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Abstract 
 

Nowadays force platforms are widely employed both for diagnostic purposes and for monitoring the execution of motor 
tasks such as stance, both static and perturbed, and gait. Moreover, even if a clinical assessment based on the knowledge 
of the forces the patients can exchange with the environment can be useful, some guidelines are needed to determine the 
practical limitations of the measurements for motion analysis and postural control. In particular, in situ calibration is a 
fundamental practice especially when the force platforms are either used as reference or are connected with other devices 
in the measurement chain. Several calibration procedures for force platforms have been proposed in the literature, some 
of them dealing with only one force component, others with all the force and moment components, and some research 
groups have also developed and tested some innovative devices or introduced some corrective equations, performing 
either static or dynamic calibration. 
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1. Introduction 
 
Force platforms (FPs) have a broad range of applications, 
including crash tests in automobile factories, gait analysis 
for clinical evaluations, postural assessment and 
performance analysis in sport motions and gestures [1]. The 
periodic calibration of these devices guarantees and 
optimizes the quality of the acquired data. FPs are metal 
plates with rectangular shape, generally about 0.6 m× 0.6 m 
size, with load cells mounted to each corner to have an 
electrical signal proportional to the load amplitude on the 
plate. Accurate measurements of the ground reaction force 
(GRF) with FPs are important in many biomechanics’ areas 
[2], as motion analysis and postural control in both healthy 
and pathological subjects [3-4]. In a movement analysis 
laboratory, stereo-photogrammetric motion capture systems 
and FPs can share one absolute reference frame that allows 
the computation of joint moments and powers. The correct 
calibration of the device identifies the geometrical 
transformation between the FP and the laboratory (generally 
the absolute one) reference systems, which allows the spatial 
coherence among the equipment’s measurements [5]. 
Although reliable calibrations of stand-alone 
stereophotogrammetric systems are today achievable, 
several errors may affect the FP calibration [6]. Therefore 
the evaluation of moment and joint forces from gait analysis 
data strongly depends on the measurement accuracy of the 
ground reaction force (GRF). Usually, multicomponent FPs 
are used to measure GRF’s components and to calculate the 

center of pressure (COP) [7] position. It has been shown [8] 
that the accuracy of the GRFs measured by force  plates  has  
a significant  impact  also on  the  calculated  joint  dynamics 
(to calculate  joint forces, moments and powers using 
inverse dynamics  techniques are necessary data collected by 
force plates and kinematic).  Since errors in force  plates  
applications  may  occur because of improper installation, 
data acquisition settings [9, 10], aging or other damages,  an 
in situ calibration is required to ensure the accuracy of 
kinetic and dynamic measurements as well as the one of gait 
analysis results. In order to describe the state-of-the-art this 
review is divided into three main sections: force platforms 
description and working principles, force platform 
calibration (static and dynamic) and clinical use of force 
platform combined with optoelectronic systems. Force 
platforms are generally applicable in locomotion studies, 
both for healthy and pathological patients and in a wide 
range of technical applications, as shown in table I [11-35]. 
As in dynamic phenomena such as gait, running, jumping, 
etc. FPs maybe used in static measurements, e.g. body 
posture analysis (postural stability and balance).  
 
 
2.  Force platforms description and working principle 
 
A force platform is a particular force transducer, where 
forces and moments applied on a plate are converted into 
voltage signals. FPs are made by several primary transducers 
(elastic elements), to convert force components to strain, and 
secondary transducers, to convert strain into electrical 
signal: secondary transducers are commonly strain gages or 
piezoelectric sensors. Commercial devices usually have 3 or 
4 load cells placed under the plate (e.g. mounted at each 
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corner) where people stand up. In particular FPs can be 
classified into two main groups:  
 
Table 1. Examples of force platforms applications 

Application Field Measurement 
Range 

Freq. 
range 

Ref. 

Medicine, 
Diagnostics, 

fall risk, 

Postural 
stability 
analysis, 

locomotion, 

0–2000 N 0–25 Hz [11- 21] 

Biology Locomotion 
in animals, 0–25000 N 0–25 Hz [22-26] 

Medicine, 
Training 

assessment, 
rehabilitation 

Medical 0.5–12.0 N 
0.02–0.70 Nm 0–20 Hz [27-29] 

Free time Gaming 0–1500 N 0–12 Hz [30 -33] 
Sport, 

Athletics 
Performance 
evaluation 0–5000 N 0–200 

Hz [34-38] 

Dynamic 
testing of 
structures 

and 
industrial 
processes 

Testing 0–3.35 kPa 

0–10 kN 

0 –3 Hz 
0 – 3 
kHz 

[39-40] 
[41-42] 

     

 
 

(a) Three component FPs (3FPs), that measure the 
vertical component of the force applied to the plate 
(vertical force FZ) as well as the plate moment about 
the x-axis (M’X) and y-axis (M’Y), this allows the 

determination of the two coordinates xCOP and yCOP of 
the force application point (COP, Center of Pressure)   

(b) Six component FPs (6FPs), that measure x, y and z 
components of the force applied to the plate (FX , FY 
,FZ), as well as the plate moment about the x-axis 
(M’X), y-axis (M’Y) and z-axis (MZ) , referred to the 
origin of the FP reference frame. The output of 6FPs 
can be equivalently expressed by a measurement of 
the x, y and z components of the applied force (FX , 
FY ,FZ),  the COP coordinates (xCOP, yCOP)and the 
vertical torque about the z-axis (TZ) where [43] : 

 

  

M 'X = FZ ⋅ yCOP      M 'Y = −FZ ⋅ xCOP     
TZ = −FY ⋅ xCOP + FX ⋅ yCOP + MZ                            

(1) 

 
 6FPs are usually rectangular shaped and have 4 supports 
(e.g. one for each corner)., where Fx, Fy and Fz are 
measured (or both the 3 force components and the moment): 
the six components output of a FP can be obtained by 
measuring the applied force components for all supports. 
From the above considerations, the interaction between a 
body and the FP cannot be completely described by a 3FP, 
since the horizontal components of the force and the free 
torque are not measured. Relationships among moments 
with respect to the FP center and the COP coordinates (xCOP, 
yCOP) are expressed in (2) 

 

	  

FX = fXi      
i=1

4

∑ FY = fYi
i=1

4

∑      FZ = fZi
i=1

4

∑
M X = b ⋅ fZ1 + fZ2 − fZ3 − fZ4( )
MY = a ⋅ − fZ1 + fZ2+ fZ3 − fZ4( )
MZ = b ⋅ΔX + a ⋅ΔY  where ΔX = − fX1 − fX2+ fX3+ fX4( )  and ΔY = fY1 + fY4 − fY2 − fY3( )

xCOP =
−MY + FX ⋅ az0

FZ
=
−M 'Y

FZ

yCOP =
M X + Fy ⋅ az0

FZ
=

M 'X
FZ

⎧

⎨

⎪
⎪
⎪
⎪
⎪
⎪
⎪

⎩

⎪
⎪
⎪
⎪
⎪
⎪
⎪

     (2) 

 
 where FX, FY and FZ are the applied force components, 
fXi, fYi and fZi are the components of the force measured by 
the i-th support. MX and MY are the plate moments about the 
x and y axis respectively, M’X and M’Y are the plate 
moments about top plate surface (az0 is the top plane offset), 
a, b and az0 are distances from the FP axes origin to the 
origin of the coordinates of the four load cells (figure 1, 
[43]). 

 
Fig. 1. FP coordinate system. 

3. Force Platforms Calibration Approaches 
 
The calibration process is an operation that, under specified 
conditions, establishes a relation between the known 
quantity values with known measurement uncertainties 
provided by standards and  the instrument’s indications with 
associated measurement uncertainties; in a second step, it 
uses this information to find a relation to obtain a 
measurement result from an indication [49], this definition 
can be applied to all biomedical fields [50-60] as the 
instrument characterization is fundamental to support the 
diagnosis by means of  objective measurements [47-48, 61-
68]: for FPs a linear model and a linear compensation of the 
crosstalk between forces, moments and the voltage output 
are usually assumed as expressed in (3). 
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 where Cii (i=1,2,..6) are proportional coefficients 
between forces (or moments) and voltages, while C off-
diagonal elements describe the crosstalk between variables. 
In spite of its widespread use, the (3) is not adequate to 
provide an optimal accuracy when non–linear effects occur, 
so it should be modified with the non–linear calibration (4): 
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 The implementation of (3) or (4) can be obtained by two 
different approaches, depending on the application of static 
or dynamic loads: in literature many guidelines for the FPs’ 
calibration, divided into dynamic and static approaches, 
have been proposed. As some other load cell applications 
developed in similar fields [69], loading with known weights 
placed in known positions characterizes the static calibration 
[70, 71]. This method is time consuming, estimates the 
spatial accuracy of the load measurement across the 
platform and can be affected by load positioning 
inaccuracies. Some diagnostic modalities, like dynamic 
posturography [72], require the acquisition of dynamic 
information and a dynamic calibration to evaluate the FPs 
response to dynamic loads: testing procedures can involve 
devices devoted to handle calibrated weights either manually 
or mechanically. Since the manual handling of masses 
usually limits the dynamic characterization, the calibration 
systems using mechanical handling are preferable. In the 
following, some relevant methods about FPs static and 
dynamic calibration are explained from literature (Table 2).  
 
A. Static calibration 
Bobbert et al. [73] designed a calibration device in order to 
apply static vertical forces at more than one hundred 
calibration points, to compute the measured COP errors, 
corrected by polynomial regression methods. They proposed 
a dynamic test where a subject with known mass (i.e. 70 kg) 
ran across a wooden board, equipped in one corner with a 
stylus placed in a drill hole on an aluminum plate 
superimposed on the force platform (point loading). The 
maximal vertical force measured during the tests was about 
1700 N. Oscillating signals, related to the frequency of the 
impact (heel strike) and to the resonance of the force plate 
(370 Hz) were acquired using the wooden board and the 
stylus. In this way, these signals did not contain frequency 
components related to acquisition chain of the FP. Dynamic 
calibration was performed using the COP values as 
reference and neglecting the forces so discarding 
information dealing with amplitude, direction and frequency 
of the GRF. Anyway the measurements are affected by some 
drawbacks: non-linearity, cross-talk among transducers and 
bending effects of the top plate. To allow safe and quick 
static testing of the vertical component and COP outputs, 

Gill et al. [74] designed a new load application rig, which 
enabled with a manually controlled lever system the 
application of known static vertical forces at several 
calibration points, reducing the accuracy of measurement 
and speed of positioning. The equipment used a set of dead 
weights and provided a vertical load at any point over a 
rectangle on the floor (1.2 m2). It is made of a rigid frame 
where two trolleys can be moved orthogonally. The 
calibration procedure is based on a linear regression between 
the load mass and the force platform output. In particular a 
60 kg mass is used to apply a maximum vertical load of 
1200 N in any point of the FP surface. From the outputs of 
the FP (i.e. 6) the COP is determined through the equation 
provided by the manufacturer. To date, there isn’t a method 
of assessing the accuracy of the GRF horizontal components 
over the whole FP and it only allows the static performance. 
Moreover, the parallax error in positioning and the physical 
size of the rig limit the usefulness of the device, although it 
has been used to test the accuracy of FPs and reduced 
dramatically the testing time with respect to other systems. 
Collins et al. [75] proposed a new method for calibrating 
FPs to reduce errors related to the CoP location, but also to 
force and moment components, using an instrumented rod 
and a least-squares optimization of a linear model of a 
generic platform system. In particular, the instrumented rod 
allows for measurement of direction as well as magnitude of 
forces applied arbitrarily to the force plate, that is 
accomplished by some optical markers measured by stereo-
photogrammetric system and a load cell inserted near the tip 
of the pole: measured quantities may then be transmuted into 
reference forces and moments vectors applied to the force 
platform. The use of stereo-photogrammetric system is 
common in clinical for its stability and reliability [76-77]. 
The instrumented pole is handled to load each force plate 
while recording force plate signals and measuring rod load 
and location. Force plate and load cell signals were acquired 
at 1200 Hz, while markers were traced at 120 Hz. Loads 
from 100 to 1000 N were applied vertically, with 
simultaneous horizontal loads of 0–250 N resulting from rod 
angles of 0–20° from vertical. Errors could be reduced using 
as few as 10 locations per standard force platform; however 
it should be preferable to collect from as many locations as 
possible, with loads close to real cases. Corrections can 
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reduce the effects of misalignment and distortion, and 
improve the accuracy of force, moment, and COP 
measurements. It must be pointed out that this method is 
difficult to apply to simulate dynamic loads in a number and 
range of locations comparable to the static loads. Moreover 
the costs and the complexity of the setup are higher than 
most of the other methods here reported. Rabuffetti et al. [5, 
78] in two consecutive works, proposed a method for an 
optimized platform calibration, using an optoelectronic 
system, made by an experimental protocol, which measures 
some mechanical quantities in the platform reference 
system, and calculates the same quantities in the absolute 
reference system with a mathematical model. They pointed 
out how the introduction of such optimized procedure could 
improve the reliability of the calibrated platform location as 
well as the kinetic variables in posture and gait analysis. The 
testing object is a rigid pointed rod, bearing a set of eight 
reflective markers. Two metal plates, one handheld by an 
operator and the other placed on the ground, are in contact to 
both rod extremities and allow to keep the object in 
equilibrium by means of an operator’s compressive force. 
After the calibration of the optoelectronic system the 
experimental protocol requires the operator to move the 
pole, which is pushed against the platform in a conical 
motion. The experiment is recorded by both the 
optoelectronic system and the force platform where the 
platform location and the six-degrees-of-freedom 
transformation matrix, between the platform and the 
absolute reference system, are unknown. Is possible to 
estimate the position of the application point and the GRF 
direction in the absolute reference frame, without reference 
to the platform location, using the mathematical model.  A 
possible improvement can be the development  of  an  
experimental  protocol  that  is completely independent from 
human operators. As in [69] the complexity and the costs of 
the calibration system make it suitable especially for 
research studies and analysis. In the work of Golberg et al. 
[79], an optimized calibration is made using the CalTester 
tool to measure and correct the error existing between the 
estimated transformation based on a located jig and the 
measured COP error across a treadmill force plate. To 
maximize the accuracy of the device in measuring the COP 
in the motion capture coordinate system, the authors 
calibrate the device in situ in a manner independent of the 
motion capture system: data are used to determine the 
applied moments and the calibration matrix. Errors 
measured by CalTester are reduced by improving the 
accuracy of both the COP calculation from force plate data 
and the COP estimation obtained by using the motion 
capture data represented in the force plate coordinate 
system. They highlight a dramatic improvement: the 
proposed method reduces the COP error to 1.0 mm and the 
angle error to 0.8° for medial/lateral orientation and of about 
1.6 mm and 0.6° for the anterior/posterior position. Their 
procedure increases the accuracy of instrumented treadmills 
after installation by a static calibration, introducing some 
correction concepts that can be applicable to other treadmill 
models. In some published studies [80-82], carried on by the 
same research group, a theoretical and experimental 
validation of a portable system for the in-situ calibration of 
six-component FPs is presented. The system is made up of a 
device, a data-acquisition procedure and an algorithm. A 
least-squares algorithm, improved by a previous one [80], 
that estimates the FP re-calibration matrix, was designed and 
tested using a simulation approach. The algorithm is the core 
of this portable system and it assumes the calibration inputs 

known, 3-D, time-varying loads, applied to the FP at known 
coordinates, and not forced in their direction of application 
[81]. Applying simple sinusoidal loads in five different 
points, the algorithm can guarantee errors lower than 0.2 N 
and 0.4 Nm when calculating force and moment components 
of an applied load. The device, that is simple and 
lightweight, is equipped with a high-precision 3-D load cell. 
The data-acquisition procedure lasts about 1h and requires 
up to 13 measurements consisting of manual positioning the 
load cell on the force platform, and then having the operator 
applying loads on both load cell and force platform by body 
motion. The procedure provides loads in the same range of 
posture and gait tests. The system was validated on four 
commercial force platforms: the residual errors in the 
computation of the center of pressure (i.e. the distance 
between the measured and actual COPs) were 2.3±1.4 mm, 
2.6±1.5 mm, 11.8±4.3 mm, 14.0±2.5 mm before re-
calibration, 1.1±0.6 mm, 1.8±1.1 mm, 1.0±0.6 mm, 3.2±1.1 
mm after global re-calibration, and 0.7±0.4 mm, 0.8±0.5 
mm, 0.5±0.3 mm, 2.0±1.2 mm after local re-calibration. The 
force platform re-calibration influenced the sign, value, and 
timing of net joint moments, calculated during a gait task 
through an inverse dynamics approach. Anyway, the 
dynamic range and repeatability of the calibration system 
are limited by the human operator, as the load is provided 
manually. 
 In addition calibrated force platforms could be used as 
gold standard systems, for calibration of force/torque 
sensors [83]. In this calibration method, the force/torque 
sensor is rigidly connected to a force platform and during a 
dynamic functional loading procedure force/torque data are 
synchronously recorded. In this way an accurate calibration 
matrix for the force/torque sensor can easily be obtained via 
least-squares optimization. Seven different loading methods 
were compared and the calibration matrices were evaluated 
based on the unprocessed data from the seven loading 
methods individually and all loading methods combined. 
The calibration matrices’ performance was subsequently 
compared in an in situ trial where five common work tasks 
(e.g., manual lifting, pushing, walking) were performed by 
an operator while standing on the force platform wearing a 
"Force Shoe" sensorized with two calibrated force/torque 
sensors attached to its sole. Root-mean-square differences 
(RMSDs) between the force/torque sensor and force 
platform measures were evaluated over all tasks. The use of 
the calibration matrices based on all loading combined 
methods resulted in small RMSDs (center of pressure: <2 
mm, GRF: <8 N). 
 Recently some cheap force platforms are commercial 
available, thanks to the increasing demand lead to 
technological innovations in the gaming market. Many 
biomechanics studies allow the integration of this kind of 
device, in different research areas [84, 85].  A work group 
[85] has introduced the Wii Balance Board (WBB), as a 
device useful to quantify the center of pressure. They 
examined its validity in comparison with the ‘gold standard’ 
consisting of a laboratory-grade force platform. Thirty 
healthy subjects performed, with eyes closed or open on two 
separate occasion, a combination of single and double leg 
standing balance tests. Both devices exhibited good to 
excellent COP path length test–retest reliability within-
device (Intraclass Correlation Coefficient, ICC = 0.66–0.94) 
and between-device (ICC = 0.77–0.89) on all testing 
protocols. Examination of the Bland Altman Plot discovered 
no relationship between the mean and the difference in any 
test, however in three of the four tests the minimum 
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detectable change (MDC) values for the WBB did exceed 
those of the force platform. These findings suggest that the 
WBB is a valid tool for evaluating standing balance. In 
conclusion, the WBB provides comparable data to a force 
platform when assessing COP path length during standing 
balance trials. Consequently, the WBB has the potential to 
fill the gap between clinical assessment of standing balance 
and laboratory testing, a theory confirmed also in another 
latest study [86]. In a recent study [87] static calibration on a 
low-cost force platform (WBB) is performed in order to 
determine its force and COP accuracy and reliability for 
assessment of postural control, performing an uncertainty 
analysis, the authors used WBBs to provide future users 
information about the repeatability and accuracy of the 
WBB force and COP data. Across WBBs, it has been found 
the total uncertainty of force measurements to be within 9.1 
N, and of COP location within 4.1 mm, which is much 
higher than the recommended uncertainty of 0.1 mm for 
posturographic applications. However, repeatability of a 
single measurement within a board was better (4.5 N, 1.5 
mm), suggesting that the WBB is the best to be used for 
relative measurements using the same device, instead of 
absolute measurement across devices. Internally recorded 
calibration values were comparable to those evaluated 
experimentally. In combination with a prior evaluation of 
WBB performance and published standards for measuring 
human balance, this study provides necessary information to 
evaluate the use of the WBB for analysis of human balance 
control. In conclusion the WBB use has been suggested for 
onlylow-resolution measurements and low-frequency 
movements, because it cannot be considered  equivalent to 
laboratory-grade force plates. 
 
B. Dynamic calibration 
As shown above many approaches have been performed to 
provide static calibration of force platforms while dynamic 
calibration methods are not well established yet. Recently, 
the requirements for measuring dynamic forces have become 
more severe and varied in many industrial and research 
applications [88-95] so increasing the importance of the 
procedures for dynamic calibration of FPs [96]. Cappello et 
al. [80] described a new technique based on a least-squares 
approach. An accurate estimation of a force platform 
calibration matrix has been proposed: this is based on simple 
manual procedures and is particularly useful when the 
applied loads directions cannot be perfectly aligned with the 
axes of the FP. This new procedure allows the combined 
application of vertical and horizontal forces, both static and 
time-varying to all force platforms.  To reduce the bias in 
the estimated calibration matrix parameters, the robust 
calibration  method  includes  the angular  errors  in  the  
least-squares  parameter  vector,  thus. The performance of 
the robust method were compared with the ones obtained by 
conventional approaches, using a numerical simulation 
approach starting from a known calibration matrix. Fujii et 
al. [96] proposed a new method for dynamic calibration, in 
which an impulse is given to the FP by a moving mass and 
the load value is evaluated through an optical interferometer 
as a change in momentum of the mass. In the experimental 
set-up a pneumatic linear bearing is used to give an impulse 
to a force transducer. The maximum weight of the moving 
part is approximately 270 N and the impulse (i.e. the time 
integration of the impact force) which is detected by the 
semiconductor strain gauge force transducer, is acquired at 1 
kHz sampling frequency. The relative uncertainty in the 
measurement of the impulse acting on a force transducer of 

this method is estimated to be less than 10-3. Even if the 
method is limited by arbitrary settings of amplitude and 
frequency of the dynamic force, it has some advantages in 
the measurement accuracy of the impulse amplitude on  the 
transducer and in the transducer  arrangement. Fairburn et  
al. developed  a pendulum  system [97],  which  could  be 
mounted to a FP  to allow completion of two testing stages: 
(1) assessment of the visual vector and temporal GRF 
system and (2) comparison between the measured forces and 
a theoretical profile (in-depth analysis of force and angular 
displacement). The visual vector system has been 
implemented to help in the alignment of orthotic bracing and 
prosthetic limbs:  a  real-time  display  of  the GRF is  
provided  in the  stance  phase and overlaid on a video image 
of the subject loading the FP. Aiming at comparing the force 
values, a box-section framework was designed and built to 
be bolted to the force platform: for visual testing a 20 kg 
spherical lead pendulum swung  freely  within  the  
boundaries  of  the  mounting  frame and the evaluation  of  
the force platform performance  was  attempted comparing 
the theoretical pendulum force profile with the measured 
force data collected during pendulum oscillations. Errors 
into the measurement results are related to mechanical 
design of the system and to manual handling. In addition, 
the current pendulum mass is limited to 20 kg, that is a 
drawback for the very narrow frequency range of force 
solicitations as well for its amplitude, that is not adequate to 
adult gait measurements. Anyway the calibration system 
could be transportable, that is advantageous over many other 
devices here reported. In a recent study Hong-Jung Hsieh et 
al. [98] developed a device for both static and dynamic 
calibration and an Artificial Neural Network (ANN) based 
correction method [99]. The calibration device is based on 
the principle of leverage to control the amplitudes and 
positions of the loads applied to the FP under test: it is made 
of a base secured to the floor by eight industrial pads, a 
loading rod that moves along an arm that rotates and moves 
along an axis relative to the base, and a plate that carries 
standard weights and moves along the arm. The calibration 
system provides a grid of 121 calibration points, and applies 
vertical loads of 650 N, 800 N and 100 N at each point, 
where forces, moments and COP were measured at a 
sampling rate of 120 Hz in 2s (static calibration). The 
uncertainty of the calibration load was less than 0.007 N and 
errors in the COP and GRF are at minimum around the 
center of the FP. The dynamic calibration is conducted at the 
center of the FP, by moving a 200N weight on a holder 
backward and forward. At higher dynamic loads the 
calibration of the COP position is conducted asking a subject 
with a body mass of 60 kg to stand with one leg on the 
holder, and with the other leg on a platform with the same 
height placed outside the FP: the  dynamic  condition during  
walking  could  be simulated by shifting  from  two-legs  
stance  to single-stance. This calibration is performed to 
simulate 3 vertical loading ranges: 800-1400 N, 650-800 N 
and 450-650 N. Forces and moments are collected at a 
sampling rate of 1000 Hz. An ANN trained with static 
calibration data seems to be effective in correcting errors. 
This new device together with the ANN method is useful for 
accurate COP and GRF measurements in human  motion 
analysis. Anyway errors in COP depend on the loading 
velocity and although they could be (partially) corrected by 
the ANN algorithms, further studies are needed to 
investigate how inclusion of dynamic calibration data in the 
training of the ANN could improve the error correction. 
 The aim of the work of N. P. Linthorne [100] is to show 
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how a FP analysis of the standing vertical jump may be used 
in the dynamics and kinematics analysis of one-dimensional 
motion. In it the curves of displacement and velocity of the 
jumper’s center of mass are plotted by means of a numerical 
integration of the force–time records from a FP. The above 
curves allow to study the relationships among the resulting 
acceleration, displacement, and velocity of the body and the 
forces acting on a body: in particular the curves of force–
time, displacement–time, velocity–time, force–displacement, 
and acceleration–time are calculated from the GRF 
(measured through the FP). Three methods to calculate the 
height of the jump (impulse-momentum method, work-
energy method and flight time method,) were described and 
compared giving rise to the conclusion that the work–energy 
method is very sensitive to the correct selection of the 
instant before the jump where the jumper is stationary and 
the GRF is equal to the jumper’s body weight. A research 
group [101] have designed, and validated a portable force 
platform (PFP) for recording instantaneous vertical GRFs in 
vertical jumps. The platform was constructed of 2 steel 
plates each 70 cm × 70 cm and was calibrated with 3 sets of 
known weights in 9 positions on the PFP.  Data were 
collected by 25 raw samples per region and per weight to 
assure that regions of the PFP do not respond differently: the 
only statistically significant difference was the main effect 
for weight. PFP calibration was performed by correlation 
between 17 known weights and voltage outputs, showing a 
linear correspondence. The PFP was placed on top of an 
AMTI force platform and vertical jumps were performed 
while sampling from both platforms simultaneously at 500 
Hz. The PFP natural frequency was approximately 100 Hz. 
The PFP appears to be an accurate, simple, and cheap way to 
measure vertical component force in vertical jumps. The 
work of Luciani et al. [102] introduces a new mechatronic 
device (SENLY) that provides balance perturbations while 
subjects carry out daily motor tasks (e.g., walking, upright 
stance). SENLY perturbs belts movements in the horizontal 
plane using two independently-controlled treadmills that 
destabilize balance. It is also equipped with force sensors, 
which can be used to estimate the GRFs and identify events 
along the gait cycle in order to trigger the platform 
perturbation. In this work the calibration matrix was 
estimated by the technique developed by Cappello et al. [80-
82]. Conversely, dynamic approaches reported in literature 
either adopt quite slow (e.g. 1–2 Hz) movements respect to 
the platform frequency range, or their weights are too light 
therefore introducing potential inaccuracies. For these 
evaluations, a calibration protocol was defined and applied 
to set up the calibration matrix of each sensed platform: it 
consisted of a comparison between COP and GRF 
components evaluated by SENLY related to a three-axial 
load cell placed between force plates and an external 
walkway, by means of a removable reference grid. The 
reference grid was a 2100 mm × 1050 mm sheet of 
aluminum, which was clamped to the sensed surface. For 
each of the two plates, the data acquisition procedure 
accounted for records in 9 known positions on the entire 
surface. A 10 s long record was acquired with 1000 Hz 
sample rate for each position. The algorithm minimizes the 
Root Mean Square (RMS) of the residual error by estimating 
36 parameters. The movement of the subject on the walkway 
during calibration procedures generated variable loads, 
which components on vertical and horizontal directions, 
ranged between 500 N and 1000 N, and −50 N and 150 N 
respectively, while the COP deviated of about 15 mm from 
the center of the load cell. As expected, calibration improved 

both accuracy and precision of the measurements, 
decreasing RMS (of about 50%) and maximum error, 
increasing correlation coefficients between estimated and 
applied variables. Moreover, it allowed achieving a better 
estimation of measurements than those adopted for other 
FPs of similar size, meeting all required specifications, with 
a negligible influence of the instrumental noise. Another 
approach to apply dynamic load for calibrating FPs is the 
use of parallel robots, because their accuracy, load capacity 
and velocity range make them suitable to simulate dynamic 
patterns as those that occur in biomechanical studies [103]. 
In [104] a method for FP recalibration by means of a 3DOF 
parallel robot instrumented with a calibrated load cell is 
proposed: the device provides patterns of forces within a 
wide range of forces and frequencies [105], similar to that in 
walking, running or any other gesture in biomechanical 
studies [103]. The forces are applied on the platform to be 
calibrated through a calibrated load cell (that is assumed to 
be the gold standard): a calibration grid is used to place the 
sensor at different locations on the platform through a steel 
ball that was located on the cell to provide a point contact. 
Two types of load patterns were applied in the study: a) 
actual gait patterns and b) calibration load patterns, i.e. a 0.5 
Hz sinusoidal load of null minimum value and 500 N peak 
to peak. In the calibration procedure the load cell is placed at 
m different locations and for each of them n load forces are 
applied: if  jFCi is the i-th force (i=1, 2, n) measured by the 
load cell at the j-th location (j=1, 2, ..m) and jFi corresponds 
to the same force measured by the FP, their difference 
jdFi=jFCi‒jFi in (5) is due to two main sources of error: the 
former is related to errors in the sensitivity coefficients, the 
other is the alignment of load cell and FP local reference 
systems. 
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 Where SdH and SdV are the direct sensitivity coefficients, 
ScH and ScV are the cross-talk sensitivity coefficients, SmV is 
the nonlinear cross-sensitivity coefficient, that models the 
nonlinear cross-talk effect associated to deformation of the 
transducer when a horizontal force is applied.  By applying 
(5) to the n measurements at the m locations of the load cell, 
a system with 3×n×m equations and 5×k variables that can 
be solved by least squares.  On the other hand the 
misalignment error is modeled as a small rotation, jdθ that 
propagates in the forces measured by the load cell, i.e. jdFCi= 

jdθ×jFCi. The calculation of jdθ can be obtained from [106] 
and the calibration process consists of an iterative process in 
which the Eqs. (5) and jdθ are consecutively solved until it 
converges into a stationary solution of the sensitivity 
coefficients. With the aim to overcome the drawbacks due to 
system transportability in a recent work [107] the authors 
designed and realized a steel framework equipped with 4 
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wheels, for the transport in situ application, and a mechanic 
actuator with helicoidally gear driven by an electric motor. 
At the head of the actuator is fixed a load cell that lean on 
the FP during the calibration procedure. The system allows 
to load the plate at any point of its surface with different 
inclinations to calibrate FP’s COP and GRF. The proposed 
system is still under characterization. 
 
 
4. Conclusion 
 
Because of their great versatility, diagnostic relevance and 
easiness of use, force platforms are today widespread in 
different diagnostic fields. To perform an accurate analysis 
some specifications that are mainly related to motion 
bandwidth, maximum payload of the plate and force 
components are required. In particular, an accurate 
calibration is required for both static and dynamic 
conditions, nevertheless methods reported in the scientific 
literature are numerous, diversified, not standardized and 
often more effective for static than dynamic conditions, 
ranging from the use of calibrated masses to the more 
complex parallel robots. Moreover calibration approaches 
can be based on linear or non linear models that require 
algorithms of different complexities. Anyway the dynamic 

calibration of force platforms still seems to be a topic where 
further investigations are needed, from the definition of 
standard protocols for dynamic performance assessment of 
the force platforms to the precise and repeatable generation 
of dynamical load patterns similar to that in human gait and 
posture. Finally, in recent years a lot of clinical applications 
has used FPs with optoelectronic systems to integrate 
dynamics with kinematic features, in order to reduce the risk 
of misunderstanding and misinterpreting data. In spite of 
promising results and diagnostic capabilities, further 
questions rise about the calibration of the whole integrated 
system but seem to be not widely discussed in scientific and 
technical literature yet. 
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