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Abstract: Nowadays improving the accuracy and enlarging the measuring range of six-axis force
sensors for wider applications in aircraft landing, rocket thrust, and spacecraft docking testing
experiments has become an urgent objective. However, it is still difficult to achieve high accuracy
and large measuring range with traditional parallel six-axis force sensors due to the influence of the
gap and friction of the joints. Therefore, to overcome the mentioned limitations, this paper proposed
a 6-Universal-Prismatic-Universal-Revolute (UPUR) joints parallel mechanism with flexible joints to
develop a large measurement range six-axis force sensor. The structural characteristics of the sensor
are analyzed in comparison with traditional parallel sensor based on the Stewart platform. The force
transfer relation of the sensor is deduced, and the force Jacobian matrix is obtained using screw
theory in two cases of the ideal state and the state of flexibility of each flexible joint is considered. The
prototype and loading calibration system are designed and developed. The K value method and least
squares method are used to process experimental data, and in errors of kind I and kind II linearity
are obtained. The experimental results show that the calibration error of the K value method is more
than 13.4%, and the calibration error of the least squares method is 2.67%. The experimental results
prove the feasibility of the sensor and the correctness of the theoretical analysis which are expected to
be adopted in practical applications.

Keywords: six-axis force sensor; parallel mechanism; flexible joints; calibration experiment

1. Introduction

With the ability of measuring three force components and three torque components, the six-axis
force sensor is one kind of the most important and challenging sensors, used widely in many research
areas such as wind tunnel balances, thrust stand testing of rocket engines, and in robotics, the
automobile industry, aeronautics, etc. [1]. Compared with single-axis sensors, not only the volumes
and prices of multi-axis force sensors are considered, but also their structures, in order to achieve a
balance between the isotropy of force/torque and that of sensitivity [2]. Recently, researchers all over
the world have done a lot of work on six-axis force sensors.

Since the Stewart platform was applied to the measurement of space six-axis forces by measuring
the forces in the six legs with convection elements in 1983 [3], parallel structure have been widely used
in six-axis force sensors [4], stimulated by the advantages of good stiffness, symmetric and compact
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structure, and straightforward mapping expression between the wrenches applied on the platform and
the measured leg forces. Nguyen et al. [5] developed a Stewart platform-based sensor with LVDT’s
mounted along the legs for force/torque measurement in the presence of passive compliance. Durand
changed the traditional Stewart structure and put piezoelectric quartz inside the Stewart structure and
pre-tightened it [6], therefore, the sensor was more compact and could be used to measure tensions.
Dwarakanath et al. [7,8] introduced the usage of ring-shaped sensing element in the Stewart platform
sensor, and presented a simply supported, ‘joint less” six-axis parallel force sensor. Kim et al. [9] put
forward a six-axis wrist force sensor using FEM for an intelligent robot.

Although research on the traditional Stewart platform-based six-axis force sensor is quite mature,
the sensor with common joints has a lower precision, and the performance of each direction is different.
In comparison, the sensor with flexible joints has features of compact structure, fast response, small
accumulated error, no mechanical friction, and high measurement accuracy because of the use of
integrated design, so it has broad application prospects [10-14]. Kerr [15] suggested that the Stewart
platform with instrumented elastic legs can be used as a six-axis force sensor. Jin et al. [16] proposed a
novel isotropic six-axis force sensor based on a variation of Stewart platform, whose three pairs of elastic
legs are perpendicular to the three orthogonal surfaces of the basic cube. Gao et al. [17] developed a
six-axis controller based on Stewart platform-based force sensor, and introduced the elastic joints to
replace the real spherical joints which made the miniaturization possible. Liang et al. [18] designed
and developed a new six-axis sensor system with a compact monolithic elastic element (EE), which
detected the tangential cutting forces Fx, Fy and F, (i.e., forces along x-, y-, and z-axis) as well as the
cutting moments My, My and M, (i.e., moments about x-, y-, and z-axis) simultaneously. Unfortunately,
most of the sensors mentioned above are used in a small range of applications. Nowadays, the large
measurement range six-axis force sensor is more and more widely needed in applications such as
aircraft landing gear momentum tests, rocket thrust tests, spacecraft docking and wind tunnel tests,
whose precision requirements are also getting increasingly higher. However, when the parallel six-axis
force sensor is used in large measurement range occasions, the traditional joints are difficult to be
processed into flexible joints, and the improvement of measurement accuracy will be affected, so
parallel six-axis force sensors with large measurement range and high accuracy are urgently required.

When the force transmission relation of the sensor is established, the stiffness of each flexible joint
and the whole stiffness which has a direct impact on the measuring accuracy, bearing capacity and
dynamic performance, and is one of the important indexes to measure the performance of sensors must
be considered. Research on stiffness of the sensors based on parallel mechanism began in the 1990s [19],
which gave Gosselin’s minimalist stiffness mapping model of parallel mechanism under no loading.
Then, Griffis and Duffy [20] proposed a kind of parallel mechanism with branches which are assumed
to be wire springs. Under the premise of joints are equivalent, they considered the effect of differential
motion, and established the complete stiffness model by the analytical method. Chakarov [21] analyzed
the effect of external load on the overall stiffness matrix in force redundant parallel mechanism.
Pashkevich et al. [22] proposed a kind stiffness modeling method of the over-constrained parallel
mechanism with flexible branches and flexible drive joints. Zhang and Wei [23] derived the stiffness
model of the mechanism and evaluated the global stiffness using the sum of the diagonal elements of
the stiffness matrix. However, existing institutions to complete stiffness modeling methods are very
complex, and there is little research combining together stiffness and force Jacobian matrix.

In this paper, a kind of six-axis force sensor based on 6-UPUR parallel mechanism with flexible
joints, which has large measurement range and high accuracy is proposed. Meanwhile, the complete
mathematical model considering the flexibility of the joints is established, and the calibration
experiment is completed.

The structure of this paper is as follows: after the introduction, Section 2 concerns the structural
analysis of the sensors, including the intrinsic disadvantages of the traditional parallel sensors based
on the Stewart platform and the structure features of the large measurement range six-axis force sensor
of 6-UPUR parallel mechanism with flexible joints. The measuring principle, mathematical model of
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the structure which included the ideal state and the state of flexibility of each flexible joint is considered
in Section 3. Section 4 introduces the experimental research on static calibration of the sensor prototype.
Section 5 presents the results of the experiment. The paper is concluded in Section 6, summarizing the
work that has been done.

2. Sensor Structure

Figure la illustrates the traditional parallel sensor diagram, which is based on the Stewart platform
and composed of a measuring platform, a lower fixed platform and six elastic legs connecting the two
platforms with traditional spherical joints.

Figure 1. (a) The force sensor structure based on the traditional Stewart platform; (b) the force sensor
structure based on 6-UPUR parallel mechanism.

Considering the traditional spherical joints are difficult to processed into flexible joints in a large
measurement range situation, and the measurement accuracy will be affected, which restricts its
application in six-axis force sensors based on flexible parallel mechanism, this paper proposes a kind of
structure model of six-axis force sensor based on a parallel 6-UPUR mechanism. As shown in Figure 1b,
it consists of a measuring platform, a fixed platform and six measuring legs divided into three groups
of legs and two legs in each group are located in a vertical plane. Each measuring leg contains a
single-axis force sensor and connects the fixed platform with flexible universal joint, and connects
the measuring platform with combined spherical joint. Through the improvement of the traditional
Stewart platform mechanism, and the introduction of flexible joints which have the peculiarities of
non-clearance, friction-less and high sensitivity to replace the traditional spherical joints, it is possible
to develop a sensor with a large measurement range.

The characteristic parameters of the parallel 6-UPUR six-axis force sensor include radius R of the
measuring platform, radius r of the lower platform, the positioning angle A, B, C, the center distance /;
of the U joint and location center distance /; of the R joint, as shown in Figure 2.

Figure 2. Schematic diagram of characteristic parameters.
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3. Mathematical Model
3.1. Ideal Mathematical Model

3.1.1. Force Analysis

There are reacting forces on measuring legs when an external force loaded on the measuring
platform of the parallel sensor whose surface is assumed to be friction-less and continuous, and the
reacting force is considered along the axis of each measuring leg. According to the space static balance
conditions of the measuring platform, the following equation can be obtained on screw theory [24]:

6
Zfis,» =F+eM (1)
i=1

where f; represents the reacting force on the measuring legs; S; represents the unit line vector along the
ith measuring leg; F and M, respectively, represent the ith loaded force vector and toque vector on the
center of the measuring platform; € is the dual sign.

Equation (1) can be rewritten in the form of matrix expression as:

Fo = Gff 2)

where F, = [Fx F, F; My My MZ]T is the vector of six-axis external force applied on the measuring
platform; f = [f1 fo f3 fa f5 fé]T is the vector composed of the reacting forces of the six measuring
legs; G}D is the first-order static influence coefficient matrix. If ij is non-singular matrix, the inverse
mapping between F,, and f is:

f= GrFu ©)

—1
where, G = (Gf ) is the force Jacobi matrix, and it is the mapping matrix from the external force
loaded on the measuring platform of the sensor to the force produced on the six measuring leg. G}: is

closely related with the geometric structure of the sensor, and the characteristics of G}: determine
stiffness, isotropy, sensitivity and many other features of the sensor.

3.1.2. Ideal Mathematical Model

Each leg of the parallel 6-UPUR mechanism can be seen as a series open-chain mechanism which
is composed of six links and six joints, and the U joint is equivalent to two joints whose axes are vertical
and intersect. The base is called link 0, which is not included in the six links. The first link is connected
to the base by the first rotational joint; the second link is connected to the first link by the second
rotational joint, and so on.

The coordinate system attached to the base fixedly is referred to as {0}; the coordinate system on
the reference point of the end of the leg is referred to as {P}; coordinate system attached to the ith link
fixedly is referred to as{i}, as shown in Figure 3.

O bs .~
5"
P Extractone group of thelegs  {4'}

31

o7 o)

Figure 3. Schematic diagram of the links and joints.
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The differential motion vector of central reference point P which is on the measuring platform is:
T S
Dp= (0 dr) =6} ¢ @

where: §;, = [(th Ony 5hz] is the angle variable, dp = (d p, dp, d pz) is the displacement variable, Gf; is

. : ST
the first-order static influence coefficient matrix, ¢ = [4)1 .. .q>6] is the differential motion of the
six legs:

S S 0 S S S
Pl _ 1 2 4 5 6
o8] . e

P*Rl) S2X(P*R2) 53 S4><(P*R4) S5><(P*R5) S6><(P7R6)

S1...5¢ are the directions of joints” axes of each leg, and they are:
T ) T
Sq ={ 0 01 } S; = T]-_l[ 0 —sina_q); cosa(j_y); ] (6)
T;is rotational transformation matrix:
= ap Sjxap S [(i=12-,6) @)

@j(j41) is the direction of the common normal line between adjacent axes:

ap = [ cosf; sinf; O ] ®)

T
ajjv1) = Tj—1 [ costj cosa(;_qy;sinbj sina(;_q);sinb; ] (j=23,--,6)

6
P-Ri= Y (ap_1yaiory +S;) + TP )
r=n+1

where a(,_1), is length of the common normal line between adjacent axes, d; is offset along the axis of

rotation. P®) is the representation of the point P in coordinate at the end of the leg, and the left leg and
the right leg are separately expressed as:

6 2 6 2
Pl( )= [ —1/R? —%2 %COS% ~lpsin§ ]P$ ) = [ —1/R? —%2 —%cos% ~lpsin§ ] (10)

where: )
(Rv1—cosA — ry/1— cosB)
C = arccos |1 — (11)
12
2
According to the above equations, [G}; ]l and [G}; ] can be obtained, separately:
r
0 0 0 0 0 1
0 1 0 1 0 0
» 1 0 0 0 1 0
(3], -
1 as + Yp Xp 1 Xp as + Yp 0
ay+ag+ds +ds +zp 0 0 0 de +zp —Xp
0 —(ag+d3 +dg +zp) 0 —(aq +ds +zp) 0 ~Yp (12)
0 0 0 0 0 1
0 -1 0 -1 0 0
ol - 1 0 0 0 1 0
[ 4’]y N Yy, —as —x}, 1 —Xxj, Yp—as 0
a1 +ay+ds +ds +z), 0 0 0 de + 2, —Xx},
0 a4+d3+d6+z;, 0 ﬂ4+d@+2;7 0 —y;;
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Because the z axis of the fixed coordinate system O-xyz which is on the center of the lower platform
is the direction of S1, and selection of coordinate system has a direct impact on the first-order static
influence coefficient matrix, so it is necessary to take the symmetry of the load platform structure into
account, thus:

o[af]i = oR 0 6h] (=135
¢t S(OPoio)g,-R 81-R Pl o (13)
(0]
o[a], - l S (OPC;QS,. . 8?13 (67] i =246)

When movement of the upper platform is known, movement of the joints in each leg can
be written: 1)
. —1(r
¢ = [Ggg] Dp(r=1,2--,6) (14)
When six active members of the mechanism are determined, equations of the six active movements
from the above equations are taken out and expressed as:

1~ 1a)

¢ = |Gp|  Dp
. (b) - P: _'1(b)
by =|G D
p =[Gl Dr 5)
) [ap1-1)
00 62" r

where (i)ia) is the differential motion of the six legs, its subscripts are leg’s number and joint’s number

—1(a) ]—1(41).

respectively, [Gf; ] represents the a-th line of the inverse matrix [G(I;

o

Combining the above six equations to constitute a matrix expression, like this: g = [G%] Dp.

-1
The inverse solution is Dp = [Gé’ ] q, [G; ] = [G;’D] .
Furthermore, the first-order static influence coefficient matrix can be obtained:

c§:<[0[cg,’];1(3,:) °lch]t e °[ch]st 6 Ofch]it e °[ch]s G °[ch]st G ]T>

1

1
where © [Gg] (3,:) (i =1,...,6) represents the third row vectors of the matrix © [G};] (i=1,...,6).

i i
-1
Thus, the force Jacobi matrix is GJ; = [Gﬂ , and that is the mapping matrix from the external
force applied on the measuring platform of the sensor to the force produced on the six elastic legs in

the ideal condition.

3.2. Mathematical Model of the Sensor with Flexible Joints

The six-axis force sensor adopts the structure that all joints are flexible joints with single degree of
freedom, and its 3D model is shown in Figure 4. Each leg is a split structure. The lower part of the leg
is composed of a flexible universal joint with an integral structure and a lower positioning block. Each
elastic leg is connected to the measuring and fixed platforms through the upper and lower positioning
blocks by bolts. Thus, it’s realized that the decomposition of the six-axis external force to the six legs.
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Force-measuring
platform

Upper positioning block

Flexible universal joint

Single-axis force sensor

Lower positioning block

Fixed platform

Figure 4. Diagram of the large measurement range force sensor of 6-UPUR parallel mechanism with
flexible joints.

The upper positioning block is composed of two flexible rotation joint, which form a flexible
spherical joint with composite flexible universal joint by assembling relationship. Its front view and
graphic model are shown in Figure 5. By using the knowledge of material mechanics, the rotational
stiffness of the flexible rotary joint is obtained: k; = 8.592 x 10* (N-m/rad).

N

(a) (b)

=
Y
]
Sy
<
\
S

L
N
EENN

)

N
>,

Figure 5. (a) The front view of flexible rotation joint; (b) the graphic model of flexible rotation joint.

The lower positioning block is an integral structure, which is composed of two symmetrical
flexible universal joints, with the same structure as the flexible universal joint in the upper part of the
leg. Its front view and graphic model of a single joint are shown in Figure 6. By using the knowledge
of material mechanics, the rotational stiffness of a single joint is obtained: k, = 4.0852 x 10* (N-m/rad).

y
b
o x
h \ s
) h
M=z
(b)

Figure 6. (a) The front view of a single joint; (b) the graphic model of a single joint.

Considering the effect of elastic deformation of joints on G{:, so the following will re-establish the
complete force Jacobian matrix.
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Figure 7 is the schematic diagram of flexible element coordinate systems’ establishment on a leg.
where, O-xyz is the fixed coordinate system, O;1-x;;v;12i1, i = 1,2,3, ... ,6 is the local coordinate system
which is established on the reference point of the lower positioning block, Oj-x;,yi»z;; is the local
coordinate system which is established on the reference point of the standard one-axis force sensor,
Oi3-xi3Yi32;3 is the local coordinate system which is established on the reference point of the flexible
U joint, Oj-x4Yi42i4 is the local coordinate system which is established on the reference point of the
integrated positioning block, O;,-x;pyiyzip is the reference coordinate system which is established on
the reference point of the end of a flexible series leg.

Figure 7. Schematic diagram of the coordinate systems for the flexible joints.

When there is the six-axis external force loaded on the end of the flexible series leg, by the principle
of virtual work, the following equation can be obtained:

{ AX] = I]X] = [AXj, Ay], AZ]', AD(xj, AD(y].,AOCZ].] (] _ 1,2,3,4) (17)

F; = JgF

where AXj is deformation vector of the end of leg’s reference point, Xj is the elastic deformation vector
of the end of the j-th basic flexible unit, Jiis the pose transformation matrix, F; = [fx, fy, fz, tx, my, my]T

is the six-axis non-coplanar force, F = [ fx]., fy/., fzj, My, My, mzj]T is the reaction force on the end of
the j-th basic flexible unit, J; is the force transformation matrix.

According to the deformation superposition principle of series leg, the total deformation vector of
the end of flexible series leg’s reference point caused by movement and rotation deformation vector of
every basic flexible unit can be obtained:

4 4
X = YAX; = Y JiX; = [ X1 + LXo + ;X3 + Ju Xy (18)
j=1 j=1

It can be known by the definition of the stiffness matrix, the relationship between the six-axis
external force at the end of the leg reference point and the end deformation of the leg is:

F = KX (19)

where K is the stiffness matrix of the end of flexible series leg.
Substituting Equations (17) and (20) into Equation (21), the following equation can be obtained:

4 4 4
—1 —1 —1
XK= 3% = UG = YA @
=1 =1 j=1
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where K]- (j=12,... 4)is the stiffness matrix of the jth basic flexible element. The end reference point
and the coordinate system of each flexible series leg are established as shown in Figure 8. O,-x,ypzp is
the reference coordinate system established on the center point of the upper platform. Oj,-x;,VipZip,
i=1,2,...,6is the reference coordinate system which is established on the reference point of the end
of the flexible series leg.

(b)

Figure 8. Schematic diagram of flexible element coordinate systems’ establishment: (a) The structure
diagram; (b) Top view.

On the assumption that the stiffness of the upper platform and all of branches is infinite, neglecting
the minor deformation caused by force and the thickness of upper platform, when there is a six-axis
external force, the geometric compatibility conditions between the end reference point and the reference
point of the upper platform of the ith flexible series leg:

Ax Axi
Ay Ay;
O O

Az OF RT _sz R'S (1‘1') Az;
AX = — p P ! = [.AX; 21
- A - Op T = ]i XZ ( )

Kx 0343 o R A‘Xx,-

Awy v Awy,

| Auw, ]| | Aaz, )

where AX is displacement vector at the reference point of the upper platform.

According to the synthesis principle of the space force system, the relationship between the
external force vector at the reference point of the upper platform and the reaction force vector on the
six flexible series branches is established by the following expression:

fx
fy

F= f2
My
my
m;

2

i=1

OP
O,-pR 03x3

O O
S (r,-) OZ’R OZ,R

fxi
fyi
fzi

Il
e

I
—

JrFi (22)

According to the definition of stiffness matrix of flexible parallel mechanism, there is:

6 6 6
F=KAX =} JpFi=) JrKidX; =) Jp K AX
i=1

i=1

(23)
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The stiffness matrix of the upper platform reference point can be obtained by the above equation:

6
K= Z JrKJ (24)
i=1

The relationship between the end force of each flexible element and the end force of the leg is:
Fij = JrijFi (25)

The relationship between the end force of each flexible element and the six-axis external force
acting on the sensor’s upper platform is:

Fj = Jp;iKiJ; 'K™'F (26)

The relationship between the six forces expressed in the local coordinate system and the six
external forces acting on the sensor platform is:

O; S D
B = Jo, kil K @)

For Equations (21)—(27), thereare: i=1,2,... ,6;j=1,... 4.
By extracting equations when j = 2, it can be obtained:

glxr’ (]olpthl]flK_l)r f(x

(o)) —1—1 ' y

22; _ (IOZP IZZKZIZ K ) 1: f z (28)
. : Ny

Osp —1y—1 my

62x (]oﬁp]621<6]6 K )1: N

That is f = [G;]’ E, [G);]’ is the mapping matrix from the external force/toque applied on the
measuring platform of the sensor to the force produced on the six elastic legs considering elastic
deformation of the flexible joints.

3.3. Comparative Analysis of Numerical Simulation and Mathematical Models

In the above two sections, the mathematical models of the two cases are obtained. By using
the ANSYS finite element simulation software platform, the external force F; =[500000000 1%,
F,=[050000000]" , F3= [0 0 5000 0 0 0]" , F4 = [0 0 0 5000 0 0]", F5 = [0 0 0 0 5000 0],
Fg=[000005000]" are respectively loaded in the geometry center of the measuring platform in
the three-dimensional model of the sensor, and the size of the force produced on the six elastic legs
are obtained by the simulation calculation. The accuracy comparison of the theoretical values and
simulation values is shown in Figure 9 and Table 1. In the ideal case, the theoretical value of the
mathematical model is recorded as the first theoretical value, and the theoretical value considering
elastic deformation of flexible joints is recorded as the second theoretical values.
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Figure 9. (a) Comparison of theoretical values and simulation values loading force along X-axis;
(b) Comparison of theoretical values and simulation values loading force along Y-axis; (c) Comparison

of theoretical values and simulation values loading force along Z-axis; (d) Comparison of theoretical
values and simulation values loading torque along X-axis; (e) Comparison of theoretical values and
simulation values loading torque along Y-axis; (f) Comparison of theoretical values and simulation

values loading torque along Z-axis.

Table 1. Error comparison between numerical simulation and mathematical models.

Fy F F3 Fy Fs Fg
E SY(%) 125 156 143 167 184 203
Y DS%(%) 5.69 230 246 254 237 547
F IS(%) 132 164 179 203 215 163
V' DS(%) 235 567 342 375 548 227
F IS(%) 243 211 157 182 172 147
Z DS(%) 455 452 439 441 458 462
M IS(%) 172 186 205 213 126 135
Y DS(%) 643 493 487 472 465 578
M 1S(%) 168 180 169 205 213 157
V' DS(%) 618 732 620 644 647 614
M 1S(%) 189 193 221 206 145 182
* DS(%) 537 523 564 576 524 5.6

IS! (%) is the error between the theoretical and the simulation values in the ideal state; DS? (%) is the error
between the theoretical and the simulation values in the case of considering the deformation stiffness of

flexure joints.
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As shown in Table 1, the measurement errors of the six elastic legs are reduced to 10% after
considering the deformation stiffness error of flexure joints, which proves that the mathematical model
is effective.

4. Calibration Experiment

4.1. Prototype

In order to prove the superiority of the proposed sensor structure and prove the correctness of
the theoretical analysis, a prototype of the large measurement range six-axis force sensor of 6-UPUR
parallel mechanism with flexible joints was manufactured, as shown in Figure 10. Considering the
manufacturing process and economic cost, the material property of each component was selected as
shown in Table 2. The main structure parameters and the measuring range of the sensor are shown in
Tables 3 and 4.

Force-measuring platform

~ Upper positioning block

Measuring leg
Flexible Hooke hinge

Single-axis force sensor

Lower positioning block

Figure 10. Prototype of the large measurement range six-axis force sensor of 6-UPUR parallel
mechanism with flexible joints.

Table 2. Material properties of the components.

Components Materials Elastic Modulus = Poisson Ratio Density
Force-measuring platform Hard aluminum alloy 70 Gpa 0.30 2700 kg/m3
Flexible joints 40CrNiMoA 206 Gpa 0.30 7830 kg/m3
Fixed platform Q235 210 Gpa 0.25 7850 kg/m3

Table 3. Structure parameters of six-axis force sensor.

AC) B(C) C() Rmm) R@mm) [mm) [ (mm)
65.6 40.0 40.0 466.7 300.0 300.0 163.6

Table 4. Measuring range of the six-axis force sensor.

Ex (N) Fy; (N) F, (N) M, (N-m) M, (N-m) M; (N-m)  Overload Capacity
+10,000 +10,000 +10,000 +5000 +5000 +5000 120%

4.2. Calibration Experiment

To measure the loaded external force accurately, the sensor should be calibrated by using a special
calibration system, which can generate forces and torques in directions of x, y, z separately. In this
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paper the calibration system, which mainly included a hydraulic loading system, calibration platform,
parallel 6-UPUR six-axis force sensor with flexible joints, signal processing device, data acquisition
device, data processor, calibration software system and so on, as shown in Figures 11 and 12, was
designed and manufactured.

6-UPUR six-axis force/torque platform with flexible joints

Hydraulic cylinder

» Fi ing platform

!
[

CFBHLY spoke-type force sensor

§

CFBLZ column force sensor

Loading platform

v The signal processing device

Power supply

J —

= 1 +24V Ground wire |
220V AC Data acquisition card

Data processor

Figure 11. Structure of the calibration experiment system.

Software system
L]
3

Load calibration bench : \ s -~

Hydraulic loading system Data processor

6-UPUR six-axis force sensor

Figure 12. Diagram of the calibration experiment system.

Considering that the structure of the six-axis force sensor of 6-UPUR parallel mechanism with
flexible joints is very complex and the presence of measuring error can’t be ignored because of the
influence of these factors such as the design principles, manufacturing and processing errors, so
multiple point loading in the sensor range and the method of least squares linear fit are needed
in calibration experiments. Thus, the linear relationship between inputs and outputs of the large
measurement range 6-axis force sensor of 6-UPUR parallel mechanism with flexible joints can
be calculated.

Detailed experimental steps are described are as follows:
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M
)]
®)
4)
©)

(6)

Each axis force/torque within the sensor range is divided into 10 load points in two positive
and negative directions, as shown in Table 5;

Select the force/torque component of the load. The load unit is installed in the corresponding
position, and connect the calibration hardware system, as shown in Figure 13;

At each loaded point, conduct loading and unloading experiments in turn, and record the output
voltage of each measuring leg corresponding to each load point;

Repeat Steps (2) and (3), conduct loading and unloading experiments in the opposite direction
and record the experimental data;

Repeat Steps (2)—(4), the calibration experiments of the six axis force sensor are carried out and
all the experimental data are obtained;

Check and process the data. The calibration matrix of the sensor is obtained, and the linearity of
the sensor is determined.

(f)

Figure 13. (a) Force loading along x-axis; (b) force loading along y-axis; (c) force loading along z-axis;
(d) torque loading around x-axis; (e) torque loading around y-axis; (f) torque loading around z-axis.

Table 5. Loading points of calibration force/torque.

Loading Points 1 2 3 4 5 6 7 8 9 10

Torque (N-m)

Positive 1000 2000 3000 4000 5000 6000 7000 8000 9000 10,000
Negative 10,000 9000 8000 7000 6000 5000 4000 3000 2000 1000
Positive 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Negative 5000 4500 4000 3500 3000 2500 2000 1500 1000 500

Force (N)
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4.3. Experimental Method

In the analysis of experimental data, the forces that are loaded on the prototype during the
experiment can be described as six linearly independent vectors, denoted as:

FF 00 0 0 0
O F, 0O 0 0 0
0 0FL 0 0 0
Fo — 29
S 0 0 0 My, 0 0 (29)
0 0 0 0 M, 0
0 0 0 0 0 M |

When the external forces are loaded on the measuring platform of the sensor, the six single-axis
force sensors will sense the force produced on the measuring legs, and then the change of output
voltage of the Wheatstone bridges can be measured out. We can get a set of relationships:

F. = GV (30)

where G is the calibration matrix between the loaded forces and the output voltages; V is the output
voltage matrix.
Thus the calibration matrix between the loaded forces and the output voltages of the six measuring
legs can be calculated:
G = Fv! (31)

Besides, the error matrix evaluating the accuracy of the six-axis force sensor is defined as follows:

FS*F6><6

E,. =
rr PFS

(32)
where Frg is the full range of the sensor, Fg ¢ can be calculated based on the mapping matrix between
the loaded force and the output voltage by Equation (32); the error matrix E;+ is a comprehensive
evaluation. The diagonal components of the error matrix separately represent the measurement
errors of the six different directions of the loaded external force, and other components represent the
interference errors between different directions.

5. Experiment Results

5.1. Calibration Results and Analysis

Through the calibration system described above, the calibration experiments based on the sensor
prototype are carried out, and the data of the six measuring legs are obtained. Taking a complete static
calibration experimental data and using the K value method and least square method to substitute the
loading forces and the voltages data which are collected from six measuring legs into the corresponding
equation, the static calibration matrix Gk, Goc and the error matrix E, g, Erroc can be obtained by the
analysis and process of the experimental data, therefore, the performance of force-measuring of the
sensor is obtained:

[ —0.0694 —0.2151 0.2443 —0.4298 —0.5077 0.2468
—0.5148 04170 0.2045 —0.2858 0.2491 —0.1535
Gy — 02528 02198  0.2476  0.2298  0.2288  0.2653 (33)
—-0.1336 0.1129  0.1250  0.0064 —0.0033 —0.1244
—0.0807 —0.0332 —0.0452 0.1647 0.1822 —0.0460

| —0.1247 0.0999 —-0.0879 0.0881 —0.1108 0.0831
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0.0431 0.0240 0.0249 0.0054 0.0117 0.0093
0.0279 0.0264 0.0118 0.0083 0.0082 0.0556
0.0607 0.0216 0.0333 0.0141 0.0038 0.0062
0.0939 0.0291 0.0270 0.0208 0.0230 0.0135
0.0956 0.1340 0.0295 0.0252 0.0163 0.0036
0.0519 0.0174 0.0696 0.0216 0.0219 0.0076

E rrK = (34)

From Equation (34), it can be noted that when the K value method is used to decouple, the
calibration error of each axis is: Fy (4.31%), Fy (2.64%), F (3.33%), My (2.08%), My, (1.63%), M (0.76%).
The maximum error of the I kind is 4.31%, which appears in Fy ; the maximum error of the II kind is
13.40%, which is appears in Fy, when loaded in M,,. So the calibration error obtained by this method

is 13.40%. )

—0.0929 —02095 02377 —04204 —05071 0.2437

—04518 04031 0.1981 —0.2675 02288 —0.149%

o — | 0254 02748 02717 02628 02603 02678 35)
—0.1202 01127 0.1251 0.0148 —0.0137 0.1157

0.0680 —0.0508 —0.0380 0.1533  0.1703 —0.0373

| —0.0877 0.0757 —0.1058 0.1067 —0.1174 0.0917

0.0122 0.0068 0.0124 0.0026 0.0070 0.0071
0.0144 0.0066 0.0111 0.0022 0.0038 0.0061
E _ | 0.0072 0.0062 0.0089 0.0059 0.0028 0.0039

rrac 0.0169 0.0088 0.0203 0.0039 0.0068 0.0063
0.0167 0.0268 0.0074 0.0049 0.0059 0.0038
0.0070 0.0061 0.0112 0.0047 0.0020 0.0042

(36)

From Equation (36), it can be noted that when the least squares method is used to decouple,
the calibration error of each axis is: Fy (1.22%), Fy (0.66%), F; (0.89%), My (0.39%), My (0.59%),
M, (0.42%).The maximum error of the I kind is 1.22%, which appears in Fy; the maximum error of the
IT kind is 2.68%, which appears in F,, when loaded in M,, so the calibration error obtained by this
method is 2.68%.

From the results of the calibration experiment, the calibration error comparison of the two kinds
of decoupling methods is as shown in Table 6. The results show that the accuracy of least squares
method is much better than that of the K value calibration method.

Table 6. The calibration error comparison of the two kinds of decoupling methods.

Decoupling Type I Error (%) Type II Error (%)
Method F, E, F, M, My M, Maximum Value Maximum Value
K value method 431 264 333 208 163 076 4.31 13.40

Least squares

122 066 089 039 059 0.42 1.22 2.68
method

5.2. Linearity Analysis

The input signal and the output signal of the sensor are not completely linear, and there is always
an error. The ratio of the error to the measurement range is called the linearity of the sensor. When
a certain force/torque is loaded to one direction of the sensor, the output voltage of the six legs will
change with the change of the loading force/torque. Figure 11 shows the changing curves between
the sensor’s measuring force and the standard loading force when the force or torque is loaded in
one direction.

Figures 14 and 15 are the variations of the voltage of each leg with the loading force/torque
changing, when the force/torque is loaded in the three directions of X, Y and Z.
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Figure 14. (a) Voltage curves of legs loading force along X-axis; (b) Voltage curves of legs loading force
along Y-axis; (c) Voltage curves of legs loading force along Z-axis.
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Figure 15. (a) Voltage curves of legs loading torque along X-axis; (b) Voltage curves of legs loading

torque along Y-axis; (c) Voltage curves of legs loading torque along Z-axis.

Table 7 is the linearity of each leg obtained by least square method. As shown in Table 6, the
linearity of each leg of the sensor is less than 1%, which shows that the sensor has a good linearity.
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Table 7. Linearity of six-axis force sensor.

Linearity (%)
It
ems Legl Leg2 Leg3 Leg4 Leg5 Leg6
F, 0.22 0.18 0.23 0.24 0.08 0.15
Fy 0.20 0.14 0.29 0.22 0.13 0.21
F, 0.14 0.18 0.71 0.64 0.57 0.97

M, 0.21 0.19 0.82 0.32 0.39 0.92
M, 1.00 0.75 0.51 0.24 0.4 0.4
M, 0.23 0.39 0.25 0.15 0.15 0.39

6. Conclusions

In this paper, to overcome the influence of the gap and friction of the traditional joints on the
parallel six-axis sensors’ precision and stability, we have successfully demonstrated a kind of six-axis
force sensor based on 6-UPUR parallel mechanism with flexible joints, which has large measurement
range and high accuracy. The force mathematical model of the sensor is established on the screw
theory; according to the relations of the stiffness and deformation compatibility condition, the stiffness
matrix considering flexibility of each flexible joint is built up; then the complete mathematical model is
established. The sensor prototype and the calibration system are manufactured and static calibration
experiments were carried out on the sensor. The results show that the measurement error is less than
2.68%, which shows that the sensor has high measuring accuracy and good linearity. The experimental
results prove the feasibility of the large measurement range six-axis force sensor of 6-UPUR parallel
mechanism with flexible joints. The design and loaded research of the parallel six-axis force sensor has
reference significance.
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