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Summary:
The contribution discusses the new opportunities made possible by revised SI. On particular example 
of small force measurement (below 10 µN) the new traceability routes for the measurement quantities
will be described. Additionally, the improvements deriving from the adopted new methodology will be
shown. As a new concept adapted in small mass/force metrology the Photon Momentum method is
employed. Thus, the traceability of the force measurements can be obtained in two complementary
means. One, that is traceable via optical power detectors to quantum electrical standards, and the sec-
ond one similarly, is traceable via Kibble balance principle using mass realization methodology to the
quantum electrical standards. The Photon momentum method is especially advantageous to use for the 
small force calibrations below µN range where the dead weight force calibration method has already
several limitations. E.g. during the calibration of small mass standards (to be used further for Force 
calibration) using conventional subdivision method the uncertainty of these masses grows, reaching a
couple of percent level for masses below 0.1 mg.
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Summary:
Prior to 2019, force and mass measurements had to be traced back to the International Prototype Kilogram, which 
realized the SI unit kilogram. This definition required a long calibration chain with a series of relative mass compar-
isons. By setting Planck's constant to a fixed numerical value of h = 6.626 070 15 · 10-34 J s in the redefinition pro-
cess, each instance of the calibration chain can now traceably measure absolute forces or masses. However, sys-
tems that provide a direct correlation between electrical and mechanical quantities are required. This work presents
a novel sensor principle for high-precision SI-traceable force measurements. The sensor is based on the Planck 
Balance principle. Sub-mechanisms for compensating the stiffness of the compliant kinematic structure are inte-
grated to maximize the resolution and minimize the uncertainty. The compensation mechanisms are based on 
preloaded springs to guarantee functionality in any orientation. The stiffness can be reduced to at least 0.04 % of 
the initial value. A force resolution below 40 pN is therefore achieved.
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Introduction
Prior to 2019, the traceability of the SI unit kilogram 
had to be ensured via a long calibration chain back to 
the International Prototype Kilogram. By setting 
Planck's constant to h = 6.626 070 15 · 10-34 J s as a 
new SI reference, traceable measurements are open 
to all institutions independently. The sensor principle 
presented in this work offers a solution for force meas-
urements in a wide field of precision engineering ap-
plications. It is based on the principle of a Planck bal-
ance and includes spring-based stiffness compensa-
tion mechanisms. Thus, the force resolution is in-
creased and the measurement uncertainty is de-
creased independently of the orientation.

Methods
Planck Balance
The Planck Balance uses the compensation principle 
to determine the force FM in Measurement Mode. The 
force is initiated translationally via a parallel spring 
guide, which is connected to a measurement lever by
a coupling element. Once the force is applied, a posi-
tion sensor measures the deflection of the lever. A 
controller processes the signal and energizes the 
electromagnetic actuator with the current iKy to keep 
the measurement lever in balance. To calculate the 
force FM using equation (1), the actuator constant 
BVC ∙ LVC needs to be determined. 

FM = iky · BVC · LVC (1)

The Velocity Mode is used for an in-situ calibration of 
the voice coil. A second actuator generates specific
oscillations. The induced voltage uind(t) in the voice 

coil is measured and synchronized with the velocity 
vBC(t) of the load carrier, which is determined using an 
interferometer. Therefore, equation (2) can be applied 
to calculate the actuator constant traceable to
Planck’s constant and the speed of light.

uind(t) = vBC(t) · BVC · LVC (2)

Stiffness compensation 
Due to the high motion reproducibility and negligible
material friction, kinematic structures in precision ap-
plications are frequently designed as compliant mech-
anisms with concentrated compliances. However, 
even minimal hinge thicknesses of approx. 50 µm are 
still considerably limiting resolution and measurement 
uncertainty. Therefore, the residual stiffness needs to 
be compensated. Existing solutions use masses, 
magnets, or springs. Springs are advantageous since 
they work independently of their orientation and do not 
generate magnetic interference fields.  

Sensor Principle
The novel force sensor principle (Figure 1) features 
the fundamental structure of the Planck balance. How-
ever, there is only one voice coil actuator. Investiga-
tions showed that a single actuator can be used to 
generate the oscillation for the Velocity Mode and to 
measure the induced voltage [1]. Spring-based stiff-
ness compensation mechanisms [2] are integrated to 
compensate for the residual stiffness of the thin revo-
lute joints. To eliminate static imbalances due to man-
ufacturing-related position deviations of the joints and 
to prevent further function limitation [3], a double con-
figuration of the mechanism is used. The Joints P1 and 
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P2 are purposefully displaced by the distance ∆yPnNn.
The two compensation mechanisms thus generate 
two counter-directed moments about the lever joint H, 
which cancel each other out. The spring preload dis-
tances dQx can therefore be used to adjust the position
dKy of the static equilibrium and simultaneously to re-
duce the stiffness to the target value.

Fig. 1: Principle of the novel force sensor. 

Simulation results
The kinematic structure was investigated using the 
rigid body model. The force-displacement diagrams 
are shown across the entire compensation range
(Fig. 2) and around zero stiffness (Fig. 3).

Fig. 2: Force-displacement diagram of the kinematic 
structure for a range from 0 mm to -0.5 mm for dQx.

Fig. 3: Force-displacement diagram of the kinematic 
structure around zero stiffness for preload resolution 
steps of 50 nm for dQx.

Discussion
The results of the rigid body simulation confirm the 
feasibility of the principle. A reduction in stiffness is 
achieved by preloading the spring elements. There 
are linear correlations between the stiffness of the 
mechanism and the preload distance of the springs,
as well as force and deflection. In the working range 
around zero stiffness, the force-displacement curve
shows a slightly nonlinear behavior. For the consid-
ered configuration, the highest positive residual stiff-
ness is achieved at dQx = -381.55 μm, if a preload ad-
justment resolution of 100 nm is assumed. The initial 
stiffness can thus be reduced from 24.61 N/m to
9.86 · 10-3 N/m. With a position detection sensitivity of 
1 nm at the operation point K and transmission ratio 4,
forces FM of 39.44 pN can be resolved.

Summary and Outlook
The redefinition of the SI unit kilogram allows every 
institution to perform directly traceable force and mass 
measurements. This paper presented a novel force 
sensor principle intended for precision engineering 
applications. It is based on the Planck balance using
two spring-based mechanisms to compensate for the 
residual stiffness of the compliant kinematic structure. 
The principle theoretically allows a perfect stiffness re-
duction, practically down to at least 0.04 % of the initial 
value. The influences of critical manufacturing devia-
tions are also eliminated by adjustment. The achieva-
ble force resolution is below 40 pN.
In future work, the complete kinematic structure will be 
designed as a compliant mechanism. All actuators 
and sensors will be specified and integrated into the 
system. The manufactured sensor will be put into op-
eration and investigated experimentally.
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