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Most existing robot performance evaluation methods focus on single robotic arms performing independent motion tasks. In this paper, a
motion gauge is proposed to evaluate the symmetrical coordinated-motion performance between two robotic arms. For this evaluation, the
proposed device monitors the relative distance between the two robotic arms in real-time, which is used to evaluate the coordinated-motion
errors with respect to accuracy, and repeatability between the two arms. The proposed metrology device is composed of two linear
displacement sensors sliding on a linear rail, two ball-and-socket magnetic couplers for mounting to robotic arms, and a wireless
communication module for data transmission. For validation, the proposed system monitored the two robotic arms programmed to simulate
symmetrical coordinated motions.
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1. INTRODUCTION symmetrical tasks, two arms are controlled to manipulate the
same object, such as moving a plate, as shown in Fig.1., or
rotating a valve handle [7]. In this case, a closed kinematic
chain is made between the two arms and a target object, which
should be taken into consideration in robot control “for a
successful operation.”

Coordinated-motion errors can cause the distance between
the robot arms’ end effectors to change or can cause a motion
time delay between them, resulting in slipping, losing contact,

Commercial robots are becoming more integrated into our
daily human lives, such as robotic cleaners at home [1],
automatic drone delivery services [2], and collaborative
robots in manufacturing [3]. As robots become more
integrated with human environment, where many operations
are designed to be executed by two arms, several robots have
been designed to mimic these human two-arm operations.

Examples of these types of operations in manufacturing are g ! ; ! X
moving boxes or metal sheets, performing deburring of parts damaging the gripped object, etc. These coordinated-motion
and several other similar operations that are better performed ~ frors could be due to several factors: 1) motion errors from
by two arms working together in a synchronized manner. Due ~ €ach arm, 2) time synchronization motion errors between the
to the nature of these applications, synchronized and arms, 3) electromechanical defects (stiction, backlash

coordinated-motion performance between the engaged robot ~ encoder malfunction), 4) calibration errors, and 5) torque or
arm pairs is important. force limits. Time synchronization errors could be due to: 1)

Multi robot arm manipulation can be categorized into different robot controllers, 2) different kinematic algorithms,
coordinated and uncoordinated motions [4]. Uncoordinated ~ 3) processing time differences, etc. The performance of
motions are independent motions without considering other Symmetrical coordinated-motion tasks has been evaluated in
arms. In this case, each arm is programmed without various ways: 1) software simulation [5], [6], and 2)
considering the other, such as executing independent tasks in  independent external sensors, such as laser trackers [9], [10],
sequential order [5], [6]. Coordinated-motion tasks are those  telescoping ball bars [11], 12], and motion-tracking systems
in which two or more arms need to be synchronized with each ~ [13], [14].
other to complete complex tasks [5], [6]. Coordinated-motion A laser tracker interferometer consists of a laser
tasks are also divided into symmetrical and asymmetrical interferometer, a gimbal system, and a reflector. It can
tasks. In asymmetrical tasks, each arm needs to manipulate = measure the three-dimensional (3D) position (X-Y-Z
different objects in a coordinated manner such as inserting a  coordinates) of a target in real-time, based on the distance
tool into a hole or fastening an object to another object. Inthis  measured by its laser interferometer and the azimuth and
case, the position of the shared object is important. In  elevation angles of the gimbals, which aim a laser beam at a
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retroreflector attached to the target [10]. In one study, a Faro
laser tracker' was used to measure the 3D coordinates of a
target attached to a robot arm at five arm locations along a
robot arm test path for performance evaluation [9]. This
metrology system can monitor the 3D position of a single
point of a single robotic arm with high accuracy, but it cannot
track multiple arms simultaneously. For this reason, it is not
very practical to use in the case of a two-arm coordinated-
motions test.

Fig.1. The symmetrical coordinated motion task between two
arms: a) gripping the plate, and b) moving the plate.

A telescoping ball bar is a physical ruler consisting of a
center pivot assembly, a ball bar, extension bars, and a
calibrator [11]. One end of the ball bar is attached to a pivot
center, and the other end is attached to a robot arm. When the
robot arm generates a circular motion around the pivot center,
the sensor in the ball-bar system measures its length change
[12]. This device is limited to measuring changes in length
caused by rotational motions alone, and only over a short
measurable range of a few mm.

A vision-based motion-tracking system measures the 3D
position of fiducial markers by analyzing images captured
from multiple cameras [13]. It uses vision cameras or sensors
and special targets, forming a motion-tracking system that
can track multiple targets with sub-millimeter-level accuracy
at arate of 40 to 120 frames per second [13]. Since this system
uses multiple optical cameras or visual sensors, it is necessary
to void occlusions and reduce image noise caused by cluttered
scenes. In addition, post-processing is needed to extract
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meaningful target data from the detected fiducial markers and
to calculate the position and orientation of the robot arms
from data collected at multiple detected targets [14]. In
addition, micro-electro-mechanical systems (MEMS) based
accelerometers or position sensors can also be used in
positioning the robotic arms. They are inexpensive, so they
provide low-cost performance. However, low-cost MEMS
accelerometers tend to experience drift and it is difficult to
achieve the necessary performance measurement accuracy
for robots with currently commercially available MEMS
Sensors.

In this paper, a new metrology system is proposed to
directly measure the performance of symmetrical coordinated
motions executed by robot arms. This metrology system is
compact and portable to use and operates through wireless
data communication, which makes it possible to monitor two
robot arms without any interference or limitations from the
space around the robots. The design, fabrication, calibration,
testing, and use of the proposed metrology system are
described in the following sections.

2. SUBJECT & METHODS

The basic design of the proposed motion gauge is described
as linear rail rods with two mounting modules, as shown in
the schematic drawing of Fig.2.a. The two modules can be
moved on the linear rail and secured to any desired location
based on the robot testing needs. A coupling socket three-
degrees-of-freedom (3-DOF) rotational joint in each of these
modules can slide on the linear rail, and during testing will be
attached to the two robotic arms to measure their motion
displacements. A linear displacement sensor is connected to
the sliding segment of each coupling socket and measures the
mounted arm motion displacements within designated range
B. From the measured displacements of the two arms, it is
possible to determine the distance between them in real-time
within a designated distance range A of the two modules. The
distance A can be the default minimum distance between the
two robotic arms and depends on the geometric design of the
two robot arms. The linear sensors in the modules monitor the
displacement of the two robot arms when they slide along the
linear rail. For our current gauge design, a linear
potentiometer was selected as a linear displacement sensor
because of its simplicity and affordable price. Optical or
magnetic linear encoder sensors, or linear voltage differential
transducer (LVDT) sensors, etc., could also be used.

The 3D images of the motion gauge, the two modules, the
3-DOF sockets, and the linear potentiometers for the two
robot arms are shown in Fig.2.b and Fig.2.c. The 3-DOF
sockets work as rotational joints that transfer the linear
motions relevant to the distance between the two robot arms
to the linear potentiometers and filter off any rotational
motions irrelevant to the distance. Since many commercial
robotic arms provide six or seven DOF motions, any
kinematically over-constrained condition can be avoided with
this joint. In addition to this feature, the coupling socket joints
are composed of a detachable magnetic ball and socket. When
a magnetic metal ball is inserted into the socket with
embedded neodymium magnets, it can be held there and
rotate as a 3-DOF rotational joint. If excessive force is applied
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to the proposed system from faulty control, unexpected
motion error, or overload, it will automatically be detached to
protect it from damage to both the robot arms and the
proposed motion gauge system. The proposed motion gauge
measures the displacements of the two arms along the center
line of the linear rail rods, which are parallel to the line
connecting the ball centers of the two robot arms. In the
interest of brevity in this paper, we refer to these
displacements as “linear displacements.”

1-DOF linear rail 3-DOF rotational joint

\

Distance A

Linear sensor module

: Range B
i Sensor module

a)

Stainless steel ball

Magnetic-ball-and-socket coupling

N Extension adapter

Neodymium magnet
Housing Sacket
Linear bearing

Rail rod

Linear displacement sensor
Travel tip

<)

Fig.2. Designs of the proposed motion gauge system: a) a
conceptual design, b) a full 3D CAD model; and c) a cross-sectional
view of the sensor module.

A detailed 3D computer-aided design (CAD) image of the
proposed metrology bar gauge system is illustrated in Fig.2.b
and Fig.2.c. Fig.2.b shows a full view of the proposed system,
consisting of two linear sensor modules and the linear rail.
Fig.2.c shows a cross-sectional view of the linear sensor
module to illustrate the travel tip between the 3-DOF
rotational joint and the displacement measurement sensor.
The potentiometer tip is inserted into a hole in the socket and
slides along the linear rail by the robotic arm motion.

Once the mechanical structure is built, a wireless signal
conditioning unit is attached to the linear displacement sensor
to transfer the measured data to a remote computer through

! Certain trade names and company products are mentioned in the text or
identified in an illustration to adequately specity the experimental procedure
and equipment used. In no case does such an identification imply
recommendation or endorsement by the National Institute of Standards and
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wireless communication. The wireless signal conditioning
unit connection diagram is shown in Fig.3.a, where each
linear displacement sensor has one wireless signal
conditioning unit. The first wireless signal conditioning unit
gathers all the measured data from the other wireless modules
and sends them to a remote computer. Three or more wireless
modules can be added to the current system without any
significant modification. Since it is rare to directly measure
the resistance of the potentiometer, a voltage divider is
utilized to measure it by converting it into a voltage output,

as shown in Fig.3.b.
XBee wireless |

Wireless
communication
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Potentiometer

Voltage divider

Robot
arm #01

|
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Arduino Fio V3
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communication
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Fig.3. The wireless signal conditioning unit: a) the wireless
connection diagram, and b) the voltage divider.

A. Fabrication

The metal components, such as the metal balls, neodymium
magnets, and linear bearings of the proposed devices, were
obtained from commercially available products. The design
parameters and technical details about these components are
listed in Table 1. All the non-metal components are fabricated
by 3D printer MakerBot! Replicator 2 [15] with acrylonitrile
butadiene styrene (ABS) filaments [16]. This printer can
provide the positioning precision of 0.011 mm for horizontal
movement and 0.0025 mm for vertical motion.

The assembled view and the detailed views of the proposed
device are shown in Fig.4. and Fig.5. The sensor module in
Fig.4.a shows that the potentiometer, as a linear displacement
sensor, is attached under the magnetic ball-and-socket
coupling, which works as a 3-DOF rotational joint. With the
sensor module housing, the potentiometer is mechanically
linked to the coupling. The wireless signal conditioning unit
is attached to the bottom of the potentiometer and is

Technology, nor does it imply that the products are necessarily the best
available for the purpose.
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electrically wired. This unit consists of the Arduino® Fio V3
board [18], as a data processor, and the XBee! wireless
communication module [21], as a data communicator. The
Fio V3 board provides nine analog inputs and five analog
outputs with a form factor of 25 mm x 70 mm, a driving
voltage of 3.3 V, and an operating frequency of 8 MHz [18].
The XBee module has a 30-m reachable wireless range and
provides good compatibility with the Fio V3 board. Both are
electrically powered by the lithium-ion battery [19] placed
between them. The voltage divider in Fig.3.b is implemented
with an electrical resistor of 5.1 kQ and indicated by the red
box in Fig.4.a. The wireless data receiver is shown in Fig.4.b,
which is linked to a remote computer through a universal
serial bus (USB).

Potentiometer

Arduino Fio V3

XBee

Voltage divider Wireless antenna

a)

Fig.4. The sensor module: a) the sensor module with the wireless
signal conditioning unit, and b) the wireless receiver module
connected to a remote computer.

Table 1. Technical information of the metrology components of
the sensor module.

Components | Description

Linear rail rod | 1.5 m long, made of titanium

Potentiometer Part number: PTB0143-2010BPB103, 0 — 10
kQ, 100 mm travel range [17]

Arduino Arduino Fio V3, 3.3 V output [18]

Battery Polymer Lithium-Ion Battery, 3.7 V [19]

Metal balls 254 mm diameter, 500-B-T Stainless Steel
440C Threaded Balls [20]

XBee Wireless module, 250kbps Max data rate, AT or
API command set [21]
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Fig.5. shows the fabricated system operating with the two
arms of a Baxter robot [22], [23] built by Rethink Robotics
Inc. The metal ball coupling adaptor in Fig.5.b is installed on
the end effector of the robot. This metal ball coupling adaptor
is nested in the socket of the sensor module and works as a 3-
DOF rotational joint. With the two sensor modules, the robot
in Fig.5.a holds the proposed gauge system, forming a closed
kinematic chain.

Fig.5. The fabricated Wireless Motion Gauge system: a) installed
on two arms of a Baxter robot, b) the sensor module.

3. RESULTS
A. Calibration

The accuracy of the linear displacement sensor shown in
Fig.2.c is measured before the displacement sensor is
mounted in the motion gauge system of each sensor module.
This calibration measurement was done with the Nikon' laser
radar system MV-200 [24], because of its capability to scan
spherical surfaces and find the location of the center of the
sphere in 3D space. The MV-200 manufacturer claims that it
can measure the coordinates of the sphere center with an
accuracy of 0.024 mm at 2 m distance and 0.209 mm at 20 m
distance. For the performance of this measurement with the
Nikon laser radar system, a metal ball was attached to the
travel tip of the sensor. By moving the travel tip from one side
to the other, the center coordinates at twelve different
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positions were measured by both the Nikon laser radar system
and the linear displacement sensors. Both data were
compared with each other, showing that these commercial
products have wide variation in their performance and the
linear displacement sensors currently being used have an
accuracy from 0.041 mm to 0.051 mm.

The assembled motion gauge system is calibrated and
evaluated to measure the distance between the two sensor
modules from their linear displacement sensor electric
outputs. To track the two sensor modules at the same time,
the OptiTrack! V120: Trio motion tracker' [13] is utilized,
which can track the reflective spheres in the sockets of the
sensor modules. For this calibration, the two sensor modules
were moved randomly from one side to the other twelve times
and the corresponding coordinates of the twelve positions
were measured, which were used for the calibration. The
corresponding distance-to-outputs voltage relationship is
shown in Fig.6., where a curve fitting was made by the
interpolation from a 2" order polynomial curve fitting
toolbox in MATLAB!.

Distance (m)

4 T e 28

g T
sensorn/}'i "-"1 1

—— 12

“‘ # sensof N

Fig.6. Calibration of the two sensor modules.

The curve fitting result by MATLAB! is expressed as
follows:

Distance (mm) = 5.14P2(V;) —12.93P,(V}) +
10.72P2(V,) — 60.84P,(V,) + 850.5 (1)

where P is the voltage output (V1) from the left (or #1) sensor
module, P, is the voltage output (V;) from the right (or #2)
sensor module, 1.10 V< V; <305V, and 1.50V <V, <
2.95 V. The distance A in Fig.2.a is adjusted to be 830.18 mm
for a Baxter robot to test, and the measurable distance of the
proposed system ranges from 839.17 mm to 947.97 mm.
After this calibration, the two modules were moved randomly
to ten positions and the corresponding measurements were
compared with the OptiTrack V120, showing that its
accuracy is 0.104 mm.

B. Symmetrical Coordinated-motion task description

For the proposed system, a symmetrical coordinated-
motion task was planned with a Baxter robot equipped with
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two arms. As shown in Fig.7., a closed kinematic chain was
formed with the two arms and the metrology bar attachment.
The two arms were then programmed to move forward
200 mm along the robot X-axis and move back to their
original position, as indicated by the red arrows in Fig.7.
During this operation, the two arms were programmed to
maintain the same distance between them, such as moving an
object with the two arms gripping it from both sides.

To show the suitability of the proposed motion gauge, this
200 mm movement task was repeated with six different
settings: the first setting was to move 200 mm non-stop
(direct movement or zero via-point task), and the second
setting added one via point. The number of via points was
increased to five for the 200 mm movement. The via points
are located on the imaginary line connecting the starting
position and the final programmed position, with the same
distance gap for each pair of via points for fine linear motion.
In an ideal case, the distance between the two arms should
remain unchanged during these operations. In practice, these
programmed operations are not perfectly executed, and the
proposed device can be used to evaluate the ability of the two
robot arms to perform symmetrical coordinated motions.

Fig.7. Experimental settings of the Baxter robot with the proposed
motion gauge attached; the coordinate frame and the linear motion
indicated by the red arrows.

C. Experimental results

The real-time distance between the grippers of the two
moving robot arms was monitored with the proposed wireless
motion gauge system during the motion tasks described in the
previous section. Fig.8.a shows the recorded distance data
plots of the direct movement, or zero via-point task, and the
one with the four via-point task, as a function of time. The
robot used in this test tended to decrease its speed around the
via points for more accurate positioning. Consequently, the
completion time for the task with four via points took longer
than for the zero via-point task. However, the four via-point
task case showed a distance change error of approximately
10 mm, while the zero via-point task case showed a distance
change error of approximately 30 mm. Fig.8.b shows the
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maximum distance change between the grippers of the two
moving robot arms for a few test runs, as a function of the
number of each task via point. Six tests were conducted: 1)
no via programmed points, 2) one via point, 3) two via points,
4) three via points, 5) four via points, and 6) five via points.

Real-time distance between the two arms

No via-points
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Fig.8. Distance between the two arms of a robot as measured by the
proposed metrology bar gauge: a) real-time distance between the
two arms, b) the maximum distance change as a function of the
number of via-points, and c¢) the standard deviation of the distance
change as a function of the number of via-points.

From this figure, we can see that increasing the number of via
points resulted in a precipitous decrease in the magnitude of
the maximum distance change errors. Fig.8.c is a plot of the
standard deviation values of all the distance change errors of
each test run as a function of the number of via points used
for that run. From this plot, it is obvious that increasing the
number of via points decreases the spread of distance change
errors, but the price that one pays for this performance
increase is a longer cycle time. The experimental data shown
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in this work do not directly tell the performance of the robot
used for this test, but this can show the possibility of the
proposed device as a useful evaluation tool for symmetrical
coordinated-motion tasks.

D. Application of the proposed system with a Hexapod

The proposed motion gauge system can extend its capability
by integrating it with existing metrological systems. For this
extension, a six-degrees-of-freedom (6-DOF) pose (position
and orientation) hexapod measurement system is combined
with the proposed motion gauge. In this case, the integrated
sensor can measure the 3-DOF positions for the two robot
arms, with respect to the hexapod ground-based coordinate
frame.

The 6-DOF pose metrology system used for this test is
based on a Stewart hexapod platform [25], [26], and it can
measure the 6-DOF pose of its top platform by monitoring the
length change of its six struts. The proposed motion gauge
system was mounted on the top platform of the Stewart
hexapod platform, as shown in Fig.9.a. The 3D position of the
robot arms’ coupling ball can be obtained from the 6-DOF
pose of the top platform and the two sensor modules in the
proposed system.

Z-axis (mm)

-20

X-axis (mm)

-20

Y-axis (mm)

b)

Fig.9. The metrology bar gauge mounted on an independent 6-DOF
metrology system: a) The 6-DOF metrology system is based on a
Hexapod Stewart platform; b) Measurement of the 3D positions of
the two robot arms, while they are programmed to simulate the
motions of turning a circular valve handle.
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When the proposed device is attached to a stationary 6-DOF
pose measurement system, its portability is not as important,
so the wireless communication module and the voltage
divider were replaced with a wired connection and a
Wheatstone bridge. The proposed gauge was recalibrated
with a Nikon' laser radar system MV-200 [24].

A symmetrical coordinated-motion task simulating turning
a circular valve handle with two arms was performed with the
two arms of a Baxter robot and was repeated several times.
The corresponding 3-DOF positions of the two robot arms
were measured and plotted in Fig.9.b, where the blue points
represent the position of the robot arm ball attached to the left
(or #1) sensor module, and the red points represent the
position of the robot arm ball attached to the right (or #2)
sensor module. The gray dots correspond to the middle point
of the proposed motion gauge linear rods. This result shows
the possibility that the proposed motion gauge system can be
extended with the combination of an independent
metrological system for complex measurement.

Based on the ISO9283:1998 Manipulating industrial robots
- Performance criteria and related test methods [27], the
experimental data were collected for the calculation of the
accuracy and repeatability errors of this operation and are
described in the following: The positioning distance accuracy
(AD), which refers to the programmed commanded distance
between the two robot arm ends (metrology gauge bar, ball
and socket joints), can be obtained from equation (2), where
the programmed commanded distance (D) is 1004.35 mm,
the mean attained distance (D) is 1008.73 mm, and the
accuracy error is calculated as 4.38 mm. For these tests, the
distance repeatability (RD) [27] in equation (3) as three times
the measured standard deviation, is also calculated to be
+14.93 mm after an operation of 10 cycles. The accuracy
specification of the Baxter robot is quoted as +5 mm [23] and
its repeatability is reported to range between 1.1 mm to
7.6 mm, for a single arm operation [28]. The repeatability
level measured from these tests can probably be explained
partially by the targets being farther away from the trunk of
the robot [29], and the robot control and feedback algorithm
not being well prepared to perform symmetrical tasks in two-
arm coordinated motion.

AD =D

=D 2)

RD = +3 = +14.93 mm 3)

—\2
Z?—1(D1'_D)
n-1

5. CONCLUSIONS

In this paper, a new motion gauge system is proposed to
evaluate symmetrical coordinated-motion tasks among
collaborative robots. For this purpose, a symmetrical
coordinated-motion task was given to the two robot arms,
which required them to maintain the same distance between
them during a particular operation. The proposed system
measures the linear distance of the two robot arm end
effectors and calculates the distance change between them in
real time. By comparing the measured distance of the
proposed system with the commanded distance, the
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performance of the two arms in symmetrical coordinated-
motion tasks can be numerically evaluated.

The proposed motion gauge was designed with two sensor
modules on linear rail rods. With this design, additional
features were added: 1) for each robot arm a coupling socket
of'a 3-DOF rotational joint, 2) detachable magnetic-ball-and-
socket couplings for easy mounting and protection from
unexpected overload or motion errors, 3) wireless data
communication to allow a wider range of motion tasks with
fewer motion restrictions, and 4) a capability for integrating
with other complementary metrological systems. The
proposed motion gauge system has demonstrated its ability to
measure the performance of two arms of a Baxter robot
executing a symmetrical coordinated-motion task as a
function of several programmed path via points.

The performance of symmetrical coordinated-motion tasks
depends on time synchronization errors between the engaged
robot arms and motion errors from each arm, which could be
caused by electromechanical defects (stiction, backlash,
encoder malfunction, etc.), calibration errors, torque or force
limits, and so forth. The proposed system can call attention to
robot operators to widen their robot programming scope to
multiple robots in collaborative operations if performance
evaluations of robots are feasible. This motion gauge system
is designed for symmetrical coordinated-motion forming a
kinematic chain among engaged robotic arms, to help
understand the interaction among arms in the same kinematic
chain. If asymmetrical coordinated-motion also formed a
kinematic chain in some cases, this system could also be
utilized for asymmetrical coordinated-motion tasks.

Future studies will try to identify these error sources in more
detail. For this, the potentiometers used in the proposed
system can be replaced with higher accuracy and resolution
sensors to enhance its performance, such as high accuracy
laser displacement sensors [19] or linear variable differential
transformers (LVDT). Other linear displacement sensors,
such as optical or magnetic linear encoders, can be used for a
longer operational range. Future studies will also examine the
effect of external temperature change to the operation of the
motion gauges, the maximum allowable speed, maximum
time life or cycle, etc.
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