 𝑥௦௖௖ଶ 𝑥௦௖௖ଷሻ் ∈ ℝଷ follows: 
 

𝑥௦௖௖ଵ  ൌ 𝜔ෝ, 
𝑥௦௖௖ଶ  ൌ  𝑥௦௖௖ଵሶ ൅ 𝛽ଶ𝑥௦௖௖ଵ െ ሺ𝛽ଷ െ 𝛽ଶ𝛽ସሻ𝑢ଵ,

𝑥௦௖௖ଷ  ൌ  𝑥௦௖௖ଶሶ ൅ 𝛽ଵ𝑥௦௖௖ଵሶ ൅ 𝛽ଵ𝛽ସ𝑢ଵ 
(12) 

 
By taking the derivative state 𝑥௦௖௖ሶ , we can get the 

following semicircular model in LTI form as: 
 

 
𝑥௦௖௖ሶ  ൌ  𝐴௦௖௖𝑥௦௖௖ ൅ 𝐵௦௖௖𝑢, 
𝑦௦௖௖  ൌ  𝐶௦௖௖𝑥௦௖௖ ൅ 𝐷௦௖௖𝑢 

(13) 

 
where 𝑦௦௖௖  ൌ  𝜔௦௖௖ෞ  the felt rotation speed and its 
canonical observer matrices are: 
 

𝐴௦௖௖ ൌ ൭
െ𝛽ଶ 1 0
െ𝛽ଵ 0 1
െ𝛽଴ 0 0

൱ ; 𝐶௦௖௖  ൌ  ሺ1 0 0ሻ,

𝐵௦௖௖  ൌ  ൭
𝛽ଷ െ 𝛽ଶ𝛽ସ 0

െ𝛽ଵ𝛽ସ 0
െ𝛽଴𝛽ସ 0

൱ ; 𝐷௦௖௖  ൌ  ሺ𝛽ସ 0ሻ 

(14) 

 
The state space representation of the human 

vestibular system (𝑣), which consists of both 
semicircular model and otolith subsystems, can be 
presented as follows: 

 

 
𝑥௩ሶ  ൌ  𝐴௩𝑥௩ ൅ 𝐵௩𝑢, 
𝑦௩  ൌ  𝐶௩𝑥௩ ൅ 𝐷௩𝑢, 

(15) 

 
where 𝑥௩  ൌ  ሺ𝑥௦௖௖ 𝑥௢௧௢ሻ் ∈ ℝ଺contains the vestibular 
states, 𝑦௩  ൌ  ሺ𝑦௦௖௖ 𝑦௢௧௢ሻ் ∈ ℝଶ is the felt output 
representation, and 𝐴௩ ∈ ℝ଺ൈ଺, 𝐵௩ ∈ ℝ଺ൈଶ,  
𝐶௩ ∈ ℝଶൈ଺, and 𝐷௩ ∈ ℝଶൈଶ are: 
 

𝐴௩  ൌ  ൬
𝐴௦௖௖ 0ሺଷൈଷሻ

0ሺଷൈଷሻ 𝐴௢௧௢
൰ , 

𝐶௩  ൌ  ൬
𝐶௦௖௖ 0ሺଷൈଷሻ

0ሺଷൈଷሻ 𝐶௢௧௢
൰, 

𝐵௩  ൌ  ൬
𝐵௦௖௖
𝐵௢௧௢

൰ ; 𝐷௩ ൌ  ൬
𝐷௦௖௖
𝐷௢௧௢

൰ 

(16) 

 
The mathematical modeling of the vestibular 

system is illustrated in Fig. 2, which presents the 
conventional representation combining both the 
otolith and semicircular canal dynamics. This model 
reflects the detailed physiological behavior of human 
motion perception and serves as the basis for motion 
cueing design. 

 
 

Fig. 2. The existing mathematical model  
of the vestibular system. 

 
 
To facilitate the control design and integration 

within the optimal framework, a simplified state-space 
representation is proposed, as shown in Fig. 3. This 
representation reformulates the vestibular dynamics 
into a compact linear time-invariant (LTI) structure, 
enabling efficient implementation within the  
LQR-based optimization process. The proposed model 
preserves the essential perceptual dynamics while 
significantly reducing the computational complexity, 
making it suitable for real-time motion cueing 
applications. 

 
 

 
 

Fig. 3. The proposed simplified state space representation 
of the vestibular system. 

 
 

The human vestibular system is characterized by 
perceptual thresholds below which motion stimuli are 
not consciously perceived. These thresholds play a 
crucial role in motion cueing design, as they define the 
limits within which discrepancies between real and 
simulated motion can remain imperceptible to the 
user. In particular, the otolith organs exhibit a 
detection threshold for linear acceleration typically in 
the range of 0.01 to 0.05 g (≈ 0.1–0.5 m/s²), while the 
semicircular canals have angular velocity detection 
thresholds on the order of 0.1 to 0.5 deg/s, with angular 
acceleration thresholds around 0.5 to 2 deg/s². When 
the generated motion signals remain below these 
thresholds, the human operator does not detect 
inconsistencies, allowing the simulator to operate 
within constrained physical limits while maintaining 
perceptual realism. Therefore, these thresholds are 
explicitly considered in the MCA design to ensure that 
the generated motion cues do not exceed human 
perception limits during washout and tilt coordination 
processes, thereby preserving motion fidelity and 
avoiding false or misleading sensations. 

In addition to human perception constraints, the 
physical behavior of the motion platform must also be 
considered. The XY-6 DoF simulator is a nonlinear 
and coupled robotic system whose dynamics can be 
described using the standard rigid-body formulation: 

 
 Γ ൌ 𝑀ሺ𝑞ሻ 𝑞ሷ ൅  𝐻ሺ𝑞, 𝑞ሶ ሻ,  
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where Γ ∈ ℝ଼ denotes the actuator torque vector,  
q ∈ ℝ଼ represents the generalized coordinates, 𝑀ሺ𝑞ሻ 
is the inertia matrix, and 𝐻ሺ𝑞, 𝑞ሶ ሻ includes Coriolis and 
gravitational effects. This model has been previously 
developed and validated in our earlier work [15]. The 
integration of both perceptual thresholds and system 
dynamics enables a unified framework for motion 
cueing optimization, which is presented in the 
following section. 
 
 
3. MCA Multi-Objective Resolution 

 
Simulator performance is measured by how well 

the following three objective functions are satisfied: 
1. obj1: approximate the specific forces sensed by 

the human performing an application in the real 
world to the human performing the same 
application on a simulator; 

2. obj2: respect the simulator’s displacement, 
speed and acceleration limits; 

3. obj3: do not exceed certain otoliths and 
semicircular canals thresholds in the washout 
and tilting operations. 

Let us call the known human movement in real 
application the “predefined motion - 𝑝𝑑” and the 
human movement on the simulator the “simulated 
motion - 𝑠”. Thus, we can define the sensitive error 
𝑦௩,௘ ∈ ℝଶ as the difference in human perception 
between real 𝑦௩,௣ௗ and simulated 𝑦௩,௦ applications, and 
is expressed as follows: 

 
 𝑦௩,௘  ൌ  𝑦௩,௦ െ 𝑦௩,௣ௗ (17) 

 
The vestibular state error is given 𝑥௩,௘  ൌ  𝑥௩,௦ െ

𝑥௩,௣ௗ. The sensitive error LTI model can be  
expressed as: 

 

 
𝑥௩,௘ሶ  ൌ  𝐴௩𝑥௩,௘ ൅ 𝐵௩𝑢௦ െ 𝐵௩𝑢௣ௗ, 
𝑦௩,௘  ൌ  𝐶௩𝑥௩,௘ ൅ 𝐷௩𝑢௦ െ 𝐷௩𝑢௣ௗ 

(18) 

 
This problem can be formulated as a classical 

optimal control problem which seeks to minimize a 
cost function containing the quadratic form of the 
sensitive error and the control inputs while limiting the 
simulator movement. This cost function 𝐽 based on the 
LQR, over [t0 t1], can be specified as: 

 

 
𝐽 ൌ  𝐸ሼ׬ ൫𝑦௩,௘

் 𝑄𝑦௩,௘ ൅ 𝜉ௗ
்𝑅ௗ𝜉ௗ ൅

௧భ
௧బ

൅𝑢௦
்𝑅𝑢௦൯𝑑𝑡ሽ, 

(19) 

 
where 𝑦௩,௘

் 𝑄𝑦௩,௘ denotes the perception error cost 
(perception validity), 𝜉ௗ

்𝑅ௗ𝜉ௗ is the platform 
displacement cost, 𝑢௦

்𝑅𝑢௦ is the control input cost, E{} 
is the mean of the evaluation functions with respect to 
𝑢௣ௗ considered as filtered white noise as in [36], 𝑄 and 
𝑅ௗ are positive semi definite matrices, and R is a 
positive definite matrix. To constrain the simulator 
motion, the 𝜉ௗ

்𝑅ௗ𝜉ௗ part of the cost function must take 
the simulator’s translational speed and displacement, 

and rotational speed. The principle of the MCA is to 
use the workspace efficiently and to bring the 
simulator back to its neutral position, for this we add 
the integral of the translational displacement. 
Therefore, we can define 𝜉ௗ as follows: 
 

 ξௗ ൌ ൫∭ 𝑥ሷ𝑑𝑡ଷ ∬ 𝑥ሷ𝑑𝑡ଶ ׬ 𝑥ሷ𝑑𝑡𝜃௬൯
்
, 

ξௗ
ሶ ൌ 𝐴ௗξௗ ൅ 𝐵ௗ𝑢௦, 

(20) 

 
which are linked to the simulator input us through 

 

𝐴ௗ ൌ ൮

0 1 0 0
0 0 1 0
0 0 0 0
0 0 0 0

൲ and 𝐵ௗ  ൌ  ൮

0 0
0 0
0 1
1 0

൲  

 
As recommended in [36], filtered white noise can 

be used as an input to the MCA in order to reproduce 
several scenario situations. This implies that an 
additional state space model needs to be incorporated 
to the one created earlier, whose states are the input. 
The predefined input upd can be considered as filtered 
white noises, and can be stated as follows: 

 
 𝑥௡ሶ ൌ 𝐴௡𝑥௡ ൅ 𝐵௡𝑤, (21) 

 
where, 𝑥௡ contains the filtered white noise states and 
w indicates white noise. 𝐴௡ and 𝐵௡ are given as: 
 

 𝐴௡ ൌ ൬
െ 𝛾ଵ 0

0 െ 𝛾ଶ
൰ and 𝐵௡  ൌ  ቀ

𝛾ଵ
𝛾ଶ

ቁ, (22) 

 
where 𝛾ଵ and 𝛾ଶ are the cutoff frequencies. 

The state space equations presented in (18), (20), 
and (21), can be combined to form the augmented state 
space equations and can be expressed as follows: 

 

 
𝜒ሶ ൌ 𝐴𝜒 ൅ 𝐵𝑢௦ ൅ 𝑁𝑤, 

𝑌 ൌ 𝐶𝜒 ൅ 𝐷𝑢௦, 
(23) 

 

where 𝑌 ൌ  ൫𝑦௩,௘ξௗ൯
்
 is the desired output and  

𝜒 ൌ  ൫𝑥௩,௘ξௗ𝑥௡൯
்

 ∈ ℝଵଶ contains the combined 
states. The combined system matrices A ∈ ℝଵଶൈଵଶ,  
B ∈ ℝଵଶൈଶ, C ∈ ℝ଺ൈଵଶ, D ∈ ℝ଺ൈଶ, and N ∈ ℝଵଶൈଵ are 
expressed as follows: 
 

𝐴 ൌ ቌ
𝐴௩ 0ሺ଺ൈସሻ െ𝐵௩

0ሺସൈ଺ሻ 𝐴ௗ 0ሺସൈଶሻ

0ሺଶൈ଺ሻ 0ሺଶൈସሻ 𝐴௡

ቍ , 

𝐵 ൌ  ቌ
𝐵௩
𝐵ௗ

0ሺଶൈଶሻ

ቍ,  

𝐶 ൌ  ൬
𝐶௩ 0ሺସൈସሻ െ𝐷௩

0ሺସൈ଺ሻ 𝐼ସ 0ሺସൈଶሻ
൰ , 

𝐷 ൌ ൬
𝐷௩

0ሺସൈଶሻ
൰ , 𝑁 ൌ  ൬

0
𝐵௡

൰, 

(24) 

 
with 𝐼ସ is the (4 × 4) identity matrix. In the design 
procedure of an optimal washout filter based on the 
LQR theory, several iterations are needed by changing 
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the weighting matrices Q, R, and Rd for generating a 
suitable LQR-based optimal washout filter. The 
system equation and cost function can be transformed 
into the standard optimal control form, as follows: 
 

χሶ  ൌ   A୲୭୲ χ   ൅  B u୲୭୲  ൅  N w, 

𝐽௧௢௧  ൌ  𝐸ሼ׬ ሺχ்𝑅௧௢௧ଵχ ൅ 𝑢௧௢௧
் 𝑅௧௢௧ଶ𝑢௧௢௧ሻ𝑑𝑡

௧భ
௧బ

ሽ, (25)

 

where 𝐺 ൌ  𝑑𝑖𝑎𝑔ሾ𝑄, 𝑅ௗሿ,  𝑅௧௢௧ଶ  ൌ  𝑅 ൅ 𝐷்𝐺𝐷,  𝑅ଵ  ൌ

 𝐶்𝐺C, 𝑅ଵଶ  ൌ  𝐶்𝐺𝐷, 𝑅௧௢௧ଵ  ൌ  𝑅ଵ െ 𝑅ଵଶ𝑅௧௢௧ଶ
ିଵ 𝑅ଵଶ

் , 

𝐴௧௢௧  ൌ  𝐴 െ 𝐵𝑅௧௢௧ଶ
ିଵ 𝑅ଵଶ

் ,  𝑢௧௢௧  ൌ  𝑢௦ ൅ 𝑅௧௢௧ଶ
ିଵ 𝑅ଵଶ

் 𝜒. 
The cost function of (25) is minimized when 
 

 𝑢௧௢௧  ൌ  െ𝑅௧௢௧
ିଵ 𝐵்𝑃𝜒, (26) 

 
where P is the solution of the following algebraic 
Riccati equation: 
 

𝑅௧௢௧ଵ െ 𝑃𝐵𝑅௧௢௧ଶ
ିଵ 𝐵்𝑃 ൅ 𝐴௧௢௧

் 𝑃 ൅ 𝑃𝐴௧௢௧  ൌ 0 (27) 
 

By specifying a matrix K, where 𝑢௦  ൌ  െ𝐾𝜒, we 
can get the following equation: 

 

 𝑢௦  ൌ  െሺ𝐾ଵ 𝐾ଶ 𝐾ଷሻ ൭
𝑥௩,௘

ξௗ
𝑥௡

൱, (28) 

 
where 𝐾 ൌ  𝑅௧௢௧ଶ

ିଵ ሺ𝐵்𝑃 ൅ 𝑅ଵଶ
் ሻ and 𝐾ଵ ∈ ℝଶൈ଺,  

𝐾ଶ ∈ ℝଶൈସ 𝐾ଷ ∈ ℝଶൈଶ. As 𝑥௡ = 𝑢௣ௗ, the states 
corresponding to 𝑥௡ are eliminated. Thus, we get: 

 

ቆ
𝑥௩,௘ሶ

ξௗ
ሶ ቇ  ൌ  ൬

𝐴௩ െ 𝐵௩𝐾ଵ െ𝐵௩𝐾ଶ
െ𝐵ௗ𝐾ଵ 𝐴ௗ െ 𝐵ௗ𝐾ଶ

൰ ቆ
𝑥௩,௘ሶ

𝜉ௗ
ሶ ቇ ൅

൅ ൬
െ𝐵௩ሺ𝐼ଶ ൅ 𝐾ଷሻ

െ𝐵ௗ𝐾ଷ
൰ 𝑢௣ௗ 

 

 
After developing the state space form of (18) and 

(29), the optimal filter that connects the predefined 
input and the simulator input can then be expressed as: 

 
 𝑢௦ሺ𝑠ሻ  ൌ  𝑊ሺ𝑠ሻ𝑢௣ௗሺ𝑠ሻ, (29) 

 
where 
 

𝑊ሺ𝑠ሻ  ൌ  ሺ𝐾ଵ𝐾ଶሻΓሺ𝑠ሻ ൬
𝐵௩ሺ𝐼ଶ ൅ 𝐾ଷሻ

𝐵ௗ𝐾ଷ
൰

 
 െ 𝐾ଷ, (30) 

 

where  Γሺsሻ  ൌ  ቀ
𝑠𝐼 െ 𝐴𝑣 ൅ 𝐵𝑣𝐾1 𝐵𝑣𝐾2

𝐵𝑑𝐾1 𝑠𝐼 െ  𝐴𝑑 ൅ 𝐵𝑑𝐾2
ቁ

െ1

, 

and W(s) ∈ ℝଶൈଶ is a matrix of the optimized transfer 
function based on the LQR theory that links the 
simulator motion input. In this method, the structure 
of the filter is part of the optimization process unlike 
other approaches where the structure of the filter is 
completely predefined (classic approach) or partially 
defined (adaptive approach). In addition, the 
predefined trajectory is no longer a simple 
deterministic signal but a band of signals (filtered 
white noise), the optimization certainly becomes less 
precise but in return, we are left with a filter usable in 
real-time. 

The weighting matrices used in the LQR design 
were selected through an iterative manual tuning 
process to balance motion fidelity, control effort, and 
physical constraints of the simulator. 

The final matrices used in the simulations are: 
 

𝑄 ൌ 𝑑𝑖𝑎𝑔ሺሾ80, 80, 80ሿሻ, 
𝑅 ൌ 𝑑𝑖𝑎𝑔ሺሾ0.058, 0.058ሿሻ, 
𝑅ௗ ൌ 𝑑𝑖𝑎𝑔ሺሾ0.1, 0.1, 0.1ሿሻ 

 

 
The predefined input was modeled as filtered white 

noise with cutoff frequencies: 
 

 𝛾ଵ ൌ 10, 𝛾ଶ  ൌ  10  
 
The simulations were performed over a duration of 

T = 60 s with zero initial conditions. 
 
 

4. Application: Skier Motion in ℝ𝟐 Space 
 
Within the IBISC laboratory we have fully 

designed and developed from scratch a motion 
simulator called XY-6 DoF and is shown in Fig. 4. 

 
 

 
 

Fig. 4. XY-6 DoF simulator constructed at IBISC 
Laboratory. 

 
 

The simulator consists of the well-known  
Gough-Stewart platform carried by two slider joints, 
X and Y, which form an XY-table, hence the name 
XY-6 DoF. To actuate the XY-6 DoF simulator we 
used the Nanotec PD4 servo motor due to its high 
performance and low weight. The translational 
movement of the sliders is obtained thanks to a 
mechanical rack wheel system. The translational 
movement of the hexapod legs is obtained thanks to 
the high-quality ball screw system, which transforms 
the rotational movement into translational movement. 

In our work, we are interested in reproducing the 
ski scenario. The predefined scenario is defined and 
described in detail in the previous research work [15]. 
In order to find the simulator, input us using the 
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optimal control, we need to introduce the simulator 
physical limits. We present in the following table the 
XY-6 DoF maximum of displacements, speeds and 
accelerations. In the following, we present the specific 
force restored by optimal approach in Fig. 5. 

 
 

Table 1. XY-6 DoF motion interval. 
 

D.o.F  Position  Max velocity  
Max 

acceleration  
X, Y  ± 0.5 m  1.2 m/s  1.7 m/s²  

Xₚ, Yₚ, Zₚ  ± 0.1 m  0.8 m/s  1.1 m/s²  
θₓ  ± 15 deg  48.7 deg/s  71.6 deg/s²  
θᵧ  ± 15 deg  48.7 deg/s  65.8 deg/s²  

θ_z  ± 15 deg  106 deg/s  154 deg/s²  
 
 

 
 

Fig. 5. Desired specific force from optimal algorithm. 
 
 

The acceleration and specific force generated by 
the optimal filter show improved perceptual accuracy 
due to the coherence and proximity to the predefined 
trajectory. Fig. 6 shows the displacement, speed and 
acceleration of the hybrid simulator along the  
x-direction and Fig. 7 shows the tilt angle and  
tilt speed. 

It is clear that the optimal approach can use the 
platform workspace more efficiently while respecting 
vestibular thresholds, can operate faster and be more 
precise compared to the classic and adaptive approach. 

The simulator’s displacement, speed, and 
acceleration resulting from the optimal approach have 
been determined according to the total capacity of the 
platform. Consequently, these movements exceed the 

capacity of either the table or the hexapod alone. A 
redundancy resolution must be developed to distribute 
the total simulator movement according to the capacity 
of each subsystem (hexapod and table). 

 
 

 
 

Fig. 6. Simulator trajectories along the x-direction. 
 
 

 

 
 

Fig. 7. Tilt angle and speed. 
 
 

 
 

Fig. 8. Displacement, speed and acceleration workspaces. 
 
 

First, we propose to use the hexapod mainly for 
tracking and performing the translation task once the 
XY table is inefficient. This means that the XY table 
will make the most significant translational move 
which is consistent with the purpose of introducing the 

XY table to the hexapod. Let us define S1 the first 
subsystem - hexapod, S2 the second subsystem – XY 
table and finally St the total system. Let us define the 
set M = (Mx, Mv, Ma) where Mx, Mv, Ma denotes the 
maximum displacement, speed and acceleration of the 



Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 50-61 

 58

predefined trajectory, respectively (obviously known 
for optimal approach). Fig 8 presents the 
displacement, speed and acceleration workspaces with 
its boundaries. The workspace boundaries are xi,max, 
vi,max, Ai,max where i = s1, s2, st for the first, the second 
subsystem and the total system. These boundaries are 
calculated from the real capacity of the platform 
motors using the direct kinematic model [24]. 

As described above, the most significant 
displacement will be mainly performed by the XY 
table. In the following, we present the proposed 
method to exploit the XY-6 DoF redundancy. First, if 
none of the M points Mx, Mv, MA exceeds the capacity 
of the XY table, the XY table can perform the 
translational displacement alone. However, when one 
of the M points exceeds the capacity of the XY table, 
the hexapod must intervene and assist the XY table, as 
described below. 

Let us take the case where one or more of the M 
points exceed the XY table capacity. Let us define Lx, 
Lv and LA as the lack of displacement, speed and 
acceleration, respectively, that the XY table cannot 
perform. Moreover, let us define the dimensionless 
variables of Lx, Lv and LA. Therefore 

 

(31) 

 
In addition to rotation movement, these 

translational trajectories lack should be performed by 
the hexapod. The total trajectory is designed by xst(t) 
which is equal to the trajectory performed by the XY 
table xs2(t) and the hexapod xs1(t). The two subsystems 
should perform the task in the same time conserving 
the same total desired trajectory, thus the trajectory of 
each subsystem can be composed as: 

 

 
𝑥௦ଵሺ𝑡ሻ  ൌ α𝑥௦௧ሺ𝑡ሻ, 

𝑥௦ଶሺ𝑡ሻ  ൌ  ሺ1 െ αሻ𝑥௦௧ሺ𝑡ሻ, 
(32) 

 
where α ∈ R denotes the portion of the trajectory that 
should be performed by the hexapod, in other words 
the maximum lack of the XY table trajectory. Thus, α 
is the maximum of displacement, speed and 
acceleration lack. 
 

 α ൌ  𝑚𝑎𝑥൫𝐿௫೏೗
,  𝐿௩೏೗

,  𝐿஺೏೗
൯ (33) 

 
Since the hexapod model is non-linear thus the 

displacement, speed and acceleration capabilities are 
not similar. Therefore, we calculate the maximum 
displacement, speed and acceleration that can be 
performed by the hexapod by taking point M based on 
the 8-DoF simulator capacity. Therefore, 
 

𝐿௫೏೗,೘ೌೣ
 ൌ  28.5 %, 

𝐿௩೏೗,೘ೌೣ
 ൌ  40 %, 𝐿஺೏೗,೘ೌೣ

 ൌ  40 % (34) 

We can see that even if the hexapod has greater 
capacities in speed and acceleration than in 
displacement but it should still be limited by the 
displacement. Therefore α will be limited by the 
minimum of the maximum lack which is Lxdl,max. Thus 
 

α ൌ 𝑚𝑖𝑛ൣ𝑚𝑎𝑥൫𝐿௫೏೗
, 𝐿௩೏೗

,  𝐿஺೏೗
൯, 𝐿௫೏೗,೘ೌೣ

൧ (35) 
 

We summarize the proposed algorithm. 
 
 

Algorithm 1. Redundancy Exploitation Algorithm 
 

Initialization; 
    Apply Optimal MCA; 
Mx= max(xst(t));(Total desired displacement); 
Mv= max(vst(t)); (Total desired speed); 
MA=max(Ast(t));(Total desired acceleration); 
 
X-Table Limits; 
    xs2max = 1;  (Displacement limit); 
    vs2max = 12; (Speed limit); 
    As2max = 1.7;(Acceleration limit); 
 
If((Mx>xs2max)OR(Mv>vs2max)OR(MA>As2max)) 
then 
    Lx,dl=(Mx-xs2max)/Mx;(Displacement lack); 
    Lv,dl=(Mv-vs2max)/Mv; (Speed lack); 
    LA,dl=(MA-As2max)/MA;(Acceleration lack); 
 
    Lm = max(Lx,dl, Lv,dl, LA,dl);  (Maximum 
dimensionless lack); 
 
    α = min(Lm, 0.285); 
Else 
    α = 0; 
End If 
 
Result; 
    xs1(t) = α * xst(t); 
    vs1(t) = α * vst(t); 
    As1(t) = α * Ast(t); 
 
    xs2(t) = (1 - α) * xst(t); 
    vs2(t) = (1 - α) * vst(t); 
    As2(t) = (1 - α) * Ast(t); 
 
 

Let us apply the redundancy resolution to the 
trajectory result from the optimal MCA approach  
(Fig. 6). The maximum displacement, speed and 
acceleration are M: (Mx = 1.276 m, Mv = 0.313 m/s,  
MA = 0.798 m/s2). Mx is greater than the table 
displacement workspace which requires the use of the 
hexapod. Thus, we calculate the amount of the 
assistance provided by the hexapod Lx = 0.276 m,  
Lv = 0 m/s, LA = 0 m/s2. Consequently, compared to our 
constraints, for this specific task, the hexapod will 
carry α = Lxdl = 0.216 of the total trajectories which 
corresponds to 21.6 % and the X-table will carry the 
78.4 %. Therefore, the total desired trajectories are 
clearly distinguished in hexapod and X-table 
trajectories shown in Fig. 9 and Fig. 10. 

Fig. 9 and Fig. 10 show that the entire trajectory 
can be split into two trajectories achievable by each 
subsystem while maintaining the same human 
sensation. In summary, we have designed an optimal 
approach that considers human sensation via the 
vestibular system model and the physical limits of our 
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platform XY-6 DoF. Using the optimal approach, we 
may deduce the upper platform behavior (at the human 
vestibular level) that corresponds to the total system 
trajectories. We therefore proposed the redundancy 
exploitation algorithm to generate the trajectories of 
each subsystem, hexapod and table, from the total 
trajectories. 

 
 

 
 

Fig. 9. Desired Hexapod trajectories. 
 
 

 
 

Fig. 10. Desired X-Table trajectories. 
 
 

Motion fidelity can be defined as the degree to 
which the motion cues match those of the actual skier. 
Motion fidelity is affected by several factors, in 
particular the motion platform hardware and the MCA 
algorithm. Since motion tracking is subjective, motion 
fidelity is usually measured subjectively. Subjective 
assessment is performed using scales or questionnaires 
that pilots/skiers are asked to complete. Subjective 
assessment is the natural way to validate MCA and is 
fairly ”easy” to perform. However, it has several 
drawbacks. First, there can be large differences 
between pilots/skiers, even with the same simulator 
and under the same conditions. In addition, the 
operator’s responses may depend on the timing of the 
assessment, the particular sequence or order of the 
tests, the individual’s personal preferences or even the 
nature of the assessment. In fact, the same person may 
provide different evaluations on different days, for the 
same simulator and under the same conditions. 
Therefore, subjective evaluation cannot provide 
repeatability nor reliability. 

As our XY- 6 DoF platform is a prototype for the 
validation of algorithms and architecture and it is not 
possible to integrate a human being. To objectively 
evaluate the motion fidelity, we introduce a 
performance indicator (PI). This metric quantifies the 

similarity between the simulated motion cues and the 
predefined (reference) motion cues. This PI takes into 
account the scale of the generated movements with 
respect to the original scale (amplitude distortion) and 
the time-delay (phase distortion) produced by the 
motion platform’s inertial nature and by the effects of 
frequency filtering. 

 

 𝑃𝐼 ൌ 100 ൬1 െ
|| ிೞ೔೘ሺ௧ሻ ି ி೛೏ሺ௧ሻ||మ

||ி೛೏ሺ௧ሻ ||మ
൰, (36) 

 
where 𝐹௦௜௠ሺ𝑡ሻ is the simulated specific force 
generated by the motion platform, 𝐹௣ௗሺ𝑡ሻ is the 
predefined (reference) specific force corresponding to 
the real skier motion, ||.  ||ଶ denotes the Euclidean (L2) 
norm computed over the simulation time interval. 

The PI is computed over the entire simulation 
duration using discrete-time samples of the signals. 
This formulation captures both amplitude 
discrepancies and temporal misalignment (phase 
distortion) between the simulated and reference 
signals. 

The value of PI ranges between 0 and 1, where,  
PI = 1 indicates a perfect match between simulated and 
real motion cues and lower values indicate increasing 
deviation and reduced motion fidelity. Using this 
metric, the proposed optimal approach achieves a PI 
value of 97 % representing the highest performance 
reported to date. Compared to previously published 
results [2, 15], where classical methods achieved PI 
values of 63.25 % and 77.57 %, adaptive approaches 
reached up to 95 %, and PSO-based optimization 
attained 96.66 %, the proposed approach provides a 
clear improvement. This confirms the effectiveness 
and superiority of the proposed method, establishing it 
as a state-of-the-art solution for MCA optimization. 
The results show the effectiveness of the proposed 
optimal washout filter on many levels: reduce the 
human sensation error, maximize the shape following 
factor and use the entire XY-6 DoF platform 
workspace availability. 

 
 

5. Conclusions 
 
In this article, we addressed the limitations of 

existing Motion Cueing Algorithms (MCAs), which 
often neglect both the human vestibular perception and 
the efficient use of the simulator workspace. To 
overcome these challenges, we propose a multi-
objective optimal washout filter based on Linear 
Quadratic Regulator (LQR) theory that explicitly 
incorporates a mathematical model of the human 
vestibular system. 

The proposed approach minimizes perceptual error 
while respecting the physical constraints of the motion 
platform, leading to a significant improvement in 
motion fidelity. Simulation results demonstrated that 
the method achieves up to 97 % recovery of human 
perception, highlighting its effectiveness compared to 
classical and adaptive approaches. 
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Furthermore, we introduced a novel redundancy 
resolution strategy for an 8-DoF hybrid simulator, 
enabling an optimal distribution of motion between 
the hexapod and the XY-table. This approach ensures 
efficient workspace utilization while preserving 
realistic motion cues, thereby enhancing the overall 
simulation experience. 

Despite these promising results, the current study 
is limited to simulation-based validation. Future work 
will focus on integrating a real-time tracking controller 
that accounts for the coupled dynamics of the 
vestibular system and the hybrid platform. In addition, 
experimental validation involving human subjects or 
humanoid robotic systems will be conducted to further 
assess the realism and effectiveness of the  
proposed method. 
Overall, this work contributes to the development of 
more accurate and human-centered motion simulation 
systems, with potential applications in rehabilitation, 
training, and immersive virtual environments. 

 
 

Availability of Data and Materials 
 
Data sharing is not applicable to this article as no 

datasets were generated or analyzed during the study. 
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Abstract: As part of the ROBDEKON [1] project, KIT-TMB is developing a robotic system for positioning two tools used 
in the decontamination and clearance measurement of concrete walls in nuclear power plants. To achieve this, a lifting 
platform (Manitou 100-VJR) was equipped with the necessary electronics-including controllers, sensors, actuators, 
communication modules, and safety systems-and converted into the robotic system “DecontBot” [2]. The machine can be 
operated in both teleoperation and (semi-)autonomous modes. Additionally, a graphical user interface (GUI) was designed 
for the DecontBot, allowing users to visualize the system in RViz2 on ROS2 and operate it in an intuitive, user-friendly 
manner. The DecontBot has been tested and evaluated by various personnel working in nuclear environments to gather 
feedback. This article provides a detailed description of the development steps of the DecontBot. 

Keywords: Robotics, Automation, Decontamination, PLC, Robot operating system (ROS), Nuclear power plant (NPP). 

1. Introduction

On April 15, 2023, the last three nuclear power
plants in Germany-Emsland, Neckarwestheim 2, and 
Isar 2-were taken offline. Currently, there are  
25 nuclear power plants and research reactors in the 
country at various stages of decommissioning and 
dismantling. Globally, it is estimated that around  
297 nuclear power plants will begin the 
decommissioning process by 2030 [3].  

To date, decommissioning and dismantling 
activities have been largely carried out manually. 
According to organizations such as the OECD, the 
current technological capabilities in dismantling are 
not being fully leveraged. By increasing the use of 
robots and automation technologies, it is possible not 
only to reduce costs but also to minimize radiation 
exposure for personnel involved in the process. 
Considering the large number of nuclear facilities 

undergoing dismantling, there is significant potential 
for digital and automated solutions in this field [4]. 

The ROBDEKON project, commissioned by the 
Federal Ministry of Research, Technology, and Space 
(BMFTR), aims to develop autonomous and 
semi-autonomous robotic solutions to improve safety 
and efficiency during decontamination in hazardous 
environments, including nuclear facilities. In 
collaboration with Karlsruhe University of Applied 
Sciences and the company Götting KG, KIT-TMB is 
developing an integrated chain for automating the 
decommissioning of nuclear power plants [5]. This 
chain consists of five steps and three robotic systems 
(see Fig. 1): 

1. GammaBot – for environmental exploration,
capturing geometric and radiological data;

2. Digitization – utilizing Building Information
Modeling (BIM) for facility mapping;

https://www.sensorsportal.com/p_3406.html
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3. Autonomous Decontamination and Clearance 
Measurement – performed with two  
robot-portable tools; 

4. DecontBot – an autonomous carrier [6, 7]; 
5. Autonomous Waste Transportation handled by 

an autonomous forklift [8]. 
 
 

 
 

Fig. 1. Closed automated chain for decommissioning of NPPs. 
 
 

The structure of this article is as follows: Section 2 
details the development of the DecontBot, including 
both the adaptation of the original platform and the 
implementation of software and hardware 
components. Section 3 addresses the design of the 
human-machine interface, system visualization, and 
data communication while Section 4 describes the 
primary implementation of the control algorithm to 
automate the manipulator and Section 5 describes the 
automation of the vehicle. Section 6 presents the 
results of functional testing and summarizes feedback 
obtained from users. Finally, Section 7 provides the 
conclusions and an outlook on future developments. 

A shorter version of this work appeared in ARCI 
2026 [7]. This article extends it by introducing a 
vehicle-motion control framework, presenting initial 
experiments, and integrating manipulator and vehicle 
automation into a unified system-level study. 

 
 

2. Development of DecontBot 
 
To achieve the described objectives, the “Manitou 

100-VJR” was further developed and automated as the 
base vehicle. The platform has approximate 
dimensions of 1.2 m in length, 1 m in width, and 2 m 
in height. Its manipulator, featuring three degrees of 
freedom (DOF), can reach up to 8 m in height with the 
aid of a telescopic joint and arm, and is capable of 
positioning tools weighing up to 270 kg. 
 
 
2.1. Description of the Robot's Main Task 

 
If the locations of hotspots or contaminations are 

identified using GammaBot, these areas must be 
decontaminated. To address this, KIT-TMB has 
developed an automated, robot-portable milling tool 
for decontaminating concrete walls [9]. Following 
decontamination, the surfaces are autonomously 
measured to verify that the contamination has been 
removed. For this purpose, a second tool, the 
“Contamination Array” [10], was developed. The 
primary function of the DecontBot is to position these 
two tools in either teleoperated or (semi-)autonomous 
modes [11]. 

The milling tool shown in Fig. 2 has two degrees 
of freedom, with a 2.2 kW motor driving the milling 
head for cutting and a 0.4 kW motor controlling its 
lateral motion. Safety features include digital switches 
and sensors that detect surface contact and the end of 
the milling trajectory, while a current sensor adjusts 
lateral speed to optimize cutting performance. The tool 
is powered by a 48 V battery, controlled via a Siemens 
CPU, and communicates with the DecontBot through 
UDP and TCP protocols, with a suction unit for dust 
and debris collection.  

 
 

 
 

Fig. 2. Milling Tool. 
 
 

The contamination array illustrated in Fig. 3 
consists of four parallel detectors that are positioned 
precisely using linear drives, guided by a laser scanner 
to avoid obstacles and prevent self-contamination. 
Measurements are recorded digitally, including 
position, time, and radiological data, and can be 
monitored and managed. 

 
 

 
 

Fig. 3. Contamination Array. 



Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 62-69 

 64

Together, these tools enable the DecontBot to 
perform automated and safe decontamination and 
radiological assessment tasks in nuclear environments. 

 
 

2.2. Description of the Integrated Electronics 
 
The foundation of the automated decontamination 

system is the mobile platform described in Section 2.1. 
To transform this platform into a (semi-)automated 
decontamination system, it is first equipped with the 
necessary components. The control unit (PLC) is 
connected via a gateway to the sensors used to 
determine the positions of the manipulator and  
motor controllers. 

The motor controllers, in turn, provide the PLC 
with essential feedback, including motor current, 
voltage, and temperature. 

For positioning the decontamination system within 
its environment, two safety-rated LiDAR sensors are 
mounted on the platform. These sensors can also 
detect people or objects in the vicinity and, if 
necessary, trigger a warning signal or an emergency 
stop to prevent accidents or collisions.  

In addition, the platform is equipped with other 
safety sensors, such as tilt sensors and safety switches, 
which generate warning signals when a hazard is 
detected. All warning signals are processed by a safety 
CPU on the PLC. 

The safety system can be partially or fully 
overridden manually via the GUI if necessary; in such 
cases, the user receives a warning and assumes full 
responsibility for system operation.  

Additional watchdog mechanisms are 
implemented to ensure safe communication among 
hardware components, including the PLC, control PC, 
operator PC, WLAN, and other connected devices. 

Table 1 summarizes the key features and 
performance metrics of the integrated electronics. 

 
 

Table 1. Performance metrics. 
 

Cycle Time (PLC) 1 ms 
Watchdog Response Time 2 ms 
Safety Stop Distance 40 cm 
Safety Warning Distance 60 cm 

Manipulator Position 
Measurement Accuracy 

Arm: 0.01° 
Turret: 0.05° 

Telescope: 0.1 mm 

LiDAR Localization Accuracy 
x: 0.01 mm 
y: 0.01 mm 
yaw: 0.1 ° 

 
 

3.  GUI, HMI, Visualization and Data 
Transfer 
 
The decontamination system is designed to operate 

in both teleoperation and autonomous modes, 
providing flexibility depending on the task 
requirements and the skill level of the operator. To 

ensure that the system can be used effectively without 
requiring extensive technical expertise, a user-friendly 
graphical interface has been developed. This interface 
allows operators to interact with the system intuitively, 
monitor its status in real-time, and make adjustments 
as needed. 

In autonomous mode, the decontamination process 
is guided by the contamination map generated by 
GammaBot. Using this information, the DecontBot 
can automatically identify areas of contamination and 
accurately position its tools for decontamination or 
clearance measurement. The map data is transmitted 
directly from GammaBot to the DecontBot via a TCP 
server/client architecture, enabling seamless 
integration and continuous data exchange between the 
two systems. 

Through the user interface (Fig. 4), operators can 
select, load, or delete available maps, initiate or stop 
the DecontBot, and switch between teleoperation and 
autonomous operation. The interface also provides 
critical real-time feedback, including safety release 
signals, collision warnings, and key system parameters 
such as manipulator joint positions, battery voltage, 
and localization status. The selected map is visualized 
in RViz2 on ROS2, allowing users to view both the 2D 
layout and the 3D point cloud of the building, 
alongside a dynamic URDF model of the DecontBot 
(Fig. 5). 

 
 

 
 

Fig. 4. Graphical user interface (GUI). 
 
 

This combination of autonomous guidance,  
real-time visualization, and intuitive control ensures 
that the DecontBot can operate efficiently and safely, 
even in complex and partially constrained nuclear 
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environments. By providing operators with clear 
visualizations and system feedback, the interface 
reduces cognitive load, improves situational 
awareness, and allows for precise control of 
decontamination and measurement tasks. 
Furthermore, the integration of teleoperation and 
autonomous modes ensures that the system can adapt 
to a wide range of operational scenarios, from routine 
measurements to more challenging environments 
where human oversight is required. 

 
 

 
 

Fig. 5. Visualization via point cloud, camera image  
and URDF Model. 

 
 

4. Automation of the Manipulator 
 
For tasks such as robotic-assisted 

decontamination, ensuring that personnel remain 
outside hazardous working areas-or at a safe  
distance-is of paramount importance, often taking 
precedence over the degree of automation. This safety 
requirement can be addressed even in systems that rely 
primarily on teleoperation. Nevertheless, automation 
is highly recommended and frequently requested by 
users in the form of an assistant system to improve 
efficiency, precision, and overall workflow. Typical 
functionalities of such automation include 
autonomous navigation between rooms, execution of 
automated manipulation tasks, automatic positioning 
of the end effector at specified locations, returning the 
manipulator to a predefined home position, and 
independent automatic control of individual 
manipulator joints. 

As illustrated in Fig. 4, the desired position of each 
manipulator joint can be specified directly through a 
graphical user interface, after which the manipulator 
moves to the corresponding configuration. 
Alternatively, a target point can be defined in task 
space using Cartesian coordinates, allowing the end 
effector to be commanded to the desired location. In 
this case, the desired task-space position is 
automatically transformed into joint-space positions 
for each joint through the manipulator’s inverse 
kinematics. The details of the inverse kinematics 
equations are not included in this article, as they are 
standard and do not add significant insight to the 
presented methodology. 

This dual approach-allowing both joint-space and 
task-space command-provides users with flexibility 

and precision when operating the manipulator, 
whether in teleoperation mode or during  
semi-autonomous and fully autonomous tasks. By 
combining intuitive interface controls with underlying 
kinematic transformations, the system ensures that 
manipulator movements are accurate, safe, and 
repeatable, reducing the risk of operator error while 
increasing the effectiveness of decontamination 
operations. 

 
 

4.1. Controller Design for Manipulator 
 
PID controllers are the most widely used 

controllers in industry, primarily due to their reliability 
and simplicity of implementation. In hydraulic 
systems-such as the manipulator of the DecontBot-
where joint speeds are relatively low, the load acting 
on the end effector is nearly constant, and 
measurement noise is negligible or adequately filtered, 
the use of modern or adaptive control strategies is 
generally unnecessary. In most cases, classical 
controllers provide satisfactory performance after a 
one-time parameter tuning. 

However, depending on the tool mounted on the 
DecontBot manipulator-such as a milling tool, 
contamination array, user-defined tool, or no tool at 
all-the load, which is directly related to the tool mass, 
can vary significantly. Consequently, different PID 
parameter sets are required for different operating 
conditions. To overcome this limitation, a two-degree-
of-freedom (2-DOF) control structure is designed for 
each joint, consisting of a PI controller combined with 
a simple neural network-based controller [12], as 
illustrated in Fig. 6. 

 
 

 
 

Fig. 6. 2-DOF control architecture with PI  
and neural network. 

 
 

The PI component is primarily responsible for 
position control, while the neural network component 
provides corrective action by compensating for  
load-dependent variations in the system dynamics. 

The input to the neural network component is the 
error dynamics, denoted by 𝐼 ൌ ሾ𝑒ሿ. 

The output of the hidden layer can be expressed as:  
 

𝑛𝑒𝑡௝
ଵ ൌ 𝑓൫𝐼. 𝜔௜௝൯, (1) 

 
and the output of the network can be expressed as: 

 
𝑢௡௡ ൌ ∑ 𝜗௝

ெ
௝ୀଵ . 𝑛𝑒𝑡௝

ଵ, (2) 
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where 𝑖 is an index of the network inputs,  
𝑒 ൌ 𝑦ௗ௘௦ െ 𝑦 is a difference between desired position 
and actual position, 𝑓ሺ⋅ሻ ൌ tanhሺ⋅ሻ is an activation 
function, 𝑀 is a number of neurons in the hidden layer, 
𝜔௜௝, 𝜗௝ are network weights. 

The total control law can be calculated as: 
 

𝑢 ൌ 𝑢௡௡ ൅ 𝑢௣௜, (3) 
 

or 
 

∑ 𝜗௝
ெ
௝ୀଵ . 𝑛𝑒𝑡௝

ଵ ൅ 𝑘௣ ∗ 𝑒 ൅ 𝑘௜ ∗ ׬  𝑒 𝑑𝑡  (4) 
 
The network parameters can be calculated and 

optimized online using backpropagation and gradient 
descent methods, as described in [12]. Table 2 shows 
the selected PI parameters of controller (4) for each 
joint and the corresponding position accuracies 
achieved. 

 
 

Table 2. PI Parameters and results. 
 

joint Arm Telescope Turret  
𝑘௜ 5 100 5 
𝑘௣. 8 500 12 

accuracy 0.1 [°] 5 [mm] 2 [°] 
 
 
It can be seen that the achieved accuracy of the 

turret is not fully satisfactory, which is due to the 
inherent positioning limitations of hydraulic systems 
caused by mechanical structure. Although this level of 
accuracy is sufficient for the current application, 
further improvements are planned to achieve an 
accuracy of less than 1°.  

 
 

5. Automation of the Vehicle 
 
Since the primary objective is to autonomously 

reach designated target points-specifically the 
contamination points-the vehicle must operate with a 
high degree of automation. The coordinates for these 
points are derived from a 3D contamination map 
generated by GammaBot, where the desired target 
points are defined as: 

 
𝑃ௗ ൌ ሾ𝑥ௗ, 𝑦ௗ, 𝑧ௗሿ் (5) 

 
The operational workflow requires the vehicle to 

first navigate to an optimal 2D pose ሺ𝑥, 𝑦 , 𝜃) within 
the environment. Once the vehicle is positioned, the 
manipulator deploys the tools to the precise 3D target 
coordinates. It is important to note that the vehicle’s 
mobile base may not always achieve the exact 2D 
coordinates required due to environmental constraints 
or positioning tolerances. In such cases, the 
manipulator must compensate by correcting the 
position not only along the z-axis but also within the 

x-y plane, provided the target remains within the 
robotic arm's reachable workspace. 

A Point-to-Point (PTP) trajectory planning 
approach is utilized, which samples the optimal path 
through discrete iterations. This is implemented on the 
machine under the following convergence condition: 

 
‖𝑒ሺ𝑘ሻ‖ ൏  𝛼, (6) 

 
where 𝛼 is a small positive constant. Under this 
condition, the trajectory tracking problem is treated as 
a fixed-point control problem. The system advances to 
the next waypoint in the sequence only when the 
current tracking error is sufficiently small. 

The following sections describe the automation 
logic and the implementation of the vehicle controller 
designed to transition the platform from one discrete 
waypoint to the next. 

 
 

5.1. Controller Objectives for Vehicle 
 
First step is to calculate distance and angle from 

start point and desired point as shown in Fig. 7. 
 
 

 
 

Fig. 7. Current vs. Desired Vehicle Position. 
 
 

It can be seen that the vehicle needs to rotate from 
𝜃 to 𝜃ௗ and move along a distance equal to the 
magnitude of the vector |𝑟ௗ| െ |𝑟|. 

Therefore, the following error dynamics are to be 
minimized by the controller: 

 
𝑒௥௢௧ ൌ 𝜃ௗ െ 𝜃, (7) 

 
𝑒௟௜௡ ൌ |𝑟ௗ| െ |𝑟|, (8) 

 
where 𝜃 and 𝑟 are the current states of the Vehicle. 

 
 

5.2. Motion Control Strategy 
 
Fig. 8 illustrates the controller designed for the 

vehicle to perform linear motion. The control strategy 
uses a two-stage PI controller to ensure accurate and 
responsive motion. 
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Fig. 8. Linear Motion Control. 
 
 

First, the linear position error dynamics (difference 
between desired and current position) are fed into the 
first PI controller. The output of this controller is the 
desired velocity 𝑣ௗ for the vehicle. Using encoders, 
the current velocity 𝑣 is continuously measured and 
compared to the desired velocity. The difference 
between these two signals, defined as the velocity 
error dynamics, is then used as the input to a second 
PI controller, which generates the control signal 𝑢. 
This signal 𝑢 is ultimately implemented as the PWM 
applied to the drive motors. 

This two-stage control strategy is necessary 
because using a single PI controller (where  
𝑢 ൌ 𝑓ሺ𝑒linሻ) can lead to very slow motion near the end 
of a trajectory, especially when Δ𝑟 or 𝑒lin is small, 
since the PWM would become too low to drive the 
motors effectively. By introducing the intermediate 
velocity control, the desired velocity is maintained at 
a sufficient level, ensuring the PWM signal remains 
strong enough to overcome friction, inclines, or 
obstacles, even when the position error is small. This 
allows the vehicle to maintain responsiveness and 
stability throughout the motion. 

Unlike linear motion, the orientation control of the 
vehicle around the 𝒛-axis is implemented using a 
single PD controller.  

 
𝑢 ൌ  𝑘௣ ∗  𝑒௥௢௧ ൅  𝑘ௗ ∗  𝑒ሶ௥௢௧ (9) 

 
The derivative (D) component in the PD controller 

is essential for controlling the vehicle’s orientation 
around the 𝒛-axis. Without this component, the vehicle 
exhibits significant overshoot, and the orientation 
response tends to resemble a sinusoidal oscillation 
around the desired angle 𝜽𝒅. Such oscillatory behavior 
is caused by the system’s inertia and the lack of 
damping in the control loop, which allows the vehicle 
to continuously overshoot the target orientation before 
eventually settling. By incorporating a properly tuned 
D term, these oscillations are effectively damped, 
providing additional resistance to rapid changes in 
angular velocity. As a result, the vehicle achieves 
smooth and stable convergence to the target 
orientation, with minimal overshoot and reduced 
settling time. 

The choice and tuning of controller parameters are 
critical in achieving this performance. Table 3 
summarizes the parameters of the controllers used for 
both linear motion and rotational control of the 
vehicle. These parameters were carefully selected to 
balance responsiveness and stability: the proportional 
components ensure the vehicle reacts appropriately to 
position and orientation errors, while the integral 
component in the linear motion controller eliminates 

steady-state errors, and the derivative component in 
the rotational controller mitigates oscillatory behavior. 
Together, these settings allow the vehicle to follow the 
desired trajectory accurately while maintaining 
smooth and stable motion in both translation  
and rotation. 

 
Table 3. Parameters of the Controllers. 

 
joint Linear Rotational 

𝑘௣ 900 45 
𝑘ௗ. - 12 
𝑘௜ 25 - 

 
 

5.2. Tests and First Control Results 
 
As an initial test, the vehicle was required to move 

from the starting position ሾ2.712 m, 0.414 mሿwith an 
orientation of 𝜃 ൌ 4.08∘to the target position 
ሾ6 m, 1 mሿwith a desired orientation of 𝜃ௗ ൌ 6∘. Fig. 9 
illustrates the start and end positions of the vehicle 
after completing the movement. After executing the 
trajectory, the vehicle reached a final position of 
ሾ5.976 m, 0.9828 mሿwith 𝜃 ൌ 4.46∘. These results 
indicate that the vehicle performs well in terms of 
linear positioning, achieving a final position very close 
to the desired target.  

While the orientation is slightly off from the 
desired value, the overall performance of the vehicle 
in following the planned path is satisfactory for an 
initial test, demonstrating the effectiveness of the 
implemented control strategy for basic linear motion. 

 
 

 
 

Fig. 9. Start position (top) versus end position (bottom)  
of the vehicle. 

 
Achieving exact orientation for mobile vehicles 

with hydraulic steering is inherently challenging, 
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especially when the required change in orientation is 
small, due to the limited steering dynamics. Therefore, 
further work on the vehicle’s rotational control is 
needed to reduce the orientation error dynamics below 
an acceptable threshold. 

In cases of larger orientation changes, for example 
Δ𝜃 ൌ 20∘, the steady-state error remains around 1-2°. 
A more extensive analysis or statistical evaluation of 
the remaining error is not provided in this work, as the 
controller design is still in progress and will be 
addressed in future studies. 

 
 

6. Primary Test Results 
 

Understanding the opinions and experiences of 
actual users is crucial for improving the functionality 
and acceptance of any engineering system, and the 
DecontBot is no exception. To gather such feedback, 
the DecontBot-equipped with its secondary tool, the 
Contamination Array-was tested in a controlled 
nuclear laboratory environment at the Institute of 
Nuclear Waste Disposal (KIT-INE). The primary aim 
of these tests was to evaluate the system’s usability, 
effectiveness, and overall user experience under 
realistic operational conditions. 

A total of five testers, all professionals working in 
the field of nuclear engineering but without 
specialized robotics experience, participated in the 
evaluation. Each tester interacted with the system for 
approximately 30 minutes. During this period, the 
users positioned the contamination array to specific 
locations and initiated clearance measurements via 
teleoperation. It is important to note that only the 
positioning of the tool was controlled manually via 
teleoperation, while the measurement process itself 
was carried out automatically by the tool. This 
separation ensured that the evaluation focused on the 
human-machine interaction aspects rather than the 
automated measurement capabilities. 

Due to data protection and safety requirements, 
further details regarding the layout and general 
characteristics of the testing environment cannot be 
disclosed in this work. Nonetheless, the testing setup 
provided sufficient realism to assess the system’s 
practical usability. 

In addition to the hands-on evaluation, the users 
completed a questionnaire consisting of 15 questions, 
designed to capture detailed feedback on multiple 
aspects of the system. The questionnaire addressed 
five categories: general impression, usability, work 
support, safety and trust, and fun factor. It also 
included open-ended sections where users could 
provide suggestions for improvement, such as the 
implementation of an adjustable step speed for 
teleoperation. All responses were recorded on a Likert 
scale from 1 to 5, and the aggregated results are 
summarized in Fig. 10, providing a visual overview of 
user ratings across all categories. 

Additional tests with other users were also 
conducted, although these are not described in detail 

here. Overall, the results were highly encouraging, 
with the system exceeding expectations in most 
categories. The fun factor received the highest rating, 
highlighting the engaging and interactive nature of the 
system; however, it was observed that this rating tends 
to decrease slightly as users become more familiar 
with the system and the tasks begin to feel repetitive. 
Conversely, increased practice and familiarity led to 
noticeable improvements in usability and overall 
impression, suggesting that the system becomes more 
intuitive and efficient with repeated use. These 
findings underscore the importance of iterative testing 
and user feedback in optimizing both the functionality 
and user experience of complex robotic systems like 
the DecontBot. 

 
 

 
 

Fig. 10. Test results and user ratings. 
 
 

7. Conclusions and Further Developments 
 
The mechanical and electrical upgrades of the 

DecontBot have already been completed, and the 
platform can currently be operated in teleoperation 
mode. The next step involves the integration of path 
planning and advanced control algorithms to enable 
fully autonomous operation of the vehicle, as the 
manipulator control has already been successfully 
implemented. In particular, the control of the vehicle’s 
driving and navigation needs further refinement to 
ensure precise and smooth movement, especially in 
complex environments with tight spaces, inclined 
surfaces, or obstacles. Improvements in driving 
control will enhance the platform’s overall stability, 
responsiveness, and accuracy, allowing it to follow 
planned paths reliably without continuous manual 
intervention. 

In addition to autonomous navigation, further 
degrees of freedom will be added to the end effector to 
allow more precise positioning of the decontamination 
and clearance measurement tools on inclined walls, 
floors, and ceilings. These enhancements will enable 
the DecontBot to reach areas that are difficult or 
unsafe for human operators, increasing both the 
versatility and effectiveness of the platform. The 
platform’s safety will also be thoroughly evaluated 
and certified by TÜV (Technical Inspection 
Association), ensuring compliance with rigorous 
operational and occupational safety standards. 

Future tests are planned to encompass not only 
measurement tasks but also actual decontamination 
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operations using a milling tool. Automation and  
robot-based solutions have already demonstrated 
significant potential in decontamination work: they 
relieve personnel from physically demanding and 
hazardous tasks, while simultaneously helping to 
minimize the generation of secondary waste. The 
DecontBot was therefore specifically developed for 
the decontamination and clearance measurement of 
concrete walls in nuclear power plants. By employing 
the DecontBot, both the effort and the risk associated 
with these operations can be substantially reduced, 
making such work safer, faster, and more efficient. 

There is strong interest among nuclear power plant 
operators in adopting autonomous or robotic systems 
for decontamination work, particularly as these 
solutions offer the dual benefit of reducing human 
exposure to radioactive materials and increasing the 
precision and reliability of decontamination processes. 
Further development of the driving and navigation 
control, combined with enhanced tool positioning and 
autonomous path planning, will be essential to fully 
realize the potential of the DecontBot and similar 
robotic platforms in industrial nuclear environments. 
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Abstract: This article extends our ARCI’ 2026 conference paper by providing an expanded state-of-the-art and a replicable 
analytical approach to the relationship between human-centric marketing narratives and users’ experience of artificial 
intelligence in organizational settings. Building on the human-centric orientation of Industry 5.0 and emerging Industry 6.0 
discussions, the study examines how partnership and efficiency narratives set expectations, while perceived usefulness, 
autonomy constraints, and transparency shape lived experience at work. Evidence is triangulated across a survey of AI tool 
users, semi-structured interviews and open-ended responses, and a content analysis of marketing artifacts coded for narrative 
frames such as assistant/partner positioning, anthropomorphic cues, creativity support, and trust and ethical claims. Results 
indicate that narrative emphasis on partnership and productivity is common, yet users’ perceived harmony depends on 
transparent governance and preserved autonomy. The article concludes that Industry 6.0 ‘harmony’ should be treated as a 
governance and design challenge rather than a branding claim. 
 
Keywords: Industry 6.0, Human-centered AI, Marketing narratives, User experience, Trust, Transparency, Organizational AI. 
 

 
 

1. Introduction 
 

The rapid evolution of artificial intelligence, 
automation and digitalization has accelerated the shift 
between industrial paradigms – from the automation 
of Industry 3.0 to the cyber-physical systems and 
connected production environments of Industry 4.0  
[1, 2]. Industry 5.0 reintroduced the human being as a 
central element of technological systems, emphasizing 
sustainability, resilience and the development of 
ethical and trustworthy artificial intelligence [3]. 
Recent discussions of Industry 6.0 extend this 
trajectory by framing socio-technical ecosystems in 
which intelligent systems co-evolve with human 
goals, operate under accountable governance, and 
support value-aligned collaboration at scale [4-6]. 

This transition intensifies a longstanding tension: 
organizations increasingly expect humans to exhibit 
machine-like consistency and efficiency, while 
artificial intelligence is frequently framed as 
approximating human intuition, creativity and 

empathy. Against this background, this extended 
paper investigates how human-centric marketing 
narratives align with user experience in organizational 
contexts. It expands the state-of-the-art across  
human-centered artificial intelligence and marketing 
narrative scholarship, and it provides a replicable 
coding scheme for narrative frames and a transparent 
linkage between narratives, user experience 
dimensions and governance conditions. 

Relationship to the ARCI’ 2026 conference paper. 
A shorter conference version of this study was 
published in the ARCI’ 2026 proceedings [12] and 
presented an initial conceptual framing of the  
human-centric gap together with pilot descriptive 
evidence. The present journal article constitutes a 
distinct and substantially expanded work. Specifically, 
it (i) extends and updates the state-of-the-art across 
human-centered AI, trust and governance, and 
marketing narrative scholarship; (ii) reports the full 
measurement instrument (item wording, scale 
construction and reliability) and the full statistical 

https://www.sensorsportal.com/p_3407.html

https://sensorsportal.com/


Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 70-78 

 71

reporting for H1–H3 (tests, effect sizes and model 
coefficients); (iii) provides a complete narrative 
framing codebook (NF1–NF5) with conservative 
coding rules and replication-oriented appendices; and 
(iv) expands the discussion into actionable governance 
and communication measures (Table 9) to reduce the 
gap between branding claims and organizational 
experience. Any overlapping prose with the 
proceedings paper has been rewritten and restructured 
so that the journal article reads as a standalone 
contribution rather than an expanded proceedings text. 

 
 

2. Related Work 
 

2.1. Human-Centered Artificial Intelligence,  
       Trust and Governance 

 
Human-centered artificial intelligence emphasizes 

the design and deployment of intelligent systems that 
support human agency, safety and accountability. 
Shneiderman’s framework highlights human control, 
responsibility and reliability as core design 
commitments, with governance mechanisms required 
to keep autonomy and oversight in the loop [7]. From 
a policy perspective, the OECD Artificial Intelligence 
Principles provide a widely adopted baseline for 
transparency, robustness, accountability and  
human-centered values in artificial intelligence 
deployment [6]. 

At the organizational level, autonomy constraints 
are amplified in settings of algorithmic management, 
where monitoring and automated evaluation may 
reconfigure control and accountability in the 
workplace [8]. Trust in artificial intelligence is shaped 
not only by performance but also by perceived 
transparency, explainability and the ability to contest 
or correct automated decisions. A synthesis of 
empirical research on trust in artificial intelligence 
shows that trust is dynamic and context-sensitive, and 
that overreliance and underreliance can both emerge 
when users cannot calibrate system capabilities and 
limits to their task context [9]. 

Beyond compliance, governance in  
human-centered AI can be understood as a set of 
organizational capabilities: setting clear boundaries 
for automated decision-making, ensuring traceability 
of outputs, and maintaining meaningful human 
oversight. In practice, these capabilities determine 
whether users can challenge, correct, or override  
AI-assisted recommendations, which in turn shapes 
perceived agency and responsibility in socio-technical 
systems [6, 7]. 

The trust literature emphasizes that trust 
calibration is not a one-off attitude but an ongoing 
process influenced by feedback loops, transparency 
cues, and users’ prior experiences with similar 
systems. When systems are presented as highly 
capable but provide limited explanation or  
error-handling guidance, miscalibration becomes 
likely, producing either overreliance (automation bias) 
or defensive avoidance [9]. 

These concerns are particularly salient under 
algorithmic management. Monitoring, performance 
scoring, and automated workflow coordination may 
increase efficiency, yet they can also shift control from 
workers to opaque metrics and reduce discretion, 
thereby reconfiguring autonomy and accountability in 
everyday work settings [8]. 

A practical implication is that ‘human-centric’ 
deployment requires measurable governance 
indicators. Examples include availability of 
explanation interfaces, documented accountability for 
AI-assisted decisions, and clear escalation pathways 
when users disagree with algorithmic outputs. Such 
indicators operationalize the OECD principles as 
organizational practices rather than abstract 
commitments [6]. 

In addition, human-centered design implies that 
user experience should be evaluated not only by task 
efficiency but also by perceived fairness, 
contestability, and the preservation of discretion. 
These dimensions are especially important in 
knowledge work where judgment and creativity 
remain central, and where generative AI systems may 
influence decisions through persuasive language 
rather than transparent reasoning [7, 9]. 
 
 
2.2. Marketing Narratives,  
       Anthropomorphism and Expectation  
       Setting 

 
Marketing communication increasingly frames 

artificial intelligence products through narrative 
devices such as assistant or partner metaphors, and 
through anthropomorphic cues that invite social 
interpretation. In consumer research, 
anthropomorphism can increase perceived warmth 
and compatibility when cues are congruent with user 
schemas, while incongruence may increase skepticism 
or perceived manipulation [10]. 

In the context of generative artificial intelligence 
brands, recent work suggests that anthropomorphic 
brand positioning can strengthen identification and 
engagement, but may also raise ethical concerns when 
narratives overstate empathy or agency beyond actual 
system behavior [11]. For Industry 6.0, where 
‘harmony’ is often promoted as a socio-technical 
promise, the key analytical question is whether 
narrative frames are matched by implementation 
conditions – especially transparency, accountability 
and preserved autonomy – such that users’ lived 
experience aligns with branding claims [4-6]. 

From a narrative perspective, assistant and partner 
metaphors function as cognitive shortcuts that frame 
expectations about responsibility and agency. When 
branding implies collaboration and mutual adaptation, 
users may infer that systems will be responsive, 
transparent, and aligned with human intentions. In 
practice, these inferences become fragile if 
organizational deployment emphasizes surveillance or 
rigid standardization rather than support and  
co-creation [8-10]. 
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Anthropomorphic cues are especially influential 
for generative AI, where conversational interfaces and 
human-like language can amplify social responses. 
Schema congruity theory suggests that 
anthropomorphism can be persuasive when cues 
match users’ expectations and task contexts, but can 
backfire when cues are perceived as deceptive or 
manipulative [10]. Accordingly, humanized brand 
positioning may increase engagement while 
simultaneously raising the stakes for perceived ethical 
conduct and accountability [11]. 

This creates a practical question for Industry 6.0 
communication: how to signal ‘harmony’ without 
overstating empathy or autonomy. A conservative 
interpretation is that harmony is conditional on 
governance, transparency, and preserved human 
override rights, rather than on anthropomorphic 
presentation alone [4-7]. 

Industry 6.0 narratives also intersect with 
‘management fashion’ dynamics. As new labels 
diffuse, organizations may adopt human-centric 
language as a signal of modernity and responsibility 
even when implementation changes are partial. This 
creates the risk that human-centricity becomes a 
symbolic resource in communication rather than a 
consistently implemented design principle [5]. 

From this perspective, marketing narratives can be 
evaluated not only by their prevalence but also by their 
specificity. Vague promises of partnership and 

harmony are less credible than concrete claims about 
transparency measures, data practices, user override 
rights, and accountability structures. Such specificity 
is also more consistent with the policy-oriented 
language of trustworthy AI [6]. 

Ethically, anthropomorphic branding may create 
asymmetric expectations: users may attribute 
intention, empathy, or responsibility to systems that 
are not designed to hold such properties. When 
outcomes contradict these expectations, 
disappointment can translate into broader distrust 
toward both the technology and the organization 
deploying it. Therefore, expectation management 
becomes a substantive component of responsible AI 
communication [9-11]. 

 
 

3.  Theoretical Framework  
and Conceptual Model 
 
Industry 4.0 established automation and networked 

cyber-physical systems as core drivers of industrial 
competitiveness [1, 2]. Industry 5.0 added an explicit 
human-centric and resilience-oriented agenda [3]. 
Industry 6.0 discourse extends this trajectory by 
emphasizing adaptive socio-technical ecosystems, 
participatory governance and value-aligned  
human–artificial intelligence collaboration [4-6]. 

 
 

Table 1. Evolution from Industry 4.0 to Industry 6.0 in terms of dominant logic, human role and governance orientation. 
 

Dimension Industry 4.0 Industry 5.0 Industry 6.0 

Primary focus 
Automation and 
efficiency 

Human-centricity and 
resilience 

Harmony between humans, artificial 
intelligence and society 

Dominant logic 
Technological 
optimization 

Responsible technology Adaptive socio-technical ecosystem 

Role of humans 
System operators / 
resources 

Central stakeholders Co-adaptive partners 

Role of AI 
Decision support and 
automation 

Assistive and explainable 
systems 

Context-aware and value-aligned 
intelligence 

Design principle 
Performance 
optimization 

Ethical and human-centric 
design 

Participatory and adaptive design 

Governance 
orientation 

Technical standards Ethical guidelines 
Accountable and participatory 
governance 

Marketing narratives 
Productivity and 
innovation 

Trust and responsibility Harmony, partnership and empathy 

Risk 
Dehumanization of 
work 

Symbolic human-centricity 
Human-centricity as branding rather 
than practice 

 
 

Building on this framing, we conceptualize a 
‘human-centric gap’ as the divergence between  
(i) marketing narrative frames that emphasize 
partnership, empowerment and ethical alignment and 
(ii) user experience reports that reflect simultaneous 
usefulness and autonomy constraints. The analytical 
logic links narrative frames to three user experience 
dimensions: perceived usefulness/efficiency, 
perceived autonomy constraints and perceived 
transparency and ethical alignment. Transparency and 
ethics are treated as enabling conditions that may 
reduce autonomy costs. 

4. Methodology 
 

The study triangulates evidence from three 
sources: a survey capturing user experience of 
artificial intelligence tools in organizational 
environments, semi-structured interviews and  
open-ended responses that contextualize trust and 
boundary-setting, and a content analysis of marketing 
artifacts used to operationalize narrative framing. The 
approach is designed to be replicable and to support 
transparent mapping between constructs, evidence and 
claims. Illustrative survey item wording and the 
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narrative framing codebook are provided in 
Appendices A-C. 

 
 

4.1. Survey Measures 
 

All closed-ended survey items use a 5-point Likert 
scale (1 = strongly disagree; 5 = strongly agree). A 
structured questionnaire was administered to 
participants with exposure to AI-enabled tools in 
organizational environments (N = 87). The survey 
operationalizes three constructs: perceived 
usefulness/efficiency (U), perceived autonomy 
constraints and algorithmic control (A), and perceived 
transparency and ethical alignment (T). Table 2 
provides illustrative items to support construct 
transparency and replication. 

Sample recruitment and inclusion criteria. 
Participants were recruited via a combined strategy, 
including invitations disseminated through 

organizations where AI-enabled tools are used and 
voluntary participation of students and professionals 
with direct exposure to AI-supported work or study 
practices. Inclusion criteria required (i) active use of at 
least one AI-enabled tool in organizational or 
educational tasks and (ii) a minimum of one month of 
repeated exposure sufficient to form stable perceptions 
of usefulness, autonomy constraints and 
transparency/ethics. Because the sample is relatively 
small and cross-sectional, and organizational contexts 
vary, all quantitative results are interpreted as 
exploratory and indicative rather than as population-
level estimates. 

The sample is a convenience sample and should 
not be treated as representative of any specific sector 
or country-level workforce. Sectoral differences and 
monitoring regimes may influence perceptions; 
therefore, the findings are interpreted as exploratory 
and hypothesis-generating. 

 
 

Table 2. Illustrative survey items for user experience constructs (5-point Likert scale). 
 

Construct Indicator focus Example item (illustrative) 

U (Usefulness) Efficiency and task support 
The AI tool helps me complete tasks faster and with fewer 
errors. 

U (Usefulness) Decision support The AI tool improves the quality of my work decisions. 

A (Control constraints) Monitoring and autonomy 
AI-based systems in my workplace increase monitoring of my 
performance. 

A (Control constraints) Constraint perception 
Using AI tools reduces my freedom to choose how to 
complete tasks. 

T (Transparency/ethics) Explainability I understand on what basis the AI tool produces its outputs. 

T (Transparency/ethics) Accountability 
There are clear rules and responsibilities for how AI is used in 
my organization. 

 
 

4.2. Interviews and Open-Ended Responses 
 
Semi-structured interviews and open-ended 

responses were analyzed using thematic coding. 
Coding categories were anchored in the three user 
experience constructs and extended inductively for 
themes such as boundary-setting, role clarity, 
perceived fairness and trust calibration. The 
qualitative evidence is used to interpret mechanisms 
behind quantitative patterns and to qualify where 
narrative framing aligns with lived practice. 

 
 

4.3. Content Analysis and Narrative Framing 
 
Marketing narratives were operationalized as 

narrative frames coded in a corpus of 24 marketing 
artifacts collected within a one-month window. Each 
artifact was coded for the presence (1) or absence (0) 
of five frames: assistant or partner framing, 
anthropomorphism and affective cues, creativity 
support or empowerment, trust and ethical claims, and 
productivity or efficiency emphasis. Table 3 
summarizes the coding scheme and frame prevalence 
in the corpus. 

 

4.4. Operationalization and Analytical  
       Strategy 

 
To support transparency and replicability, the 

study links each empirical claim to a corresponding 
construct and evidence source. User experience 
outcomes are operationalized through three constructs 
measured on 5-point Likert-type scales: perceived 
usefulness/efficiency (U), perceived autonomy 
constraints and algorithmic control (A), and perceived 
transparency and ethical alignment (T). For the 
narrative domain, marketing materials are coded into 
narrative frames (NF) that capture recurring 
positioning strategies such as partner metaphors, 
productivity emphasis, and trust/ethics claims. 

The analytical strategy follows a triangulation 
logic: (i) NF prevalence is used to describe dominant 
marketing narratives; (ii) survey and qualitative 
evidence is used to characterize how users experience 
usefulness, control, and transparency; and  
(iii) cross-source interpretation assesses whether 
partnership and harmony framing is matched by 
governance-related conditions in lived organizational 
practice. This approach prioritizes interpretive validity 
over post-hoc statistical optimization and supports 
comparison across future replications. 
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Table 3. Narrative frames (NF) and prevalence in the marketing corpus (n = 24 artifacts). 
 

Narrative frame Definition (summary) Count Percent 
Assistant/partner framing AI positioned as helper, partner or copilot 20 83.3 % 
Anthropomorphism/affective cues Human-like traits, emotions, social cues 10 41.7 % 
Creativity support/empowerment Claims of creativity or capability enhancement 13 54.2 % 
Trust/transparency/ethical claims Responsible AI, transparency, safety, ethics 15 62.5 % 
Productivity/efficiency emphasis Efficiency, performance, cost reduction 19 79.2 % 

 
 

Coding procedure and quality control. Prior to 
coding, the narrative framing definitions (NF1–NF5) 
and the conservative inclusion rule were reviewed 
against a small calibration subset to harmonize 
interpretation of ambiguous marketing language. 
Coding decisions followed a conservative principle: 
frames were marked only when a cue was explicitly 
contextualized by surrounding claims (e.g., adjacent 
statements about user control rights, transparency 

features, or explicit productivity metrics). 
Disagreements identified during internal checks were 
resolved through documented discussion and 
consensus, and the final coding file preserves the 
rationale for boundary cases. Given the limited corpus 
size and the exploratory scope, narrative frame 
prevalence is reported descriptively as an indicator of 
dominant framing patterns rather than as a basis for 
broader inferential claims. 

 
 

Table 4. Hypotheses and evidence mapping (constructs, measures and evidence sources). 
 

Hypothesis / 
focus 

Key 
constructs 

Operationalization Evidence source Interpretation criterion 

H1: Useful yet 
controlling 

U vs. A 
U high with coexisting autonomy 

constraints 
Survey + 

interviews 
Ambivalence: usefulness coexists 

with monitoring/control cues 
H2: Control 
undermines 

harmony 
A, T 

Higher A with lower perceived 
transparency and trust conditions 

Survey + 
qualitative 

themes 

Control becomes salient when 
transparency/contestability are 

weak 

H3: Transparency 
as condition 

T and 
governance 

Transparency/ethics enable 
‘partner’ framing to be credible 

Triangulation 
with NF 

Harmony framing aligns only 
under accountability and 

oversight conditions 

 
 

4.5. Validity Considerations and Limitations 
 
The mixed-method design supports construct and 

interpretive validity through triangulation, yet several 
limitations should be noted. First, survey measures 
capture perceptions at a single point in time and may 
reflect local organizational policies as much as system 
properties. Second, the marketing corpus is bounded 
to a one-month window and a limited set of publicly 
available artifacts; it represents dominant narratives 
but not the full diversity of organizational 
communication. Third, the qualitative evidence 
emphasizes mechanisms and conditions rather than 
statistical generalization. These limitations motivate 
future replications with broader sectoral coverage and 
longitudinal designs. 

 
 

5. Results 
 

5.1. Sample Characteristics 
 
The survey included N = 87 respondents with 

exposure to AI-enabled tools in organizational 
environments. Table 5 summarizes the sample profile. 

 

5.2. Scale Reliability and Descriptive  
       Statistics 

 

Internal consistency was assessed for the  
multi-item constructs measured on a 5-point Likert 
scale. Cronbach’s alpha indicated acceptable 
reliability for usefulness/efficiency (U; 5 items;  
α = 0.680), algorithmic control constraints (A; 3 items; 
α = 0.600), and transparency/ethical alignment  
(T; 5 items; α = 0.750). Autonomy was operationalized 
as A* = 6 − A, and perceived harmony as  
H = (U + A*)/2. Table 6 reports descriptive statistics 
and reliability coefficients. 

Note: Scale reliability for algorithmic control 
constraints (A) is borderline (α = 0.60). Given the 
exploratory design and the short 3-item scale, this 
value is treated as acceptable for initial investigation; 
however, future work should expand the item pool and 
validate the construct across larger and sector-specific 
samples. 

 
5.3. Narrative Framing Prevalence  
       in Marketing Materials 

 

Narrative framing (NF) prevalence in the 
marketing corpus is summarized in Table 3  
(n = 24 artifacts). 
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5.4. Hypothesis Testing 
 
H1 (helpful but controlling). A Wilcoxon  

signed-rank test comparing U with autonomy  
(A* = 6 − A) indicates a statistically significant 
difference (Z = 7.671, p < 0.001), with a large effect 
size (r = 0.822). The direction supports the 
interpretation that AI is perceived as operationally 
useful while autonomy is comparatively lower. 

H2 (control reduces harmony). The Spearman 
association between algorithmic control constraints 
(A) and the harmony index (H) is negative (ρ = –0.633, 
p < 0.001). However, because H is partially 
constructed from A via A* = 6 – A, this association is 
reported as a consistency check rather than as an 
independent confirmation of H2. Accordingly, we 
interpret H2 primarily through complementary 
evidence (H1 and H3) and through qualitative 
mechanisms linking control salience to 
transparency/contestability conditions. 

Methodological note for H2. Because the harmony 
index H is partially constructed from autonomy  
(A* = 6 – A), the correlation between A and H is not 
fully independent and should not be interpreted as a 
stand-alone empirical confirmation. Therefore, we 
treat the A–H association as a consistency check and 
emphasize cleaner complementary evidence, 
including (i) the within-subject U vs. A* difference 
test (H1) and (ii) the moderation model (H3) showing 

how transparency/ethics conditions the usefulness–
control relationship. 

H3 (transparency moderates the usefulness–
control relationship). Moderation regression with 
mean-centered predictors shows a significant 
interaction between usefulness and transparency 
(U×T; β = -0.394, p = 0.008), suggesting that higher 
transparency/ethical alignment attenuates the 
association between perceived usefulness and 
perceived control constraints. 

 
 

Table 5. Sample characteristics (N = 87). 
 

Variable Category n % 

Gender 
Female 65 74.7 % 
Male 22 25.3 % 

Age 
Under 25 23 26.4 % 

25-40 43 49.4 % 
Other ages 21 24.1 % 

Sector 

Education 21 24.1 % 
Services 18 20.7 % 

Technology 9 10.3 % 
Production 3 3.4 % 
Other (e.g., 

trade/student/other) 
36 41.4 % 

AI/automation 
use in the 

organization 

Yes 58 66.7 % 
Partly 23 26.4 % 

No 6 6.9 % 
Awareness of 

Industry 5.0/6.0 
Yes 14 16.1 % 
No 73 83.9 % 

 
Table 6. Construct descriptives and reliability (N = 87; 5-point Likert scales). 

 
Construct Items Mean SD Cronbach’s α 

Usefulness / Efficiency (U) 5 3.593 0.581 0.680 
Algorithmic control constraints (A) 3 3.632 0.629 0.600 
Transparency & ethical alignment (T) 5 3.175 0.669 0.750 
Autonomy (A* = 6 − A) computed 2.368 0.629  –  
Harmony index (H) computed 2.980 0.364  –  

Note: Cronbach’s α is reported only for multi-item scales (U, A, T).  
Computed indices (A*, H) are derived variables and do not have α. 

 
 

Table 7. Spearman correlation matrix (ρ). 
 

 U A T H 
U 1.000 0.243* 0.030 0.551*** 
A 0.243* 1.000 -0.191 -0.633*** 
T 0.030 -0.191 1.000 0.171 
H 0.551*** -0.633*** 0.171 1.000 

Note: Spearman correlations (two-tailed). * p < 0.05;  
** p < 0.01; *** p < 0.001. 

 
 

Table 8. Moderation regression predicting algorithmic 
control constraints (A). 

 
Predictor β SE t p 
Intercept 3.631 0.061 59.089 < 0.001 

U (centered) 0.251 0.108 2.329 0.022 
T (centered) -0.187 0.093 -2.020 0.047 

U×T -0.394 0.145 -2.720 0.008 
Note: Predictors are mean-centered. N = 87. Model fit:  

R² = 0.198; Adj. R² = 0.169. Unstandardized coefficients  
are reported. 

 

6. Discussion 
 
The findings support the existence of a  

human-centric gap: narrative frames that emphasize 
harmony and partnership do not, on their own, ensure 
user experience consistent with preserved autonomy. 
In Industry 6.0 discourse, harmony should therefore be 
treated as a governance and design outcome that 
depends on transparent accountability regimes and 
participatory control mechanisms. From a marketing 
perspective, anthropomorphic cues may increase 
initial engagement, but can undermine trust when 
users encounter monitoring or autonomy constraints 
that contradict the partner narrative [9-11]. 

Implications for governance and management are 
straightforward. Organizations that deploy AI at scale 
should treat transparency and contestability as core 
design requirements, not as optional communication 
add-ons. This includes clear documentation of data 
use, role definitions for accountability, and explicit 
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pathways for appeal and correction when AI outputs 
affect evaluations or decisions. Such measures 
translate trustworthy AI principles into workplace 
practice [6, 8]. 

Implications for marketing and communication 
follow the same logic. Anthropomorphic cues can 
increase initial engagement, but sustainable trust 
depends on the consistency between promises and 
experienced constraints. More credible positioning 
emphasizes bounded assistance, clearly stated 
limitations, and user control rights, thereby reducing 
the probability that a ‘partner’ narrative will be 
perceived as manipulative when monitoring or 
automation intensifies [10, 11]. 

Future work should refine and validate 
measurement instruments for autonomy, transparency, 
and perceived governance quality, and test 
interventions that reduce autonomy costs while 
sustaining usefulness. A particularly valuable 
direction is comparative analysis across sectors with 
different monitoring regimes and accountability 
cultures. 

To translate the Industry 6.0 harmony proposition 
into actionable practice, Table 9 summarizes 
governance and communication measures that support 
alignment between narrative positioning and 
organizational experience. 

 
 

Table 9. Practical measures for reducing the human-centric gap (governance and communication). 
 

Gap driver Risk in practice Governance / design measure Communication implication 

Low transparency 
Mistrust, 
miscalibration 

Explainability interfaces; clear data-
use statements 

Avoid vague assurances; disclose 
limits 

Limited contestability 
Perceived loss of 
agency 

Appeal/override pathways; human-in-
the-loop checkpoints 

State user control rights explicitly 

Algorithmic 
monitoring 

Control without 
accountability 

Documented accountability roles; 
audit logs 

Do not label surveillance as 
‘partnership’ 

Anthropomorphic 
overclaim 

Expectation backlash 
Bounded capability statements; UX 
testing for deception risk 

Use conservative metaphors; avoid 
‘empathy’ claims 

Productivity-only 
framing 

Dehumanization 
Balanced KPIs including autonomy 
and wellbeing 

Include autonomy and fairness in 
value proposition 

Unclear responsibility Blame shifting 
RACI matrix for AI outputs; escalation 
owners 

Communicate responsibility and 
escalation points 

 
 

7. Conclusions 
 
This extended paper links Industry 6.0  

human-centric claims to a replicable analysis of 
marketing narratives and organizational user 
experience. The contribution is twofold: (i) an 
expanded synthesis of human-centered artificial 
intelligence and marketing narrative scholarship, and 
(ii) a practical coding approach for assessing the 
alignment between branding discourse and lived 
practice. Future work should refine measurement 
instruments, broaden sectoral coverage and evaluate 
governance interventions that reduce autonomy costs 
while sustaining usefulness. 

Overall, the extended contribution lies in making 
the ‘human-centric’ claim empirically assessable: 
marketing narratives are treated as observable frames, 
and user experience is decomposed into measurable 
perceptions of usefulness, autonomy constraints, and 
transparency. This framing enables future studies to 
compare sectors, track changes over time, and evaluate 
whether governance interventions reduce the gap 
between branding and practice. 

A shorter conference version of this work was 
published in the ARCI’ 2026 proceedings [12]. 

 
Acknowledgements 

 
This study was funded by the Ministry of 

Education and Science of Bulgaria (MES) under the 

National Science Fund, Competition for Fundamental 
Scientific Research 2024, Contract No. КП-06-Н85/3 
dated December 5, 2024. 

 
 

References 
 
[1]. K. Schwab, The Fourth Industrial Revolution, World 

Economic Forum, Geneva, 2016. 
[2]. H. Kagermann, W. Wahlster, J. Helbig, 

Recommendations for Implementing the Strategic 
Initiative Industrie 4.0, acatech, Munich, 2013. 

[3]. M. Breque, L. De Nul, A. Petridis, Industry 5.0: 
Towards a sustainable, human-centric and resilient 
European industry, Publications Office of the 
European Union, Luxembourg, 2021. 

[4]. A. Fernández-Miguel, F. E. García-Muiña,  
D. Settembre-Blundo, S. C. Tarantino, et al., 
Exploring systemic sustainability in manufacturing: 
Geoanthropology’s strategic lens shaping Industry 6.0, 
Global Journal of Flexible Systems Management,  
Vol. 25, 2024, pp. 579-600. 

[5]. D. Ø. Madsen, K. Slåtten, T. Berg, From Industry 4.0 
to Industry 6.0: Tracing the evolution of industrial 
paradigms through the lens of management fashion 
theory, Systems, Vol. 13, Issue 5, 2025, 387. 

[6]. OECD AI principles, https://oecd.ai/en/ai-principles 
[7]. B. Shneiderman, Human-Centered AI, Oxford 

University Press, Oxford, 2022. 
[8]. International Labour Organization, Algorithmic 

management in the workplace, https://www.ilo.org/ 
algorithmic-management-workplace 

[9]. E. Glikson, A. W. Woolley, Human trust in artificial 
intelligence: Review of empirical research, Academy 



Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 70-78 

77

of Management Annals, Vol. 14, Issue 2, 2020,  
pp. 627-660. 

[10]. P. Aggarwal, A. L. McGill, Is that car smiling at me? 
Schema congruity as a basis for evaluating 
anthropomorphized products, Journal of Consumer 
Research, Vol. 34, Issue 4, 2007, pp. 468-479. 

[11]. K. Hussain, Humanizing generative AI brands: How 
brand anthropomorphism converts customers into 
brand heroes, Computers in Human Behavior Reports, 
Vol. 19, 2025, 100707. 

[12]. N. Krasteva, T. Davidkov, A. Potebnya,  
Human-centric design, marketing narratives and user 
experience in human-AI interaction: Evidence from 
the Industry 6.0 transition, in Proceedings of the 6th 
IFSA Winter Conference on Automation, Robotics & 
Communications for Industry 4.0/5.0/6.0 (ARCI), 
2026, pp. 35-39. 

Appendix A. Illustrative Survey Item 
  Wording (5-point Likert Scale) 

Scale anchors: 1 = Strongly disagree;  
5 = Strongly agree. 

Usefulness / efficiency (U): 
U1. The AI tools used in my work help me 

complete tasks more efficiently. 
U2. AI improves the quality of my work outputs. 
U3. AI reduces routine workload. 
U4. AI supports better decision-making in 

my tasks. 
U5. Overall, AI increases my productivity. 

Autonomy constraints / algorithmic control (A): 
A1. AI-based systems in my workplace increase 

monitoring of my work. 
A2. AI tools constrain my discretion in how I 

perform tasks. 
A3. AI-based metrics influence evaluations of my 

performance. 

Transparency and ethical alignment (T): 
T1. It is clear to me how AI-based 

recommendations are generated. 
T2. I understand what data is used by AI tools in 

my workplace. 
T3. AI decisions in my workplace can be 

questioned or appealed. 
T4. AI tools are used in a way that is consistent 

with ethical standards. 
T5. Responsibilities for AI outcomes are clearly 

defined. 

Appendix B. Narrative Framing Codebook 
  (NF): Definitions and Inclusion  
  Rules 

Each marketing artifact was coded for the presence 
(1) or absence (0) of the following frames. Frames
were coded only when the cue was supported by
surrounding context (conservative rule).

NF1 Assistant/partner framing: AI positioned as a 
collaborator (e.g., assistant, copilot, partner, 
teammate). 

NF2 Anthropomorphism/affective cues: Human-
like traits, emotions, or ‘friend’ metaphors that invite 
social interpretation. 

NF3 Creativity support/empowerment: Claims that 
AI enables creativity, learning, ideation, or co-
creation. 

NF4 Trust/transparency/ethical claims: References 
to responsible AI, transparency, safety, accountability, 
privacy, compliance, or explainability. 

NF5 Productivity/efficiency emphasis: 
Performance, speed, cost reduction, optimization, 
automation, streamlining workflows. 

Appendix C. Illustrative Narrative Cues Used  
  for coding 

NF1 Assistant/partner framing – typical markers: 
assistant; copilot; partner; collaborator; teammate; 
helps you; works with you; supports you; your 
assistant. 

NF2 Anthropomorphism/affective cues – typical 
markers: friend; human-like; empathic; understands; 
feels; caring; personal; conversational; ‘artificial 
human’. 

NF3 Creativity support/empowerment – typical 
markers: co-create; generate ideas; inspire; enhance 
creativity; empower; learn with you; build together; 
creative collaborator. 

NF4 Trust/transparency/ethical claims – typical 
markers: responsible; transparent; accountable; safe; 
privacy; secure; compliant; explainable; governed; 
trustworthy. 

NF5 Productivity/efficiency emphasis – typical 
markers: faster; optimize; automate; streamline; 
reduce costs; increase efficiency; boost performance; 
accelerate workflows. 

Coding note: Ambiguous phrases were coded only 
when supported by contextual evidence in the artifact 
(e.g., nearby claims about user control, transparency 
features, or explicit productivity metrics). This rule 
reduces inflation of frame prevalence in promotional 
texts. 

Appendix D. Replication Checklist 
  (Minimum Reporting Items) 

1. Report sampling criteria and context of AI tool
exposure. 

2. Provide item wording and scale anchors for U,
A, and T (or a representative subset, with the full list 
in Appendix A). 

3. Define the marketing corpus and the collection
window. 

4. Provide the NF codebook (definitions and
examples) and the coding unit (artifact-level). 



Sensors & Transducers, Vol. 273, Issue 2, June 2026, pp. 70-78 

78

5. Describe the coding procedure, disagreement
resolution, and any double-coding or verification step. 

6. Report descriptive prevalence of frames and the
logic linking frames to user experience themes.

7. State limitations (sample scope, artifact
selection, measurement constraints) and boundary 
conditions for interpretation.

__________________ 
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