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Abstract: This paper proposes a method for kinematic calibration of a 3T1R, 4-degree-of-freedom
symmetrical parallel manipulator driven by two pairs of linear actuators. The kinematic model of the
individual branched chain is established by using the local product of exponentials formula. Based
on this model, the model of the end effector’s pose error is established from a pair of symmetrical
branched chains, and a recursive least square method is applied for the parameter identification.
By installing built-in sensors at the passive joints, a calibration method for a serial manipulator
is eventually extended to this parallel manipulator. Specifically, the sensor installed at the second
revolute joint of each branched chain is saved, replaced by numerical calculation according to
kinematic constraints. The simulation results validate the effectiveness of the proposed kinematic
error modeling and identification methods. The procedure for pre-processing compensation on this
3T1R parallel manipulator is eventually given to improve its absolute positioning accuracy, using the
inverse of the calibrated kinematic model.

Keywords: parallel manipulator; parallel mechanism; symmetrical mechanism; kinematics; calibration;
parameter identification; differential geometry

1. Introduction

Compared with serial manipulators, parallel manipulators have the advantages of high rigidity
and high loading capacity [1], but also have the disadvantages of complex structure and relatively
small workspace. Recently, a 3T1R symmetrical parallel manipulator with a simple structure and
a large working space has received widespread attention in academia and industrial applications [2].
This symmetrical parallel manipulator uses four open branched chains to connect the fixed platform
with the moving platform. It can achieve three-degree-of-freedom translation along the X, Y, and Z
axes and one-degree-of-freedom rotation around the Z axis (3T1R), for a total of four degrees of
freedom. Its advantages such as large workspace and high speed make it be widely applicable
to industrial automation scenarios such as pick-and-place and sorting, if its absolute positioning
accuracy meets the particular requirements of these applications. Therefore, it is necessary to develop
an effective calibration method to improve the absolute positioning accuracy of this symmetrical
parallel manipulator [3,4].

The kinematic error of the manipulator is defined as the end effector’s error between the actual
pose and the nominal one, which is mainly caused by geometric tolerances, such as assembly and
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manufacturing error. Kinematic calibration is the most effective and economical method to improve
accuracy [5]. This method is generally divided into four steps. First is to establish a kinematic error
model that consists of parameters to be identified and the measurable variables. Second is to acquire
measurements from built-in or external sensors. Third is to perform the identification of parameters in
the error model. Fourth is to carry out simulation verification of the calibrated kinematic model and to
perform relevant calibration experiments [6,7].

Establishing a proper kinematic error model is the basis for parallel manipulator calibration.
The essence of this process is the mapping between the pose error of the moving platform and the error
source [8]. Although many modeling methods involving parallel manipulators have been proposed,
the modeling method of kinematic error for such a 3T1R complex symmetrical parallel manipulator
has not been mentioned yet. Compared with traditional manipulators’ calibration methods such as the
Denavit-Hartenberg (D-H) model based method [9] and the zero-position reference model method [10],
the error model based on the local product of exponentials (POE) formula has some advantages [11,12].
First, the parameters of the kinematic model on the POE formula change smoothly with the change
of the joint axis. This ensures that the singularity will not occur in the kinematic error model [11,13].
Secondly, according to Chase’s theorem, any rigid body motion can be regarded as a screw motion,
so the calibration model established by the POE formula is also complete [14]. Last but not least, on the
POE formula, all joint axes are described based on Lie geometry, so they are represented uniformly for
the translation and rotation joints of the robot [14].

Since Okamura and Park first introduced the POE formula to robotic kinematics calibration in
1996 [13], the establishment of a kinematic error model using the POE formula has received widespread
attention. Two ways have been proposed till now, using the global POE formula [14,15] or the local
POE formula [11,16]. The main difference between them is on the choice of reference frames to describe
the relative motion of the robot joints. In the global POE formula, the relative motion of the robot joints
is described in the base coordinate system. In the local POE formula, each link of the robot is assigned
a local coordinate system, and all joint motions are expressed in the corresponding local coordinate
system. The main advantage of building the kinematic error model using the local POE formula is that
the pose error of the end effector is considered to be solely caused by the accumulation of the pose
error of each link.

The accuracy of measurement has a great impact on the calibration. Various devices have been
used to perform the calibration experiments on parallel manipulators, such as the ball and stick
system [17], the magnetic processing ball [18], vision [19], the laser tracker [20], etc. Since there are
multiple passive joints in the 3T1R parallel manipulator, installation of sensors on every passive joint
for calibration purposes will be costly. The identification of the kinematic error model parameters is
performed by minimizing the deviation between the theoretical and measured values of kinematic
error, such as nonlinear least squares optimization [21], but the optimization efficiency may be low due
to the nonlinear nature of the model. The error pre-processing compensation will be performed after
obtaining the kinematic error model. This step is to use the identified parameters to modify the active
joint variables, so that the absolute positioning accuracy of the parallel manipulator is enhanced [22].

The 3T1R parallel manipulator has a “two-layer, binary-tree”-like symmetrical mechanism,
while symmetry issues have received widespread attention in academia [23-25]. In this paper,
the development of its kinematic calibration method is studied. Its symmetrical structure leads to
the establishment of the kinematic model and the associated error model from two branched chains
symmetrically. In detail, the local POE formula method is used for modeling its kinematic error firstly.
This approach attributes the errors to the initial pose of each joint, resulting in a simpler kinematic error
model. In addition, this work uses the pose of the end effector from two branched chains to evaluate the
kinematic error. Compared with the kinematic error modeling methods using the metric of the distance
of two points on the end effector [26,27], setting up the equality of pose errors from two branched
chains improves the error model fitness. In the measurement stage, a method of combining a built-in
sensor with an external measurement device is adopted. Although this 3T1R parallel manipulator
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has multiple passive joints, all of them can be treated as active ones as in the series robot, if sensors
are attached to them during calibration. In this way, the calibration method by the local POE formula
used for serial robots can be directly applied to parallel manipulators with passive joints. Specifically,
to save the number of sensors used in the revolute joints, the angle of the second revolute joint of each
branched chain is computed numerically according to the kinematic constraints of the mechanism.
Eventually, a linear-in-parameter error model is synthesized, which greatly improves the efficiency in
the coming least squares estimation of parameters. Due to the symmetry of this mechanism, the idle
pair of branched chains can be used for cross-validation of the kinematic and error models, thereby
ensuring the model accuracy. A simulation study of the calibration algorithm is performed to verify
the effectiveness of the algorithm. Last but not least, the pre-processing compensation procedure of
the command pose is suggested for this 3T1R parallel manipulator.

2. Kinematics of a Symmetrical 3T1R Parallel Manipulator

In order to establish a kinematic model for the symmetrical 3T1R parallel manipulator, the basic
structure of this parallel manipulator is firstly introduced. Subsequently, its forward kinematics based
on the local POE formula is derived. It lays the foundation for the subsequent establishment of the
kinematic error model for this parallel manipulator.

2.1. Structure of the 3T1R Parallel Manipulator

As shown in Figure 1, it has two identical branched chains, yielding symmetrical structures.
Each branched chains has two identical sub-branches, so the whole mechanism can be treated as
a “binary-tree” structure. This parallel manipulator is driven by four linear actuators installed on the
base, and two linear actuators on one side share one stator. The entire manipulator mechanism looks
like the shape of the letter “M”, and it can move along the X, Y, and Z axes and rotate about the Z axis.

_ Collinear
linear modules

Figure 1. Basic structure figure of this 3T1R parallel manipulator.
2.2. Dyad kinematics Based on local POE formula
The Dyad branched chain is shown in Figure 2. Based on the traditional local POE formula method
of building in Figure 2a, the Dyad kinematics can be obtained as (1):

T:

i1 = Tj-1(0) - i, 1

where T;_1; € SE(3), represents the pose of {O;} relative to {O;_1} and uses the representation
method of the local coordinate system. 3; is the corresponding element for T; 1 ; in se(3).
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Figure 2. Dyad kinematics based on different methods of establishing coordinate systems for the local
POE formula. (a) to establish a coordinate system arbitrarily, (b) to establish a coordinate system which
leads to reduced number of kinematic parameters.

According to the characteristics of the local POE formula, it is known that the local coordinate
system of the POE formula can be assigned arbitrarily, that is the pose of {O; } is arbitrary, so it requires
13 parameters to completely define T; 1 ;. Among them, the 13 parameters include: 6 parameters
within initial pose T;_1(0) € SE(3), 6 parameters within joint twist §; € se(3), and 1 parameter within
joint variable g; € R'™X1. Compared with the D-H method, which only needs four parameters to define
the kinematics, this method of establishing the kinematic model requires too many parameters.

In order to reduce the number of parameters in the kinematic model, a new method of assigning
the local coordinate systems is proposed, as shown in Figure 2b. In this method, the origin of the
coordinate system {O;_1 } is at the center of the joint, and the direction of the z axis is along the joint
line. Furthermore, an additional local coordinate system {O]’;l} is on the same link at the joint j.
Now, (1) is written as:

Tj1 = Tj-1,i(0) - %7, @

where T;_1 ;(0) represents the pose transformation of {O;‘—l} relative to {O;_1}. ¢’/ represents the
pose transformation of {O;} relative to {O;_1 }.
According to the transformation between Lie groups and Lie algebras, T;_1;(0) € SE(3), at least

one f; € se(3) exists, making Tj_(0) € SE(3). Therefore, Tj_1,(0) = ¢li, and (2) is written as:

Tj*l,j = etj . egfq/, (3)

2.3. Branched Chain Kinematics Based on the Local POE Formula

Based on (2), consider a single branched chain of the parallel manipulator with (n + 1) links,
numbered sequentially in the order 0, 1, 2- - -, n from base coordinate system {0} to tool coordinate
system {n}; the forward kinematics is expressed as:

n

80.(91,92,- -, 4n) = Toa(q1)T12(q2) - - Tu1),0(Gn) = [ [(T(iz1),:(0)€5). 4)
i=1

2.4. Kinematics of the Parallel Manipulator Branched Chain i Based on the Local POE Formula

The schematic of the 3T1R parallel manipulator is shown in Figure 3a. It has a symmetrical
structure, dividing it into two identical parts, I and II. This parallel manipulator contains four linear
actuators By, By, B3, and By. Each linear actuator to the midpoint of the end effector p is regarded as
a branched chain. On side I, the branched chains formed by B; and B, to the end p point are recorded
as i and i, respectively, where i = 1; on side II, the branched chains formed by B3 and B4 to the end p
point are recorded as i and i, respectively, where i = 2. Any one of the branched chains from B; and B,
and any one from B3 and B, are chosen to build the entire parallel manipulator kinematics, so there are
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four possible combinations. In this article, B; and Bs are chosen for kinematic calibration and recorded
as the ith branched chain, i = 1, 2, which is the structure indicated by the dark solid line in Figure 1.
Surely, because this parallel manipulator structure is symmetrical, the remaining two branch chains
can be used to carry out the calibration as well for cross-validation. This also helps to enhance the
accuracy of the kinematic model.

There are four joint modules within each branched chain i (i = 1,2), which are one active
translation joint and three passive rotation joints. The coordinate systems are established as shown
in Figure 1, and the way of naming is referenced in Nomenclature. The joint i is an active joint for
i =1, 2and j =1, and the joint ij is a passive joint for i = 1, 2 and j = 2, 3, 4. The pose of the end
effector coordinate system {P} relative to the parallel manipulator base coordinate system {B} is
defined as the forward kinematics.

Figure 3. Mechanism schematic of this 3T1R parallel manipulator. (a) the schematic of the 3T1R parallel

manipulator; (b) the establishment of the coordinate system.

The kinematic equation of the mechanism is given as:
8i = Tg,io - Tio1(0) - €171 - Tyy j(0) - €292 - Ty ;3(0) - €575 - T3 14 (0) - €474 - Tyy p(0). ©)

3. Establishing the Kinematic Error Model for this 3T1R Parallel Manipulator

Since this parallel manipulator is a closed-chain mechanism, the kinematic error at the end effector
of the parallel manipulator should be the same if they are calculated from individual branched chains.

3.1. Establishment of the Kinematic Error Model from a Single Branched Chain

An error model of the 3T1R parallel manipulator, considering the kinematic errors of the single
branched chain, is established. Due to the part manufacturing and assembly error, the actual pose of
the end effector is different from its nominal value. Since:

Tg,1(0) = Ty, - Tio,11(0),

Tg,1(0) is the kinematic transformation from coordinate system {il} to coordinate system {B}.
The kinematic Equation (5) of a single branched chain is simplified as:

8i = Tp1(0) - €171 - Tyy (0) - €522 - Ty ;3(0) - €57 - T3 14 (0) - €474 - Tyy p(0), (6)
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If f € se(3) for a given T(0) € SE(3), then ¢/ = T holds. Therefore, for the initial pose Ti(j-1),i;(0),
elii = Ti(j-1),;(0) holds, and fijese(3)(i=1,2;j=1,2,3,4),s0 (6)is simplified to:

gi=e tingSindin . pliz 8oz . plis pSi3ia . plia pdiadia . plp (7)

From (6), it is known that the modeling method using the local POE formula, whose forward
kinematics g; is a function of the initial pose T(0) = [Tp1(0), Ti1,i2(0), Tin,i3(0), Ti3,i4(0), Tl‘4,p(0)]T,
the joint twist s = [s;1, Si2, 513, si4]T, and the joint variable g = [g,1, 912, 9i3, qi4]T, that is,

8i = f(T(0),s,9). ®)
Differentiate the kinematic parameters of (8) to obtain the calibration model, yielding:

0gi - gl (a?(f)(ST( )+ 3f(55+ f&q) S 9)

where 6T - T~! represents the end effector’s pose error of this parallel manipulator base coordinate
system {B} through the branched chain i, and the motion parameter error is §T(0), ds, q. The purpose
of the kinematic calibration algorithm is to find the appropriate 6T(0), Js, ég, achieving the least
squares fitting between two sides of (9), which is:

) (10)

From earlier analysis, the kinematic error model consists of 13 parameters from the initial poses, joint
twists, and joint variables. In order to simplify the calibration model, we assign the coordinate systems
in the way shown in Figure 2b. Since the initial pose coordinate system in the local POE formula can
be established at any point on the link, the initial pose T(0) is floating. Therefore, the kinematic error is
regarded as only due to the deviation of the initial poses T(0), while the joint twists and joint variables
are regarded as being accurate [12]. Therefore, (9) and (10) are simplified to:

P
6gi- g " aT{ )5T(0)gf ! (11)

min (ZH&g, g —B{O)(ST( )g; ! ) (12)

By using two branched chains for kinematic calibration, the goal of optimization is revised as:

) . (13)

Sgi = (S(gfn)e@il'iil . elizedindia . pliapSiadia . plisgSisdis . olp | ofin S . 5(efi2)e§i2qiz . elizgSiaia . i gSiagia . olp
tefitgdindin . ol pSindia . 5(efi3)e§i3qi3 - eliagdutia . ofp 4 ofi1pSindin . pli2pSindia . olis pSiatia . 5(gfi4)e§i4ﬁi4 . elp (14)
“efitgdingin . pli2gSindin . oliz pSiatia . pfia pSiatia . (5(6?13).

min (ZH&gi gl - (a?{ 7OT(0)+ gff55+ af5ﬂ> 8

miniil (Hégl ¢! a{o)éT( !

From (7), 0g; used in (11) and (13) is obtained as:

If the parameter error is relative to its local coordinate system, & (etif) = el 5?1-]-, so (14) is further
expressed as:

dgi = gfil(sfilegilqil . elingdintin . pliagdiadis . plis pSiadia . ofp | ofin pSindin . eEizjfizgéizin . elizgdistis . pliapbiadia . plp
+elingdinin . glizg$iati . glia 5156533 - glisebiatin . efp 1 elingSindin . plizgdinfia . olingSistia . glia 5f,4 %10 . ofp  (15)
tefitedingin . plizgSinfin . oliz pSitis . plia Siadia . gfpfsfp_
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By multiplying (15) with gi_l on both its left and right sides, where gi‘l = el . oSt .
oSt . p—Si2qi2p—Tti . 6*511%13*?1‘1, this yields:

(Sgi . g:l = etilA. éfil . ejtil + gtilAesilqilgtiZ . 5?1-2 . gftiZefAslqlg*tl A
+etitgdindingtingdindinelis . 5f;, . e~tize—S2di2e—tize =511 e~ tiny
elit g8inain pfiz g2z olis pSi3 i plis . Ofiy - e~ tiap=8iadi3 p—Fis g —Si2fi2 o~z p =811 o~ Fin (16)

elitg8inain piz g8i20i2 ol B33 ol pSiatlia pfp . Stpr
e~ tPe—tiuliap—liap—330i3 p—li3 S22 p i p—8i1411 p—Fi1

From the adjoint transformation Adxy = XyX~!, (16) is simplified to:

6g;- gl_l = AdTB,il(O)éfﬂ + Ad
+Ad

801 'Til,iz(o)étiz

)(5&3 + Ad (5&4 +Adgo,4-Ti4,p(0)5fP' (17)

80.2-Ti2,i3(0 80,3-Ti3,i4(0)

where:
S0k = elitpbindin . ptizpSindia . . . plik pSikik

For (17), the left term 6g; - glfl € se(3) represents the end effector’s pose error in the base coordinate
system {B}, according to the definition of the logarithm of the matrix on SE(3):

(581‘ 'gfl)v = log (gf ~g;1) , (18)

where ¢ is the pose measured at the end of the branched chain i and glfl is the inverse of nominal
pose matrix at the end of the branched chain i. From (17) and (18), we get:

Otiy
Otip
log (g? 'gfl) = {AdTB,i](O)’Ang,l'Til,iZ(O)’Adgo,Z'TiZ,iS(O)’Adgo,S'Ti3,i4(0)’Ad80,4'Ti4,P(O) oty | . (19)
Otia
Otp
(19) is written as a linear-in-parameter form:
vi = Jixi, (20)

where y; is the pose error of the end effector from the branched chain i, J; is the error Jacobian matrix
of the branched chain i, and x; is the kinematic parameter error of the branched chain i, given as:

yi = log (g?~g{‘) e R®,

_ 6x30
i = [AdTB,il(O)’Ang,l'Til,iz(O)’Ang,Z'TiZ,B(O)’Ang,S'Ti3,i4(O)’Ang,4'Ti4,P(O):| € R,
xi = [0tn, Ot Oti3, Otig, Stp]" € R3O,

3.2. Establishment of the Overall Kinematic Error Model

The kinematic error of the end effector calculated from the kinematic error models of different
branched chains should be identical. This yields:

Y = AX, (1)
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where:

=~
|

]/1 — yZ E R6><1,
A = [J1,]2] € R®*%,

T
T T 601
{xl,xz} € R

In the above error model, it has a total of 60 error parameters to describe the kinematic error. Through
the discernibility analysis of the error model deduced from the POE formula, the maximum number
of independent motion parameters of a universal non-over-constrained parallel manipulator after
eliminating redundant error components is 4r + 2p + 6, where r and p represent equivalent rotation
joints and translation joints, respectively [12]. In the 3T1R parallel manipulator, there are six equivalent
rotation joints and two translation joints. Therefore, the maximum number of identifiable parameters
after eliminating redundant error components is 34. According to (21), the number of errors obtained
using the method described in this article is 60, so the error model does have redundancy in terms of
the number of parameters.

4. Method to Reduce the Number of Sensors Used in Passive Joints

In general, since the parallel manipulator contains many passive joints, a sensor will be installed
on each passive joint to measure the corresponding joint angle throughout the calibration process.
The required measurements for calibration are accomplished by both built-in sensors and external
measurement device. The built-in sensors are used for measuring rotation of the passive joints, and a
laser tracker is used for measuring the end effector’s pose. As the 3T1R parallel manipulator has many
passive joints and such a measurement scheme is costly, a recursive method is proposed to estimate
one of the joint angles in each branched chain, so that the number of sensors being used is reduced.

This recursive method is based on the coordinates of the end point A; and uses the local POE
formula method to establish the branched chain kinematics of the end point A;, such as (22):

, . . s ’
l Pi ] = Tg1(0) - €191 - Tyy 5(0) - €292 - Tpp 13(0) - €°3% - ;11] , (22)

1

where p; represents the coordinates of point A; on the branched chain i relative to the base coordinate
system {B} and p! represents the coordinates of the point A; on the branched chain i relative to the

coordinate system {i3}.
; 4
lql] = Pir lzl‘| = Pi,/ (23)

By setting:
(22) is re-written as:
P, =T; 3P, (24)

The difference between the nominal and actual distance of two revolute joints at the end effector is
given by:
—— —
dyy — HAlAzH :dHAlAZH = dd, (25)

Pt
where HAl A2H represents the nominal distance of between A; and A; and di, represents the actual
distance between A and A,. Here,

H/TA;HZ — (2, —P)T (P, — D). (26)
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Differentiating (26), we get:

T
ad= =P 4p apy), 27)
14142
dP; = T;- €35 . S5 - P! - dgs, (28)
With (25), (26), (27), and (28), it yields:
dg=7J"'-dd, (29)
where: . .
dqi3 —(-n) 5 (—P)
dg = ,] = - P -P ],
7 <dqzs> J ( P R Vv
D=T, . ¢%53 . 45 .
(29) is written in a recursive form as:
(k)
g*t) =g® 4 (71 ad) (30)

where k is the number of iterations.

This means, by utilizing the geometric constraints of the mechanism, the proposed recursive
method is able to estimate the rotation angle of the second revolute joint of each branched chain.
This saves one rotation sensor for each branched chain during calibration.

5. A Recursive Least Squares Method to Identify the Parameters in the Kinematic Error Model

In order to improve the efficiency, a recursive least squares method is used in the parameter
identification process for the kinematic error model. Suppose that when measuring positions of m
points, there will be m position error vectors, and the Jacobian matrix will be expanded to m terms,
so the kinematic error vector X will remain unchanged. Hence, (31) is obtained as:

Y = AX, (31)

where:

=
I

T
[ Y\ Y2 ... Yn } € ROmx1
column [Ay, A, ..., Ap] € RE™<60

T
T T 601
[xl,xz} € R

N
I

The solution in the least squares sense for X is given as:
e o\ L
X = (ATA) ATY. (32)

(32) can be further simplified by recursion. Once the kinematic error parameter X is determined,
the initial pose Tj;_1),;(0) will be updated by substituting X into the following equation:

Ti(j-1)(0) = €’ = Tyj_y) ;;(0)e™, (33)

until the norm || X|| of X approaches zero. Therefore, the pose computed from the calibrated kinematic
model approaches the actual pose.
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6. Simulation Results

The kinematic modeling schematic diagram and the establishment of the coordinate system are
shown in Figure 3, where [, = 0.7, [; = 0.7,a = 0.3, b = 1.0 (units: m). According to the modeling
method using the local POE formula given in Nomenclature, the values of the initial pose and joint
twist of adjacent links of two branched chains are given as:

1 0 00 1 0 0 0
0 1 0 0.03 0100
Tp,11(0) 00 1 0 » T11,12(0) 0010l
0 0 01 0 0 01
10 0 0 cos(—B) 0 sin(—B) Iy
0 cos(—a) —sin(—a) I, 0 10 0
T - ,T 0 = . 7
1213(0) 0 sin(—a) cos(—a) O 1314(0) —sin(—B) 0 cos(—B) O
0 0 0 1 0 0 0 1
1 0 0 a/2 1 0 0 b 1 0 0O
0100 0 1 0 0.03 01 00
T - T — T - )
14,7(0) 0010 |Ta0 00 1 0 21,22(0) 00 1 0
0 0 01 0 0 01 0 0 01
10 0 0 —cos(B) 0 —sin(B) Iy
0 cos(—a) —sin(—a) I, 0 10 0
0) = T 0) = ,
T22,23( ) 0 sm(—tx) COS(—IX) 0 ’ 23,24( ) sm(‘B) 0 —COS(IB) 0
00 0 1 0 00 1
100 —a/2
01 00
To4,p(0) = 0010 ,
0 0 01

©
it
=

I

0 001O0O0

523:[0 000 1 o]T,sM:[o 000 0 1}T.

In order to simulate the deviation of kinematic parameters from the nominal ones, the errors dt, ds,
and 4q are applied to the initial poses, joint twists, and joint variables in the theoretical model. Noise is
introduced in the measurement of joint variables to test the robustness of the parameter identification
method. In this way, an actual model is obtained, where the actual initial pose is:

Ei' 5?, _ §t1~
Tia(jfl),ij(o) =™ =Ty y),;;(0)e”, (34)

the actual joint twist is:
S?]- = Si]‘ + (551']', (35)

the actual joint variable is:

qi; = qij + 64i;- (36)
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Hence, the kinematic model of the actual branched chain i is:
8i = Tf 1 (0)e*1% - T 1 (0)e%2 - Tfy 15(0)e™%5 - Tf, 14 (0)esfia - Tf 5(0). (37)

Add deviations dt, Js, and dq to the nominal values to get the actual value of the parallel
manipulator simulation, as shown in Table 1. Each joint, regardless of being active or passive, is
considered as a joint with one degree of freedom, so the error vector of the spin volume should be
orthonormal, that is ||w; 4 éw|| = 1,(w; 4 éw)" (v; + 6v) = 0.

Table 1. Preset error of each link (all units are in SI).

Dyad ot Js iq
B-11 [ 0002 0.002 0.002 0.001 0.001 0.001 ]T [00 00O 0O ]T 0.02
11-12 [ 0.002 0.002 0.002 0.001 0.001 0.001 ]T [0 0 0 —1+co0s0.02 sin0.02 0 ]T 0.02
12-13 [ 0.002 0.002 0.002 0.001 0.001 0.001 ]T [0 0 0 0 —1+4c0s0.02 sin0.02 ]T 0.02
13-14 [ 0.002 0.002 0.002 0.001 0.001 0.001 ]T [0 0 0 0 sin002 —14cos0.02 ]T 0.02
14-P [ 0002 0.002 0.002 0.001 0.001 0.001 ]T ~ ~
B-21 [ 0002 0.002 0.002 0.001 0.001 0.001 ]T [0 0 OO 0O ]T 0.02
2122 [ 0.002 0.002 0.002 0.001 0.001 0.001 ]T [0 0 0 1—cos0.02 sin0.02 0 ]T 0.02
22-23 [ 0.002 0.002 0.002 0.01 0.001 0.001 ]T [0 0 0 0 —1+4c0s0.02 sin0.02 ]T 0.02
23-24 [ 0.002 0.002 0.002 0.001 0.001 0.001 ]T [0 0 0 0 sin0.02 —1+4cos0.02 ]T 0.02
24-P [ 0002 0.002 0.002 0.001 0.001 0.001 ]T ~ ~

Now, the simulation process of the kinematic error modeling and parameter identification is
summarized as follows:

1.  Use the numerical forward kinematics algorithm to obtain the joint displacements and joint
angles of 20 different parallel manipulator poses;

Assign errors to kinematic parameters, such as dt, és, and dq, as shown in Table 1.

Simulate the actual initial pose using Ti”(].il),ij(O) = Ty(j—1),ij (0)¢i;

The actual joint twist is computed as s?j = sij + Isij;

The actual joint variable is computed as q?j = qij + 0qij;

AL

The recursive calibration algorithm is used to identify the kinematic errors of the parallel
manipulator.

The initial pose after calibration is recorded as Ty, ij(O), as shown in Table 2. When trace(R) #

—1,1+2cos ¢ = trace(R), and ||w|| < 7, we getlog(T) = t. That s,

R p w A'p
1 = 3), 38
where,
@ =1logR = (P (R—RT),
2sin¢
a1 Loy 2l = Il -reosliol) oo
2w sin ||

If ¢ is small, & ~ (R — RT) /2. When trace(R) = —1,log R = (2k + 1)7t0. In this case, k is any integer,
and v is a unit eigenvector of log R with an eigenvalue of one.
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Table 2. Kinematic error of each link versus its calibration pose (all units are in SI).

Dyad Kinematic Errors Tl.c(].il)’ij (0)

1.00000 —0.00099 0.00129 1.794
0.00102 0.99980 —0.02000 32.255

— T
B-11 (1.824,2.272,1.183,0.02000, 0.00128,0.00100) ~0.00127  0.02000 0.99980 1.805
0 0 0 1
[ 1.00000 —0.00164 0.00128 1.793 ]
0.00165 0.99999 —0.00201 2.272
— T
11-12 (1.794,2.272,1.783,0.02000,0.00128, 0.00165) ~0.00128  0.00201 1.00000 1.784
0 0 0 1

" 1.00000  —0.00253 0.00039 1.791

0.00152 070869  0.70551 702.869
—0.00207 —0.70551 0.70870 0.344
L0 0 0 1 ]
[ 050182 —0.00163 —0.86497 699.353 ]
0.00174 1.00000  —0.00087 2273
0.86497 —0.00107 050182  2.445
L0 0 0 1 |
1.00000  —0.00140 0.00237  151.795
0.00140  1.00000  —0.00087 2.273

—0.00237 0.00088  1.00000  1.782

12 -13 (2.855,2.868, —1.922,0.00225,0.00207,0.00152) T

13 -14 (—0.647,1.134,3.916, —0.00107, 0.00210,0.00163) T

14 -P (1.794,2.063, 2.139, 0.000874, 0.00237,0.00140) T

0 0 0 1
0.99999 —0.00099 0.00176 1001.760

Boal (1790,2155,2125,00000,000175 000007 | OWIZ 09990 002000 35147
0 0 0 1

1.00000  —0.00050 0.00175 1761
0.00051  1.00000  —0.00165 3.155
—0.00174 0.00165  1.00000  0.978
0 0 0 1

[1.00000  —0.00137 0.00088 1.759

0.00036 070903  0.70518 702.924

~0.00159 —0.70517 0.70903 —0.00154

0 0 0 1 ]

—0.49861 0.00053  —0.86682 698.275

0.00248  1.00000  —0.00081 3.157

21 -22 (1.761,3.155,0.977,0.00165, 0.00175, 0.00050) T

22 -23 (2.009,2.922, —0.003, 0.00273,0.00159, 0.00035) "

2324 (—1.726,3.529,2.156, —0.00256, 0.00160, —0.00053) T

0.86682  —0.00256 —0.49861 1.034
L0 0 0 1 ]
1.00000  —0.00295 0.00145  —148.243

0.00295 1.00000 —0.00081 3.157
—0.00145 0.00082 1.00000 0.977
0 0 0 1

24—-P (1.761,3.598, 0.759, 0.00082, 0.00145,0.00295) T

The kinematic error between the calibrated value T¢ and the actual value T” is obtained through
the above method, as shown in Table 2, including the orientation and position error at the end effector.
The orientation error is the angular difference between the actual value of the end effector and the
calibrated one. Position error is the norm of the coordinate difference between the actual value of
the midpoint of the moving platform and the calibration one. Note that the derivation of kinematic
parameters was arbitrarily assumed in this simulation example, and it may not truly reflect the actual
situation in the parameter space due to manufacturing and assembly error. However, through the end
effector’s pose error simulation result as in Figure 4, it is seen that both the orientation and position
errors converged, and they were reduced by at least 10 times, thereby verifying the effectiveness of the
calibration algorithm. Compared with other methods based on the deviation of the distance between
points on the end-effector of parallel manipulators [26,27], our method gave better fitness of the pose
error at the central point of the end effector. Since the model was linear-in-parameter, the pose fit with
higher matching and better fitting conversion effects. Therefore, in the case of a linear error model,
the pose error was used for fitting so that the error reduction only needed one iteration.
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Figure 4. The end effector’s pose error simulation result. (a) Orientation error; (b) position error.
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To guide the future calibration experiments, the flowchart of the calibration process is given in

Figure 5. The meanings of various symbols in the flowchart can be referenced in Nomenclature.

™

™

Nominal q’ij Calibrated
. L
inverse forward
kinematics . kinematics
T 9

Actual Parallel
manipulator
system

Laser tracker

TCiG-0,i(0)
—_

Figure 5. Flowchart of the calibration.

7. Pre-Processing Compensation

Since some robot controllers cannot directly utilize the calibrated active and passive joint angles

to drive the robot, the joint variables were preprocessed to obtain the pose of the end effector that
could be directly utilized by the robot.
First, the initial pose Tf(].fl) i (0) after calibration of each link was obtained through the calibration

process described above, as shown in Table 2. Combined with the commanded end pose T,
the calibrated joint angle qu was calculated using the inverse kinematics after calibration. Since the
manipulator could not directly use qu, the following conversion was required. By bringing qu into

the positive kinematics solution based on the nominal kinematics parameters, the compensated end
effector pose T, could be obtained. At this time, T;; could be directly used for offline programming.
The flowchart of this process is shown in Figure 6. The meaning of various symbols is listed in

Nomenclature.

Ti-0,i(0)
—_—

I_'

TCO

Calibrated i
inverse [ —
kinematics

Nominal T

Actual parallel

C
forword  H—] manipulator

kinematics

system

Pre-processing process

Figure 6. Flowchart of pre-processing compensation.
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8. Conclusions

In this paper, a kinematic model of a symmetrical 3T1R parallel manipulator was proposed based
on the local POE formula. By using local POE formula for kinematic error modeling, the joint twists
and joint variables could maintain their nominal values, and the errors were set to be concentrated in
the matrices of initial poses. As the end effector’s pose errors of the parallel manipulator established
through different branched chains were identical, the entire pose error of the parallel manipulator’s end
effector was formed by equaling the pose error of the end effector calculated in individual branched
chains.In addition, the joint angle of the second revolute joint was calculated by a recursive algorithm
according to the inherent kinematic constraints. This saved the rotary sensors installed at the second
revolute joint of each branched chain. Through simulation, it was shown that the deviation between
the actual and calibrated end effector’s pose could be reduced by at least 10 times with the proposed
kinematic error modeling and parameter identification methods. The procedures to use this error
model for profile pre-compensation in the actual testbed were also proposed.
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Abbreviations

The following abbreviations are used in this manuscript:

3T1R parallel manipulator ~ The parallel manipulator can achieve three degrees of freedom of translation along
the X, Y, and Z axes and one degree of freedom of rotation around the Z axis

POE formula The product of exponentials formula
D-H convention The Denavit-Hartenberg convention
Nomenclature

For the ease of reference, the definition of the symbols used in this article are listed as follows:
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The number of passive joints

Represents the parallel manipulator By, B3 branched chains (i =1, 2)
Represents the parallel manipulator By, By branched chains (i = 1, 2)
The number of joints on each branched chain (j =1, 2, 3, 4)
Forward kinematics of these parallel manipulator branched chains i

i(7=1),ij(0)  The initial pose of the coordinate system {ij} relative to the coordinate system {i(j — 1)}

(0)  After calibration, the initial pose of the coordinate system {ij} relative to the coordinate system
i -1}

(0)  The actual initial pose of the coordinate system {ij} relative to the coordinate system {i(j — 1)}
Standard representation of joint variable; it represent the joint angle or joint displacement
Standard representation of the nominal joint variable
Standard representation of the joint variable after calibration

Base coordinate system of the parallel manipulator

{i0}, {i0}  Base coordinate system of these parallel manipulator branched chains i and i
{i1}, {i1} The translational motion coordinate system of these parallel manipulator branched chains i and i
{i2}, {i2} The rotational motion coordinate system where it is connected to the modules of these parallel

manipulator branched chains i and i

{i3} The coordinate system of I; link rotates around the D point of these parallel manipulator

branched chains i and i

{i4} The parallel manipulator moving platform rotational motion coordinate system around the A; point

Midpoint coordinate system of the end effector

Forward kinematics after calibration of the parallel manipulator
The nominal pose of the end effector

The actual pose of the end effector

The command pose of the end effector during error compensation
The end pose after compensation

Adg, The adjoint transformation of g;, also written as Ad(gi), gi € SE(3)

0gi-

Ji

g;l The representation of the end error on these parallel manipulator branched chains 7 in the base
coordinate system {B}
The error of t in coordinate system {ij}
Error Jacobian matrix of these parallel manipulator branched chains i
Error Jacobian matrix of the entire parallel manipulator
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