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A B S T R A C T   

Manipulation at the sub-micron scale often requires force-sensing capabilities of milli-to nanonewton forces. This 
article presents a novel design of a compliant load cell with mechanically adjustable stiffness. The system enables 
adapting force sensitivity to the requirements of a specific application. The principle of the stiffness adjustment is 
based on a preloaded spring, that stores the potential energy used to compensate the effort needed to deflect the 
compliant structure of the load cell. Unlike Micro-Electro-Mechanical Systems (MEMS), the new mechanism can 
be fabricated at the centimeter-scale. This reduces the fragility of the system and facilitates interchange of end- 
effectors. A main advantage of this solution is the possibility to use one common force sensing device for diverse 
applications at various scales, such as in biotechnology, semiconductor nanoprobing or microassembly. We 
describe the analytical model of the load cell and use it to simulate the performance of the stiffness adjustment 
mechanism. The analytical results are then validated by finite element method (FEM) and experiments performed 
on a large-scale stainless-steel prototype. Empirical results show that the overall stiffness can be tuned to near- 
zero and beyond, resulting in a bistable mode. The presented model brings freedom for designing the sensitivity 
adjustment, and the experimental part shows the ability to reduce the stiffness of the prototype by approximately 
200-fold, achieving a force sensing resolution of 0.41 μN   

1. Introduction 

1.1. Force sensing at small scales 

Precise force sensing and control for manipulation at the sub-micron 
level is required in many areas such as high-end weighing scales, cell 
manipulation [1] microsurgery [2], microassembly [3] and in the 
semiconductor industry [4]. Force sensing becomes crucial at the small 
scale, where visual assessment is limited and contact forces and dy-
namics become predominant [5]. Scaling laws exemplify those effects 
negligible at the macroscopic level as critical at the micrometer scale, 
and vice versa [6]. Surface forces, such as van der Waals, capillary and 
electrostatic forces, become superior to gravity at smaller scales. These 
forces, being attractive or repulsive, may dominate the process of con-
tact between a probe and a sample [7]. Reliable modeling of all phe-
nomena that may occur at the small scale is difficult; therefore, 
semi-automated control of micromanipulation to assist the human 
operator is highly desired. In some applications, visual feedback is 

possible and sufficient for teleoperation (e.g. Refs. [8,9]) but in others, 
force measurement is inevitable for determining physical interactions 
between objects. 

Manipulation typically takes place under an optical microscope at 
the micron scale, while inside the scanning electron microscope (SEM) 
at the nanoscale. A commonly used approach involves micromanipula-
tors that are universal platforms, which enable movement of an attached 
end-effector over several degrees-of-freedom (DoF). A schematic pre-
senting a typical configuration of a micromanipulator used for force 
sensing at small scales is presented in Fig. 1. Although numerous ex-
amples of force sensing devices can be found in the literature and on the 
market, a sensor offering adjustable sensitivity and easily interchange-
able end-effectors is not available. Indeed, adaptation of the force 
sensitivity is important as micromanipulation tasks can vary between 
several millinewtons [2] and a few nanonewtons [1]. Similarly, easy 
exchange of the end-effector is crucial as the type and dimensions of the 
end-effector depend on the task in hand (for example grasping, electrical 
probing or injection) and on the scale (see Fig. 2). 
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1.2. Current solutions for force sensing at small scales 

Various types of end-effectors, depending on the application, can 
measure force. For example, force can be derived by microgrippers as in 
Refs. [10,11] where gripping forces are determined with 
sub-micronewton precision. Other possibilities are conductive probes, as 
in Ref. [12], to measure micronewton contact forces in electrical 
nanoprobing. In Ref. [13], micro-pipettes capable of measuring 
sub-nanonewton forces exerted by cells are presented. In Ref. [14], the 
authors propose an end-effector dedicated to microscribing and capable 
of providing small forces in the range of millinewtons onto the surface of 
material due to low-stiffness flexure implementation. Some applications 
require other customized end-effectors (e.g. Ref. [2]). 

Many studies have been done on the design and development of 
force-sensing technologies at small scales. As shown in the review [15], 
the most popular technologies are piezoresistive, capacitive and optical, 
allowing measurement of forces ranging from millinewtons down to 
several nano newtons. Other technologies such as electron tunneling 
[16], the tuning fork [17], inductive [18] and magnetic [19] are possible 
solutions for force sensing at the micro/nanoscale. In Ref. [20], the 
sensitivity of the MEMS load cell can be electronically tuned. However, 
this solution allows adjusting the sensitivity 10 times which is not suf-
ficient for all micromanipulation tasks. In addition, the probing tip is an 
integral part of the sensor and cannot be easily customized. 

A different approach, not requiring the measured force to create 
strain in the sensor’s structure is magnetic levitation. In Ref. [21], the 
authors present the design of a micro-nano force sensor that because of 
lack of friction allows force measurement at nanonewton precision. By 
adjusting the position of the magnets, the sensitivity of the load cell can 

be adjusted. The main drawback of this solution is its sensitivity to 
gravity and its own magnetic field, which are undesirable in SEM 
applications. 

This article focuses on force sensing in one direction as in many 
applications measurement in one axis is key, for example in precise 
weighing devices, electrical nanoprobing or grasping. Design for single 
force measurement allows concentrating on the concept validation and 
avoids challenges from more complex plans, such as fragility and 
demanding assembly. Nevertheless, some examples from the literature 
indicate measurement of forces over 2◦ of freedom (DoF) or 3 DoF as in 
Ref. [20], and 6 DoF as in Ref. [3]. These solutions require complex 
structures fabricated as MEMS, which make them fragile, and further-
more they do not provide mechanical stiffness adjustment. 

As mentioned above in MEMS, the end-effector is often an integral 
part of the sensor. One advantage of this approach is compactness and 
rigidity, as the force sensing part is very close to the probing tip. On the 
other hand, localization of the sensor close to the probing point may be 
problematic if multiple probing platforms are used simultaneously and 
close to one another as in Ref. [22]. Therefore a solution with an 
interchangeable probing tip, allowing the end-effector’s length and 
shape to be adjusted to the requirements of the specific application, 
would be advantageous. 

Currently, therefore, among all the existing technology, no solution 
yet provides mechanical stiffness adjustment and a convenient interface 
for end-effector exchange. 

1.3. Advantages of compliant mechanisms for load cells 

A load cell is a transducer that converts force (pressure, compression, 
tension, torque) into a measurable electrical signal [23]. Most of the 
solutions require that the applied force create a strain in the structure, 
which is then converted into an electrical signal. As the requirements of 
load cell design are now widely converging with the advantages of 
compliant structures, a natural consequence is that force sensing tech-
nologies are becoming a major field of flexure development. 

Compliant mechanisms, also named flexure mechanisms, are me-
chanical structures that deform elastically to perform their function 
[24]. Unlike classical mechanics, they do not have hinges and sliders for 
their kinematics, but elastic pairs and elastic segments. Reliable models 
of the most popular elastic pairs and segments are well known [25,26] 
and allow designing compliant structures with deterministic elastic 
properties. For more complex mechanisms, finite element analysis (FEA) 
can be used to obtain a numerical solution of resulting deflection [27]. 

There are several advantages of compliant joints over conventional 
hinges. Elastic segments are frictionless, significantly lowering surface 
wear and heat dissipation. In addition, replacement of classical joints by 
elastic pairs eliminates backlash which is undesirable in force-sensing 
applications. Furthermore, machining more complex compliant struc-
tures from a single piece of material eliminates a difficult and precise 
assembly process, which positively affects costs and repeatability of 
manufacturing. Finally, avoiding the drawbacks of classical joints, 
compliant mechanisms are very deterministic enabling applying or 
measuring forces with high resolution and repeatability. 

According to Hooke’s law, the force applied to a compliant mecha-
nism can be measured as proportional to the elastic deformation of the 
mechanism. However, force sensitivity of the load cell is not limited by 
the resolution of the displacement measurement. Several geometrical 
parameters of the mechanism and the choice of material may affect the 
displacement with respect to a given force. For example, force sensitivity 
could be improved by amplifying the output displacement as in Refs. 
[28,29] or by reducing the overall stiffness as in Ref. [30]. 

1.4. Stiffness adjustment 

Two parameters mainly describe a compliant structure: stiffness and 
admissible stroke. Stiffness describes the force to displacement ratio. In 

Fig. 1. Schematic of a micromanipulator equipped with a tool holder capable 
of sensing forces. The end-effector varies depending on the application and may 
be a probing tip, a micro-gripper or a micro-pipette for example. 

Fig. 2. General principle of the force F to displacement x transformation.  
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the case of force sensing, it is related to the ultimate sensitivity of the 
load cell. The admissible stroke must be respected to prevent permanent 
deformation of the structure. In force-sensing design, the measurement 
range often comes from the admissible stroke. Reducing the overall di-
mensions of the compliant mechanism results in decreased stiffness, but 
also limits the admissible stroke. We can avoid this compromise with a 
stiffness adjustment mechanism, that allows matching sensitivity and 
measurement range to the specific application. An extensive review of 
stiffness adjustment methods in MEMS is presented in Ref. [31]. Existing 
solutions can be divided into passive (mechanical) and active (requiring 
an actuator) mechanisms. An example of active stiffness control is pre-
sented in Ref. [32], where authors adjust the stiffness of a multi-layered 
beam by changing its temperature. However, the dimensions of 
multi-layered beams and the need for temperature control make this 
solution difficult for use in micromanipulation, which often takes place 
in a vacuum and within a limited space. 

One of the passive stiffness adjustment methods is based on the po-
tential energy stored in a preloaded spring. In this way, part of the stored 
energy can be transferred to the elastic pairs and consequently, they can 
be deflected with less effort. An example of this approach is the parallel 
spring stage, equipped with a stiffness compensation mechanism pre-
sented in Ref. [33]. In this system, the pre-compressed spring acts on a 
linear parallel-blade stage, decreasing the overall stiffness to allow 
sensitivity adjustment. A similar solution is presented in Ref. [34], but 
the design, validated experimentally by the authors, is larger due to its 
symmetry. However, using this type of structure for force sensing with 
adjustable stiffness and for replaceable end-effectors would require 
static balancing which is more complex for mechanisms with linear 
motion than rotational. An overview on variable stiffness behavior by 
virtue of preload forces of selective compliant joints, including rota-
tional cartwheel joints, is presented in Ref. [35]. The ease of static 
balancing of rotational mechanisms, such as that described in this 
article, results from the possibility of any displacement of the center of 
gravity through appropriate adjustment of counter-masses. 

In general, compliant joints exhibit positive stiffness. However, the 
stiffness adjustment mechanism allows decreasing the overall stiffness of 
the compliant structure to zero, so that the mechanism deflects at a 
constant amount of energy. In this case the compliant mechanism be-
comes a zero-stiffness mechanism [36]. Continuing to decrease the 
overall stiffness results in negative stiffness [37], where the compliant 
structure works in a bi-stable mode [38]. An example of how the stiff-
ness of a mechanism can be modelled using prestressing forces is [39], in 
which the authors present a V-shaped negative stiffness structure to 
compensate for the stiffness of the mechanism. 

1.5. Outline of the article 

In this article, a novel design of a compliant load cell with adjustable 
stiffness is proposed. The design can be fabricated at the centimeter- 
scale, which reduces the fragility, enables mechanical stiffness adjust-
ment, and facilitates interchangeability of end-effectors. Section 2 starts 
by describing the general concept of the load cell and the way the overall 
stiffness of the mechanism is adjusted. In section 3, an analytical model 
of the mechanism is derived. It allows description of the dimensions of a 
load cell, exhibiting the best-simulated performances. The concept is 
scale-independent and a methodology for designing the mechanism at 
different scales is given. Next, experimental validation of the adjustable 
stiffness mechanism is performed on a demonstrator made of polyoxy-
methylene (POM). Findings were then used to optimize the parameters 
and manufacture a prototype made of stainless steel. The course of ex-
periments and parameters of the stainless-steel prototype are described 
in section 4, followed by the experimental results. To avoid potential 
problems of precise manipulation and advanced manufacturing, we 
designed and manufactured the prototype at a significantly larger size 
than usual for a device performing micromanipulation tasks. For this 
reason, the article focuses on the static force-displacement behavior of 

the mechanism and therefore omits the characteristics of dynamics. 
Thus, the experiments were carried out in a way that excludes oscilla-
tions from the measurements. The last section summarizes the findings 
and details perspectives for the presented solution. 

2. General concept 

2.1. Conversion of force to displacement 

The general idea of the mechanism presented in this article to 
transform a force into a translation based on a lever coupled pivotably to 
a fixed frame was first described in Ref. [40]. As an elastic pair composes 
the pivot, its deflection α is proportional to the torque exerted on the 
joint, according to Hooke’s law. The torque results from the contact 
force F, normal to the lever, between the probe’s tip and the sample. The 
output displacement x can be thus measured at the opposite end of the 
lever and equals 

x= l1sin(α) (1)  

where 

α= −
F⋅l2

kα
. (2)  

2.2. Overall stiffness and sensitivity 

The overall stiffness of the load cell can be computed as the deriva-
tive of the input force F function with respect to the output displacement 
x. As the mechanism exhibits non-linear force-displacement character-
istics, the overall stiffness is a non-constant function of the displacement 
x. To provide an objective measure of the mechanism’s stiffness, the 
overall stiffness ko is introduced, computed as the tangent stiffness at 
x = 0, 

ko =F′

(x)|x=0 (3) 

The sensitivity of the load cell is defined as the ratio of the output 
displacement x to the input force F. As this definition of sensitivity is 
variable depending on the working point, its value around the zero 
position will be used to describe the mechanism as displacements are 
relatively small in micromanipulation applications. For instance, probe 
tips used in electrical nanoprobing typically have a length of 1–4 cm. In 
this case, a displacement of 10μm of the end-effector tip corresponds to 
less than 1 × 10− 6 rad of lever rotation. In this article, the value of 
sensitivity s0 is the inverse of the overall stiffness k0 given in (3). 

Based on (1)-(2), to increase the sensitivity, lengths l1 and l2 should 
be maximized. In addition, formula (2) shows that an increase in length 
l2 is inversely proportional to the measurement range. The limitation of 
the measurement range comes from the admissible deflection of the 
compliant joint. 

2.3. Stiffness adjustment mechanism 

For complex mechanisms with multiple elastic pairs, the potential 
energy analysis is a convenient starting point for computation of the 
force. For a simpler illustration of the concept, the stiffness adjustment 
mechanism is presented in Fig. 3 as an extension of the previously 
introduced lever. 

A linear spring sl is coupled to the lever by link p and two pivots. The 
compression of the linear spring equals xl and can be expressed as 

xl
(
α, xp

)
= xp − Δxl(α), (4)  

where 
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Δxl(α)= r(1 − cos(α)) + p

⎛

⎝1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
r2⋅sin2(α)

p2

√ ⎞

⎠ (5) 

The potential energy of the springs can be computed using formula 
(6) for the angular spring and (7) for the linear spring. 

Epα(α)=
1
2

kαα2 (6)  

Epl(α)=
1
2
kl
(
Δxl − xp

)2 (7) 

Thus, the total potential energy of the elastic deformations Esum is the 
sum of Epα and Epl and for small α, can be approximated as (8). 

The approximation (8) shows that for small deflections α the energy 
plot for the linear spring sl has a shape of a negative parabola, which is in 
opposition to the potential energy of the angular spring. Although the 
exact form of function (7) makes the energy compensation imperfect for 
larger deflections, it is possible to obtain precise control of the overall 
potential energy within a limited range of deflection. Figs. 4–5 present 
energy plots with different values of xp, correspondingly for zero overall 
stiffness and positive overall stiffness. 

Esum(α)≈ −
1
2
klr2α2 + kl

(
xpp − p2)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −
r2α2

p2

√

+

+klp2 +
1
2

klx2
p − klpxp +

1
2
kαα2

(8) 

As the potential energy is expressed as a function of angle α, the input 
force F can be computed as 

F(α)= 1
l2

⋅
d Esum

dα (9) 

The relationship in (1) can be used to obtain the form of F(x) that can 
be used to plot the force-displacement characteristics of the mechanism, 
as shown in Fig. 6. 

Analytical simulation shows that the stiffness adjustment mechanism 
allows control of the overall stiffness in a linear fashion as plotted in 
Fig. 7. 

2.4. Linear range of the load cell 

The linear range of the force measurement is defined as the range in 
which the overall stiffness does not change by more than 10% with 
respect to the overall stiffness measured at x = 0. Fig. 8 shows that for a 
given mechanism, the linear range decreases when the overall stiffness 

Fig. 3. Ideal joint representation of the stiffness adjustment mechanism.  

Fig. 4. A zero stiffness case with a constant potential energy for small deflec-
tion α. The graph presents potential energy stored in the compliant structure of 
the stiffness adjustment mechanism. Parameters used to obtain the graph: kα =

1 [Nm], kl = 14000 [Nm], r = 15 [mm], p = 10 [mm], xp = 1.9 [mm]. 

Fig. 5. A positive stiffness case. The graph presents potential energy stored in 
the compliant structure of the stiffness adjustment mechanism. Parameters used 
to obtain the graph: kα = 1 [Nm], kl = 14000 [Nm], r = 15 [mm], p = 10 
[mm], xp = 1.5 [mm]. 

Fig. 6. Force-displacement characteristics obtained from energy plots in Figs. 4 
and 5. For relatively small deflection α the characteristic is almost linear which 
allows the overall stiffness to be determined as slope of F(x). 
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decreases. 
The linear response in the sensor output may be favorable in simple 

loop-control systems. On the other hand, the nonlinear characteristic of 
the output signal may be useful to increase the measurement range 
without loss of sensitivity around the workspace center. The linear range 
of the stiffness adjustment mechanism can be adjusted by parameters p, r 
and kl. 

The simplest way to increase the linear range is to decrease the 
stiffness kl of the linear spring while keeping the same compression force 
on that spring (in other words the product of kl and xp must be constant). 
The linear range adjustment by changing the value of parameter kl is 
depicted in Figs. 9 and 10. 

Dimensions p and r mainly affect the efficiency of the linear spring 
pre-compression. In Fig. 11 the impact of the dimensions p and r on the 

overall stiffness is presented. By increasing the r to p ratio it is possible to 
reduce the compression force on the linear spring, thus reducing its 
stiffness kl without the need of increasing the adjustment displacement 
xp. 

2.5. Gravity compensation 

One of the advantages of the presented design is the possibility to 
attach various end-effectors to the lever. Depending on the type and 
dimensions of the probe attached to the mechanism, the mass of the 
probe mp could unbalance the lever. In order to compensate that mass, 
an adjustable counter-mass ma (Fig. 12) may be added, so that 

ml1 ⋅ g ⋅
l1

2
=mlh ⋅ g ⋅

lh

2
+mp ⋅ g⋅

(

lh +
lp

2

)

. (10) 

Fig. 7. Overall stiffness ko as a function of stiffness adjustment displacement xp. 
It can be observed that the stiffness adjustment is linear. The plot is generated 
for kα = 1 [N/m], r = 15 [mm], p = 10 [mm], l1 = 30 [mm], l2 = 30 [mm] and 
kl⋅xp = 14000 [N/m]. 

Fig. 8. Linear range as a function of the overall stiffness ko. The linear range 
decreases rapidly for near-zero stiffness case. The plot is generated for kα = 1 
[N/m], r = 15 [mm], p = 10 [mm], l1 = 30 [mm], l2 = 30 [mm] and kl⋅ xp =

14000 [N/m]. 

Fig. 9. Modification of stiffness of the linear spring sl allows adjusting the 
linear range of the force measurements. Plots are generated for kα = 1 [N/m], 
r = 15 [mm], p = 10 [mm], l1 = 30 [mm], l2 = 30 [mm] and a constant pre- 
compression force kl⋅xp = 26.66 [N]. 

Fig. 10. Linear range as a function of stiffness kl for constant overall stiffness 
ko = 194.44 [N/m]. To increase the linear range, stiffness kl must be mini-
mized. The plot is generated for kα = 1 [N/m], r = 15 [mm], p = 10 [mm], l1 =

30 [mm] and l2 = 30 [mm]. 

M. Smreczak et al.                                                                                                                                                                                                                              



Precision Engineering 72 (2021) 259–271

264

As the counter-mass can be used to balance the horizontal mass 
distribution, analysis of cases where the center of mass is above or below 
the rotational joint is needed. Depending on the relative vertical position 
of the center of mass and center of rotation, the three following con-
figurations are possible:  

• the center of mass is exactly overlapped by the pivot point (already 
considered),  

• the center of mass is above the pivot point (shown in Fig. 13),  
• the center of mass is below the pivot point (shown in Fig. 14). 

In Fig. 13, while the force deflects the probe, the center of mass 
moves down, which results in a decrease in the overall potential energy. 
Lowering the level of gravitational potential energy affects the overall 
stiffness, because gravity force helps to deflect the lever. The sum of 
torques acting on the lever can thus be expressed as 

T =F⋅l2 + m⋅g⋅y⋅sin(α). (11) 

As a consequence, the sensitivity of the sensor is increased. An 
opposing case is presented in Fig. 14. In this case, deflecting the lever 
results in lifting the center of the mass, which results in an increase in the 
overall stiffness. The sum of torques acting on the lever is then given as 

T =F⋅l2 − m⋅g⋅y⋅sin(α). (12) 

It can be noticed that by designing the center of mass above or below 
the center of rotation, one can adjust the mechanism’s overall stiffness. 
In addition, attaching an end-effector that displaces the center of mass 
vertically should be taken into account for precise overall stiffness 
compensation. 

2.6. End-effector replacement 

One of the advantages of the mechanism presented in this article is 
the possibility of achieving a very high sensitivity without needing to 
reduce its dimensions. As the mechanism should be compatible with 
different end-effectors, this facilitates the design of the mechanical 
interface to mount the end-effector and the static balancing overall. 
Additionally, a larger dimension reduces the fragility of the mechanism 
and enlarges its rigidity in other directions. With the simultaneous use of 
mechanical stops and verification by FEM, we can compose the mech-
anism in such a way that the forces required for manual replacement of 
the end-effector will not damage the flexures. 

The measurements presented in the article are done directly on the 
mechanism, to be independent of the type of end-effector and to be 
compared to analytical and numerical simulations. Additionally, it 
should be noted that the use of a particular end-effector, such as a 
cantilever, might limit the force measurements to only one direction (by 
pushing the lever), and additional factors, including surface forces and 
dynamics, might affect the characterization. 

3. Design and analysis of the compliant mechanism 

3.1. Ideal joint representation and flexure implementation 

The designed load cell mechanism comprises a lever and a stiffness 
tuning mechanism as described in the previous section. In addition, an 
adjustment displacement part was implemented allowing control of the 
parameter xp, to provide a convenient way of adjusting the overall 
stiffness. In order to assure maximum precision and frictionless move-
ment, rotational joints b and c are also implemented by flexures. 
Accordingly, two additional stiffnesses kβ and kγ have to be taken into 
account in the analytical modeling. The complete ideal joint represen-
tation of the mechanism with parameter markings is presented in 
Fig. 15. 

The flexures are not subject to shear or torsion and the displacements 
are small, thus equations based on Euler - Bernoulli beam theory can be 
used to describe their stiffness. Nevertheless, shortening the blades (also 
referred to as parasitic effects in Ref. [25]), usually studied for large 
displacements, is also considered to improve the quality of the model. 

To implement rotational joints, remote center compliance (RCC) 
joints depicted in Fig. 16a and b were used. We added a thickening to the 
middle of the blades that form the joints to increase the critical force, 
which is the maximum force applied by the preloaded stage to the RCC 
joint before it starts to buckle. Without the thickening, the value of the 
critical force was analytically determined as 35.6 N, after adding the 
thickening, the value equals 119.6 N. At the same time, the thickening 
increased the stiffness of the RCC joint by only 24%. This variation of an 
RCC joint with thickening was previously examined in Ref. [41]. For the 
RCC pivot joint, the angular stiffness kΘ can be computed as shown in 
(13). Another important parameter is the admissible deflection, which 
defines maximum deflection followed by plastic deformation of the 

Fig. 11. Overall stiffness of the stiffness adjustment mechanism as a function of 
p and r. The stiffness is computed for kα = 1 [N/m], kl = 14000 [N/m], l1 = 30 
[mm], l2 = 30 [mm] and xp = 1 [mm]. It can be seen that the pre-compressed 
linear spring reduces the overall stiffness with the highest efficiency when 
dimension p is minimized and dimension r is maximized. 

Fig. 12. The mass balance system consisting of an adjustable counter-mass ma 

on one of the lever’s ends. 

Fig. 13. A lever with a center of mass above the pivot point. In this configu-
ration the overall stiffness of the mechanism is reduced, so the force sensing 
sensitivity is increased. 
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structure. Knowing the material and dimensions of the RCC joint, its 
maximum admissible deflection Θadm can be computed as in (14). The 

deflection of an RCC compliant pivot introduces a parasitic shift OO′
̅̅→

of 
its center of rotation. Based on [42], the displacement of the center of 
rotation can be approximated by (15). 

kΘ =
2EI

(
a2 + aL + 4

(
L2 + 3Lq + 3q2

))

(L − a)
(
a2 + aL + L2

) (13)  

Θadm =
2σadm(L − a)

(
a2 + aL + L2

)

Eh(a2 + aL + 2L(2L + 3q))
(14)  

‖ OO′
̅̅→

⃒
⃒
⃒
⃒= λΘ(Θ)=

4
60

Lsec
(π

4

)
Θ2 (15)  

where: 

E  is  Young’s  modulus  of  the  used  material. 

I  is  second  moment  of  area  for  a  cross − section,
 in  this  case  I = bh3

12 . 

σadm  is  endurance  limit  for  10  million  cycles  divided  by an 
arbitrary safety factor. 

The geometry of the mechanism’s frame includes mechanical stops 
that prevent the compliant joints from exceeding their admissible 
deflection. 

The linear spring used to compensate the overall stiffness is imple-
mented as a parallel spring stage (Figs. 17a-b). This structure constitutes 
a substitution of a prismatic joint, realized by a slider in classical me-
chanics. Stiffness kl and a maximum displacement dadm for a parallel 
spring stage are presented consecutively in (16) and (17). The stiffness of 

Fig. 14. A lever with a center of mass below the pivot point. In this configu-
ration the overall stiffness of the mechanism is increased, so the force sensing 
sensitivity is reduced. 

Fig. 15. Ideal joint representation with symbols and parameters used for computations.  

Fig. 16. Remote center compliance flexural joint.  
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the joint depends on the number of parallel blade, n. The parasitic 
displacement λ(d) leading to a non-linear course is given by equation 
(18). Although the mechanism can be realized using either a tensile or 
compressive spring, the latter option was chosen as the mechanism was 
meant to be planar and monolithic and at the same time as compact as 
possible. These design criteria reduce the machining cost and eliminate 
assembly that might impact the precision of force measurement. 

kl =
12EIn

l3 (16)  

dadm =
σadml2

3Eh
(17)  

λ(d)=
3d2

5l
(18) 

Complete flexure implementation of our mechanism is shown in 
Fig. 18. The depicted compliant structure is common for the polymer 
demonstrator, described in 4.1 and the prototype made of stainless steel 
described in 4.2. The actual dimensions used for designing the load cell 
in both materials are given in Table 1. 

The role of the linear guidance marked in Fig. 18 is to ensure linear 
movement of the pre-compressed spring and prevent additional degrees 
of freedom. The guide consists of two parallel blades of the same length 
as the blades of the pre-compression spring. This ensures that all blades 
are equally shortened, and parasitic movement is eliminated when 

adjusting the overall stiffness. The stiffness of the guide has no effect on 
the performance of the device, as the deflection of the guiding blades is 
caused by the force exerted by the displacement input. It is important 
that the compressive force is applied at the center of the blades to avoid 
additional torque acting on the guiding stage. To prevent guides from 
buckling due to a slight misalignment of the compressive force, a 
thickening was added in the middle part of the guiding blades. To 
dimension the linear guidance accordingly to required stroke and 
durability, one can use formulas (16)-(18) derived from Ref. [25]. 

3.2. Analytical model 

Implementation of the mechanism by a compliant structure in-
troduces a few more parameters into the analytical model. In addition to 
equations (6) and (7) derived in 2.3, one has to consider stiffnesses kβ 

and kγ in the pivots that couple the linear spring sl to the lever. 
Furthermore, flexure implementation of the RCC joints introduces non- 
negligible parasitic displacements: λα(α), λβ(β) and λγ(γ). As presented in 

Fig. 17. Parallel blade compliant prismatic joint.  

Fig. 18. Flexure implementation of our load cell.  

Table 1 
Dimensions and parameters used to model and manufacture the demonstrator 
and the stainless-steel prototype.  

Parameter Demonstrator Steel prototype 

l1 [mm]  82 82 
l2 [mm]  61 61 
p [mm] 30 30 
r [mm] 30 30 
a [mm] 25 25 
q [mm] 5 5 
La, Lb , Lc [mm]  53 53 
kα [Nm/rad]  0.254 0.618 
kβ [Nm/rad]  0.254 0.618 
kγ [Nm/rad]  0.254 0.618 
kl1 [N/m]  12,861 76,294 
n (see (16)) 2 5 
σd [MPa]  40 350 
E [MPa] 2500 200,000 
xadm [mm]  ± 2  ± 1.5  
xp adm [mm]  2.0 1.1 
b(thickness) [mm]  5 2.5  

M. Smreczak et al.                                                                                                                                                                                                                              



Precision Engineering 72 (2021) 259–271

267

the analytical model, the axes drifts of the RCC joints are used to 
enhance the efficiency of the stiffness adjustment mechanism. However, 
the drifts are too small to have a considerable impact on the force 
measurement accuracy (for a tested rotation, the maximal axis shift of 
joint a, equals approximately 1 μm). The full equation describing the 
overall potential energy Eall is given as  

where 

Epg(α) is the gravitational potential energy,

β
(
α, xp

)
= arcsin

(
r⋅sin(α)

p

)

, (20)  

γ
(
α, xp

)
= α + β

(
α, xp

)
. (21) 

Using formulas (1) and (9) one can obtain the force - displacement 
characteristic F(x). The overall stiffness ko is given by (22), where La, Lb, 
Lc are lengths of the blades composing the RCC joints. 

ko = − xp ⋅
kl

(
2
̅̅
2

√

15 (Lbr2 + Lc(p + r)2
+ Lap2) + p2r + pr2

)

l1l2p2 +

+
kαp2 + kβr2 + kγ(p + r)2

l1l2p2

(22) 

One can observe that for the prototype described in section 4, r = p 
and La = Lb = Lc, which simplifies the equation to the form  

ko = − xp ⋅
2kl

(

p + 2
̅̅
2

√

5 La

)

l1l2
+

kα + kβ + 4kγ

l1l2
. (23)  

4. Experimental results 

4.1. Model verification by a demonstrator 

The main objective of manufacturing the polymer demonstrator was 
to have a quick and low-cost verification of the stiffness-adjustment 
principle. The demonstrator (Fig. 18) was cut from the 5 mm-thick 
sheet of POM. The experimental determination of force-displacement 
characteristics (Fig. 19) shows the ability to reduce the overall stiff-
ness to near-zero level and beyond. The material used to manufacture 
the demonstrator brings in drift and hysteresis to the results; therefore, 
detailed investigation of the demonstrator was not performed. Proven 
ability to control the overall stiffness of the mechanism was sufficient to 
go on to design a stainless-steel prototype. 

4.2. Design of the stainless-steel prototype 

The prototype was laser cut from a 2.5 mm-thick sheet of stainless 
steel, except for the RCC pivots, which were machined by electrical 
discharge machining (EDM). Compared to the polymer demonstrator, 
only the dimensions of the compliant joints were modified with the new 
material. Table 1 shows the final key dimensions of the prototype. 
Before production of the prototype, it was verified by FEM that a 
thickness of 2.5 mm provided sufficient stiffness for safe assembly and 

manual manipulation of the prototype. The resistance to non-axial 
forces acting on the end-effector was also tested. For smaller mecha-
nisms, a thickness of a few millimeters is not a problem for wire-EDM 
machining, but the mechanism can be further mechanically con-
strained to prevent buckling or plastic deformation. 

4.3. Test bench 

The force and displacement measurements were performed on the 
prototype using the test bench depicted in Fig. 20. 

To measure the input force, a reference load cell Kistler 9205 con-
nected to a controller NI Rio was used. The RMS noise of the force 
measurement consists of a background noise of the reference load cell 
and the controller, and was determined as 1 mN. The reference load cell 
was mounted on a 3-DoF manual micro-positioning stage. One axis was 
used to displace the reference load cell towards the lever of the tested 
mechanism, thus exerting on the structure the input force F. The two 
other axes were used for fine positioning of the reference load cell after 
assembly. The reference load cell was attached to the lever of the tested 
mechanism by a flexible blade to avoid exerting transversal forces on the 
sensor. The output displacement x was measured by a laser distance 
meter LK-H152 with a precision of 0.1 μm. The tested mechanism was 
mounted horizontally to limit the impact of gravity on the results. Both 
sensors were set to a sampling rate of 100 Hz. The overall stiffness of the 
load cell was adjusted by displacing a micro-positioning 1 DoF manual 
stage. 

4.4. Testing strategy 

The main objective of the measurements was to determine the 
overall stiffness ko of the prototype in a function of the stiffness 
adjustment displacement xp. To achieve that, force-displacement char-
acteristics F(x) were plotted for multiple values of displacements xp. 

Fig. 19. Force-displacement characteristics for different stiffness adjustments 
of the polymer demonstrator. Analysis of results allows concluding that 
adjustment displacement has a visible impact on the overall stiffness and allows 
reducing stiffness close to zero-stiffness state and beyond, to negative stiffness. 

Eall
(
α, xp

)
=

1
2

(

kαα2 + kββ
(
α, xp

)2
+ kγγ

(
α, xp

)2
++kl

(
xl
(
α, xp

)
− λα

(
α
)
− λβ

(
β
)
+

− λγ(γ))2)
+ Epg

(
α
)

(19)   
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During the movement of the lever, the output displacement x was 
recorded by the laser reflected from the counter-part of the lever. For 
each displacement xp, the measurements were repeated several times in 
both directions to observe repeatability and potential hysteresis. Results 
from all repetitions are superimposed in Figs. 21 and 22. 

4.5. Results 

The force-displacement characteristics F(x) obtained from the ex-
periments are presented in Figs. 21 and 22. 

The force-displacement curve for xp = 0 mm shows that the 
maximum measurement range for the structure is approximately 
±1.2 N. This value could be increased by preloading the linear spring in 

Fig. 20. A view of the test bench used for characterization of the stainless steel prototype. The input force F measured by the reference sensor (3) is applied by 
displacing the microprecision stage (1). The output displacement x is measured on the reflector (4) by the displacement sensor (5). The overall stiffness of the load 
cell is adjusted by the microprecision stage (2). 

Fig. 21. Force-displacement characteristics measured on the prototype, for 
different adjustment displacements xp. The possibility of reducing the overall 
stiffness to near-zero and beyond, reaching negative stiffness has been 
demonstrated. 

Fig. 22. Force-displacement characteristics measured on the prototype for 
different adjustment displacements xp. Near-zero stiffness is obtained for xp =

0.48 mm. 
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tension (xp < 0), but the purpose of this article was to show the ability to 
measure small forces for micromanipulation applications. When xp =

0 mm, the measured sensitivity s0 equals 1.236× 10− 3 m/ N, and overall 
stiffness ko equals 809 N/m. The force sensing resolution of the tested 
mechanism can be defined as the smallest change of the input force that 
can be detected by the mechanism. Therefore, its value depends on the 
resolution of the displacement sensor, and for xp = 0 mm it is equal to 
80.9× 10− 6 N. 

Near-zero stiffness is obtained for an adjustment displacement xp =

0.48 mm. For this setting, s0 = 0.241 m/N which corresponds to the 
force sensing resolution of 0.41× 10− 6 N. The overall stiffness ko 
measured when xp = 0.48 mm is equal to 4.15 N/m. These results show 
potential for further improvement in future research, as the precision of 
setting xp was limited by the manual micro-positioning stage. Moreover, 
it should be noted that using more rigorous displacement sensing tech-
nology, such as interferometry-based or capacitive, might allow 
measuring smaller forces due to their nanometer resolution. 

Hysteresis visible in Fig. 22 results from the drift of the piezo-electric 
reference load cell. In the present case, the achieved force sensing pre-
cision is sufficient for characterizing the stiffness adjustment mecha-
nism, however, the use of a more precise reference load cell should be 
considered in the calibration of the tested mechanism. 

The nonlinearity of the force-displacement characteristic does not 
have a significant impact on the accuracy of the measurement of small 
forces around zero stiffness due to the possibility of analytical modeling 
and subsequent compensation of the phenomenon by prior calibration. 
Additionally, the force-displacement characteristics depicted in Fig. 22 
were plotted for a relatively large range of motion, ± 1 mm. In micro-
manipulation, this range is typically of the order of tens of micrometers, 
which significantly reduces the impact of nonlinearity on the force 
measurements. 

Fig. 23 presents the overall stiffness ko as a function of the stiffness 
adjustment displacement xp. The results of the numerical simulation are 
in accordance with the analytical model for xp < 0.6mm, while for large 
linear compression of the spring there are differences between the 
analytical and numerical models. The approximation on the Euler- 
Bernoulli beam theory that assumes constant stiffness and small de-
formations of the joints explains this difference. The experimental re-
sults are consistent with the theory for small xp, but for xp > 1mm the 
error increases to about 20%. The manufacturing precision is the main 
reason to explain this difference. In fact, we observed heterogeneity in 
the thickness of the compliant joints, especially for the linear spring 
which was laser cut. For this phase of our research, we considered that 
the compromise on manufacturing quality was acceptable to produce a 
large scale prototype at lower costs and easily testable in our laboratory. 
In the next phase, the mechanism will be redesigned at a smaller scale 
and manufactured with enhanced precision to allow for more accurate 
measurements. 

During the experiments, the prototype was fixed to a reference load 
cell which dampened possible oscillations of the lever. Therefore, the 
noise level of the force-displacement characteristics corresponds to the 
noise level of the reference load cell, and dynamic properties of the 
tested mechanism had no influence on the measurements. In addition, 
precision of the stiffness determination was limited by the drift in the 
reference force measurements. Indeed, the reference load cell was 
identified as the main limiting factor for static characterization of the 
device at the highest possible precision. As a next step, the mechanism 
should be scaled down to meet the requirements of real micromanipu-
lation tasks, and its dynamic properties should be characterized. 

5. Conclusions and perspectives 

This article presents a novel design of a compliant load cell with 
adjustable stiffness. Simulations based on analytical and numerical 
models (Fig. 24) show the ability to control the overall stiffness of the 

mechanism and to achieve zero and even negative stiffness. Experiments 
performed on a stainless-steel prototype enabled us to reduce the overall 
stiffness to near-zero and beyond, allowing force sensing at levels 
required by many micromanipulation tasks. Measuring forces from 
newtons down to micronewtons proved possible with the compliant 
structure as presented. Of note, improving the resolution of force sensing 
of the system to nanonewtons is realistic by bringing in the few im-
provements to the mechanism as discussed above, and by optimizing the 
vibrations damping. Furthermore, with centimeter-scale dimensions, 
the load cell’s fragility is reduced compared to MEMS solutions, and end- 
effector interchangeability is facilitated. Finally, as its design is planar 
and does not require complex assembly process the manufacturing costs 
are lower. 

Fig. 23. Overall stiffness ko as a function of the adjustment displacement xp- 
results of experiments on the stainless-steel prototype compared to FEM and 
data obtained analytically. 

Fig. 24. FEM analysis was performed in software Comsol 5.5. The figure shows 
the largest von Mises stress in the mechanism that occurs when xp = 1.1mm 
and.x = 1.5mm 
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Our future research is focused on reducing the overall dimension of 
the load cell to make it compatible with actual micromanipulation 
setups. Gravity compensation and dynamic properties will also be 
further investigated. 
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