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Calibration of
instrumented treadmills
using an instrumented pole

Calibration of instrumented treadmills is imperative for accurate measurement of
ground reaction forces and center of pressure (COP). A protocol using an instrumented pole has been shown to considerably increase force and COP accuracy. This
study examined how this protocol can be further optimized to maximize accuracy,
by varying the measurement time and number of spots, using nonlinear approaches
to calculate the calibration matrix and by correcting for potential inhomogeneity in
the distribution of COP errors across the treadmill’s surface. The accuracy increased
with addition of spots and correction for the nonhomogeneous distribution across
the belt surface, decreased with reduction of measurement time, and did not improve
by including nonlinear terms. Most of these methods improved the overall accuracy
only to a limited extent, suggesting that the maximal accuracy is approached given the
treadmill’s inherent mechanical limitations. However, both correction for position dependence of the accuracy as well as its optimization within the walking area are found
to be valuable additions to the standard calibration process.

LH Sloot, H Houdijk, MM van der Krogt & J Harlaar. Optimal calibration of
instrumented treadmills using an instrumented pole, submitted
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In gait analysis, normal and pathological gait patterns are examined on the basis of
joint kinematics and kinetics. The latter includes net joint moments and powers,
which are calculated through inverse dynamics using a linked segment model with
mass distribution, kinematics, ground reaction forces (GRF) and moments, as well as
hereof derived center of pressure (COP). Of all these data, errors in GRF and thus
COP have been shown to be the main source of inaccuracies in lower body kinetics.1-4
These errors are generally larger in instrumented treadmills compared with conventional force plates that are incorporated in the floor, because of their large and compliant structure.5 Moreover, novel applications of these treadmills such as feedback
on frontal knee moments during gait6 or system identification of the neuromuscular
system7, require highly accurate force measurements. Recently, a protocol has been
presented to measure the performance of instrumented treadmills and assess their
accuracy.5 However, it is also imperative to improve this accuracy through optimal
calibration procedures.
On site calibration procedures have been developed for conventional force
plates that match recorded GRFs and COP against reference measurements. These
reference values can be established in several ways, by using static weights8, an instrumented pole9-13, an (automated) platform testing rig with a loading rod14-18, or a
dynamic construction, such as a cylindrical container with a rotating mass19, a 3D pendulum construction20 or an artificial leg21. Most of these calibration methods require
sophisticated set-ups around the force plate and are therefore impractical to use on
a large treadmill, except for the weights and instrumented pole. Static weights have
been used for calibration of instrumented treadmills, however, they are impractical
for the calibration of horizontal forces. An instrumented pole facilitates the application of varying forces in different directions within a single measurement and has
been shown to result in higher accuracy compared with weights.13
For this type of calibration, an easy to perform protocol has been published by
Collins and colleagues that describes how to capture data and calculate the calibration
matrix.13 The protocol consists of trials of 5 seconds at 20 spots distributed over the
treadmill belt. However, the chosen number of spots and measurement time are not
substantiated, and accuracy might be further improved by increasing them; or the
same accuracy might be obtained from fewer measurements. In addition, correction
for possible nonlinearity resulting for instance from asymmetrical distortion moments
on the force sensors by bending of the plates might further increase the accuracy.8,22
In this study we examined if this calibration protocol using an instrumented pole
can be optimized by: 1) finding the optimal measurement duration and number of
spots; 2) accounting for nonlinearity in the calibration matrix; 3) and accounting for
nonhomogeneity in the distribution of errors across the belt surface. In addition, the
repeatability of the standard calibration procedure was determined.
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The principle of the calibration procedure was based on the protocol previously outlined by Collins et al.13 The force and COP measurements were calibrated by maxi
mizing the match between treadmill output and reference data measured with an
instrumented pole at a stationary treadmill. An available instrumented calibrator
(1.12m, 5.3kg) was used (Figure 1), equipped with four optical markers and a 1 DOF
axial load cell (S-type, Revere Transducers Europe) mounted within its frame (Motekforce Link, Netherlands). To limit forces that are not applied along the central axis, a
compliant joint system was used on the inside of the calibrator to redistribute these
forces to the central axis, a metal loading plate with a shallow hole was used, also to
increase accuracy by applying a distributed load23, the tip of the calibrator was minimized with optimized friction to the metal plate and forces were exerted by pulling
a handle attached to the calibrator with a rope. This instrumented calibrator gave
comparable calibration results as a conventional instrumented pole (see Fig. 5-S1). To
determine the COP and the orientation of the calibrator, the lower tip was identified
as virtual marker by establishing its relative position to three of the technical markers
using functional calibration, defining the tip as the position the calibrator was circled
around on the treadmill belt in a calibration trial.24
A data set of 55 spots of 5s each was measured to construct different calibration
matrices (Fig. 5-1). A selection of 20 spots uniformly spread over the area of each belt

Fig. 5-1: the instrumented calibrator (left), setup of the measurement (middle) and the distribution of measurement spots on the treadmill (right). The latter includes the total calibration
(red circles), standard calibration (blue cross) and validation (green triangles) measurements. In
addition, the COP measured during a few minutes of treadmill walking is given in black stars.
The filled circles and triangles are the selected measurements used for the calibration within
the walking area. The distance to the edge of the belts is related to the size of the metal plate
used to rest the tip of the calibrator upon.
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constituted the standard calibration data set. Also, a validation data set of 11 measurements per belt was collected to determine the accuracy of the calibration matrices.
The next day, another standard calibration and validation data set were collected. During the measurements, a force was applied through the calibrator by initially exerting
as much vertical load as possible on the treadmill, followed by a slowly circular movement, applying as much load as possible in the horizontal directions.
The instrumented dual belt treadmill (50x200 cm/belt, R-Mill, Motekforce Link,
Netherlands) had six force sensors under each belt with a full scale output of 1000 N
in the horizontal and 10000 N in the vertical direction.5 To demonstrate the effect of
the calibrations on gait data, force data were measured while a single subject (F, 28yr,
70 kg) walked on the treadmill at 3 km/h. Approval of the local ethics committee and
written consent was provided.
Data analysis
Treadmill, load cell (both sampled at 1000 Hz), and motion (100 Hz) data were synchronized, down sampled to 100 Hz and low pass filtered with a 3nd-order Butterworth filter with a cutoff frequency of 5 Hz to reduce noise effects. The reference
data were processed as follows. The virtual marker was used to track the point of
force application as well as the orientation of the calibrator using the upper markers.
The orientation was subsequently used to decompose the measured 1D force into 3D
forces along the three orthogonal axes of the global treadmill coordinate system.13
The load cell of the calibrator was calibrated by applying weights of 30, 15 and 0
kg on the calibrator while it was positioned vertically using a level and measuring an
offset trial with the calibrator lying horizontally.
A calibration matrix C (12 by 12; 6x6 matrix per belt and their crosstalk) was constructed by minimizing the mean least squares error between the reference 3D forces
and 3D moments per belt measured by the calibrator in matrix R [12xtime], and the
12 treadmill sensor outputs in Volts in matrix STM(V) [12xtime], with the unloaded
offset (Offset(V)) subtracted, as described by Collins et al.13 This matrix C gives the
transformation from the output of the 12 treadmill sensors in Volts (STM(V)) to three
orthogonal forces in Newtons and moments in Newtonmeters (STM(N)) per belt by:

C = R / ( STM (V ) − Offset(V ) )

5-1

This matrix C gives the transformation from the output of the 12 treadmill sensors in
Volts (STM(V)) to three orthogonal forces in Newtons and moments in Newtonmeters
(STM(N)) per belt by:

STM ( N ) = ( STM (V ) − Offset(V ) ) * C
					

5-2

The COP (relative to the mechanical zero) was subsequently calculated as follows:		
		
Fml × COPvert − M ap
F × COPvert + M ml
5-3
COPml =
COPap = ap

Fvert
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Fig. 5-2: effect of different calibration matrices (different colors) on the COP of a single step,
one left (upper figure) and one right stride (lower figure). The Verkerke method was used to
illustrate the effect of spatial correction.

with F force, M moment, ap anterior-posterior, ml medio-lateral, vert the vertical direction, and COPvert the vertical distance between exerted force and the treadmill sensors.
The calibration data set was used to construct calibration matrices according to
Eq. 5-1, the accuracy of which was tested on the validation dataset using Eq. 5-2.
The forces and COP calculated from the treadmill output were compared with the
reference forces and COP calculated from the calibrator. The accuracy was calculated as the root mean square error (RMSE) between treadmill and reference data per
measurement spot, and the total error was reported as the mean RMSE over spots as
well as the resultant over the mean per directions. To illustrate the effect of the different calibration approaches on gait data, the COP was calculated for a left and right
step on the treadmill using the standard calibration as well as other methods.
1. Measurement duration and number of spots
To examine if shorter measurements might be sufficient, an incremental part of the
data was selected per measurement spot, from the first halve second up to the full
5s. The effect of number of spots on the construction of the calibration matrix was
examined by varying the selected number between 4 to 55 spots. To reduce the influence of a specific measurement, a selective bootstrapping method of 50 repetitions
was used for each number of spots, in which combinations of spots were randomly
67

drawn, stratified by the front, middle and back part of the treadmill to warrant global
spread. For each combination of duration and subset of measurement spots, a new
calibration matrix was constructed. The accuracies were based on the same validation
data set. The average error (over repetitions) as a function of number of spots was
smoothened (moving average filter with a span of 4 spots). The optimal number of
spots was defined as the number at which the decrease in error become below 1%,
and the optimal duration was taken as the duration with the lowest accuracy. This
optimal combination is referred to as the standard+ calibration.
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2. Accounting for nonlinear terms
A local matrix was calculated per belt, thus ignoring crosstalk between plates in contrast to the standard approach. In addition, matrices were constructed including offset
and different nonlinear terms:

C = R / [S 0 ; S 1; S 2 ; S 3 ; S 4 ]

5-4

with C the calibration matrix describing the transformation between a matrix con
taining the treadmill sensor output (S1) as well as higher orders of these output (S2,..)
and offset terms (S0) to forces and moments.
3. Spatial correction
After the standard calibration of the treadmill output, there can be an unequal distribution of COP error over the belt surface. To reduce this error within the primary
walking area, a simple approach was first evaluated in which only the measurement
spots within this area were included in the calibration data set (Fig. 5-1). In addition, spatial nonlinearity over the whole belt surface was taken into account by more
advanced post hoc spatial correction. The full calibration data set (55 measurement
spots) was used to determine correction coefficients based on two methods described
in literature for ground mounted force plates. The first method was proposed by
Schmiedmayer et al. (referred to as method S):25

∆COPx = ( p1x + p 2 x COPy2 + p3 x COPy4 )COPx + ( p 4 x + p5 x COPy2 + p6 x COPy4 )C

Px = ( p1x + p 2 x COPy2 + p3 x COPy4 )COPx + ( p 4 x + p5 x COPy2 + p6 x COPy4 )COPx3

5-5

and the second method by Verkerke et al. (method V):8

∆COPx = p1x + p 2 x COPx + p3 x COPx2 + p 4 x COPx3 + p5 x COPy

5-6

with ΔCOPx the difference between the COP calculated from the calibrated treadmill
data using the standard calibration matrix and the calibrator, p1X, … the error map
68

Table 5-1: Accuracy of different calibration methods
Average RMSE
Calibration method
per directions
F(N)
COP (mm)

COP (mm)

ml: 2.09±2.74
ap: 4.17±3.71

F: 5.34

COP: 4.66

ml: 2.01±2.41
ap: 3.73±3.54

F: 5.40
∆: 0.06

COP: 4.24
∆:
-0.42

2.08 ± 0.50
2.45 ± 0.96
4.25 ± 1.22
2.11 ± 0.54
2.36 ± 0.90
2.84 ± 1.38
2.09 ± 0.52
2.48 ± 1.03
3.83 ± 1.16
2.10 ± 0.53
2.42 ± 1.01
2.70 ± 0.96
2.11 ± 0.58
2.45 ± 1.00
3.36 ± 0.80
2.11 ± 0.59
2.42 ± 1.01
2.41 ± 0.65

ml: 2.09±2.74
ap: 4.17±3.71

F: 5.33
∆: -0.01

COP: 4.66
∆:
0.00

ml: 2.88±3.27
ap: 7.24±5.94

F: 4.26
∆: -1.08

COP: 7.80
∆:
3.14

ml: 2.00±1.95
ap: 4.29±3.05

F: 5.02
∆: -0.32

COP: 4.73
∆:
0.08

ml: 2.15±2.11
ap: 6.08±4.60

F: 4.19
∆: -1.15

COP: 6.45
∆:
1.79

ml: 1.91±1.78
ap: 5.07±4.56

F: 4.67
∆: -0.67

COP: 5.42
∆:
0.76

ml: 2.22±1.91
ap: 7.33±6.42

F: 4.01
∆: -1.33

COP: 7.66
∆:
3.00

ml: 2.00 ± 0.59
ap: 2.68 ± 1.10
vert: 4.44 ± 1.66

ml: 2.16±2.04
ap: 3.87±3.30

F: 5.56
∆: 0.22

COP: 4.43
∆:
-0.23

ml:
ap:
vert:
Offset
ml:
20 spots, 5s
ap:
vert:
2
Non-linear: x+x
ml:
20 spots, 5s
ap:
vert:
Non-linear: x+x2+offset
ml:
20 spots, 5s
ap:
vert:
Non-linear: x+x2+x3
ml:
20 spots, 5s
ap:
vert:
Non-linear: x+x2+x3+offset ml:
20 spots, 5s
ap:
vert:
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F (N)

Trial length and number of spots
Standard calibration
ml: 2.09 ± 0.50
20 spots, 5s
ap: 2.46 ± 0.96
vert: 4.25 ± 1.22
Standard+ calibration
ml: 2.16 ± 0.52
30 spots, 5s
ap: 2.55 ± 0.99
vert: 4.24 ± 1.27
Non-linear terms
Local calibration
20 spots, 5s

Resultant RMSE

Spatial correction
Walking area
16 spots, 5s
Schmiedmayer
55 spots, 5s
Verkerke
55 spots, 5s

ml: 2.19±2.44
ap: 4.46±3.14

COP: 4.96
∆:
0.30

ml: 2.34±2.90
ap: 3.96±3.86

COP: 4.60
∆:
-0.06

Effect of different calibration approaches on the force and COP accuracy calculated from the
same validation data set. With F force, COP center of pressure, ml mediolateral, ap anteriorposterior, and vert vertical direction, and ∆ the difference with the standard calibration (negative value is lower error). Per spot, the RMSE is calculated between the treadmill and calibrator
data. Here, the mean RMSE and standard deviation over spots are given for the different
force and COP directions, as well as the force and COP resultant (vector sum) total error. The
numbers of spots and samples are a description of the calibration data set used to calculate the
calibration matrix for the mentioned approach.
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Fig. 5-3a: the effect of number of measurement spots and number of data samples on the resultant COP error for the left and right belt (with blue indicating lower and red higher errors).
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correction coefficients for the x-axis, and COPy, COPx the calibrated treadmill force
data. The correction coefficients for the y-axis were determined similarly. Once the
correction coefficients were estimated from the calibration data set, the final accuracy
of COPx and COPy were calculated from the validation set:

COPfinal , x = COPx − ∆COPx ;
COPfinal , y = COPy − ∆COPy

5-7

with COPfinal the COP after spatial correction. To determine the effect of this correction, it was applied to the validation data set after standard calibration.

5
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4. Repeatability
Repeated measurements were taken to create a context to interpret the effect of different calibration approaches. A standard calibration data set (20 spots per belt) and
validation data set were captured on two consecutive days. To determine the betweenday repeatability of the entire procedure, a new matrix was calculated using the calibration set of day 2 and the accuracy determined using the validation set of day 2.
To determine the effect of the calibration data on the calculated matrix, the accuracy
of the calibration matrices of both days were compared using the validation data set
of day 1.
Results
1. Measurement duration and number of spots
Generally, the accuracy of force and COP increased with increasing duration and
number of spots (Fig. 5-3). For the left belt, our criterion for an optimal calibration
data set was reached with 15-30 and 27 spots for the force and COP error in different
directions, with a duration of 4 to 5s. For the right belt, a number of 8-9 and 15-26
were optimal, with a duration varying between 2-4s and 2-5s. Hence, in order to fulfill
our criterion for all parameters, the standard+ calibration consisted of 30 spots of
5s each, resulting in a comparable (0.06 higher) resultant force error and a 0.42 mm
lower COP error compared with standard calibration (Table 5-1). Standard+ gave
similar COP during gait as standard calibration (Fig. 5-2).
2. Accounting for nonlinear terms
The simple local calibration matrix, without crosstalk between belts, resulted in comparable resultant force and COP errors as standard calibration (Table 5-1). Inclusion of offset terms resulted in slightly lower resultant force errors compared with
standard calibration (1.08-1.33 N for the different nonlinear terms), but higher COP
errors (1.79-3.14 mm). Similar results were found for inclusion of higher order terms,
but with slightly increased COP error (0.08-0.76 mm). Inclusion of the second order
term resulted in relatively large deviations from the COP during gait as calculated with
standard calibration (Fig. 5-2).
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Fig. 5-4: spatial distribution of the RMSE COP for different calibration methods. The methods are without COP correction (A), with COP correction based on the method described by Schmiedmayer (B) or by Verkerke (C) and using the calibration matrix focused on the walking area (D). Indicated are the resultant (over anterior-posterior and medio-lateral direction) errors between treadmill and instrumented calibrator measurements
(with green indicating lower and yellow higher errors).
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3. Spatial correction
There was an unequal distribution of COP error over the belt surface after standard
calibration (Fig. 5-4). Although calibration focused on the primary walking area resulted in similar overall accuracy as the standard calibration (Table 5-1), validation
within the walking area showed a significant local decrease of 1.62 mm (Table 5-2),
which is represented by the reduction within the walking area in Fig. 5-4. This figure
also shows that the spatial correction algorithms resulted in a more equal distribution
of the COP error, from a range of 19.0-17.3 mm with standard calibration, to 1.314.6 and 2.2-7.5 mm for method S and V, respectively. Method S resulted in a decrease
in resultant COP error with 0.30 mm (Table 5-1) compared with standard calibration,
however, method V reached a lower COP error in the walking area (Table 5-2).

5
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4. Repeatability
Between days differences for the whole calibration and validation procedure were
2.14 N and 0.36 mm (Table 5-3). Differences between calibration matrices were in the
order of 6.30 N and 0.54 mm.
Discussion
In this study we examined if the standard calibration protocol using an instrumented pole can be further optimized for instrumented treadmills.13 First, we examined
whether the applicability of the protocol could be improved by including fewer or
shorter measurements while reaching the same accuracy, or whether the accuracy
improved by increasing the number of spots. The addition of extra spots was found
to increase the COP accuracy compared with the 20 spots used by Collins et al13, while
a reduction negatively affected the accuracy. In addition, accuracy generally decreased
with a reduction of measurement duration, most prominently for left belt COP and
right belt COPml, but not for all directions. For instance, the first part of the data contained the largest range and highest magnitude of vertical forces, so for this direction
the accuracy did not improve with a longer duration. It was not examined whether
increasing the measurement time would further increase the accuracy, however, the
maximum measurement time (5s) seemed sufficient to exert a wide range of forces as
the error leveled off, while at a longer duration fatigue is expected to negatively affect
the exertion of high loads. The optimal calibration data set for all directions consisted
of 30 spots per belt of 5s each, and improved the COP accuracy.
Different approaches to construct the calibration matrix were examined. The local calibration reached the same accuracy as the standard calibration, indicating that
crosstalk between the belts did not largely affect the force and COP accuracy. This is
in agreement with the small crosstalk of below 1.5% measured for this treadmill.5 Inclusion of offset and nonlinear terms slightly improved force accuracy, but negatively
affected COP accuracy, which is in agreement with a previous study that found no
accuracy improvement after addition of nonlinear terms.13
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Table 5-2: effect spatial correction on accuracy of walking area
Calibration method
Standard calibration

Calibration
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ml:
ap:
vert:
Standard+ calibration ml:
ap:
vert:
Walking Area
ml:
ap:
vert:
Schiedmayer
Verkerke

Average RMSE
per direction
F (N)
2.14 ± 0.65
2.26 ± 0.72
3.94 ± 1.02
2.17 ± 0.68
2.37 ± 0.68
3.74 ± 1.07
2.08 ± 0.70
2.36 ± 0.71
3.61 ± 0.86

Resultant RMSE

COP (mm)
ml: 3.70±4.13
ap: 5.17±5.08

F (N)
F: 5.02

COP (mm)
COP: 6.36

ml: 3.28±3.52
ap: 4.51±4.48

F: 4.93
∆: -0.09

COP: 5.58
∆:
-0.78

ml: 2.66±2.88
ap: 3.92±3.81

F: 4.79
∆: -0.23

COP: 4.74
∆:
-1.62

ml: 3.32±3.76
ap: 5.04±3.92

COP: 6.04
∆:
-0.32

ml: 3.89±4.22
ap: 4.15±4.04

COP: 5.69
∆:
-0.67

Effect of selected calibration approaches on the force and COP accuracy of the trials of the
validation dataset in the walking area (see Fig. 5-2). With F force, COP center of pressure, ml
mediolateral, ap anterior-posterior, and vert vertical direction, and ∆ the difference with the
standard calibration (negative value representing a lower error).

After standard calibration, a nonhomogenous distribution of the COP error was
found across the surface of the treadmill. These spatial differences could not have resulted from the specific order of the measurements or fatigue of the investigator applying the forces, because similar results were found in additional measurements the
following day, while measuring in a different order (Supplementary material). It could
have been caused by slight bending of the large force plates, which is less of a problem in ground mounted force plates. Still, error distributions have also been reported
for these conventional force plates, with lowest errors in the center region.14,15 Since
the errors were not optimal within the walking area for our treadmill, the accuracy
could be locally improved. A simple approach was to include only data from within
this area, showing a significant increase in local COP accuracy that was larger than the
variability measured between days. This could potentially be further increased by using a smaller metal plate which limited the distance to the belt edge. Alternatively, the
nonlinearity in COP error could be reduced across the whole belt by correcting for
the positional dependence. The method of Verkerke8 showed the best improvement
across the belt surface (Fig. 5-4) and reduction within the walking area. This could be
interesting when subjects are not expected to limit their gait to a central area of the
treadmill, for instance due to destabilizing perturbations.
The optimization of the calibration methods using an instrumented calibrator
only seemed to improve the overall accuracy to a limited extend, suggesting the maximal accuracy of this treadmill is approached given its inherent mechanical limitations.
The accuracy reached after the different calibrations was within the range reported
for most treadmills13,26-28, although better (errors of 1.2-1.7 mm29,30) and worse (20-40
74

Table 5-3: Repeatability
Calibration method

Between day
C1 and V1 vs. C2 and V2

Calibration data
C1 and V1 vs. C2 and V1

Average RMSE
per direction
Fml:
Fap:
Fvert:
COPml:
COPap:
Fml:
Fap:
Fvert:
COPml:
COPap:

Day 1
2.09 ± 0.50
2.46 ± 0.96
4.25 ± 1.22
2.09 ± 2.74
4.17 ± 3.71
2.09 ± 0.50
2.46 ± 0.96
4.25 ± 1.22
2.09 ± 2.74
4.17 ± 3.71

Day 2
2.53 ± 1.104
3.27 ± 1.49
6.18 ± 1.65
1.73 ± 1.28
4.12 ± 2.15
2.81 ± 0.96
2.15 ± 0.80
0.50 ± 3.49
2.63 ± 1.83
4.16 ± 3.66

Difference between
days
0.44
0.81
1.93
0.36
0.05
0.72
0.31
6.25
0.54
0.01

Fres:
2.14
COPres: 0.36

Fres:
6.30
COPres: 0.54

Calibration

With F force in N, COP center of pressure in mm, res resultant error, ml mediolateral, ap
anterior-posterior, and vert vertical direction.

5

mm8,31) COP accuracies have also been reported. The differences between the various
calibration methods in calculated COP during gait (Fig. 5-2) were relatively small, with
the largest difference around 5 mm for the medio-lateral direction on the left belt.
Even so, average errors of around 2 and 4 mm in the different directions remained,
although part of the error might be random and can be averaged away over multiple
strides. It has been shown that shifts of 10mm in the anterior-posterior COP can
considerably alter the magnitude of joint kinetics, up to a 7% change in the ankle
flexion moment, and 16% in knee and 8% in hip flexion moment.1,4,32 A similar shift
in the medio-lateral direction has been shown to reverse the pattern of ankle joint
inversion-eversion moment.32 This emphasizes the importance of calibration and,
although the optimal calibration might depend on the treadmill and required accuracy
for a measurement, this study provides several pointers to optimize the calibration
protocol for a given instrumented treadmill.
Future steps should not only focus on improvement of treadmill constructions,
but also on decreasing the variability between calibration sessions to ensure an optimal and stable level of accuracy for a gait lab. This repeatability could benefit from
further standardization of the calibration protocol, for instance by predefining a grid
for the measurement spots and providing feedback on the exerted force to ensure
a representative range of forces is included. In addition, the design of the instrumented pole design could be improved, to enable exertion of representative forces
and increase user friendliness, including limiting preparation time and designing an
ergonomic grip. Furthermore, it would be interesting for quality assurance to examine
the accuracy of a calibration matrix over time, by capturing different validation sets
over a longer period of time. Lastly, the question remains whether static calibration
provides the best transformation matrix for the treadmill outputs under experimental
conditions, i.e. with a running belt. Future research should compare the accuracy of
static with dynamic calibration techniques under these experimental conditions.
75

Conclusion
The optimal calibration data set consisted of 30 measurements per belt of 5s each.
In addition, both correction for position dependence of COP error as well as its optimization within the walking area are found to be valuable additions to the standard
calibration process. Potential improvements that should be further examined include
standardization of force application, improvement of pole design, and applicability
under experimental conditions.
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Fig. 5-S1: comparison between calibrator and a conventional pole comparable to those often
used in literature. On top: the spatial distribution of the RMSE COP is shown for both sticks,
with the RMSE the resultant error (over anterior-posterior and medio-lateral directions) between treadmill and instrumented calibrator or pole measurements, normalized to the maximum RMSE error per stick. Green indicates a lower and yellow a higher error. In addition, a
schematic figure of the calibrator and pole are shown. The pole (1.00 m, 1 kg) was equipped
with 3 optical markers for motion tracking and a 1 DOF axial load cell (S-type, AMTI, MA,
USA) with conical shaped ends. and force exertion via a wooden plate. Lower left figure: the
effect of the calibrator and pole based calibration matrices, both standard and standard+ with
30 spots, on the COP of a single left step. Lower right: figure force and COP accuracy of the
calibrator and pole based calibration matrices (standard protocol, 20 spots per belt), calculated
using their own validation data set. With F Force, COP center of pressure, ml medio-lateral
direction, ap anterior-posterior and vert vertical and delta indicating the difference between
the calibrator and pole (with negative a lower error). Overall, the pole resulted in slightly better accuracy of force and COP, with a difference in resultant errors of 2.86 N and 0.47 mm.
The pulling approach of the calibrator facilitated the exertion of higher loads, 39.3±11.6 N
in the horizontal and 326.9±26.2 N in the vertical direction compared with 29.6±6.3 and
236.3±19.3 N for the pole. Differences in calculated COP during gait data were small for the
right belt, but slightly larger in the medio-lateral direction for the left belt (shown).
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