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length are based on a sensor signal analysis, 
which jointly evaluates the behavior of all sensor 
signals in time domain, see Fig. 2.

Fig. 2. Automatic multisensory measurement method 
of borehole length based on time domain signal pro-
cessing.

Both the torque (Fig. 2-a) and feed force (Fig. 2-
b) are obtained by filtering the original measured 
signals in order to eliminate inherent process
noise. The combined analysis of both torque and
feed force shows that there is a correlation be-
tween these signals. The initial slope observed
in the torque and feed force refers to the instant
in time in which the drill gets in contact with the
workpiece W (material: composite with two PVC
external layers and one internal polystyrene rigid 
foam XPS layer), whereas the drop of both sig-
nals noted in the end of the time duration refers
to the breakthrough instant of the tool.

The feed force shows a higher sensitivity
throughout the drilling process when compared
with the torque sensor. This characteristic is
used to recognize the initial contact between the
tool and workpiece, which is defined by the inter-
section of the tangential line to the ground noise
with an added threshold Th and the best fit line L
from the inflexion point A to the immediate
change in curvature B (Fig. 2-b, zoomed view of
point 1). The point in time associated with the 
breakthrough is then determined based on the 
maximum value shown by the torque signal (Fig.
2-a, zoomed view of point 2) which also matches
the feed force signal for the given time instant. 
The time interval between the detected initial
workpiece contact and the breakthrough repre-
sents the drilling duration t1-2. The pattern shown
by the distance signal (Fig. 2-c) confirms that vf
is constant throughout the drilling process and
equals the set value of 0.5 mm/s. By using the
combined information from all the sensors, the 
borehole length Lb is then determined by multi-
plying the time duration t1-2 by vf:

Lb = t1-2  vf (1)
Fig. 3 shows the Lb values achieved when drilling 
the workpiece by using constant process param-
eters (n, vf and f). 

Fig. 3. Automatic borehole length Lb throughout exper-
imental repetitions.

The measured Lb values are distributed around
the mean µ = 25.2 mm (blue dashed line) with a 
small standard deviation σ = 0.06 mm, thus indi-
cating a good precision afforded by the proposed
sensor analysis. Considering both the Lb repeat-
ability and the reference system resolution of 
0.05 mm as the main sources of errors, and as-
suming a calibration to compensate for systemic
errors, the achieved expanded measurement
uncertainty for a confidence level of 95 %
amounts to 0.17 mm.

4. Conclusion and Outlook
An automatic multisensory method for the indi-
rect measurement of the borehole length during 
drilling of inhomogeneous composite material
has been presented. The method relies on the
evaluation of three different sensor signals to 
recognize both the initial and the breakthrough
positions between the drill and the workpiece. 
This has resulted in sufficiently precise measure-
ments of the machined borehole length, so that 
a systematic error dominates that requires a cal-
ibration. Therefore, next working steps are the
in-depth understanding of the cause-effect chain 
between the mechanical machining and the sen-
sor signals for improving the accuracy, as well as
the investigation of additional sensors regarding
their influence on minimizing the achievable total
measurement uncertainty of the borehole length. 
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Summary: In this paper a wireless sensor network for measuring large scale components is presented. Accordingly,
the methods of previous works for basic position calculations [1] and determining measurement uncertainties [2] are
combined to implement a fully operational measurement system. Furthermore, a minimal-cost path is employed to
optimize uncertainty in probe positioning calculations. Additionally, an approach for determining the structure shape
via a least-square fit is demonstrated taking into account position uncertainty of each sensor probe. In order to
demonstrate the feasibility a real-world measurement is presented.
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Motivation

Often it is not possible to measure the shape of a
large object in real-time due to the large amount
of time required. Therefore, we propose a wire-
less sensor network for determining the structure
shape in real-time via distributed and intercon-
nected sensors attached to the surface. Each
probe measures the surface normal at its po-
sition and the distance to its directly neighbor-
ing probes. In recent works we demonstrated
the construction of a sensor network capable of
measuring the shape of an object in real time
[1]. Additionally, we estimated the uncertainty
of such a sensor network in accordance with
the ”GUM” [3], resulting in an application depen-
dent quality indication for uncertainty [2]. More-
over, we investigated the uncertainty estimation
through the utilization of a Monte Carlo method
employing a least squares fit, as detailed in [4].
In this work we want to combine the previous
methods to prove the working principle within a
network consisting of 22 sensor probes and 48
connections. Furthermore, we want to show the
needed calculations to determine the shape of
an object. The component with the sensor net-
work is shown in Fig. 1.
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Fig. 1: Measurement object with the applied sensor
network consisting of 22 sensor probes.

Shape Calculation
For the shape calculations each sensor probe
position has to be evaluated in a reference probe
coordinate system, which is used to translated
into the component coordinate system. In our
setup probe #1 (lower right in Fig. 1) is used as
a reference probe denoted with the superscript
”C”. Due to the network structure each position
can be calculated along serval paths. However,
it is more practical to use the path with the low-
est position uncertainty. This can be achieved by
determining the minimal cost path by using the
A*- Algorithm from [5]. Since the network can
also mathematically be described as an undi-
rected graph. The network structure with its in-
terconnections is shown in Fig. 2. As weights
between the nodes the Euclidean distance un-
certainty of the probes position is used by apply-
ing the estimations from [2]. The result is a tree
with interconnections, where the path through
the branches with the lowest position uncertainty
in respect to the reference node coordinate sys-
tem is determined.

Fig. 2: Network structure of the applied sensor
network from Fig. 1 with 22 nodes and 48
connections.
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Fig. 3: Shape calculation of the component from Fig. 1 in phase 1 and phase 2, showing a deflection in Z direction
to the phase 0. Results visualized as heat map with attached sensor network, minimal uncertainty path marked in
red.

Subsequently, the surface shape can be re-
constructed using a two-dimensional polynomial
via a least-squares fit. The positions with the as-
sociated uncertainties are used for the fit calcu-
lation. For position estimation also the angles of
the measuring probes can be used, as the angle
information corresponds to the slope of the sur-
face at the calculated probes position, respec-
tively. This can be realized by extending the fit
algorithm with the first derivative of the polyno-
mial.

Measurement
Figure 3 shows the deformation resulting from
lifting the component’s edge ≈ 6mm generating
a torsional load on the component. The mea-
surement is divided into three phases. Phase 0:
initial shape, structure lies flat on the floor, phase
2: uplift of rear left corner and phase 2: uplift of
front left corner. The two upper graphs show the
calculated shapes of the component in phases 1
and 2 with the sensor networks minimal uncer-
tainty path highlighted in red. The change in the
Z direction with respect to the initial phase 0 is
presented with the color map. Both phases show
similar displacements. Also, the lifting point is
visible on the heat map and shows that the com-
ponent is lifted locally only on at a corner of the
structure. The bottom graph shows the roll angle
to illustrate the different stages in time. At the
end of the measurement process the structure
returns to its original shape.

Results
In this work we demonstrated that a real-time
monitoring of large-scale structures with precise
position and shape specifications is feasible, em-
ploying a wireless sensor network, which has
been mounted on a test structure. Probe po-
sitions and the determination of the structure
shape has been realized using a least-squares
fit algorithm. In a future work the measurement
results are cross-checked with a LASER-based
reference measurement system.
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