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a  b  s  t  r  a  c  t

Nanoforce  sensors  using  passive  magnetic  springs  associated  to a macroscopic  seismic  mass  are  known  to
be  a possible  alternative  to  force  sensors  based  on  elastic  microstructures  like Atomic  Force  Microscopes
if  the  nanoforces  that have  to  be measured  are  characterized  by a bandwidth  limited  to  a few  Hertz.
The  estimation  of  the  unknown  force  applied  to the  seismic  mass  is based  on  the deconvolution  of  the
noisy  measurement  of the  mass  displacement  which  has  an  under-damped  dynamic.  Despite  their  high
performances  in  terms  of  linearity,  resolution  and  measurement  range,  such  force sensors  are  extremely
sensitive  to low  frequency  environmental  mechanical  disturbances,  like  the  angular  variations  of  the
anti-vibration  table  supporting  the device  or the residual  seismic  vibrations  that  are  not  filtered  by  the
table.  They  are  also sensitive  to  the  temperature  evolution  of  the  ambient  air.  The  evaluation,  modeling
and  compensation  of such  environmental  disturbances  have  to  be specifically  studied  in the context  of
magnetic  springs  associated  to a macroscopic  seismic  mass  because  of  their  important  negative  effects
in terms  of low  frequency  drifts  and  oscillatory  disturbances.  This  article  presents  an  estimation  and  a
passive compensation  strategy  of the low  frequency  and  non-stationary  mechanical  disturbances  that  is
based  on  a differential  principle.  This  approach  is applied  to  a  nanoforce  sensor  based  on  diamagnetic
levitation  developed  in the  last  decade.  It  does  not  necessitate  to add  new  types  of  sensors  in the  mea-
surement  chain  such  as very  high  resolution  and  low  frequency  inclinometers  or  accelerometers  in  order
to estimate  the  mechanical  disturbances.  In  term  of  performances,  the force  estimation  error  remains
in the  nanonewton  level  over  periods  of  time  of  several  minutes  when  external  temperature  remains
constant.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Addressed problem

1.1. Introduction

Achieving progresses in the measurement of micro and
nanoforce remains a necessity in domains like material sciences
at micro and nano scales or micro and nanorobotics. For instance,
in the first case, it is often necessary to characterize, in terms of
adhesion and friction, functionalized and/or structured surfaces at
micro and nanoscales. In the second case, performances of micro
and nano-objects manipulation during micro-assembling should
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be improved if the forces applied on the objects are directly taken
into account in the control loops driving the micro-actuators. Such
progresses concern both force sensors embedded in microrobotics
devices and force sensors embedded in dedicated measurement
platforms. Whatever is their final use, all micro or nanoforce
sensors use a transducer to convert the force into a measurable
effect. In many force sensors, this effect is related to the displace-
ment x of a force–displacement transducer. Most classical designs
are based on elastic microstructures with one or several degrees
of freedom which have a high resonant frequency: AFM based
microforce sensors [1,2], piezoresistive microforce sensors [3,4],
capacitive microforce sensors [5], piezoelectric microforce sensors
[6]. Another important challenge that leads to original development
of micro and nano force sensors is present in the field of metrol-
ogy of small forces (below the mN). The strategies used by National
Metrology Institutes (NMIs) to try to establish traceable measure-
ments of small forces are varied. The simplest consists in calibrating
the sensor using a dead weigh which is possible when the
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measurement direction is vertical. This restrictive approach has
the major disadvantage that the uncertainty associated with
the weight, in mass metrology, increases gradually as the latter
decreases [9]. In terms of alternatives, many micro and nanoforce
sensors are based on elastic microstructures. Some works have
been done by NMIs to develop traceable low forces sensors using
piezoresistive MEMS  [10] or capacitive cells (comb-drives) [9].
Another measurement principle is the mass comparators. Schemat-
ically, a comparison of mass acts via an elastic structure (micro or
macro) which is moved along an axis to mechanically load an arte-
fact with an unknown force. This artefact is itself in contact with
an electromagnetic balance which generates an opposite electro-
magnetic force adjusted by a current. This current is controlled in
order to generate a controlled displacement of the loaded artefact.
When a null displacement is reached, the electromagnetic force is
then the opposite of the unknown loading force. The electromag-
netic balance is previously calibrated with dead weights, which
allows to know the electromagnetic force versus the current and
thus the force applied to the loaded artefact. In such designs, the
electromagnetic balance is an active force sensor. The measured
output value that has to be controlled is a displacement, the asso-
ciated reference is a null displacement, the controller output is a
current and the known generated force is a known function of the
current. Different mass comparators have been developed to mea-
sure vertical forces using masses of 1200 g [11], 210 g [12], 41 g
[13] (PTB, Germany) and 5 g [14] (KRISS, Korea). These comparators
reach different working ranges (from a few hundred nanoNewton
to Newton) and resolutions (minimum 1 nN) [10]. An original elec-
tromagnetic balance using a reference death weight of 1000 g is
also developed to measure the horizontal forces that exceed the
micronewton [15]. Controlling the force orientation during micro-
nano force measurement is particularly difficult. Thus, if a sensor
is designed to measure the force in only one direction, an error in
the orientation of the applied force leads to a measurement error.
This error can be either estimated or not. If it is estimated, the force
measurement can be corrected. This is for instance the case with
the previously referenced mass comparator which has a tilting sen-
sitivity. Tilting angle must be inferior to 0.1 �rad to guarantee an
1 �N accuracy. This tilting error is measured with a high-resolution
inclinometer. If the error is not corrected it should be bounded and
included in the uncertainty calculation. For instance, the uncer-
tainty associated to the vertical force sensor described in [9] needs
a cosine correction factor as the force applied is never strictly verti-
cal. The temperature is also known to be a source of disturbance in
the field of metrology and the force sensors developed by NMIs are
always controlled in temperature (generally with 0.01◦ accuracy)
over long periods of time [13,16] in order to establish a traceability
of micro-nano-force to International System of Units standards.

To conclude this short review of micro and nanoforce sen-
sors, all sensors are subject to external disturbances that affect
their dynamic and that should be estimated and compensated if
their bandwidth and amplitude corrupt the force that has to be
estimated. A possible categorization of such environmental dis-
turbances and their domains of influence can be found in [7,8].
Their estimation and active or passive compensation in micro and
nanoforce sensors remains an open research problem.

1.2. Nanoforce sensors using magnetic springs

Nanoforce sensors with low resonant frequency that are based
on low stiffness magnetic springs associated to a macroscopic seis-
mic  mass (from milligramme to gramme) are a possible alternative
to classical designs based on elastic microstructures to measure low
frequency forces or quasi static forces. The unknown force is applied
on a macroscopic seismic mass connected to a passive magnetic
spring and induces a displacement response of the mass. Because

of the macroscopic size of the force–displacement transducer, these
force sensors, developed in the last decade, are commonly used in
force measurement macroscopic platforms with one [17] or several
degrees of freedom [18]. Indeed, they have been used for instance
with success to characterize the mechanical behavior of human
ovocytes whose stiffness is commonly below 0.01 N/m [19]. Con-
trary to sensors based on micro elastic structures, very long range
of force amplitude can be measured without any risk of breaking
the force–displacement transducer, linearity also remains excel-
lent over classically ±1 mm  displacements of the transducer and
a nanonewton resolution can be reach thanks to the low stiffness
of the sensor that can easily be adjusted by varying the magnets
configuration of the device. Moreover, the mechanical part man-
ufacturing is a low cost processing and does not necessitate any
complex machining. As the transducer mass can be measured with a
micro balance, its second-order behavior can be identified (includ-
ing the stiffness corresponding to the steady state behavior) using
a zero-input response [17]. These is no parametric indetermina-
tion during calibration like for micro-nano force sensors whose
mass is hard to determine. When the mass is unknown, the cali-
bration requires thermal noise measurement or indirect methods
with additional hypotheses that are generally difficult to verify.

If only one Degree of Freedom is considered and under the
assumption that the environmental disturbances are completely
negligible, their force–displacement dynamic is a second-order
under-damped transfer because of the inertia of the macroscopic
mass, the very small viscous friction applied on the mass and the
absence of dry friction. When an adequate design of the magnetic
spring is used, if a force Fx(t) is applied along an axis �x,  the linear
displacement x(t) obtained corresponds to the following dynamic
in a global inertial reference frame R0 attached to the laboratory:

mẍ + Kx
v ẋ + Kx

mx = Fx (1)

where m, Kv and Km are the mass, the viscous damping coefficient
of the mass and the magnetic stiffness of the transducer. Thus,
classical open-loop steady-state equation:

Fx = Kx
m x, Kx

m > 0 (2)

cannot be used to determine the force Fx(t) because the evolution
of the successive derivatives of the mass displacement x is abso-
lutely not negligible over long periods of time. That is why, the
force estimation becomes in this context an open-loop deconvo-
lution problem of a noisy output signal whose principle is shown
in Fig. 1. The force F(t) applied on the transducer is corrupted by
environmental disturbances. The resulting displacement dynamic
is measured with a sensor corrupted by measurement noises and
gives the measurement signal xm

k
, sampled at a period Ts. Know-

ing this signal, it is necessary to compute at each sampling time
the estimation F̂k of the real force F(kTs) applied on the transducer,
thanks to a real-time deconvolution.

Fig. 1. Force estimation using a deconvolution approach.
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