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Abstract

In modern manufacturing processes it is mandatory that the components to be manufactured are
produced within well-defined manufacturing tolerances. If only small production tolerances are permitted
this often means that all production steps have to be monitored, which is a challenging task, e.g. in the
production of large-scale components, where it is often not possible to determine the exact shape or
surface stress in real-time during forming or deformation processes. Here, a standard solution is the use
of laser trackers, typically requiring a human operator or a robot during the measurement process. Also,
measurement time increases drastically with the size of the component. In this paper we suggest an
approach, where we measure the shape of an object with a finite grid of wireless sensor probes in real-
time during the fabrication process. The sensor network measures the surface at discrete points in a
similar way classical finite elements (FEM) discretize a volume for modeling the physical behavior.
Hence, this measurement system is called a Cyber-Physical Finite-Element-Network (CPFEN). In this
paper we present the network structure and the evaluation algorithms that are needed to achieve precise
measurements. Also, we model the uncertainty of each local connection and the propagation of
uncertainties throughout the network. The “Guide to the expression of uncertainty in measurement®
(GUM) [1] is used for the uncertainty modeling. Thus, it is possible to make a statement about the
reliability and accuracy of the complete network.
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and strain. Additionally, an uncertainty analysis

Introduction ; : . . )
is carried out for neighboring sensor pairs as

In a manufacturing facility it is crucial to ensure well as for the complete network. The networks
tight tolerances using appropriate measuring uncertainty will be estimated employing a
instruments. This is a challenging task simulation model.

especially for the production of large-scale
components, as the precise measurement of
large structures can be very time-consuming.
And it is still more demanding if the components 1 7
will be employed in safety critical applications. ?Qi‘/

To address this issue, we propose a wireless el )
sensor network capable of measuring the - N
surface shape and strain of an object in real- /
time during the manufacturing process. The
paper presents a sensor network constructed
with probes arranged in a grid on the object's
surface, with interconnections similar to those
used in a numerical Finite-Element-Method
(FEM). The concept is illustrated in Fig. 1 for a
small network. The necessary calculations for
determining surface shape and strain from
measurement data will be discussed. Each Fig. 1:  Physical implementation of a FEM,
sensor probe determines the surface normal 1. Sensor probe 2. Connecting rod.
and distance to neighboring probes, allowing for

accurate reconstruction of the surface shape
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Sensor Network

The sensor network is composed of distributed
wireless sensor probes that are interconnected
through mechanical links to create a scalable
network. Each sensor probe has its own local
coordinate system, delivering information about
the surface stress and deformation locally in the
vicinity of the sensor probe evaluating the
information’s given by the sensors implemented
in the probe and its direct neighbor probes. To
determine the surface stress and deformation
across the complete component the local
information around each sensor probe has to be
transformed into a global component coordinate
system. The global component coordinate
system is defined by reference probes with
precisely determined positions Sgef in the
components coordinate system. In this notation
the superscript indicates the coordinate system
in which the position is calculated. Here, the
superscript “C” denotes the global component
coordinate system. In this sense the position of
a sensor #j with respect to the local coordinate
system of sensor #i is denoted by S}. This is
illustrated in Fig. 2. The position S]-i is given in
the local coordinate system of the probe #i and
can be transformed into S]-C transforming the
position S} into the global coordinate system.
Thus, the position information of all the sensor
probes in the global component coordinate

system is the result of multiple transformations
of positions given in a local coordinate system.
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Definition of the coordinate systems.

In order to determine the local position S]-i each
sensor probe determines the surface normal at
its respective position using a 3D-inclinometer.
Also, the mechanical links are equipped with an
additional inclinometer to measure the
inclination &;_; of the mechanical link. A linear
variable differential transformer (LVDT) is used
to measure the distance k;_; between sensor
probes. All inclinometers are realized by MEMS
acceleration  sensors. The  mechanical
connections are held in place with spherical ball
bearings at each sensor probe. The position of
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all probes in the local coordinate system can be
determined with the help of the measured
angles and distances taking into account the
geometric dependencies illustrated in Figure 3.

Fig. 3:  Connection between two sensor
probes with all necessary parameters
and mechanical dimensions.

The angles 6;_j, a; and a; need to be derived

from the inclination sensor of the sensor probes
and the connecting rod with respect to the
Earths gravitational field 17"9. For 3D-position
calculations the pitch ¢ and roll 8 angle have to
be calculated from the acceleration vector a; to
get the inclination angle a with

Qi x
¢; = arctan| —=|, (1)
i,z
0, = arctan | —2— |. 2)
af, +af,

Here, for the 2D case in Fig. 2 a is equal to the
pitch angle ¢, since there is only a rotation
around the Y-axis. The inclination §;_; of the
connecting rod is calculated from the
measurement values given by the acceleration
vector d, from the sensor installed in the rod
and the horizontal unity vector ¢, in the X-axis

direction via the scalar product relation
according to
d,-é, s
0,_; =arccos| —— | — = 3
= <|ar| - |ex|> z O

The angle §;_; is equal to % in the case that the

connecting rod is horizontal, therefore this offset
must be subtracted to measure only the angle
between the horizontal plane and the rod. The
relative distances Ax;_; and Az;_; from the left to
the right probe are calculated via a vector
addition of the vectors p;, p; and p;_; with the
angles 6;_;, a;, ;, the measured length k;_;, the
height h of the connecting rod to the object
surface and the offset g to the center axis of the
probe with
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Tab. 1: Uncertainty contributions on the acceleration sensor
Standard Source of Value of | Probability distribution _of u; = |¢;| - G; - u(x;) | Degrees of
uncertainty uncertainty standard factor G= ax; freedom
component uncertainty
u(x;) G; Vi
u(aca) Calibration 1mg 1 1 1mg 1200
uncertainty
u(ap) Resolution 3.18 ug 1/V3 1 2.20 pg o
ADC error
u(agms) Root-mean- 6.53 ug 1 1 6.53 ug ©
square error
u(ar) Temperature 4 mg 1/V3 1 2.3 mg ©
error
u(ayy) Nonlinearity 4mg 13 1 2.3 mg )
error
U2 = 11.67 (mg)? > 1000
U, =34mg
Uaos = 6.8 mg

B = h;- (sin(ai)>+gi_ ( cos(ai))’ (@)

cos(a;) —sin(a;)

s _ hj.<—Si1’1(ai)>+ i_( cos(a;)

—cos(a;) —sin(a;)

). ®

. cos(8;-;)
o= k.- ) 6
Di-j i—-j (_ sin(di_j) ( )
Si= (AXi_j> = p;+p; +Dij- (7)
7~ Ay j j

The vectors p; and p; represent the location of
the rotation point of the bearing relative to the
center of the sensor base. The orientation of the
connecting rod in space is represented by the
vector p;_;. In order to determine the global
position of the second sensor probe, the local
position of the right probe needs to be added to

the global position of the probe §ic which can be
expressed as

S¢=SE+5h (8)

By using two or more reference probes with
known positions on the component it is possible
to determine the global positions of the probes
along multiple paths, which can be averaged to
minimize the uncertainty of each position.
Additionally, with approach to evaluate multiple
paths also offsets and calibration errors can be
detected. It is assumed that changes in the
surface strain or shape are spread over
geometrical distances significantly larger than
the distances between the individual sensor
probes. Therefore, we made the distances
between the sensor probes adjustable to meet
the application requirements.
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Uncertainty Estimation

The measurement uncertainty is estimated
according to the “Guide of Uncertainty
Measurement” [1]. The expanded uncertainty U
in the position of a sensor probe can be
expressed by the functional dependence f (¥) of
the probe position with respect to the measured
angels and distances included in the vector ¥
and their individual standard uncertainties u,
according to

U=k-\] af(’?)-cn-u,zcn. 9)
n=1

dx,

With the weighting parameter G also non-
Gaussian shaped probability density functions
can be described, and the coverage factor k
allows to consider different levels of confidence.
The knowledge of the degrees of freedom are
crucial as a normal distribution cannot be
assumed for low degrees. For complex
relationships the uncertainty estimation can be
broken down in smaller subsystems, which then
can be evaluated individually. Therefore, all of
the used sensors in the network are evaluated
first and this information was then combined to
get an overall uncertainty estimation for all local
connections, as is shown in Fig. 3. The curve
describes the local position uncertainty of a
specific sensor probe. In order to calculate the
global position uncertainty of each probe, the
local position uncertainties have to be brought
into the global coordinate system using the
information of the reference probes and the
geometrical positions (paths) of the sensor
probes within the network.

Uncertainty Estimation of the
Measurement

The accuracy of an angle measurement heavily
depends on the uncertainty introduced by the

Angle
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acceleration sensor. We utilized the ADXL355
MEMS acceleration sensor from Analog
Devices due to its built-in 20-bit internal analog-
to-digital converter (ADC) and low noise
performance [2]. All uncertainty contributions
u(¥) on the three sensor axes and the
expanded uncertainty of the accelerometer U,
for each axis are presented in Table I. The
measurement values are expressed relative to
the standard gravity in units of g. The position
uncertainty of the acceleration sensor within the
probe housing and zero offset of the
accelerometer have a significant impact on the
uncertainty, as is demonstrated in [3].
Therefore, it is necessary to calibrate the sensor
properly using a suitable model. Additionally,
the sensor axis must be aligned with the probe's
coordinate system using a rotation matrix,
which is also used to scale the accelerometer
values. This allows for the sensor to be
accurately modeled with

a)F(, Sx,x Sx,y Sx,z a)f bx
a}’f = Sy’x Sy'y Sy'z a}s; + by , (1 O)
aé’ Sz,x Sz,y Sz,z ag bz

P = S-ds+ b. (11
The vector a” represents the measurement
data in the coordinate system of the sensor
probe, which is transformed using the rotation

matrix S from dS. The offset vector b is
necessary to compensate static offsets in the
sensor axis. In total the twelve parameters have
to be determined employing a least-squares
algorithm by rotating the sensor into predefined
positions. Since the three accelerometer values
d® are independent of each other, each axis can
be calculated individually [3]. The calibration
quality can be determined according to [4] by
comparing the actual accelerometer values, a”
with the measured values obtained through

calibration &P with
N

— 1 - 2 2
U%(acy) = mZ(a” - ap) ) (12)
n=1

The uncertainty 1u(ac,) describes the
uncertainty of the sensor relative to the housing
of the sensor probe with the variance of the fit
residuals [4]. Based on this uncertainty, the
uncertainties of the fit parameters can also be
calculated according to [4], [5]. The used
calibration uncertainty i(ac,) is determined
through several calibrations evaluating different
sensors, with 100 measurements taken for each
rotation. Thus, the degrees of freedom for the
calibration uncertainty is vc, = 1200. Across all
axes the uncertainty of the calibration is nearly
the same with u(ac,) = 1 mg. This uncertainty
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is used for the calculations in all axes. In this
application it is also important to consider the
temperature drift and nonlinearity of the sensor
in order to ensure accurate measurements. We
assume a maximum temperature drift of up to
10°C in the operating environment. The sensor
has a temperature sensitivity of 0.01%/°C of the
full-scale measurement range and a
nonlinearity of 0.1% [2]. A rectangular
distribution is assumed for these parameters.
Therefore, the standard uncertainty values are
weighted with a factor G; = 1/4/3. The root-
mean-square error of the sensors was
determined by measuring over a time interval of
approximately 24 hours using a third-order low-
pass filter with a cut-off frequency of 1 Hz to
further reduce sensor noise. The total standard
uncertainty for each axis of the accelerometer is
U, = 3.4 mg with all contributions itemized in
Tab. (1).

The uncertainty Uy and Uy is calculated from
the uncertainties of the acceleration sensor
using equations (1) and (2). Due to the
nonlinearity of these formulas, uncertainties
must be evaluated across the entire parameter
space, resulting in a non-constant uncertainty
for the ¢ uncertainty. This is due to a singularity
in the angle determination when 6 approaches
+90°, as shown in Fig. 3.

1 Uncertainty of the angles Phi ¢ and Theta 6
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Fig. 3:  Uncertainty of the angles ¢ and 6 over

the parameter space of 6.

This phenomenon is caused by the so-called
gimbal lock effect, when describing rotations in
3D-space employing Euler angles. At these
limits the wuncertainty becomes infinite.
Therefore, we limit the sensor's angle to the
point where the uncertainty Uy is smaller than
0.25°. This means that the sensor may only
rotate between +85 degrees using the ¢ angle.
This restriction can only be met by avoiding to
place sensor probes in an angle 8 = £90°. The
uncertainty of the angle 6 stays constant over

383



DOI 10.5162/sensoren2024/D5.1

Tab.2:  Uncertainty contributions on the length measurement
Standard Source of Value of | Probability distribution _of u; = |¢;| - G;-u(x;) | Degrees of
uncertainty uncertainty standard factor L a_xl freedom
component uncertainty
u(x;) G; v
u(kp) Resolution 50.4 pv 1/V3 1.7 mm/V 49.2 nm o
ADC error
u(kyypr) LVDT sensor 12.7 um 1/V3 1 7.33 um ©
nonlinearity
u(kg) LVDT signal 18 mV 1/V3 1.7 mm/V 17.6 pm ©
conditioner
error
u(kg) Bearing play 32 um 143 2 36.9 um ©
U2 = 1.73 (um)? o0
Up = 41.6 ym
U o5 = 83.2 um

the complete parameter space. Thus, the 6
angle can be measured with a higher
confidence in all rotations of the probe. This is
important to consider when mounting the
sensor on a component surface with a strong
curvature. For the connecting rod angle §;_;, the
uncertainty can be calculated using Eq. (3). Due
to the similar functional dependence of the input
variables, it must be evaluated at each working
point and is not constant over the entire
parameter space of §;_;, as is shown in Fig.4.
For this measurement the angle §;_; also needs
to be limited to a maximum uncertainty of 0.5°.

Uncertainty of the angle Delta Ji_].

0.75

Uncertainty U [°]
o
o

o
N
a

0 \ \ \ . . . . . . . \ )
90 -75 -60 45 -30 -15 O 15 30 45 60 75 90
Delta ‘5i~j 1

Fig. 4:  Uncertainty of the angle delta over the

parameter space of §;_;

The uncertainty of the angle measurement is
rather big and can only be improved by reducing
the uncertainty of the accelerometer sensor.
This also showcases the limitations of angle
measurements employing accelerometers.

Uncertainty Estimation
Measurement

The first step to estimate the length or distance
uncertainty is to determine the functional
relationship with respect to the input

of the Length
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parameters. As mentioned earlier, we used an
LVDT sensor to measure the absolute distance
between two probes. The LVDT sensor only
measures the absolute distance over a small
range, and therefore the nominal distance kyom
needs to be added to determine the probes
distance with

(13)

ki—; = kivpr + Knom-

The distance measurement kypt of the LVDT
sensor is proportional to the sensors output
voltage U ypr and can be expressed with

kivpr = (d - Upypr + Up). (14)
The parameter d describes the gain factor
between the distance and the sensor voltage
output with a zero offset U,. Thus, the distance
k;_;j can be written in relation to the sensor
voltage as

ki_j = (d-Upypr + Up) + knom- (15)

The sensor has a nonlinearity of 0.25% for the
full-scale range, which results in a nonlinearity
uncertainty of u(kyypr) = 12.7um. For a proper
readout and condition of the sensor a special
chip is used to operate the sensor, which also
introduces uncertainty contributions to the
measurement. In the datasheet of the chip a
total error of 0.6% is given [6]. The output
voltage of the chip is digitized with a 16-bit ADC,
which adds a resolution error u(kp).The
connecting rod is held in place at both ends with
spherical ball bearings, which introduces play
into the length measurement with a maximum
play of 32 um at each end [7]. Therefore, the
bearing air contributes twice to the uncertainty
estimate. All of the uncertainty sources and their
contributions are presented in Tab. (2). Hence,
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Tab.3:  Uncertainty contributions on sensor probes position
Standard Source of Value of | Probability distribution _of u; = |¢;| - G; - u(x;) | Degrees of
uncertainty uncertainty standard factor L a_xl freedom
component uncertainty
u(x;) G; v
u(g) Manufacturing 0.1 mm 1/V3 Cq Uy o
tolerance
u(h) Manufacturing 0.1 mm 1/V3 Ch u, ©
tolerance
u(a;) Angle u(a;(¢:,6))) 1 Ca; Ug, > 1000
uncertainty
ula; Angle (. A, 1 Cy. Uy, > 1000
() ungertainty v (a] (d)"a’)) “ ’
u(8i—j) Angle u(6i—j) 1 Csi; Us,_; )
uncertainty
u(ki_;) Distance 41.6 um 1 Cr,.; Uk, o
uncertainty
u(S;) Position u(S;) 1 cs, Us, ©
uncertainty

the functional relationship according to Eq. (15)
is linear related to all of the uncertainty sources
the uncertainty U, is equal to 41.6 um for the
complete measuring range. Since all
contributions have a degree of freedom going to
infinity, the total degree of freedom is also
infinite. For further improvement of the sensors
uncertainty a calibration with a precision
reference system should be done, like shown in

[8].

Uncertainty Estimation of the Local Position

The uncertainty of the local position can be
determined with the help of the previously
determined sensor uncertainties and the
mechanical uncertainties. Since the relative
position of the sensor probe has three
coordinates the uncertainty also has to be
expressed in three dimensions. Therefore, the

vector for the local position uncertainty L_fj" is
given by

2

o a(st
5= |5 (L0

n=1

(16)

This position uncertainty is highly non-linear
depending on the individual uncertainty
components. In particular, the orientation of the
surface normal has a strong effect on the
position uncertainty due to the sine and cosine
dependencies of the rotation angles,
respectively. This is also important for the used
uncertainties of the accelerometer sensors.
Thus, the sensitivity coefficient and the sensor
uncertainties have to be evaluated at each
position. The mechanical uncertainties of the
probe are given by the manufacturing
tolerances, which are for both dimensions
+0.1 mm. All uncertainty contributions are
displayed in Tab. (3). For the determination of
the local position uncertainty the position
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uncertainty of S! is assumed to be zero as
sensor probe #i defines the origin of the local
coordinate system. This results in a local

uncertainty l_]}i of the probe that cannot be used
to make statements about the position
uncertainty U}Cof the probe in the components
coordinate system.

Sensor Network Uncertainty Estimation

In order to transfer the locally defined relative
distance information of neighboring probes into
the global component coordinate system
reference probes are introduced. The
uncertainty of a reference probe is given by the
accuracy with which the reference probe can be
positioned by a worker or robot in the
component coordinate system. Thus, every
non-referenced probe inherits the uncertainty of
the reference probe ﬁSRef and the uncertainties
introduced by local connections to neighboring
probes. Hence, the number of connections
should be kept to a minimum, as the total
uncertainty increases with the number of
network nodes. The minimum number of “hops”,
i.e. paths crossing a sensor probe, can be
determined evaluating all possible paths
between a reference sensor and a specific
sensor probe. On each path the uncertainty
propagates differently throughout the network.
To reduce the position uncertainty the
information of different paths can be fused
[51.[9].

In order to showcase the uncertainty
propagation through the network we simulated
an example application, where 25 probes are
arranged in a two-dimensional configuration on
a semicircle with a diameter of six meters. By
placing the sensor network on this semicircle,
the sensor values are spread nearly over the
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complete parameter space. Two reference
probes are placed on the left and right edge of
the circular structure, which is shown in Fig. 5.
Therefore, the position uncertainty of each of
the non-referenced probes can be calculated on
two different ways, with sensor #1 as reference
of with sensor #25 as reference, respectively.

---83--- Sensor Network
Half Circle

xC [m]
Fig. 5: Sensor network placed on a
semicircle with two reference probes

The local and global position uncertainties of
the sensor probes with respect to the left
reference sensor #1 are shown in Figure 6. The
position uncertainties with respect to reference
sensor #25 behave similar and are only
mirrored around sensor position S5. For
reference sensor #1 a position uncertainty of
0.1mm is assumed. This is clearly recognizable
in Fig. 6. As aresult, all of the probes to the right
cannot have a lower level of global uncertainty.
As expected, probe #25, which is furthest away
from reference sensor #1, has the highest
position uncertainty of 2.8 mm.

Local sensor probe uncertainty

1 5 10 15 20 25
Probe [i]

%1073 Global sensor probe uncertainty

Fig. 6: Local and global sensor probe
position uncertainties with respect to

the left reference sensor #1.

Fig. 7 shows the result of the uncertainty
calculations, where the position uncertainties of
each sensor has been calculated as the
weighted mean of two uncertainty estimations,
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the first one coming from the path originating
from sensor #1 as reference and the second
one coming from the path originating from
sensor #25 as reference. As expected, the
maximum position uncertainty exhibits sensor
#13 with 1.52 mm, lying in the middle between
the reference probes. At the reference probes
the uncertainty of the probes only decreases by
a small amount when taking the second
possible path into account.

3<10'3 Fused global sensor probe uncertainty

Probe [i]

iX

Fig. 7:  Fused  global sensor  probe
uncertainty from the left and right
reference

Conclusion

This paper presents the construction and
calculations for a wireless sensor network for
the determination of shape and surface stress
of large objects. Additionally, we evaluated the
uncertainties of the complete sensor network by
individually assessing each sensor (network
node), considering their individual uncertainties.
This highlights the challenges of estimating
uncertainties with nonlinear  relations.
Combining all uncertainty quantities allows for
the estimation of both local and global position
uncertainties of the sensor probes. Global
uncertainty propagates through the network and
increases with every additional connection.
However, position uncertainty can be reduced
by fusing different paths originating from
multiple reference probes. In a future work, the
sensor uncertainties will be further reduced to
improve the overall accuracy of the sensor
network.
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