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A Variable Configuration Force Sensor with
Adjustable Resolution for Robotic Applications
Xiantao Sun, Wenjie Chen, Senior Member, IEEE, Xiaoyu Xiong, Weihai Chen, and Yan Jin

Abstract—Multitask measurements with different measuring ranges and resolutions have put forward higher
requirements for force sensors. This paper presents a novel
variable configuration approach to develop an adjustableresolution force sensor with a compact force-sensitive
structure. Unlike the traditional strain gauge-based force
measurement, the external force is detected through measuring the displacement of the deformed structure with a
precision optical linear encoder. This approach can enable
variable measuring range and force resolution through the
continuous adjustment of structural stiffness. Specifically,
the stiffness adjustment is implemented by changing the
second moment of area of the sensor structure through
rotating its build-in flexure beam shafts. Analytical models
are established to provide the theoretical basis for analysis
and design of the sensor. Further, the validity of the design
is evaluated with finite element simulations. Finally, a sensor prototype is developed for performance evaluation and
applied for the wire bond pull tests to evaluate the bond
strength on the printed circuit board assembly. Experimental results show that it is effective to change the measuring
range and force resolution of the developed force sensor
through the stiffness adjustment.
Index Terms—Adjustable resolution, bond pull test, force
sensor, second moment of area.

I. I NTRODUCTION
RECISION force measurements are increasingly required
in industrial applications so that more delicate operations
can be performed [1]-[3]. In these applications, a force sensor
as a primary component plays an indispensable role in the
whole robot system. Taking the printed circuit board (PCB)
assembly as an example, the bond pull test is often performed
by applying an upward force under an aluminum, copper, or
gold wire/ribbon of an electronic component to pull it away
from the PCB until the bond or wire/ribbon breaks [4], [5].
The purpose is to test the bond strength, observe the failure
mode, and determine compliance with given bond strength
requirements, etc. Since the bond strength varies with different
wire/ribbon materials, dimensions and bonding types [6], the
required force range and resolution are changed accordingly.
Nevertheless, most existing force sensors cannot balance the

P

This work was supported by the National Natural Science Foundation
of China under Grant 52005001 and Grant 51975002. (Corresponding
author: Wenjie Chen)
Xiantao Sun, Wenjie Chen, and Xiaoyu Xiong are the School of
Electrical Engineering and Automation, Anhui University, Hefei, China
(e-mail: {xtsun, wjchen}@ahu.edu.cn, Z20301141@stu.ahu.edu.cn).
Weihai Chen is with the School of Automation Science and Electrical Engineering, Beihang University, Beijing, China (e-mail: whchen
@buaa.edu.cn).
Yan Jin is with the School of Mechanical and Aerospace Engineering,
Queen’s University Belfast, United Kingdom (e-mail: y.jin@qub.ac.uk).

two parameters well. In general, the higher the resolution (i.e.,
the smaller the value), the smaller the range, and vice versa.
In the actual pull test, the force sensor needs to be replaced
according to different testing tasks. However, this will result in
repeated installation and calibration, low efficiency, and high
test cost, etc. To solve the problem, it is necessary to develop
a novel force sensor with adjustable resolution (FSAR) in the
different ranges, where the variation ratios of the range and
resolution is not less than 100 times.
A force sensor typically has two critical components, i.e.,
force-sensitive structure and force detecting element [7]-[9].
The former has a specific stiffness to bear the applied force and
the latter is to detect the structural deformation. The common
detection methods are mainly categorized into resistive type
[10]-[12], piezoelectric type [13], [14], capacitive type [15],
[16], and optical type [17], [18], etc. Most commercial force
sensors adopt the resistive type, which uses strain gauge as
the detecting element due to its small size and low cost.
However, bonding strain gauges to the sensor structure requires
skilled manual operations, and it is difficult to control the
bonding quality. It is noticed that the piezoelectric force sensor
made of piezoelectric material is a typical self-powered sensor.
Generally, it is mostly used for dynamic measurement due to
the charge leakage [19]. For the capacitive or optical force
sensor, it makes use of the capacitance change or optical
technique to measure the structural deformation.
So far, many force sensors have been developed for various
robotic applications. For instance, Wood et al. proposed a
capacitive force sensor for the lift and drag measurements of
a robotic insect [20]. It has a high resolution but a very small
range of only a few grams force. Bandari et al. presented a
optical force sensor for minimally invasive surgery [21]. It
can only measure a small grasping force of about 2 N, and
a large force will result in the nonlinear behavior and even
the breakage of an optical fiber. However, the above force
sensors have a constant range and resolution. Faragasso et al.
developed a vision-based force sensor with customizable range
and resolution, which was achieved by manually changing
the inside spring or the distance between the camera and the
spherical feature [22]. Takashima et al. designed a force sensor
based a shape-memory polymer (SMP) [23]. The sensitivity/resolution and range vary with the SMP temperature, which
requires a voltage controller to change the temperature of the
heating wire and a sensor to monitor the temperature. Kouno
utilized an automatic gain control to change the sensitivity of
a strain gauge-based tactile sensor [24]. However, the range
is not changed since the sensor stiffness remains unchanged.
Moreover, some MEMS force sensors adopted the active-drive
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TABLE I: Summary and comparison of several typical force sensors.
Reference Advantages

Disadvantages
Unadjustable performance
[20], [21] Simple structure
Analog output signal
Repeated installation and calibration
Complex adjustable operation
[22], [23] Adjustable performance
Discontinuous and limited adjustment
Analog output signal
Adjustable performance Limited adjustment
[24]-[26] Continuous adjustment Extra actuator [25], [26]
Small size
Analog output signal
Adjustable performance
Continuous adjustment Relative large structure
This work
Large adjustable range Extra motor
Digital output signal

and position-feedback method to achieve an adjustable range
and sensitivity [25], [26], where the drive is always powered
during force measurement.
A review of the previous works reveals that the range and
resolution of most force sensors are not adjustable. The two
parameters usually restrict each other, resulting in that most
force sensors can only be used for a small or large-range
measurement. Although a few force sensors have an adjustable
range and resolution, they have the disadvantages of repeated
installation and calibration, complex adjustable operation, and
limited adjustment range, etc. In addition, regardless of the
resistive, piezoelectric, capacitive or optical sensing methods,
their outputs are weak analog electrical signals that are susceptible to noise. Thus, a complex signal processing system
with the functions of amplification and filtering is required to
condition these signals [27], which is critical to the sensor
characteristics. As a result, the above problems limit their
scope of applications.
Table I provides a summary and comparison of several
typical force sensors. Different from other force sensors, our
FSAR can measure an applied force through adopting a digital
grating scale scanning technique to detect the linear displacement of the output end suspended by a compact variable
stiffness mechanism (VSM). The force/resolution is reflected
by the VSM stiffness and output displacement/resolution. The
stiffness can be adjusted continuously from high compliance to
almost complete rigidity through the configuration variation of
the VSM. It is implemented by changing the second moment
of area (SMA) of the VSM through rotating the build-in
flexure beam shafts. The rotation angle is controlled via a
motor. Hence, the stiffness can be increased to obtain a largerange measurement with a low resolution or decreased when
a high-resolution and small-range measurement is required.
Overall, compared with the existing force sensors, the main
features of the proposed FSAR are listed as follows.
• The applied force is detected through a digital measurement method with strong anti-interference capability.
• It has a continuous and adjustable resolution based on a
variable configuration in the different ranges.
• The measuring range and resolustion can be adjusted in
a large range through a novel VSM.
The remainder of this paper is organized as follows. The

Fig. 1: (a) Schematic diagram of the FSAR and (b) its forcedisplacement relationship.

Fig. 2: Working flow diagram of the FSAR.
design of a novel FSAR is introduced in Section II, where
the working principle, VSM design, and overall structure are
described. In Section III, the analytical modeling is presented.
Section IV verifies the design concept of the VSM through
finite element analysis (FEA). A prototype is developed,
and the performance evaluation, wire bond pull tests, and
discussions are performed in Section V. Finally, Section VI
concludes this paper.
II. M ECHANICAL D ESIGN
A. Working Principle
The design concept of an FSAR is shown in Fig. 1. The
force-sensitive structure is a double-parallelogram mechanism
with a simple structure and good linear motion. The output
motion is measured by an optical linear encoder (OLE)
including a grating plate attached to the output end and a
fixed detecting head (not shown here). The OLE possesses
the advantages of digital output signals, a large measuring
range, micro/nano-level resolution, compact body, and easy
installation, etc. The sensor body is actually an active VSM
with four identical variable stiffness units, which possesses the
ability to continuously adjust its stiffness. Thus, the applied
force can be reflected by the stiffness and displacement of the
force sensor as illustrated in Fig. 1(b). Although the stiffness
K varies, the force is linear to the output displacement at any
specific stiffness as long as the structure is in the linear elastic
region. If the displacement resolution of the OLE is d0 , the
highest and lowest force resolutions fh (Kl d0 ) and fl (Kh d0 )
of the FSAR are determined by the lowest and highest stiffness
Kl and Kh of the VSM, respectively. It is clear that the
resolution variation depends on the stiffness variation. Thus,
the proposed force sensor can adjust its resolution according
to different task requirements, thereby further expanding the
functions of traditional force sensors.
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ratio of the maximum to the minimum stiffness is given as
λ=

Fig. 3: Two variable stiffness units. (a) Rotational flexure beam and
(b) combined flexure beam.

The working flow diagram of the FSAR is shown in Fig. 2.
If a measured force is known, the sensor stiffness only needs
to be adjusted once to obtain a suitable range and resolution.
However, in many cases, the magnitude of the measured
force is unknown, and a mismatched force sensor will result
in the overload damage or poor measurement accuracy. For
the FSAR, a maximum-range and minimum-resolution level
is firstly chosen to coarsely measure the force, and then a
suitable resolution and range level is confirmed to conduct
final accurate measurement.
In order to achieve a large change in the range and resolution
of the FSAR for the pull tests of wire/ribbon bonds, designing
a novel VSM with a large stiffness variation is very critical.
It is known that an elastic element behaves differently in
terms of deformation and stiffness when the direction of an
applied force is changed. Taking a slender flexure beam (e.g.,
cantilever beam) with high width-to-thickness (w/t) ratio for
example, it is very compliant and deforms easily under a force
along the thickness direction, but it is very stiff and hardly
deforms under a force along the width direction. Normally,
the direction of the applied force remains unchanged, and the
variable characteristics can be also achieved by rotating the
flexure beam as shown in Fig. 3(a). The solid line represents
the initial position (α = 0◦ ) of the rotational flexure beam
(RFB). It results in a variable configuration structure, where
a motor is required to drive the rotation. The above two limit
states correspond to the minimum and maximum stiffness of
the RFB, respectively. For the high compliant state, based on
the theory of elastic mechanics, its free-end displacement and
stiffness can be easily derived as follows
δ=

F l03
,
3EIz

Kl =

3EIz
l03

(1)

where E is the elastic modulus of the material and Iz =
w0 t30 12 denotes the SMA along the z-axis in the coordinate
xyz, which is determined by the geometrical dimensions of
the cross section. l0 , w0 , and t0 represent the length, width and
thickness of the RFB, respectively. It is clear that the stiffness
is proportional to the SMA.
Similarly, for the high stiff state, the corresponding results
are also obtained as
δ0 =

F l03
,
3EIy0

Kh =

3EIy0
l03

(2)

Then, the stiffness variation ratio of the RFB defined as the

Kh
Iy0
w2
=
= 20
Kl
Iz
t0

(3)

Eq. (3) reveals that the stiffness variation is attributed to the
SMA variation and a larger λ is easily available especially for
the larger-w/t flexure beam. However, the single beam structure
can generate an undesired parasitic twist along the longitudinal
direction at the asymmetry positions (α 6= 0◦ or 90◦ ), which
results in an uncontrollable motion.
An improved combined flexure beam (CFB) is proposed as
the variable stiffness unit of the FSAR as shown in Fig. 3(b).
It consists of a hollow flexure beam (HFB) and a build-in
flexure beam shaft (FBS). The latter can rotate freely about
its geometric centerline, which aligns with that of the former.
The HFB possesses two parallel flexure beams to achieve a
good linear motion along the y-axis for its free end. Similar to
the RFB, the CFB can also change its stiffness continuously
from the highest compliance (α = 0◦ ) to the highest stiffness
(α = 90◦ ) via the FBS rotation. Thus, the force resolution of
the FSAR is adjusted accordingly. Based on the parallel axis
theory [28], the SMA of the FBS along the z-axis as a function
of the rotation angle α is given by
Iz,FBS = Iz0 ,FBS · cos2 α + Iy0 ,FBS · sin2 α

(4)

where Iz0 ,FBS and Iy0 ,FBS describe the SMAs of the FBS
along the z 0 and y 0 axes in the coordinate x0 y 0 z 0 , respectively.
It can be seen that Iz0 ,FBS dominates Iz,FBS at a small α but
Iy0 ,FBS (Iy0 ,FBS  Iz0 ,FBS ) is in the dominant position when
α is close to 90◦ .
The total SMA of the CFB can be expressed as
Iz,CFB = Iz,FBS + Iz,HFB

(5)

It is observed from the above analysis that the relationship
between the SMA as well as the stiffness and the rotation
angle is nonlinear. The approach of variable configuration can
achieve a large stiffness/resolution variation.
B. VSM Design
It is known that the parasitic motions are unfavorable and
easily degrade the sensor performance, so they should be
minimized as much as possible in the design phase. The
possible parasitic motions of the FSAR (see Fig. 1(a)) mainly
include the out-of-plane pitch and vertical motions (θx and
z) of the output end caused by the twist deflections of the
FBSs. Although these parasitic motions can be eliminated by
adding some mechanical constraints such as a linear guide
rail attached to the output end, it will result in a high inertia,
which can decrease the dynamic performance of the FSAR.
On the other hand, the parasitic motions can be also reduced
or eliminated by the internal balance constraints through
the reasonable structural design. To this end, based on the
proposed variable stiffness unit, four different VSM designs
are illustrated for choosing one to adjust the FSAR stiffness
as shown in Fig. 4. Each of them adopts four parallel CFBs
for good dynamic performance, but the FBSs have different
rotation directions.
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Fig. 5: CAD model of the developed FSAR.
Fig. 4: Four VSM designs with identical rotation angles and different
rotation directions of the FBSs.

TABLE II: Main components of the FSAR.
Main mechanical parameters

The parasitic motion types of each VSM are analyzed as
follows. Firstly, taking the first design as shown in Fig. 4(a)
as an example, when an external force F is applied to the
output end, the distributed bending force f on the FBS from the
bending stress is decomposed into a horizontal force Fy and a
vertical force Fz . In view of the four FBSs rotating in the same
direction, the output end will be subjected to a total vertical
force 4Fz . It is noticed that the four HFBs only undergo pure
bending deformations and make no contribution to the vertical
force. Thus, the vertical motion is the main parasitic motion of
the first VSM. Similarly, for the second design with the coaxial
FBSs with identical rotation directions and the adjacent FBSs
with opposite rotation directions, it is easy to analyze that the
pitch motion becomes the main parasitic motion. In addition,
for the two VSM designs with the coaxial FBSs with opposite
rotation directions as shown in Figs. 4(c) and 4(d), the four
vertical forces are finally counteracted by each other. Thus,
they both satisfy the design requirements from the perspective
of eliminating parasitic motions.
C. Development of the FSAR
According to the previous VSM design, the fourth one in
Fig. 4(d) is selected to design a variable configuration FSAR
and its CAD model is shown in Fig. 5. The main components
and their parameters are listed in Table II. The rotations of
four FBSs are driven by a stiffness adjustment motor via a spur
gear drive and two worm drives. Specifically, each worm drive
with one worm and two worm wheels rotates two adjacent
FBSs in the opposite directions. Two worms have a single
start and four worm wheels have the same number of teeth to
guarantee the identical rotation angles of four FBSs. The motor
just requires to overcome the frictional forces during the FBS
rotations under the no-load condition of the FSAR. It is noted
that the worm drive has the reverse self-locking property that
the worm can easily turn the worm wheel, but the latter cannot
turn the former reversely. In addition to the worm drive [29],
there are many mechanisms with the self-locking function,
such as a latch [30], a ratchet [31], a cam-based locking
mechanism [32], a self-engaging rack-pinion mechanism [33],
and an overrunning clutch [34], etc. However, compared with
these mechanisms, the worm drive possesses a more compact

Dimensions
Stiffness
Maximum torque
1
adjustment motor Maximum speed
Resolution
Gear drive
2
Teeth number
3

Worm drive

4

OLE

Teeth number

28.5×46.5×34 mm3
4.1 N·m
46 r/min
0.088◦
84, 50, 30
1 (worm), 40 (worm wheel)

Measuring range 10 mm
Resolution
1.22 nm∼5 µm

and smaller structure. Moreover, it is not only self-locking but
also has a large reduction ratio for two orthogonal rotations.
Thus, the FSAR can hold the set stiffness/resolution when the
motor power is cut off. The detecting head of the OLE is fixed
on the bottom frame to detect the motion of the grating plate
attached to the output end.
Assume that the transmission ratios of the gear and worm
drives are i1 and i2 , respectively. rs is the rotation resolution
of the stiffness adjustment motor and that rFBS of the FBSs
can be calculated as follows
rFBS = rs /(i1 · i2 )

(6)

which indicates that the FBS resolution is determined by the
transmission ratios i1 and i2 in the case of a known motor. That
is, the larger the transmission ratios, the higher the resolution.
In addition, a large transmission ratio is also beneficial to
provide a large driving torque for the FBS rotations.
III. M ODELING OF THE FSAR
A. Stiffness Modeling
In order to obtain the linear relationship between the applied
force and the output displacement of the FSAR, the VSM
stiffness should be modeled. The force diagram of the VSM
is shown in Fig. 6. The matrix method is adopted to evaluate
the VSM stiffness, where the CFB is characterized in terms of
its deformation behaviour by defining six degrees of freedom
(three translations and three rotations). Based on the linear
elastic theory of small deformations, the deformation u and
the load F of the CFB are related by
u = CF

(7)
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Taking into account the linear output motion of the FSAR,
the following relationships can be established as
uy0 = Cuy0 Fy0 Fy0 + Cuy0 Mz0 Mz0

(11)

θz0 = Cθz0 Fy0 Fy0 + Cθz0 Mz0 Mz0 = 0

(12)

where uy0 represents the output displacement of the FSAR.
Eq. (12) indicates that the rotation of the output end along the
z-axis is restricted.
In view of Eqs. (11) and (12), the CFB stiffness along
the y0 -axis can be obtained according to the expression of
K0 =Fy0 /uy0 . The proposed VSM consists of four parallel
CFBs as shown in Fig. 4. Thus, its stiffness along the sensing
direction of the FSAR is derived as
4Cθz0 Mz0
F
K (α) =
=4K0 =
uy0
Cuy0 Fy0 Cθz0 Mz0 −Cθz0 Fy0 Cuy0 Mz0
(13)
The above four matrix factors can be obtained by referring
to the literature [35] as well as the superposition principle of
the SMA in Eqs. (4) and (5) as follows
3

l
 (14)
3E Iz,HFB +Iz0 ,FBS cos2 α+Iy0 ,FBS sin2 α
l
 (15)
Cθz0 Mz0 =
E Iz,HFB +Iz0 ,FBS cos2 α+Iy0 ,FBS sin2 α
Cuy0 Fy0 =

Cθz0 Fy0 = Cuy0 Mz0
=

(16)
l2

2
2
0
0
2E Iz,HFB +Iz ,FBS cos α+Iy ,FBS sin α

0 .5

0 .6

(b)
1 5 0

K

T
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Fig. 6: Force diagram of the VSM. (a) One CFB and (b) the output

where a 6 × 6 matrix C is introduced here as
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0
0
0
0
0
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0
0
0
Cθx0 Mx0
0
0




0
0
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0
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0
0
Cθz0 Fy0
0
0
0
Cθz0 Mz0
(8)
It is a symmetric matrix and represents the compliance of the
CFB in the coordinate x0 y0 z0 . The first subscript in the matrix
factors denotes the deformation along a particular direction
while the second one describes the required load to generate
this deformation. The deformation and corresponding load
vectors of Eq. (7) are given by

1 0 0

9 0

1 0

2 0

3 0
l (m m )

(c)

4 0

0
15
10
w2 (mm)

5 5

15
10
w1 (mm)

(d)

Fig. 7: Stiffness performances of the VSM. (a) K(α) as a function
of α, (b) influence of t on λ, (c) influence of l on Kl and Kh , and
(d) influence of w1 and w2 on λ.

The stiffness performances of the VSM with respect to the
rotation angle and its geometric parameters are investigated
and shown in Fig. 7. It is observed from Fig. 7(a) with FEA
verifications that the stiffness can be continuously adjusted in
a large range by controlling the rotation angle α. However, the
analytical results overestimate the stiffness and the relatively
large deviation is mainly due to the linear modeling of flexure
beams. The model accuracy can be improved through the
nonlinear modeling. The influence of the geometric parameters
on the stiffness is provided as shown in Figs. 7(b)-7(d).
The stiffness variation ratio λ decreases when the thickness
t increases. Although a smaller t can generate a larger λ,
it will increase the machining difficulty and cost. Kl and
Kh decrease as l increases, and l is mainly determined by
the structure dimensions of the VSM. λ increases with w2
increasing and w1 decreasing. Moreover, w1 has a smaller
influence on λ than w2 . The reason is that the stiffness
variation of the VSM comes from the rotational FBSs instead
of the fixed HFBs. However, a larger w1 is also helpful to
better maintain the translational characteristic of the output
end. Thus, the geometric parameters should be reasonably
designed to achieve the required stiffness variation without
degrading other characteristics of the FSAR.
B. Dynamics Modeling
Natural frequency is another important consideration in the
design of force sensors and dominates the sensor bandwidth.
The stiffness modeling has been conducted in the above
section. The effective mass Me of the FSAR should be also
derived. In particular, the effective mass me of the deformed
CFB is no longer equal to its actual mass and it can be
calculated according to the Rayleigh’s principle [36] as follows
2
Z 
mr l uy (x)
me =
dx
(17)
l 0
uy0
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TABLE III: Geometrical and material parameters of the VSM.
Definition & Parameters
1
2
3
4
5
6

Dimensions of HFB (l×w1 ×t)
Dimensions of FBS (l×w2 ×t)
Elastic modulus of the material (E)
Poisson’s ratio of the material (γ)
Yield stress of the material (σp )
Material density (ρ)

30×9×0.5 mm3
30×10×0.5 mm3
71.7 GPa
0.33
503 MPa
2810 kg/m3

where mr = ρlt (w1 + w2 ) is the actual mass of the CFB, ρ is
the material density, and uy (x) represents the deflection of any
position at the CFB subjected to the related load components
Fy0 and Mz0 as shown in Fig. 6(a). According to the theory
of elastic mechanics, the deflection can be obtained as


 1
Fy0
1
2
3
2
3lx − x + Mz0 x
(18)
uy (x) =
EIz,CFB 6
2

Fig. 8: Deformation and stress distribution of the VSM (a)-(b) at the
high compliant state and (c)-(d) at the high stiff state.

where the influence of the axial force Fx0 on this deflection
is ignored in a small deformation.
Substituting Eqs. (11), (12) and (18) into Eq. (17) and
solving the integration yields
13
mr
(19)
35
Then, the effective mass of the FSAR can be expressed as
me =

Me = 4me + mt

(20)
Fig. 9: Experimental setup for the performance evaluation.

where mt is the total mass of the output end and grating plate.
The FBS rotation has no effect on the effective mass.
Thus, the natural frequency of the FSAR along the sensing
direction is expressed as
s
K (α)
1
f=
(21)
2π
Me
It is observed from Eq. (21) that the natural frequency
also changes accordingly when the VSM stiffness is adjusted.
However, the force resolution decreases with the increase
of the natural frequency. To improve the natural frequency
without the expense of the force resolution, the mass reduction
is a feasible method and a large lightening hole is designed at
the output end for this purpose as shown in Fig. 4.
IV. F INITE E LEMENT A NALYSIS
To verify the mechanical performances of the proposed
FSAR and the accuracy of the analytical models, FEA is
performed using ANSYS software. Al7075-T6 is selected as
the material of the VSM due to its good elasticity and high
strength. The main geometrical and material parameters of the
VSM are listed in Table III.
First, the static performance of the FSAR is evaluated with
the static structural simulation of ANSYS Workbench. With an
external force applied at the output end, the simulation results
including the deformation and stress distribution of the VSM
at two limit states (α = 0◦ and 90◦ ) are illustrated in Fig. 8.
It is noticeable that the output displacement of the former is
very large (up to 306 µm), but that of the latter is very small

(only 26.6 µm) even if the external force is 100 N. Hence, the
stiffness variation ratio of the VSM is derived as 115.
Second, the modal simulation is conducted to evaluate the
dynamic performance of the FSAR. The simulation results
show that the first mode (163 Hz) indicates a translation along
the sensing direction at α = 0◦ . For the case of α = 90◦ , the
first and second modes (823.1 Hz, 896 Hz) are caused by
the out-of-plane pitch and vertical motions of the output end
respectively, whereas the third one (1867 Hz) is the concerned
translation. For the two cases, the corresponding analytical
results along the sensing direction are 152.1 Hz and 2210 Hz
respectively, which are close to the simulation values.
V. P ROTOTYPE P ERFORMANCE T ESTS
In this section, the FSAR prototype is developed, and its
overall performances are evaluated in detail by conducting a
series of experimental tests.
A. Prototype Development
All mechanical parts of the FSAR are fabricated and assembled precisely, and the experimental setup for its performance
evaluation is shown in Fig. 9. The VSM possesses a compact
dimension of 96 × 65 × 20 mm3 . It is driven by a Dynamixel
motor (model: XM430-W350, from ROBOTIS Co., Ltd.) as
the stiffness adjustment motor. The transmission ratios of the
gear and worm drives are set to 30:84 and 40:1, respectively.
Thus, the theoretical rotation resolution of four FBSs is derived
as 0.006◦ according to Eq. (6) since the resolution of the
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Fig. 10: Experimental results of (a) the FSAR calibration and (b)
the resolution and range variations relative to the rotation angle.

Dynamixel motor is 0.088◦ . The stiffness variation time with
no external load applied to the FSAR is about 3.8 s, which
defines the time required to achieve the maximum stiffness
variation [37]. A digital OLE (model: Mercury II SP4800,
from Celera Motion) with the accuracy of ±40 nm over any
20 µm movement and ±1 µm for the movement up to 130
mm is utilized to measure the output motion of the FSAR.
Its resolution is optional from 1.22 nm to 5 µm via the
programmable interpolation, and the resolution is set to 0.1
µm for the FSAR in the tests. An ATI sensor (model: Mini 45
SI-145-5) with the accuracy of 0.5% full range (Fz , 290 N)
and resolution of 62.5 mN is selected as the reference sensor.
It is attached to a manual linear stage through an L-shaped
jig and connects with the output end of the FSAR in series
as shown in Fig. 9. Moreover, the FSAR should be operated
at room temperature to prevent the thin flexible beams and
high-precision OLE from a large temperature fluctuation.
B. Performance Evaluation
Before usage, the FSAR should be calibrated to obtain its
linear relationship between the applied force and the output
displacement and further investigate its adjustable performance. A sequence of forces are manually applied through
the linear stage and measured by the reference sensor while
the output displacement of the FSAR is recorded by the
OLE. During the calibration, the rotation angle of the FBSs
is adjusted from 0◦ to 90◦ with the interval of 15◦ . Fig. 10(a)
shows the calibration results of the FSAR. It is observed that
the force-displacement relationship is almost linear for each
specific rotation angle. The minimum and maximum stiffness
can be obtained as 0.03 N/µm and 3.2 N/µm at α = 0◦ and 90◦ ,
respectively. Thus, the available highest and lowest resolutions
(i.e., the smallest force change detected) are calculated as
3 mN and 0.32 N due to the OLE resolution of 0.1 µm,
respectively. The resolution variation ratio, i.e., the ratio of the
lowest to the highest resolution is as high as 106.7, which is
consistent with the simulation result. The resolution variation

Fig. 11: Performance tests for the cases of α = 0◦ and 90◦ . (a) Time
response comparison with the ATI sensor and (b) static performance
evaluation of the FSAR.

relative to the rotation angle is shown in Fig. 10(b) according
to the calibrated results and a fifth-order polynomial function
can fit them well. In addition, the allowable measurable range
of the FSAR is also provided as shown in Fig. 10(b). It can
be seen that the range increases as the resolution decreases. It
should be noted that the range is mainly determined based on
two aspects, namely, good linearity and the allowable stress
less than the yield stress. The minimum measurable force
of the FSAR mainly depends on the resolution due to the
negligible dead zone of the VSM.
After the sensor calibration, the time response performance
of the FSAR is firstly evaluated by comparing the collected
force signals from the reference sensor and the developed
sensor. Taking the cases of α = 0◦ and 90◦ for example, as
illustrated in Fig. 11(a), the tests are conducted by applying
a random force, which is measured simultaneously by the
two sensors. The testing results show that the responses of
two sensors are consistent. To evaluate the static performance
indicators of the FSAR in detail, e.g., accuracy, hysteresis,
and repeatability, etc., the full-scale range (FSR) loading
and unloading experiments of the two cases are performed
repeatedly as shown in Fig. 11(b), where the testing range
at α = 90◦ is set to 250 N due to the limited Fz -range
of the ATI sensor. The R2 values close to 1 of the linear
fittings indicate a good linear relationship between the FSAR
response and the applied forces. The sensor accuracy refers to
the closeness of agreement between the measurement results
and the true values. They are calculated as 1.2% and 0.9%
by the average relative error between the FSAR and the ATI
sensor, respectively. The hysteresis is specified for a force
sensor in terms of an uncertainty based on the maximum
deviation between a loading test and an unloading test of a
cycle as a percentage of the FSR. The hystereses of the two
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Fig. 13: Experimental setup for the bond pull tests.

Fig. 12: (a) Vibration test results and (b) frequency response.
cases are obtained as 0.7% and 0.5%, respectively. In addition,
the repeatability reflects the maximum variation of the repeated
measurement results (here five times) for a given applied force
and their values are 0.8% and 0.64%, respectively.
The dynamic performance of the FSAR is tested by the
frequency response method. Specifically, an impulse signal
is applied to its output end via an impact hammer and the
displacement response of the OLE is recorded as shown in
Fig. 12(a). The FSAR requires a long decay time (about 2.5
s) to achieve the final stability at α = 0◦ but the vibration
is quickly suppressed in a short time (about 0.35 s) at α =
90◦ . The difference is attributed to their different damping
ratios, which are derived as 0.3% and 0.7%, respectively. The
structure resonance can limit the sensor bandwidth and a high
natural frequency is beneficial to obtain a broad bandwidth.
Its frequency response is obtained by the spectral analysis as
shown in Fig. 12(b). Only the first modes with the frequencies
of 133.3 Hz and 789.1 Hz of the two cases are captured by
the OLE. Nevertheless, the second mode with the frequency
close to the first mode predicted by the FEA simulation is not
captured at α = 90◦ . The reason is that the second mode arises
from the out-of-plane vertical motion of the output end, which
cannot be measured by the OLE. On the contrary, the out-ofplane pitch motion of the first mode can cause the significant
changes of the OLE.
C. Wire Bond Pull Tests
The bond pull test is the most common method to evaluate
the bond strength in the wire/ribbon bonding operation of the
PCB assembly. It is known that the strength varies significantly
with the materials and dimensions of the wire/ribbon. A bond
pull test platform is set up as shown in Fig. 13. The upward
pull operation is implemented through a six-axis robot arm
with a maximum load of 5 kg (model: UR5, from Universal
Robots). A hook as a pull tool is attached to the output end of
the FSAR. There are two types of metal wires with different
materials and diameters (the φ50-µm copper and φ300-µm
aluminum wires) for the bond pull tests. Due to the developed

Fig. 14: Bond pull test results of (a) the φ50-µm copper wire and
(b) the φ300-µm aluminum wire.

FSAR with variable ranges and resolutions, the two pull tests
can be performed without replacing force sensors. The pull
test results of two metal wires are shown in Fig. 14. It is
observed that the copper wire has a break force of about 1.01
N with a resolution of 3 mN, which is measured at α = 0◦ .
If the maximum force is less than the break force, the failure
form is the wedge bond failure due to the weak bond strength.
Moreover, the FSAR shows a break force of 19.8 N with a
resolution of 25.6 mN for the aluminum wire at α = 15◦ .
D. Discussions
The performances of the proposed FSAR are compared
in Table IV with other force sensors. It can be seen that
the resolution and range of the FSAR can be adjusted in a
large range. Thus, compared with traditional force sensors, it
has a wider range of applications. Its current structure is not
optimized, and the overall size also looks bulky due to the large
Dynamixel motor. In the future, a more compact and higherperformance FSAR will be produced by performing optimal
design and adopting a slender cylindrical motor (e.g., Maxon
EC-4pole series) embedded in the structure.
The approach of adjustable resolution and range can also be
expanded to a novel torque or multi-axis force/torque sensor.
For example, if the geometrical centerlines of four CFBs are
arranged along the radial direction as shown in Fig. 15(a),
a novel torque sensor will be developed. Moreover, for the
proposed variable stiffness method, when the stiffness in one
direction is adjusted, the stiffness in other directions also
varies. Thus, one motor can adjust the stiffness in multiple
directions. According to this principle, a VSM for a multiaxis force/torque sensor is designed as shown in Fig. 15(b).
Different from the former VSM, its variable stiffness unit is
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TABLE IV: Performance comparison with other force sensors.
R EFERENCES
Reference

Resolution Range

Accuracy

Hysteresis Repeatability

[38]

0.3 N

100 N

1.4%FSR

1.7%FSR

[39]

7.4 mN

5N

2.338%FSR 1.53%FSR 0.857%FSR

Mini45

62.5 mN1 290 N1 0.5%FSR1

–

–

–

100 N

–

1.0%FSR

–

[22]

0.0439 N
0.0787N

1.96 N

6.9%FSR

–

–

[25]

345 pN
514 pN

21.4 nN
226 nN

–

–

–

This work

3 mN
0.32 N

10 N
1.2%FSR
1050 N 0.9%FSR2

M2108 [40] 20 mN

1 They
2 They

0.7%FSR 0.8%FSR
0.5%FSR2 0.64%FSR2

are the parameters of the ATI sensor along the z-axis.
are measured at the range of 250 N.

Fig. 15: VSM designs for (a) a torque sensor and (b) multi-axis
force/torque sensor.

the FBS instead of the CFB. The initial positions of four FBSs
(i.e., α = 0◦ ) are defined as the case that their width directions
are parallel to the z-axis. It is observed that the z/θx /θy /θz axis stiffness is changed significantly when α increases from
0◦ to 90◦ . Thus, the variable-stiffness sensor can measure the
loads Fz , Mx , My , and Mz . For the above two VSMs, one
motor is enough to drive the rotations of four FBSs. However,
strain gauge is more suitable for the deformation detection of
the multi-axial force/torque sensor than the adopted optical
encoder due to its small size.
VI. C ONCLUSION
A novel variable configuration FSAR is presented in this
paper. The resolution adjustment is based on the stiffness
variation, which is implemented by changing the SMA of the
VSM. Four different VSM designs are intensively investigated
to minimize undesired parasitic motions of the FSAR. Analytical models are established including the stiffness and dynamics
modeling, and then validated by FEA via ANSYS. Further, the
performance evaluations are conducted on a prototype. The
conclusions of this paper are drawn as follows.
• A variable stiffness approach based on the variable SMA
is proposed to design a novel FSAR.
• The resolution of the FSAR has a large adjustable range
from 3 mN to 0.32 N.
• Stiffness variation also enables the FSAR to obtain a variable measuring range and natural frequency in addition
to the resolution variation.
• The wire bond pull tests demonstrate the effectiveness
of the FSAR for multitask measurements with different
measuring ranges and resolutions.
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