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ABSTRACT At present, six-axis force/torque (F/T) sensor has been increasingly used in robot application,
and most of the elastic elements of resistance strain type F/T sensors are made of metal materials, such
as alloy steel, stainless steel, aluminum alloy, and so on. In this paper, a novel six-axis F/T sensor based
on Polyetheretherketone (PEEK) material is presented. Comparison with ordinary F/T sensor purpose was
served by building simplified statics model that demonstrates the conclusion of highly sensitivity of the
F/T sensor based on PEEK material. The strain mapped on the strain sensitive path was analyzed using
finite element analysis (FEA), frequency response curves were depicted by means of harmonic analysis,
and the static and dynamic performances analyses of the six-axis F/T sensor based on PEEK material (later
called PEEK sensor) were studied. Moreover, the properties of this sensor were compared with a six-axis
F/T sensor based on aluminum alloy 2024 material (later called metallic sensor). The results show the
properties of linearity (≤1%), hysteresis (≤2%), high sensitivity (force: ≥2.37×10−4/N; torque (Tx, Ty):
0.19×10−4/Nmm), and crosstalk (≤8%) between the dominant F/T component and other components.
The dynamic response time of the PEEK sensor was also measured via dynamic calibration experiment,
which is much higher than that of the metallic sensor. This study demonstrates that the PEEK sensor has a
comparable static performance with the metallic sensor, and even higher sensitivity, but it is only suitable
for measurement below 200 Hz.

INDEX TERMS Six-axis force/torque sensor, polyetheretherketone (PEEK), response time, sensitivity.

I. INTRODUCTION
Force sensing systems have emerged in a variety of indus-
trial automation equipment since the late 1970s [1]–[5].
The necessity of measuring all the six components of a
generalized force is relevant in many activities, such as
testing for wind tunnels [6], assembly operation of robotic
arms [7]–[11], measuring a wheel hub [9]–[10], and so on.
Especially in the field of robot, six-axis F/T sensor has been
widely applied. It is well recognized that the acquisition of
high-quality multi-axis F/T sensor signals during a physical
interaction between a robot hand and an object can greatly
improve the manipulation capability of the robot system [11].
Various types of six-axis F/T sensors with different struc-
tures have been developed by researchers. Song et al. [12]
developed a self-decoupled 4 DOF F/T sensor with a cross
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elastic beam, and this sensor had low cross sensitivity with-
out decoupling matrix. Guggenheim et al. [13] designed a
robust and inexpensive six-axis F/T sensor using MEMS
barometers, which can be assembled in two days with off-
the-shelf components for less than 20 USD. A novel six-axis
F/T sensor based on capacitive transduction principle was
presented in [14]. The six-axis F/T sensor was performed
by six capacitance sensor cells, which were designed by
using both parallel and orthogonal arrangements of the
two electrode plates. Zhang et al. [15] developed a novel
T-shaped five-axis piezoresistive force/torque sensor, which
has good linearity and low hysteresis, but very low measure-
ment range. It is impossible to realize full isotropy in the-
ory for the general 6-6 Stewart platform-based force sensor,
hence a novel 6/3-3 Stewart platform-based sensor was pro-
posed in 2008 by Yao et al. [16]. Zhao et al. [17] presented a
large measurement range and high accuracy 6-UPUR six-axis
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force sensor with flexible joints to overcome the influence of
the gap and friction of the traditional joints on the parallel six-
axis sensors’ precision and stability. Liang et al. [18] designed
a six-axis wrist F/T sensor based on E-shape membranes and
compared it with a cross-beam sensor, and the results showed
that maximum interference error and nonlinearity error are
1.6% F.S. and 0.17% F.S., respectively.

Most of traditional industrial robots use position control
and planning to achieve the desired trajectory. According to
the external contact force, adjust the relative position of shaft
and hole, comply with the assembly fit force, reduce the
assembly error, and finally realize the assembly operation.
Compared to passive compliance with spring mechanism,
active compliance doesn’t change the rigidity of robot, and
the range and precision of compliance are greatly improved.
The common practice of active compliance is to install multi-
axis F/T sensor at the end of the robot, and realize compliance
control task bymeans of force feedback and control algorithm
[19], [20]. When the end-load of robot is small, in order
to ensure the precision of force control, the multi-axis F/T
sensor with small range and high sensitivity is needed.

At present, most of the elastic elements of resistance strain
type F/T sensors are made of metal materials, such as alloy
steel, stainless steel, aluminum alloy and so on. The sensor
of aluminum alloy has been widely used in the field of
small range owing to its light weight, high accuracy, and
so forth. With regard to the six-axis F/T sensor with metal
strain gages, the sensitivity is related to the structure and size
of its elastic element. For a six-axis F/T sensor with cross-
beam structure, the thinner the cross beam, the higher the
sensitivity. However, too thin cross beam is not conductive to
strain gauge adhesion. Consequently, it is necessary to find a
more sensitive material for making elastic element, and some
mechanical properties of this material should also meet the
corresponding requirements.

PEEK is amacromolecule polymer, whichwas first synthe-
sized by ICI (Imperial Chemical Industry) Company in Eng-
land in 1964. With good toughness and rigidity, it is the most
perfect material for combination of toughness and rigidity in
all resins [21]. It has excellent fatigue resistance to alternating
stress compared to alloy materials, and also good insulation
and electrical properties. Therefore we select PEEK material
as a substitute for aluminum alloy 2024 to make cross-beam
elastic element. In order to show the performances of the
six-axis F/T sensor made of PEEK material better, two F/T
sensors prototypes with identical structures and sizes, but
different materials (i.e. PEEK and Aluminum alloy 2024)
of the cross-beam elastic element are made. The calibration
experiments of the two F/T sensors are conducted, and the
performances of the two sensors are compared.

In this paper, a six-axis F/T sensor based on PEEKmaterial
(PEEK sensor) is developed. Firstly, the maximum strain on
the strain gauge paste path and frequency response char-
acteristics are obtained by means of finite element analy-
sis (FEA). Secondly, static calibration experiment is carried
out to acquire static performance indices, such as linearity,

repeatability, hysteresis, sensitivity, crosstalk and so forth.
Lastly, the dynamic response time of the PEEK sensor is
gained by step-response method in the dynamic calibration
test. Almost all of the test results aforementioned are com-
pared with those of the F/T sensor made of aluminum alloy
2024material (metallic sensor). The comparison results show
that the PEEK sensor has a comparable static performance
with the metallic sensor, and the sensitivity is tens of times
that of the metallic sensor. This provides a theoretical basis
for the design of high sensitivity multi-axis F/T sensors.

II. DESCRIPTION OF THE F/T SENSORS
As shown in Fig. 1a, the prototype of the six-axis wrist
F/T sensor consists of four parts: pedestal, cross-beam elas-
tic element (elastic beam), top cover and calibration pillar.
Elastic beam is the core component of the sensor, and the
performance of the sensor mainly relies on it. Compared
with other mechanical structures, cross-beam structure has
obvious advantages [22], such as high symmetry, compact
structure, large rigidity, easy to machine, etc. So cross-beam
structure is selected as structure of the elastic element of the

FIGURE 1. (a) Prototypes of the two six-axis F/T sensors: Left—the PEEK
sensor, right—the metallic sensor; (b) The elastic beam made of PEEK;
(c) The elastic beam made of aluminum alloy 2024.

105392 VOLUME 7, 2019



L. Fu et al.: Polyetheretherketone Six-Axis Force/Torque Sensor

six-axis writst F/T sensor. Calibration pillar is required to
convert an applied force into a distributed stress in the elastic
beam. When a force is applied on the calibration pillar, it is
decoupled into six components: three force terms along x-,
y-, z-axis (Fx, Fy, Fz) and three torque terms around x-, y-,
z-axis (Tx, Ty, Tz). Six independent Wheatstone bridges are
used to measure the sensor output. Fig. 1a also shows two
six-axis F/T sensors with identical structures and sizes, but
different materials of the elastic beams: one is of PEEK
material, and the other is of aluminum alloy 2024, as shown
in Fig. 1b, 1c, respectively. Parameters of the elastic beam are
shown in Table 1, where b, h and l denote the width, height
and length of the cross beam, respectively, d represents the
thickness of the compliant beam, and c represents the width
of central platform of cross-beam elastic element.

TABLE 1. Parameters of the cross-beam.

Comparison of mechanical properties between PEEK
[23]–[27] and aluminum alloy 2024 [28] is shown in Table 2.

TABLE 2. Typical mechanical properties of PEEK and aluminum alloy
2024.

III. SIMPLIFIED STATICS MODEL
The elastic beam of the F/T sensor is a hyperstatic structure.
The cross beams have bending deformation when forces/
torques in different directions are applied on the central
position of the elastic element. Deflection characteristics of
the flexural beams are analyzed by Timoshenko beam the-
ory [29], [30]. The deformation of the elastic beam can be
expressed by the deflection (ω) and rotation angle (ϕ) of a
point on this beam, as is depicted in (1). An infinitesimal
section of a Timoshenko beam is illustrated in Fig. 2.

M (x) = −EI
dϕ(x)
dx

FQ (x) = kGA(
dω (x)
dx
− ϕ(x))

(1)

where M is the bending moment and FQ is the shear force,
A denotes the cross-sectional area, E , G, I , k are the elastic
modulus, shear modulus, moment of inertia, and shear coef-
ficient, respectively.

FIGURE 2. A Timoshenko beam and its infinitesimal section.

Based on (1) and Fig. 2, equation (2) can be yielded:
d
dx

[
kGA

(
dω (x)
dx
− ϕ (x)

)]
= 0

d
dx

[
EI
dϕ (x)
dx
− kGA

(
dω (x)
dx
− ϕ (x)

)]
= 0

(2)

Equations (1) and (2) are two basic formulas of
Timoshenko beam theory. Analytical solutions of
ω(x) and ϕ(x) can be obtained from the above equations
when given enough boundary conditions. And then the strain
value [31] of any point in the cross beam can be calculated
in (3) as follows:

ε (x, z) = −z
dϕ(x)
dx

(3)

where z is the distance between the point and the neural plane.
As shown in Fig. 3a, when Fx is loaded, bending defor-

mation occurs on the principal beams PQ, RS and compliant
beams EF, GH. Compliant beams JK andMN are considered
as the roller support of the principal beams PQ and RS.
We can ignore the small central platform when analyzing the
bending deformation of elastic beams. Moreover, the princi-
pal beams PQ and RS can be regarded as beam PS. Bending
deformation of the principal beam PS is illustrated in Fig. 3d.
The shear force and bending moment on an arbitrary section
of the beam are as follows:

FQ =

{
F/2, 0 ≤ x ≤ l/2
−F/2, l/2 < x ≤ l

(4)

M (x) =

{
Fx/2, 0 ≤ x ≤ l/2
F(l − x)/2, l/2 < x ≤ l

(5)

Equations (6) and (7) can be deduced by the simultaneous
equations (1), (2), (4), (5). It should be noted that the follow-
ing equations are valid under the condition 0 ≤ x ≤ l/2.

kGA
[
dω (x)
dx
− ϕ (x)

]
=

F
2

(6)

d
dx

[
EI
dϕ (x)
dx

]
=

F
2

(7)

Based on the differential equation of the deflection and the
above equations, the deflection and rotation angle of a point
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FIGURE 3. The cross-beam elastic body of the F/T sensor: (a) the
schematic diagram of the elastic beam; (b) cross section of the principal
beam; (c) mechanical model of an elastic body under Fx; (d) bending
deformation of the beam PS under force.

on the principal beam are derived [32]:
ω(x) = −

Fl2x
16EI

+
Fx3

12EI
−

Fx
2kGA

ϕ(x) = −
Fl2

16EI
+
Fx2

4EI
−

F
2kGA

(8)

By substituting (8) to (3), the strain value on the principal
beam can be deduced as follows:

ε(x, z) =
Fxz
2EI

(9)

Cross section of the principal beam PS is depicted
in Fig. 3b, from which moment of inertia I of this section can
be obtained: I = b3h/12. And then the strain at the central
point of the principal beam surface (x = l/2, z = h/2) is

ε =
3Fl
2Eb3

(10)

It is shown from (10) that the strain on the surface of
the cross beam depends not only on the size of beam
and the applied force, but also on elastic modulus of the

beam’s material. Based on table 1 and 2, the strain at the
central point of the principal beam under force Fx can be
obtained as follows:{

ε10 = 2.43× 10−3

ε20 = 9.37× 10−3
(11)

where ε10 is strain of the elastic beam based on aluminum
alloy material under Fx = 200N (full range of the metallic
sensor), and ε20 is strain of the elastic beam based on PEEK
material under Fx = 30N (full range of the PEEK sensor).
Strain gages are usually pasted on the surface of the prin-

cipal beam about 1 = 3mm from the central platform, and
thus we should calculate the strain value in this location
(x = (l − c)/2 − 1). The strains of the principal beams of
two materials (i.e. aluminum alloy and PEEK) can be derived
as follows. {

ε1 = 1.82× 10−3

ε2 = 7.02× 10−3
(12)

Obviously, the sensitivity of the elastic beam based on
PEEK material is 26 times of the beam based on aluminum
alloy material.

IV. FINITE ELEMENT ANALYSIS
The stress analysis of elastic beam is carried out in FEA soft-
ware – ANSYS. The deformation of the elastic beam is shown
in Fig. 4a when the force is applied along x-axis. Select a
straight path from the central platform to the compliant beam,
as shown in the red line segment in Fig. 4a, on the centerline
of the bending beam’s surface. The strain of each node on
the path is analyzed in all directions. When the elastic beam
is subjected to load in Fx direction, the strain distributions
on the path of the PEEK sensor and the metallic sensor are
shown in Fig. 4b, 4c respectively. As can be seen from this
Figure, except for the two ends of the cross beam, the strains
distribution on the cross beam vary linearly, and the strain
near the center is the largest. The maximum strain on the path
is 5.243 × 10−3 when the force Fx is 30 N for the PEEK
elastic beam; whereas the maximum strain is 1.296 × 10−3

when Fx is 200 N for the metallic elastic beam. And hence
the sensitivity of PEEK is 26 times of aluminum alloy 2024 in
Fx direction. Likewise, the maximum strain analyses on the
path of the two elastic beams in other directions are shown
in Table 3.

Furthermore, the natural frequencies and modes of elas-
tic beams are obtained by modal analysis, as shown
in Table 4 and Fig. 5. As illustrated in Table 4, the natural
frequencies of the metallic sensor are about 3.5 times that
of the PEEK sensor. Since multi-dimensional F/T sensor is
a low pass sensor, we can take the natural frequency of 1/3 as
its working bandwidth. Then the working bandwidth of the
PEEK sensor and the metallic sensor are 190Hz, 660Hz,
respectively.

Similarly, frequency response curves of elastic beams are
depicted by harmonic analysis in Fig. 6. It can be seen from
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FIGURE 4. The stress/strain distributions when load is imposed in Fx direction: (a) the deformation of the cross beams; (b) the strain
distribution on the path of the PEEK elastic beam; (c) the strain distribution on the path of the metallic elastic beam.

TABLE 3. The maximum strain mapped on the path.

FIGURE 5. (a)The first order vibration mode—translation along X-axis; (b)The six order vibration mode—rotation around Z-axis.

the Figure that the frequencies at the peak amplitude are
571Hz, 1981.8Hz respectively, which are basically coincident
with the conclusion given in Table 4.

V. STATIC PERFORMANCES ANALYSIS AND DISCUSSION
In this section, static calibration experiments are designed
and performed to obtain static performances of the
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FIGURE 6. The frequency response curves of the two sensors: (a) the metallic sensor; (b) the PEEK sensor.

TABLE 4. The first six natural frequencies and modes.

two six-axis F/T sensors (PEEK sensor and metallic sensor).
The calibration experimental device is shown in Fig. 7. The
device mainly includes indexing plate and several pulleys.

FIGURE 7. The calibration experimental device.

The F/T sensor is mounted on a rotatable indexing plate to
guarantee directions of loading forces and torques, and a set
of standard test weights are attached on the calibration pillar
through a pulley. Thus, the gravity of weights corresponded
to the loading forces or torques on the sensor. Pulleys around
the indexing plate are used to calibrate torques around x,
y, and z axis, and forces along x, y axis; whereas pulleys
above the indexing plate are used to calibrate the force along
z axis. The output voltages of Wheatstone bridges are ampli-
fied and acquired by DAQ card—NET2801. In calibration
experiments, only one-dimensional force is applied each
time, while the output voltages of all directions are recorded
simultaneously. After obtaining the calibration test data,
static performance indices such as linearity, repeatability,
hysteresis, and sensitivity are achieved by static analysis.

Fig. 8 illustrates the calibration test curves of the two
sensors due to the applied forces or torques. These curves
depict relative variation of strain gauge resistance versus the
applied forces or torques. It is obvious from the figure that
the PEEK sensor outputs vary linearly with the applied force.
By analyzing the calibration test data, the performances of
the PEEK sensor, such as linearity, repeatability, hysteresis,
sensitivity, and so on, are investigated.

A. LINEARITY
The linearity of a six-axis F/T sensor is the degree to which
the input-output relation curve in the same direction deviates
from a straight line, and usually expressed as nonlinearity
error. Linear fitting equations and nonlinearity errors in each
direction of the two F/T sensors are achieved by means of the
least square linear fitting method, as shown in Table 5. R2 is
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FIGURE 8. Calibration test curves of the two sensors due to the applied forces or torques (full lines—PEEK sensor, dotted lines—metallic sensor).

TABLE 5. The linearity in each channel of the two F/T sensors.

square of correlation coefficient between the linear fitting
equation and original data points. The linear fitting in several
channels is depicted in Fig. 8. Results from these diagrams
reflect that although the linearity of the F/T sensor made
of aluminum alloy is better, the nonlinearity error of PEEK
sensor is basically less than 1%, which meets the general
requirements.

B. REPEATABILITY
The repeatability of a six-axis F/T sensor can be expressed
as non-repeatability error. In the static calibration test, the

two F/T sensors are loaded and unloaded three times in each
channel. The input-output relation curves in Fx channel are
shown in Fig. 9, and the non-repeatability errors are 1.53%,
1.96% respectively. The comparisons of repeatability char-
acterization of the two F/T sensors are depicted in Table 6.
As can be seen in the table, except for Tz channel, the non-
repeatability errors of the PEEK sensor are about the same as
that of the metallic sensor, which are less than 2%. The reason
for the large non-repeatability error in Tz channel is mainly
due to screw fastening between the calibration cap used in
Tz channel and the calibration pillar. Under the influence of
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FIGURE 9. The comparison of repeatability curves of the two F/T sensors in Fx channel.

TABLE 6. The non-repeatability errors in each channel of the two F/T
sensors.

machining precision, there is relative rotation between the cap
and the pillar, which results in the difference of the arm of
force during the forward and reverse stroke.

C. HYSTERESIS
Hysteresis characteristics can indicate the degree of inconsis-
tency between the input-output characteristics curves during
the forward and reverse stroke of the sensor, and it is usu-
ally represented by hysteresis error. The hysteresis curves of
PEEK sensor obtained when force (Fx, Fy, Fz) is increas-
ing from 0 to 30N, and decreasing back to 0N, are shown
in Fig. 10a; whereas Fig. 10b illustrates the hysteresis curves
of the metallic sensor. All the measurements are repeated
three times under the same experimental conditions. The
comparisons of hysteresis characterization of the two F/T
sensors are depicted in Table 7. It can be shown from this table
that the maximum hysteresis error is 1.99% (Tz channel),
which is not a significant deviation for the application.

D. SENSITIVITY
The slopes of the curves in Fig. 8 represent the strain sensi-
tivities of the sensor, which are listed in Table 8. It can be

TABLE 7. The hysteresis errors comparison between the PEEK sensor and
the metallic sensor.

TABLE 8. The strain sensitivity in each channel of the two F/T sensors.

seen from the table that the strain sensitivities of the PEEK
sensor are 21.55, 22.36, 14.7, 14.6, 14.6, and 12.9 times that
of the metallic sensor in Fx, Fy, Fz, Tx, Ty, and Tz channels,
respectively. The difference in sensitivity between Fx and Fy
channel is mainly due to adhesion asymmetry of strain gages
in these two channels. Obviously, the sensitivity of the PEEK
sensor is much higher than that of the metallic sensor.

E. CROSSTALK
It can be seen from Fig. 8 that, due to the influence of loading
cap, torque applied to the PEEK sensor in Z direction (i.e. Tz)
has a larger crosstalk towards Fz and Tx than other compo-
nents. The crosstalk occurring may be due to misalignments
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FIGURE 10. The comparison of hysteresis of the two F/T sensors: (a) PEEK sensor; (b) metallic sensor.

TABLE 9. Main performance parameters of the PEEK sensor.

during strain gages bonding or stems from calibration direc-
tion deviation [33]. It can be drawn from the above figures
that the output voltages due to the applied forces and torques
can be summarized as (13), shown at the bottom of this page,
where the unit of force is ‘N’, torque is ‘Nmm’, and output
voltage is ‘V’. The off-diagonal components represent the
crosstalk, and the main-diagonal components represent the
sensitivity. The crosstalk error is defined as (14).

Ei =

√√√√√√
6∑

j=1,j6=i

∣∣yij(max)
∣∣2

∣∣yi(F .S.)
∣∣2 (14)

where yi(F .S.) denotes full scale value of the applied force/
torque in i direction; yij(max) represents the maximum
force/torque measured in i direction when there is an acting
force/torque only in j direction; i(= 1, 2, . . . , 6) denotes one
of the six directions of six-axis F/T sensor. Consequently the
crosstalk errors of the PEEK sensor obtained are as shown
in the last column of Table 9. It can be seen that the crosstalk
errors of the PEEK sensor in Fz and Tx directions are large up
to about 7.9%, and therefore decoupling in the two directions
need to be strengthened. And Table 9 summarizes the cha rac-
teristics of the PEEK sensor as well as the performance com-
parisonwith themetallic sensor. It is evident fromTable 9 that
the linearity, repeatability, and hysteresis of the PEEK sensor


Fx
Fy
Fz
Tx
Ty
Tz

 =


3.29 −0.033 −0.032 0.128 −0.066 −0.044
−0.034 3.23 0.028 0.062 −0.125 0.056
0.016 0.006 3.19 −0.092 0.021 −0.252
0.268 −1.57 −2.12 33.46 −0.205 −1.63
1.66 0.37 −1.31 0.16 33.38 0.057
0.36 1.21 1.91 1.87 2.1 56.82




UFx
UFy
UFz
UTx
UTy
UTz

 (13)
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are simillar to the metallic sensor, whereas the sensitivity is
tens of times different.

VI. DYNAMIC PERFORMANCES ANALYSIS
AND COMPARISON
The step-response method is used to calibrate the two
six-axis F/T sensors dynamically. The dynamic calibration
experiment was carried out by cutting the fishing line hanging
the weight to construct the negative step excitation [34].
One end of the fishing line is hung on the calibration pillar,
the other end is suspended the weight through a pulley. The
fishing line is cut off at a given time, thus a negative step
excitation is applied to the sensor. The step responses in the
X direction are plotted in Fig. 11. It is observed that the
response time of the PEEK sensor is 46ms, which is four
times that of the metallic sensor. As the results of the FEA,
the natural frequency of the PEEK sensor is much lower
than that of the metallic sensor, and hence the PEEK sen-
sor is only suitable for lower frequency signal measurement
(below 200Hz).

FIGURE 11. The step responses of the two sensors in Fx direction.

VII. CONCLUSIONS
Owing to the excellent mechanical properties of PEEK, it can
be used to fabricate elastic beam of a six-axis F/T sensor.
Various performance indices of the PEEK sensor are obtained
via FEA and calibration experiments, and compared with the
metallic sensor. It is observed that the linearity, repeatability
and hysteresis of the PEEK sensor are simillar to the metallic
sensor, whereas the sensitivity is tens of times that of the
metallic sensor. Crosstalk between the dominant channel and
other channels is a little large, in which the interference of
Tz to Fz and Tx can reach 7.95%. However, the problem of
crosstalk can be solved by appropriate decoupling methods.
In addition, the dynamic response time in Fx channel is 46ms,
nearly four times that of the metallic sensor. Therefore, PEEK
can be used to fabricate highly sensitive six-axis F/T sensor,
but this kind of sensor is not suitable for dynamic measure-
ment beyond 200Hz. Because of its light weight and high

sensitivity, the PEEK sensor is very suitable for aerospace and
medical fields. PEEK is more sensitive to temperature than
aluminum alloy; hence the temperature drift performance of
the PEEK sensor will be studied in the near future.
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