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Abstract: A novel in-contact three-dimensional (3D) measuring device, called MultiCal, is proposed as a convenient,
low-cost (less than US$5000), and robust facility for onsite kinematic calibration and online measurement of robot
manipulator accuracy. The device has μm-level accuracy and can be easily embedded in robot cells. During the
calibration procedure, the robot manipulator first moves automatically to multiple end-effector orientations with
its tool center point (TCP) constrained on a fixed point by a 3D displacement measuring device (single point
constraint), and the corresponding joint angles are recorded. Then, the measuring device is precisely mounted at
different positions using a well-designed fixture, and the above measurement process is repeated to implement a
multi-point constraint. The relative mounting positions are accurately measured and used as prior information to
improve calibration accuracy and robustness. The results of theoretical analysis indicate that MultiCal reduces
calibration accuracy by 10% to 20% in contrast to traditional non-contact 3D or six-dimensional (6D) measuring
devices (such as laser trackers) when subject to the same level of artificial measurement noise. The results of a
calibration experiment conducted on a Staubli TX90 robot show that MultiCal has only 7% to 14% lower calibration
accuracy compared to a measuring arm with a laser scanner, and 21% to 30% lower time efficiency compared to a 6D
binocular vision measuring system, yielding maximum and mean absolute position errors of 0.831mm and 0.339mm,
respectively.
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1 Introduction

With an ever-increasing demand for higher ac-
curacy, metrology devices and methods for kinematic
calibration of robot manipulators have progressed
tremendously over the past three decades (Chen
et al., 2020). These calibration systems have been
shown to effectively reduce the absolute position er-
rors of robot manipulators, which can be caused
by many factors, such as manufacturing tolerance,
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assembling error, and structural deformation (Feng
et al., 2009). Robots with offline programming or au-
tonomous path planning capabilities especially ben-
efit from these calibration systems, because the ab-
solute accuracy of a robot, rather than its higher re-
peatability, ensures that the motion instructions cal-
culated in simulation environments can be directly
used for real tasks. In general, the application cases
of these calibration systems can be roughly classified
into three categories, large-batch calibration by pro-
fessional robot manufacturers, small-batch calibra-
tion by robot developers and researchers, and routine
maintenance and recalibration by robot users.

For the case of routine maintenance and recali-
bration, as presented in Fig. 1, it is desired to have an
accurate and convenient calibration device that can
be easily embedded into the worksite or product line
where the robot is located. Because the robot accu-
racy keeps deteriorating over time (Qiao and Weiss,
2017), the device should preferably be able to mea-
sure and monitor the robot’s accuracy automatically
during the robot’s intermission (see supplementary
materials, Section 1). If the accuracy severely dete-
riorates, the device will stop the operation process
and give an alarm to inform users to calibrate the
robot directly at its worksite (onsite calibration). In
summary, in contrast to in-house calibration of pro-
fessional robot manufacturers, the requirements for
this application case are quite different. The device
must be highly accurate, low-cost, easily operated,
robust, portable, and easily deployed in robot cells.
Note that fully automated calibration is unnecessary
in this case, because frequent calibrations are not
required and manual interventions must be involved.

However, traditional calibration devices such as
laser trackers (Sun T et al., 2016), laser interferom-
eters (Castro and Burdekin, 2006), mechanical co-
ordinate measuring machines (CMMs) (Cong et al.,
2006), and optical CMMs (Nubiola et al., 2014) can
hardly be used in these cases because they are easily
restricted by the working environment and are too
expensive (more than US$30 000). Alternatively,
many portable and low-cost calibration devices with
good environmental adaptability have been devel-
oped. The one-dimensional (1D) measuring device
based on a single wire draw encoder (Zhan, 2015) or
a single laser displacement sensor (Guo et al., 2020)
can be used for fully automated calibration without
manual intervention. However, parameter identifi-
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Fig. 1 Application case of online accuracy measure-
ment and onsite calibration in a logistics factory

cation based on 1D measurements is relatively poor
in accuracy and robustness, because the robot’s ac-
curacy before calibration must be high; otherwise,
it will easily fall into a local optimum. Hence, 3D
or 6D measuring devices consisting of multiple wire
draw encoders (Legnani and Tiboni, 2014) were pro-
posed to solve this problem, but these systems are
relatively complex and expensive. Eye-in-hand de-
vices based on optical sensors (ROSY by Teconsult
GmbH) or cameras (Enebuse et al., 2021) may be an-
other solution for such scenarios because they are af-
fordable and easy to implement, but the effectiveness
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of eye-in-hand devices is still challenged when com-
paring the end-result accuracy obtained through ex-
ternal devices (Icli et al., 2020). Calibration systems
based on touch probes (Zhong et al., 1996), stan-
dard balls (Joubair and Bonev, 2015), and standard
blocks (Ikits and Hollerbach, 1997) are low-cost and
easy to fabricate, but the measurement process of
these systems needs a repeated manual back-and-
forth adjustment, which is very time-consuming and
will easily damage the probe. In conclusion, these
measuring devices still cannot meet the requirements
of the above application scenarios.

Perhaps the best solution for this case is the
widely used measurement strategy in robot calibra-
tion that constrains the robot’s tool center point
(TCP) to a fixed point in space using displacement
sensors, since displacement sensors are inherently
low in price, have good environmental adaptability,
and can measure within a certain measurement range
(10mm or larger), which is conducive to robot au-
tomatic measurement without collision. However, if
only a single point constraint is adopted (or the TCP
is measured only within a small area, such as Laser-
LAB of Wiest AG), the calibration result will also
be very sensitive to the initial kinematic parameters,
and will easily get stuck at locally optimal values.

To overcome this shortcoming, calibration de-
vices based on multi-point constraints are proposed.
A representative of this type is TriCal (Gaudreault
et al., 2016), which can be mounted on the robot’s
end-effector and the robot can be calibrated by prob-
ing a set of balls. The relative positions of the balls
are precisely measured and used as prior information,
which significantly increases the accuracy and ro-
bustness of parameter identification. However, Tri-
Cal can hardly be used for calibrating small robots
due to its large volume. On the other hand, the mo-
tion space of the robot will be seriously limited, lead-
ing to insufficient calibration accuracy in the whole
robot workspace, especially for large robots.

In this work, we develop a new in-contact onsite
calibration device called MultiCal (multi-position
calibration) based on a measuring rod, a 3D displace-
ment measuring device, and a multi-position fixture
(Fig. 2). In contrast to TriCal, the mounting posi-
tions of the ball and the 3D displacement measuring
device are reversed. A light and long measuring rod,
rather than an entire measuring device, is installed
at the robot’s end-effector, which has four advan-

Robot

Measuring rod

Multi-position
fixture

3D displacement
measuring device

F clamp

Fig. 2 A new in-contact onsite calibration device
called MultiCal

tages. First, the measuring rod is clearly longer,
which allows the robot to move in a larger space,
and eventually attains high calibration accuracy and
robustness in the whole robot workspace. Second,
since the measuring rod can also be made smaller and
lighter (weighing less than 0.3 kg for short rods), our
device is more suitable for calibrating small-sized or
low-stiffness robots. Third, given that the measuring
device is not installed on the robot’s end-effector, we
apply three larger and heavier displacement sensors
with a larger measurement range (30 mm), which
makes the system easier to operate and less prone
to collision. Finally, unlike TriCal’s 3D artifact, the
high-rigidity multi-position fixture has no vulnera-
ble components that are critical to system accuracy
(such as ball stems), making the system more ro-
bust and its accuracy easier to maintain. The lat-
ter two advantages are especially important for non-
professional users who are more likely to operate the
device incorrectly.

2 Calibration device

In this section, the MultiCal system compo-
nents, including a measuring rod, a 3D displacement
measuring device, and a multi-position fixture, are
presented in detail. Then, the measurement accu-
racy of this system is comprehensively evaluated.

As illustrated in Fig. 3, the measuring rod is
designed as a modular tool that can be easily cus-
tomized and fabricated at a low cost. A high-
precision ceramic ball (diameter of 25 mm to 60 mm)
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is attached to a ball holder and connected with a pipe
holder via a stainless steel bending pipe (diameter of
20 mm to 50 mm) using two threaded connectors.
The bending pipe can be designed in different sizes
and shapes, while the pipe holder can be designed for
different robot flanges. The cost of customizing this
measuring rod is very low, since it does not require
high-level dimension tolerance, but only high rigid-
ity. Furthermore, the ball holder and the pipe holder
can be easily replaced using the threaded connectors,
and only the bending pipe needs to be remade, which
costs less than US$100. To guarantee high rigidity,
the diameters and thicknesses of the bending pipe
and the threaded connectors need to be increased as
the rod’s length increases. The measuring rod has
three parameters, i.e., the lengths and included angle
of the first and second pipe segments, or l1, l2, and γ.
The corresponding coordinates of the balląŕs center
with respect to (w.r.t.) the robot flange frame (tool
parameter) are

⎧
⎪⎪⎨

⎪⎪⎩

xtool = l2 sin γ,

ytool = 0,

ztool = l1 − l2 cos γ.

(1)

Fig. 3 Description of the measuring rod

As illustrated in Fig. 4, three displacement sen-
sors (ONOSOKKI GS-4830, measurement range of
30mm, resolution of 1μm, accuracy of 3μm) are
fixed orthogonally in the triaxial mount and mea-
sure the real-time XY Z displacements of the ball’s
center when the ball is in contact with the three
square-shaped tips. The aluminum triaxial mount
is manufactured by CNC Precision Machining to en-
sure the verticality of the three displacement sen-
sors’ axes (better than 0.05mm). The fixing sleeve
closely matches the cylindrical mounting surface of
each sensor to guarantee high coaxiality. A cylin-

XY

Z

Fig. 4 Description of the 3D displacement measuring
device

drical pin with a round head protrudes from each
inner face of the triaxial mount as a physical stop-
per. Before measurement, each square-shaped tip is
pushed manually to touch the physical stopper as the
zero position of the displacement sensor. The overall
weight of the 3D measuring device is 3.4 kg.

To increase measurement diversity and imple-
ment a multi-point constraint, we employ a multi-
position fixture (Fig. 5) to provide five different
mounting positions for measurement, which can be
regarded as five virtual point constraints (see Sec-
tion 2 of the supplementary materials for the rea-
sons why we set five mounting positions). The
multi-position fixture is composed of an aluminum
top plate, an aluminum bottom frame, and five sets
of well-designed fast-lock mechanisms (Fig. 6). Us-
ing a toggle clamp, the 3D measuring device can
be quickly mounted on different mounting positions
(less than 15 s) with three sets of cylindrical pins
and double balls guaranteeing the assembly accuracy.
Both the cylindrical pins and balls are made of tung-
sten steel with a high degree of hardness (HRA 93).
The relative mounting positions

[
P j
x , P

j
y , P

j
z

]
(j =

1, 2, . . . , 5) are precisely measured by a Hexagon
RA8520-7 coordinate measuring arm (measurement
accuracy of 20μm) and PolyWorksTM (see Section 3
of the supplementary materials for the specific mea-
surement method), as shown in Table 1. Because the
multi-position fixture is highly rigid, these parame-
ters can be used for a long time once they are mea-
sured, so the do-it-yourself (DIY) difficulty and cost
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will not be too large (measuring arms or CMMs can
be rented). Additionally, the multi-position fixture
can be easily carried and embedded in robot cells,
because its overall size is 500mm×300mm×151mm,
and its overall weight is 7.1 kg.

2 
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x
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Fig. 5 Description of the multi-position fixture and
its five mounting positions
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Fig. 6 Close-up of the fast-lock mechanism

During the calibration procedure, we first mount
the 3D measuring device on the multi-position fix-
ture and manually reset the zero positions of the
three displacement sensors with the method de-
scribed above. Then we adjust the robot to (al-
most) align the ball’s center to a fixed point (virtual

Table 1 The relative positions of the five mounting
positions

Relative position (mm)

1 2 3 4 5

Px 0 164.796 83.911 2.836 167.969
Py 0 −1.234 191.802 384.875 384.015
Pz 0 −0.295 −0.584 −0.434 −1.195

datum point) of the 3D measuring device with k

different end-effector orientations. The virtual da-
tum point is a point 15mm away from the zero po-
sition of each sensor (the distance can be adjusted
according to the ball’s diameter). This process can
be realized by a semi-automatic or fully automatic
approach, as described in Section 4 of the supple-
mentary materials. Considering various errors and
disturbances, there will still be very small XY Z

displacements of the ball’s center w.r.t. the vir-
tual datum point after the alignment of the point.
Then, we manually mount the 3D measuring device
in different mounting positions and repeat the above
measurement process p times to ultimately obtain
the small XY Z displacements

[
Δxj

i ,Δyji ,Δzji

]
(i =

1, 2, . . . , k, j = 1, 2, . . . , p) and the corresponding
joint angles qj

i (i = 1, 2, . . . , k, j = 1, 2, . . . , p). We
establish a world reference frame {W} as a measur-
ing device frame with its origin as the virtual datum
point of mounting position 1, and its XY Z axes are
(almost) parallel to the axes of the corresponding dis-
placement sensors. Considering that the parallelism
errors between the XY Z sensors’ axes of the mea-
suring device in different mounting positions are all
measured as less than 0.1mm, and the ball’s center
almost coincides with the virtual datum point dur-
ing the measurement, the small XY Z displacements
can be added directly to the XY Z position offsets of
different mounting positions in Table 1, respectively,
to obtain the measured position of the balls’ center
pm
ij w.r.t. {W}, namely

pm
ij =

⎡

⎢
⎣

P j
x +Δxj

i

P j
y +Δyji

P j
z +Δzji

⎤

⎥
⎦

(
i = 1, 2, . . . , k

j = 1, 2, . . . , 5

)

. (2)

A measurement accuracy assessment for Multi-
Cal is carried out. First, the sphericity and diameter
tolerance of the precision ceramic ball used in this
work are tested better than 2 μm using an indicator.
Then, because a perfect TCP alignment is almost
realized, the 3D measuring device needs only high
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repeatability, rather than high accuracy. Hence, the
accuracy of the displacement sensors (even though
the accuracy is 3μm in this work) and the machin-
ing and assembly accuracy of the measuring device
are not required to be very high.

The assembly error of the fast-lock mechanism
is also strictly evaluated. A repetitive mounting test
is conducted five times on each mounting position,
and the repetitive assembly error is measured using
the Hexagon measuring arm with the same methods
described in Section 3 of the supplementary materi-
als. The results show that the maximum and mean
assembly errors are 35μm and 17.2μm, respectively.
Hence, even if we consider the wear of the cylindri-
cal pins and balls, and the slight deflection of the
multi-position fixture, the measurement accuracy of
MultiCal is still several times the absolute position-
ing accuracy that current robot manipulators can
achieve.

3 Calibration algorithm

This section details the kinematic calibration
algorithm and the selection algorithm for optimal
measurement configurations used for MultiCal.

Before the calibration procedure, the precision
ball’s center is defined as the robot’s TCP. When a
point cloud of the actual TCP w.r.t. the measur-
ing device frame {W} is accurately measured, and
a point cloud of the nominal TCP w.r.t. the robot
base frame {0} is calculated using forward kinemat-
ics, the point cloud registration from {W} to {0}
can be achieved. After that, the errors of modi-
fied Denavit-Hartenberg (MDH) parameters can be
identified through error backpropagation using the
Jacobian matrix.

Let pn be the nominal position vector of the
ball’s center (TCP) w.r.t. the robot base frame {0}.
Based on the forward kinematic equation, pn can be
written as

pn = f(q, e), (3)

where q is the robot joint angle vector and e is the
error vector of the kinematic parameters. Denote the
matrices composed of the nominal position vectors
pn
ij and the measured position vectors pm

ij as [pn]

and [pm] respectively, and the robot base and world
reference frame transformation matrix as T1. Then,
T1 can be roughly calculated using the least-squares

method:

T1 =
[
R1 t

]
= [pn] [pm]T

(
[pm] [pm]T

)−1

, (4)

where R1 is regarded as the 3×3 rotation matrix and
t is the translation vector of T1. Due to errors, R1

is a strict orthogonal matrix. Hence, the Lagrangian
multiplier method (Li and Shen, 1991) is used to
orthogonalize R1:

R2 =
(
R1R

T
1

)− 1
2 R1. (5)

Then, R2 and t are recombined to obtain a new
frame transformation matrix T2 = [R2 t]. After
that, let pr

ij be the measured position vector of the
ball’s center w.r.t. the robot base frame {0}. Then,
pr
ij can be obtained using T2, namely

pr
ij = T2p

m
ij . (6)

For simplicity, we convert matrix T2 to the 6D
pose vector x2, namely

T2 = T (x, y, z, Rz,Ry,Rx) = T (x2) . (7)

Denote the difference vector between the real
position vector pr and the nominal position vector
pn as Δp. According to a previous work (Luo et al.,
2021), Δp has an approximately linear relationship
with the error vector of the kinematic parameters e
in Eq. (3). In other words, there is a Jacobian matrix
J :

Δp = pr − pn = Je. (8)

Denote the error vector and the Jacobian matrix
composed of Δpij and Jij at different measurement
configurations as [Δp] and [J ], respectively. Then,
e can be identified with the least-squares method:

e =
(
[J ]T[J ]

)−1
[J ][Δp]. (9)

Since both e and x2 have errors, we further opti-
mize them together using the Levenberg-Marquardt
(LM) algorithm, which is a robust non-linear opti-
mization algorithm widely used in robot kinematics,
as presented in Eq. (10):

(e,x) = argmin
k∑

i=1

p∑

j=1

∥
∥T (x)

[
pm
ij

]− f (qij , e)
∥
∥2 .

(10)
Note that MultiCal does not need to be accu-

rately mounted in an expected position w.r.t. the
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robot base, since the 6D pose vector x of the mea-
suring device frame {W} w.r.t. the robot base frame
{0} and the MDH parameter errors e will be identi-
fied at the same time.

For the LM algorithm, the observability index
(OI) of the Jacobian matrix in the optimization can
be used for evaluation. If the OI value is large, it
means that the influence of unmodeled errors on the
parameter identification is small, resulting in high
calibration accuracy and robustness. In this work,
the observability index O1 (Sun Y and Hollerbach,
2008) is used, where a previous study showed bet-
ter results compared to other OI equations (Joubair
et al., 2013). The equation is presented as

O1 =
m
√
σ1σ2 . . . σm√

n
, (11)

where σi’s (i = 1, 2, . . . ,m) are the singular values of
the identification Jacobian matrix, m is the number
of calibration parameters, and n is the number of
measured configurations. The objective of O1 is to
maximize the product of the singular values, which
means increasing the volume of the ellipsoid. Based
on this, we first generate a large pool of feasible con-
figurations that are reachable, measurable, and free
of collision through a simulation in RoboDK and
MATLAB, and then select the optimal set of config-
urations for parameter identification using the DET-
MAX algorithm (Mitchell, 1974).

4 Simulation

In this section, we first establish the robot kine-
matic model, and then describe the simulation pro-
cedure for obtaining the optimal measurement con-
figurations. Based on this, we choose the optimal
parameters of the measuring rod through an OI
evaluation, and finally challenge MultiCal against
four traditional calibration methods in a simulation
comparison.

4.1 Kinematic model of the robot

In theory, MultiCal can be used to calibrate dif-
ferent kinds of robots (including SCARA, Delta, par-
allel robot, and robots with special joint configura-
tions). Among them, we take a Staubli TX90 robot
(Fig. 7, repeatability of 0.03mm), which is a stan-
dard 6-axis serial robot, as an example to test Multi-
Cal’s performance. The first step is to establish the

kinematic model of the robot with a measuring rod
installed at its end. The center of the precision ball
is defined as the origin of the tool frame (TCP).

0
W

Fig. 7 The modified Denavit-Hartenberg (MDH)
model of the Staubli TX90 robot

There are many kinematic modeling meth-
ods for articulated serial robots, such as Denavit-
Hartenberg (DH), modified DH (MDH) (Hayati and
Mirmirani, 1985), product of exponential (POE)
(Park and Okamura, 1994), and finite and instan-
taneous screw (FIS) (Sun T et al., 2020). The DH
method is straightforward and easy to understand,
but it will have a singular problem when two neigh-
boring joints are parallel or nearly parallel. The
MDH method solves this problem by adding a rota-
tion angle β around the y axis, but special attention
is needed for assigning body-fixed frames and elimi-
nation of redundant errors (Sun T et al., 2020). Both
the POE and FIS methods can establish a continuous
model and describe kinematic errors in a straightfor-
ward manner, which simplifies the modeling process.
However, a deep understanding of the mathematical
background is required to implement these methods.
On the other hand, previous works (Sun T et al.,
2020) proved that the MDH method will obtain the
same effect as the POE and FIS methods if the re-
dundant errors can be correctly removed. There-
fore, we adopt the easy-to-use MDH method, remove
the redundant errors, and eventually determine the
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MDH parameters and their 21 corresponding error
terms e, as presented in Table 2.

Note that no error terms are set for θ1 and d1,
because they are coupled with the 6D pose vector x
of the world reference frame {W} w.r.t. the robot
base frame {0}. However, we can still improve the
robot’s accuracy or even perform offline program-
ming, because the tool and workpiece reference frame
parameters can be calibrated using other standard
methods before actual use.

Additionally, we need to measure at least 10
robot configurations to make the number of con-
straints more than the number of parameters that
need to be identified (21 + 6), since each measured
configuration can produce three constraints (in X ,
Y , and Z directions).

4.2 Simulation procedure

In the simulation, a large pool of feasible robot
joint sets (reachable, measurable, and free of colli-
sion) is generated using the following method. First,
keeping the point constraint of the ball’s center, we
uniformly distribute the end axis of the measuring
rod on the 1/8 spherical open area of the 3D mea-
suring device (Fig. 8). Specifically, the orientations
of the end axis are characterized by the concept of
latitudes and longitudes in geography. The angle
between every two adjacent latitudes is 15◦, while
the angle between every two adjacent axes at the
same latitude is 15◦. The measuring rod is rotated
around its end axis with an interval of 30◦ to obtain a
large set of final end-effector orientations. Then the
corresponding set of robot configurations is solved
using inverse kinematics, and the above process is
repeated on different mounting positions. Finally,
we eliminate the joint angle sets that exceed limits,
are in the singular region, or have a static or dy-
namic collision during the automatic orientation ad-
justment, and then add the remaining configurations

to the pool. After that, the optimal n measurement
configurations and the corresponding OI values are
obtained with the DETMAX algorithm.

Uniformly distributed on
the 1/8 spherical open area

Fig. 8 Selecting the optimal set of measurement con-
figurations based on an observability index evaluation
in MATLAB and RoboDK

Note that the parameters of the measuring rod
(l1, l2, and γ) and the placement position of the
multi-position fixture will affect the performance of
the calibration system. Therefore, the optimal val-
ues of these parameters are also determined through
a simulation, which is detailed in Section 5 of the
supplementary materials due to space limitations.
The results show that the measuring rod would at-
tain the best performance when l1=350 to 425 mm,
l2=575 to 650 mm, and γ = 90◦ in a virtual envi-
ronment. The lengths of links 1–2 and 3–4 of the
Staubli TX90 are both 425mm, which means that
the theoretical optimal l1 and l2 are 80% to 100%
and 135% to 145% of the length of the robot links
respectively, and the theoretical optimal γ is 90◦,
which provides design guidance for the measuring

Table 2 The MDH parameters of the Staubli TX90 robot

Link θ (◦) d (mm) a (mm) α (◦) β (◦)

0–1 θ1 150 50 + δa1 90 + δα1 0
1–2 θ2 + 90 + δθ2 −50 + δd2 425 + δa2 0 + δα2 0 + δβ2

2–3 θ3 + 90 + δθ3 0 δa3 90 + δα3 0
3–4 θ4 + δθ4 425 + δd4 δa4 −90 + δα4 0
4–5 θ5 + δθ5 δd5 δa5 90 + δα5 0
5–6 θ6 + δθ6 ztool + 100 + δd6 xtool + δa6 0 0
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rods used for differently sized robots. Note that the
measuring rod is regarded as an absolute rigid body
in the simulation, without considering rod deflec-
tions. This means that a longer rod often has better
calibration performance, because it makes the robot
move in a larger space. However, in the real environ-
ment, if a measuring rod is too long, the deflection
of the rod caused by the effects of gravity will be
very serious, which will reduce the measurement ac-
curacy. This means that we need to find a balance
between rod rigidity and robot motion space, which
is further studied in Section 5.

As for the optimal placing position of the multi-
position fixture, the simulation results show that
placing the fixture horizontally beside the robot with
the nearest distance between the fixture and robot
axis 1 being about 300 to 450 mm can attain the
highest OI value. The optimal height of the measur-
ing device frame {W} w.r.t. the robot base frame
{0} is about –200 to 100 mm, which is determined
by the rod length. Normally, the longer the rod, the
lower the fixture that needs to be placed.

In simulation, we also compare MultiCal with
other calibration methods at a theoretical level. The
traditional methods based on non-contact 3D mea-
suring (3DM) devices (such as a laser tracker and
a single spherically mounted retroreflector (SMR))
(Sun T et al., 2016), 6D measuring (6DM) devices
(such as a laser tracker with a triangular artifact and
three SMRs) (Nubiola et al., 2014), 1D measuring
(1DM) devices (such as a single wire draw encoder)
(Zhan, 2015), and the circular point analysis (CPA)
method (Cho et al., 2019) are taken as representa-
tives. The experiments are detailed in Section 6 of
the supplementary materials. The results show that
the theoretical calibration accuracy of MultiCal is
indeed lower (about 10% to 20%) than that of the
traditional 6D and 3D measuring devices when the
measuring devices have the same level of measure-
ment accuracy. However, compared with traditional
devices, MultiCal can achieve higher measurement
accuracy more easily and at a lower cost. This means
that it can eventually achieve calibration accuracy
similar to or even better than those of traditional
devices, which is also proved in Section 5. Addition-
ally, the method based on 1DM devices and the CPA
method have the worst performance in the experi-
ments, with 60% to 70% lower calibration accuracies
compared to MultiCal.

5 Calibration experiments on the
Staubli TX90 robot

The following section describes the calibration
experiments conducted on a Staubli TX90 robot,
including an effectiveness validation of MultiCal, a
comparison between measuring rods of different sizes
and shapes, and a comprehensive comparison be-
tween MultiCal and two other traditional measuring
devices in terms of calibration accuracy, time effi-
ciency, and device cost.

Initially, as illustrated in Fig. 2, the multi-
position fixture was fixed on the workbench with the
nearest distance between the fixture and axis 1 of the
robot being 400mm. Then, the measuring rods with
l1–l2–γ of 125–500–90 and 125–200–90 were chosen
as the representatives of long rods and short rods, re-
spectively, and their corresponding optimal 30 mea-
surement configurations were generated according to
the experiment setup. After that, a measurement
procedure with a fully automatic adjustment based
on off-line programming in RoboDK was conducted.

After that, the MultiCal system was removed,
and a measuring arm with a Hexagon AS1 laser scan-
ner (Fig. 9, the overall accuracy of the scanning sys-
tem was 43μm) was used to conduct a traditional
calibration procedure based on 3DM. The robot was
sent to 30 joint sets, which were optimized based
on the same OI as above; the only constraints were
to avoid collisions and have the precision ceramic
ball in the measurement space of the laser scanner.
Then we manually scanned the ball (at least 60%
of its surface), conducted a spherical fitting of the
obtained point cloud, and exported the coordinates
of the ball’s center using PolyWorks. Different sets
of MDH parameters were then identified separately
with the measurement data obtained from different
measuring devices.

It is worth mentioning that although the mea-
suring arm with a laser scanner is not suitable for
robot calibration due to its low time efficiency (it
needs to scan manually every time) and small mea-
surement volume, it is very suitable for the vali-
dation of MultiCal, because it can directly obtain
the coordinates of the TCP (the ball’s center) with-
out replacing the ceramic ball with other measur-
ing markers (such as SMRs). Hence, there is no
need to design a kinematic coupling mechanism like
TriCal, and the TCP deviations caused by it can
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Fig. 9 Using a measuring arm with a laser scanner for
validation and conducting the traditional calibration
procedure based on 3D measuring (3DM) devices

be avoided. Additionally, the measurement is non-
contact, so there is no measurement error caused by
contact force.

After the calibration was completed, with the
same measurement method as above, the laser scan-
ner was used to measure 100 random robot configura-
tions within the whole robot workspace as validation
data. Considering that the measurement volume of
the laser scanner was more limited, the measurement
diversity of the validation data was worse than that
of the data collected by a laser tracker with the ISO
standard method (ISO, 1998). However, the valida-
tion data used in this work also covered a very large
portion of the whole workspace, especially when us-
ing a long measuring rod.

Based on the joint angle sets in the validation
data, different sets of nominal TCPs were calculated
with different sets of MDH parameters. Then the
corresponding frame transformation matrix was ob-
tained using the method mentioned in Section 3, and
the measured TCPs w.r.t. the robot base frame {0}
were calculated. After that, the distance errors be-
tween the nominal TCPs and the measured TCPs
were calculated as the robot’s absolute position er-
rors (Fig. 10). Before the experiment, the mean and
maximum position errors of the robot were measured
as 2.211 and 6.245mm, respectively.

The results showed that MultiCal can signifi-
cantly improve the absolute positioning accuracy of
the robot, yielding mean position errors of 0.348 and

 index
                 80

Fig. 10 Absolute position errors of the robot cali-
brated using MultiCal and the laser scanner

0.427mm, and maximum position errors of 0.869 and
1.197mm for the cases of long and short rods, respec-
tively. The calibration accuracy of MultiCal with the
long rod was only slightly worse (7.91%) than that
of the 3DM method using the laser scanner. This
means that the measurement accuracy of MultiCal
is very high. In contrast to the short rod, the position
error distribution obtained by the long rod was more
uniform, which indicates that the robot accuracy in
the whole workspace is higher, proving the unique
advantages of the long measurement rod. This char-
acteristic is quite different from most other similar
in-contact calibration devices, where the high posi-
tioning accuracy appears only in the workspace near
the measurement area.

A comparative experiment between more mea-
suring rods of different sizes and shapes was also
conducted (Fig. 11). According to the simulation
results described in Section 5 of the supplementary
materials, for the case of γ = 90◦, the measuring rods
with l1–l2 of 125–200, 125–350, 125–500, 275–425,
and 425–650 were chosen as representatives. The
measuring rods with l1–l2 of 100–100, 150–150, 200–
200, 250–300, and 350–450 were chosen for the case
of γ = 135◦. The optimal measurement configura-
tions for these 10 measuring rods were selected sep-
arately, and the same measurement and validation
procedures described above were carried out; the re-
sults are presented in Table 3.

In the real environment, the measuring rod with
l1–l2–γ being 125–500–90 rather than 425–650–90 or
275–425–90 had the best calibration performance, al-
though the latter two attained higher OI values in the
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Fig. 11 Measuring rods of different sizes and shapes
tested in the comparative experiment

Table 3 The highest observability index (OI) and
calibration results obtained with different measuring
rods

Measuring rod
(l1–l2–γ)

OI
Mean
(mm)

Max
(mm)

Median
(mm)

Standard
deviation (mm)

125–200–90 1.432 0.427 1.197 0.363 0.252
125–350–90 1.604 0.401 0.912 0.358 0.243
125–500–90 1.716 0.348 0.869 0.296 0.156
275–425–90 1.828 0.462 1.168 0.435 0.214
425–650–90 1.937 0.518 1.325 0.420 0.296
100–100–135 0.975 0.962 2.469 0.850 0.543
150–150–135 1.341 0.520 1.460 0.411 0.320
200–200–135 1.473 0.410 1.085 0.364 0.252
250–300–135 1.595 0.406 0.928 0.362 0.241
350–450–135 1.654 0.431 1.232 0.385 0.268

The bold number indicates the best performance

simulation. The same phenomenon occurred on the
longest two measuring rods when γ = 135◦. A pos-
sible reason is the deflection of the long rod caused
by the effects of gravity on the rod itself, which will
increase rapidly as the rod’s length increases, leading
to a position deviation of the ball’s center and bring-
ing unmodeled errors to the measurements. Hence,
it is necessary to design a more rigid structure for the
measuring rods or propose a method to compensate
for this deflection in future work, especially for the
calibration of larger robots. From another perspec-
tive, when mounting a measuring device at the end
of a robot (such as TriCal), it is harder to achieve the
same pleasing performance as MultiCal by increas-
ing the length of the device’s mounting bracket. This
is because the heavier measuring device will greatly
enlarge this kind of deflection.

However, when the measuring rod was not that
long, and the rod deflection error was not the dom-

inant error source, then the measuring rod with a
higher OI value yielded a better calibration result.
Additionally, as in the simulation results, the cali-
bration accuracies obtained by the measuring rods
with γ = 135◦ were generally lower than those of
the rods with γ = 90◦, yielding 30% to 50% larger
position errors. In summary, the results proved the
necessity of customizing a measuring rod for a spe-
cific robot type, because a well-designed measuring
rod can greatly improve MultiCal’s performance.

After selecting the optimal measuring rod (125–
500–90) in the real environment, we challenged
MultiCal against the 6DM and 3DM methods in an-
other calibration experiment. For the trial of the
6DM method, we employed a 6D binocular vision
measuring system (Fig. 12, NDI Polaris Vega, accu-
racy 3σ = 0.2mm), which can measure both the po-
sition and orientation of a measuring marker. To bet-
ter identify the kinematic parameters of the robot’s
wrist joint, the measuring marker was also installed
using an offset mounting plate (the offset distance
was 200mm). Because we lacked a laser tracker that
is commonly used to conduct the 3DM method, the
above-described measurement method with the laser
scanner was used instead, because the laser scanner
used in this work has measurement accuracy (bet-
ter than 43μm) similar to a laser tracker. To attain
the best performances of these devices, the optimal
measurement configurations were selected using the
above observability study. All of these devices and
methods were evaluated with the validation method
mentioned above.

To compare the sensitivities of these devices to
the amount of measurement data, the calibration
performances of different devices with 20, 30, and
40 measurement configurations were also tested sep-
arately. Furthermore, the actual time spent on the
measurement processes t and the approximate cost
of these devices were also compared. Considering
that the time efficiency of the laser scanner is not
comparable to those of other devices, we used the
measurement time of the binocular vision system in
the 6DM trial, which might be very close to that
of a laser tracker, to evaluate the time efficiency of
the 3DM method. The final results are presented in
Table 4.

The results showed that the 3DM method using
the laser scanner had the highest calibration accu-
racy and device cost in the experiment. The 6DM
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Fig. 12 Using a 6D binocular vision measuring system
to implement the traditional calibration procedure
based on 6D measuring (6DM) devices

Table 4 Comparison of different devices in terms of
calibration accuracy, time efficiency, and approximate
device cost

Device and number
of configurations

Mean
(mm)

Max
(mm)

Standard
deviation

(mm)

t

(min)
Cost
(US$)

Laser 20 0.345 0.852 0.163 –
scanner 30 0.323 0.721 0.151 – >50 000
(3DM) 40 0.302 0.707 0.145 –

Binocular 20 0.841 1.786 0.441 12.5
vision 30 0.714 1.517 0.353 18.2 >30 000
(6DM) 40 0.616 1.434 0.301 24.1

20 0.392 0.993 0.198 15.2
MultiCal 30 0.348 0.869 0.156 23.5 <5000

40 0.339 0.831 0.151 30.5

The bold number indicates the best performance

method with the binocular vision system had the
poorest calibration accuracy, which may be due to
its low measurement accuracy. In this trial, Multi-
Cal had a 7% to 14% lower calibration accuracy com-
pared to the laser scanner, and a 21% to 30% lower
time efficiency compared to the binocular vision sys-
tem. However, it significantly reduced the device
cost. Additionally, MultiCal was slightly more sensi-
tive to the amount of measurement data in contrast
to 3DM, and had relatively poor performance with
20 measurement points.

Noted that the comparison of the device cost is
relatively unfair because the cost of the prototype
was compared against the selling price of those mea-
suring devices. However, MultiCal can be easily fab-
ricated at this cost. On the other hand, the MultiCal

measurement procedure cannot be fully automated
like TriCal and other traditional devices (such as
laser trackers or camera-based systems), because it
requires manual intervention to switch the mount-
ing position of the measuring device (although it
is very convenient when using the fast-lock mech-
anism). Thus, MultiCal has no advantage in large-
batch calibration. However, for the application cases
described in Section 1, the calibration frequency is
not that high, but the calibration accuracy and the
device cost would still be critical. In this sense,
MultiCal still has a broad promotional prospect.

6 Conclusions

In this paper, we present a novel in-contact
robot calibration device called MultiCal, which is ac-
curate, low-cost, robust, and suitable for onsite cali-
bration and online accuracy monitoring. MultiCal is
based on the idea of using a long measuring rod and a
multi-point constraint to obtain high calibration ac-
curacy and robustness in the whole robot workspace.
This advantage is quite competitive compared to
most similar in-contact calibration devices, the cali-
bration accuracy of which, in the workspace far from
the measurement area, is relatively poor. We also
prove the necessity of customizing a long measuring
rod for a specific robot type, since a well-designed
measuring rod can greatly improve MultiCal’s cali-
bration performance. In a comparative experiment,
MultiCal with an optimal measuring rod presents a
reduction of only 7% to 14% in calibration accuracy
compared to a measuring arm with a laser scanner,
and a reduction of 21% to 30% in time efficiency
compared with a 6D binocular vision measuring sys-
tem, yielding maximum and mean absolute position
errors of 0.831mm and 0.339mm, respectively. Ad-
ditionally, MultiCal can be easily fabricated at a low
cost (less than US$5000).

However, the long measuring rod also brings
the problem of rod deflection, leading to a decrease
in measurement accuracy and limiting the appli-
cation of MultiCal in larger robots. Hence, fu-
ture work shall involve a more rigid structure for
the measuring rod or a method to compensate for
the deflection. In addition, the study of the op-
timal number and locations of the mounting po-
sitions in the multi-position fixture remains to be
conducted.
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