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ABSTRACT

This paper presents a novel approach for robot-based mechanical testing on the component
level using a high degree of flexibility in the superimposition of loads, which allows their ap-
plication to test various geometries and conditions. To validate our approach, tensile tests were
performed using different control modes: position control, force control using a six-axis force/
torque sensor, and path control using optical tracking of markers. The last two sensor-guided
control modes are used to compensate unwanted force components that may occur in a sys-
tem with six degrees of freedom. For reference, the same tests were performed on a conven-
tional universal testing machine and were in good agreement. Subsequently, the flexibility of
the robot-based test setup is demonstrated by two different component tests; a bicycle frame
and a snowboard with high compliance were examined with different load cases. It was dem-
onstrated that in path control mode an improvement in the accuracy of absolute positioning
occurs and compensation for any transverse forces is possible. In addition, the path control
mode enables the preservation of the initial load vector relative to the surface, even under
significant deformation of the component.

Keywords
component testing, robot-based testing, mechanical testing, force control, path control, robotics

Introduction

The mechanical robot-based component testing approach is a fundamentally new concept
and an emerging field of research. It offers new degrees of freedom to apply loads on
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components and improved flexibility to perform different tests due to the high flexibility of six-axis robotic
systems.

In contrast to robot-assisted methods, in which robots only support the testing procedure by inserting the
specimen, in robot-based methods, the industrial robots perform the entire testing process. Robot-assisted meth-
ods are already widely implemented in medical technology, e.g., to analyze dental adhesive materials’ stability and
thermal aging.! The thermocycling process is performed by an industrial robot that cyclically immerses the sam-
ple basket (with the teeth to be tested) in different temperature environments.'

In (industrial) manufacturing, both approaches, either robot-based or robot-assisted, play a significant role in
automation and process control. They are used, for instance, to improve the surface quality during the milling process
by compensating for the cutting forces that occur (robot-based),” as well as checking the tolerance and quality of
resistance spot welds (robot-assisted).” Another application of robot-assisted or robot-based testing is the field of
nondestructive testing. Fully autonomous, nondestructive ultrasonic testing of complex curved workpieces is possible
using a robot-assisted trajectory planning method.* Challenging tasks such as 3-D scene reconstruction, target rec-
ognition, and path planning can be successfully mastered with computer vision and robotics. This increases the
flexibility, reliability, and adaptability of robots compared with conventional manual approaches.

Within the framework of robot-based nondestructive testing, Mineo and Javadi® summarize further ap-
proaches for in-process inspections in manufacturing applications (robotic wire-arc welding and additive manu-
facturing), real-time and data-driven robot-enabled sensing, and mobile robotic platforms.

Approaches for the robot-assisted mechanical testing of components are also commercially available. One ex-
ample is the roboTest R automated testing system from ZwickRoell GmbH & Co. KG. Specimen mounting and
unmounting, testing, and removal of the specimen residues are fully automated by industrial robots. However,
the roboTest R is only designed for the classic tests such as tensile, compression, bending, and notched bar impact
tests and for the typical standardized test specimens. This test setup is not intended for more complex components.

In general, the disadvantage of robot-assisted mechanical testing is the necessity of additional equipment
such as a universal testing machine or a testbed. For example, the handling of specimens does not exploit the
potential of the industrial robot unless it is a key task that happens repetitively and therefore results in higher
turnover of samples. To optimize the economical footprint of robots in mechanical testing, more flexibility should
be achieved both in the load application and in the shape and size of the test specimens or components.

For reasonably complex load cases, specific test stands have been established. One system (OccuBot) has
been developed by KUKA AG, which uses industrial robots for robot-based testing of vehicle and aircraft seats.
The test system investigated by Beeh and Wo6rn uses OccuBots for seat testing and compensates the static forces
caused by the weight of the test dummy.” An alternative approach for robot-based destructive testing was pro-
posed using a Stewart platform (Hexapod) instead of a six-axis industrial robot. For example, the Technical
University of Hamburg-Harburg is researching the dynamic testing of aircraft galleys under realistic conditions.
Another application for the Stewart platform as a testing machine is a tension-shear test on a notched concrete
specimen (Nooru-Mohamed experiment).® The simulation of realistic load cases also plays an essential role in
medical technology. Robot-based testing is considered to simulate human movements, such as chewing,” by using
a Stewart platform or by simulating movements of the knee joint'® with an industrial robot. However, all the
mentioned applications are designed for one specific load case and a specific test specimen type.

To realize a fully flexible robot-based mechanical testing approach, this paper presents a new concept for a
configuration that includes a test setup adjustable to the application with two six-axis industrial robots and ap-
propriate instrumentation. The industrial robots not only allow the execution of standard load cases—namely
tension, compression, and torsion—in any spatial direction, but also enables the superposition of different load
cases. In addition, the described approach allows the testing of various components, with the additional possibility
of collaborating industrial robots.

The flexibility of this approach enables highly specialized component testing and extends to handling a
wider range of test scenarios. As a result, component testing has evolved from a specialized to a universal
concept.
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Materials and Methods

ROBOT-BASED TESTING SETUP
The setup of the robot-based test bench with focus on the underlying control system has already been described."!
The most important components of the system are briefly summarized in the following and are extended in the
context of mechanical testing. An overview of the system is depicted in figure 1.

The load for the component testing is applied by two KR1000 Titan six-axis industrial robots from KUKA
AG, each with a payload of 1,000 kg (see #1 in fig. 1). The reachability and capacity allow high flexibility in terms
of component size, placement, load application, and variability of the load paths. In addition, both robots are
equipped with a six-axis force/torque sensor (type: K6D175 from ME-Messsysteme, measurement range 50 kN/5
kNm, accuracy class 0.2 %) (see #4 in fig. 1), and a measuring amplifier (type: GSV-8DS EC/SubD44H from ME-
Messsysteme). The robots are arranged opposite to each other around a clamping field (7 m X 2.5 m) (see #2 in
fig. 1). In addition, traditional mounting fixtures, e.g., a clamping angles (see #3 in fig. 1), are used to fix specimens
and components on the clamping field. An optical metrology system (type: ATOS 5, Carl Zeiss GOM Metrology
GmbH) is used to perform optical tracking of markers as a 3-D-extensometer and is able to operate as a digital
image correlation (DIC) system to perform 3-D full field strain measurements (see #5 in fig. 1).

TESTING SEQUENCE

A typical test sequence of robot-based component testing consists of an approach motion, a testing motion, and a
departure motion. Figure 2, which is based on work by Hanke et al.,'" shows a schematic test sequence for robot-
based component testing. The approach motion can either be position- or contact-based. Preloads or positions are
applied in this step. This can be a precondition for terminating the approach motion. The subsequent testing
motion is generated with the help of a sensor-guided position correction via the robot sensor interface (RSI). This
technology package developed by KUKA AG serves as a universal interface for KUKA robots and enables the fine-
tuning of predefined robot motions with live sensor data. The test motion can be divided into sensor-guided
motions (path or force control) and position-controlled motions solely based on the robot kinematics calculation.
The sensor-guided motions are based on the data provided by either the force/torque sensors or the optical
measurement system. It is a control loop comparing a target value with a current value. Hence, occurring

FIG. 1

Setup of robot-based
component testing with
two six-axis industrial
robots, a clamping field,
and clamping angle for
flexible positioning and
clamping of test
specimens and
components.

Clamping Angle
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FIG. 2 Test sequence of a robot-based component test with the associated test parameters and requirements.
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deviations are corrected in real-time by adapting the robot movement. This correction has no influence on the
testing velocity. In addition to the type of motion, test conditions can be specified. These include typical mechani-
cal test settings such as the type of test (tension, compression, bending, torsion, or a superimposed load), the
testing velocity (displacement per time), and the termination criteria for the test motion, but also other boundary
conditions such as a trigger signal for the start of the test and the option of moving through the elastic range more
slowly using appropriate control conditions. The termination criteria for the testing motion is set to end when the
load is reduced to 20 % of the maximum load. The final phase of the test is the departure motion, during which the
robot exits the testing area. This ensures a safe and controlled unloading of the specimen or component.

DATA FLOW AND PROCESSING

Figure 3, according to Hanke,'” schematically shows all sensor systems and actuator data flow and their further
processing. The force is controlled via the force/torque sensor attached to the industrial robot, which has a meas-
uring frequency 250 Hz and provides its data with an EtherCAT interface. The sensor data, in this case, three force
(Fy, Fy, F,) and three torque values (T, Ty, T,), are sent to the data aggregation of the central control unit.
Similarly, path control works via the optical measurement system. In this case, relative displacements (D,,
Dy, D,) and rotation angles (D,, Dg, D,) between the test fixture on the industrial robot end effector and
the component are sent to the data aggregation via Standard Commands for Programmable Instruments
(SCPI) interface with the maximum system frequency of 10 Hz. At the same time, position data are sent from
all robots to the data aggregation every 4 ms (equivalent to 250 Hz) via RSI. The position data required to clearly
define the pose of an industrial robot are as follows: the coordinates (X, Y, Z), the orientation (A, B, C), as well as

FIG. 3 Overview of the data flow and processing of robot-based component testing.
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status (S), and turn (T). Status and turn define a unique axis position from several possible axis positions for the
same position (KUKA specific). The data of the aforementioned acquisition systems are recorded with different
frequencies. Consequently, a synchronized time stamp is sent with the data and adjusted to a common frequency
of 250 Hz by linearly extrapolating data points, if necessary. Subsequently, the data are turned into a subsequent
vector containing information on loading direction and testing velocity and are passed to the motion control to
execute a specific motion of the robots. Because of the continuous sensor data acquisition, the motion can
be readjusted precisely according to the desired criteria every 4 ms. As already described in Hanke et al.'""?
because of the compliance of the industrial robot kinematics, it is challenging to predict a strictly linear motion
in a distinct direction without adjusting the motion with the help of the corresponding sensors. This is especially
relevant when the industrial robot is additionally subject to external load, which is not anticipated by the under-
lying internal kinematics model of the robots. With the help of the sensor-guided test motion, this can be realized
and compensated. In addition, this allows for actively compensating the transverse forces or displacements in
undesired directions. Finally, the recorded data is stored in the data storage to be further used for offline
evaluation.

TEST SETUPS

The different test scenarios performed to validate the test setup are described in detail in the following. First,
uniaxial tensile testing was used to generate a pure uniaxial stress state without transversal forces. Standardized
tensile testing based on a universal testing machine served as a reference for validating the accuracy, the test
motions, and the material properties. Subsequently, more complex load cases were realized by loading represen-
tative components, such as a bicycle frame and a snowboard. With the bicycle frame, a sequence of different load
cases introducing forces at different positions of the components was realized. For the snowboard, the focus was
on load cases with superimposed forces (bending and torsion loads) and the ability to update the initial load
vector in situations of high system compliance.

The coordinate systems for the respective sensors and actuators were adapted to each new test setup. In
general, the industrial robot and camera coordinate system are based on the internal coordinate system of
the force/torque sensor because this cannot be adjusted. This ensures that all forces, torques, displacements,
and rotations of the various sensors and actuators match each other. The respective coordinate system for
the discussion of the results is included in the respective test setup illustrations.

Uniaxial Stress States Without Transverse Forces
This stage of the validation serves as a proof of concept to verify the robot-based component testing and motion

l 11,13

control systems that were mentioned before. As previously described in Hanke et a the whole setup has to

deal with the following challenges:

o Industrial robots are typically not designed for slow velocities required for material testing.

o The industrial robot dynamic model lacks absolute positioning when the system is additionally subject to
external loads.

o Transverse forces or superimposed torque may occur during the test resulting from deviations of the in-
tended test motion.

To overcome these challenges, the test movements were adapted using sensor guidance. In this study, three
different motion controls were performed: force-controlled, path-controlled, and position-controlled via the in-
ternal robot kinematics without additional sensors (see fig. 2). The optical measurement system allows for meas-
uring the material elongation as extensometer, as well as by tracking the exact position of the clamping jaws to
assess system compliance and possible superimposed rigid body motions.

To validate the robot-based testing (see fig. 4A), reference tests were performed on a universal testing ma-
chine (Zwick/Roell Zmart. Pro Z1464, loading capacity: 50 kN, accuracy class 0.5 %) in a laboratory (see fig. 4B)
with the same materials and specimen geometries, namely stainless steel (X5CrNil8-10). The three different

Journal of Testing and Evaluation
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FIG. 4 Two different test setups for the tensile test: (A) robot-based tensile testing and (B) classic setup with a universal
testing machine.

Zwick, I Roell
i 2MARTPRG

Camera | : Camera | -

- £

GY) B)

control modes of the robot-based testing were each averaged over three specimens, whereas tensile testing in the
laboratory was averaged over four specimens. Dog-bone shaped specimens were prepared by water jet cutting
with dimensions of 190 mm X 10 mm X 3 mm (overall length X minimum width X thickness). The length of the
reduced parallel section is 80 mm. Referring to the material supplier’s data sheet, the Young’s modulus is 200 GPa
and the testing velocity is set to 5 mm/min until a force of 6,000 N is reached, then increased to 10 mm/min until
the specimen fails. The same testing procedure and dog-bone termination criteria to stop the test (load drop of
80 % of F,) have been applied for robot-based and conventional testing, respectively. To ensure that the in-
dustrial robot achieves the required forces, the specimen placement tool'* was used. Both test benches used the
same optical measurement system ATOS 5 with CP40/MV700 lenses, which can examine a volume of 700 X
530 x 520 mm® (calibration deviation: 0.117 pixels). A stochastic pattern was applied to each tensile specimen
tested to determine displacements and resulting strain fields in the specimen using DIC. In addition, reference
point markers were applied to the clamping jaws to record their movement during the test. Because of the testing
setup and requirements from measurement techniques, compromises had to be made in the choice of lens size
and resolution. The area of the tensile specimen (gage length X minimum width) is small compared with the total
recorded measurement volume, which includes the clamping jaws (pixel size: 0.18 mm/pixels). The incision
deviation was checked for all measurements before the respective test was started and is less than 0.1. However,
when comparing classic tensile tests on a universal testing machine with robot-based tests, it is important to also
track the clamping jaws, test fixture, or the robot end effector to draw conclusions about the quality of motion and
control. Therefore, a compromise between the DIC resolution, the region of interest and the available lens systems
was required. For a real component test, the optical metrology system running in DIC mode should conform with
the recommendations of the International Digital Image Correlation Society (iDICs) to obtain reliable data.' This
allowed for tracking the movement of the full system, including the crosshead or the industrial robot and test
fixture. The tensile specimens tested with the robots were divided into three sets and were tested under force, path,
and robot position control. The reference tests with the testing machine were tested under position control.
In addition to the comparison of robot-based testing and conventional testing with a universal testing machine
in the laboratory, it was also possible to evaluate the effect of the three different robot testing motions.

Variation of Load Vector Position
To investigate the flexibility of the robot-based testing approach, a bicycle frame was chosen for additional evalu-
ation. The frame is made of aluminum alloy and carbon fiber-reinforced plastic (rigid fork). A specialized
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FIG. 5

Test setup for bicycle -
frame testing with three

different load cases, Bicycle frame 9 l {‘

shown by arrows.

clamping device was designed and attached to the clamping field. In addition, form-closure test fixtures (adapted
to the bicycle frame geometry) were designed based on a 3-D scan of the bicycle frame for each respective load
case and additively manufactured with a fused deposition modeling process with a carbon fiber reinforced nylon
filament (see fig. 5).

Three load cases (marked with numbered arrows in fig. 5) are chosen. The test speed for each load case is
5 mm/min until the compressive force (F,) reaches 100 N (preload), after which the test continues at 2 mm/min.
Load case #1 represents a lateral compressive load up to 500 N on the seat tube; load case #2 represents a com-
pressive load up to 2,000 N on the seat post; and load case #3 represents a lateral compressive load up to 1,000 N
on the head tube. All load cases are realized path- and force-controlled. The resulting displacements have been
measured by optical tracking of the markers on the bicycle frame. The ATOS 5 was used as optical measurement
system with CP40/MV1000 lenses, which can examine a volume of 1,000 X 750 x 750 mm? (calibration deviation:
0.027 pixels).

Superposition of Load Cases

In the following experiment, a snowboard was considered for testing. This featured significantly higher compli-
ance than the previous specimens and components. In addition, superimposed loads such as bending and torsion
are realistic load cases for this component. The snowboard is firmly clamped on the binding on one side. On the
other side, which is free to move, load was applied with an additively manufactured test fixture made of glass-
fiber-reinforced polymer (see fig. 6). Two different load cases were realized: load case #1 represents a pure bend-
ing load because a constant load in the z-direction (orthogonal on the surface) with a constant testing velocity of
50 mm/min was introduced. The global load direction of the force vector was continuously adapted so that the
force was always applied perpendicular to the snowboard surface. The resulting trajectory generates a bending of
the snowboard. Both path and torque control testing were considered in this experiment. The two types of control
differ slightly in their practicability: in the case of torque control, the robot and snowboard must be firmly con-
nected to each other to ensure that controllable transverse forces or torques occur. On the other hand, path
control does not require a fixed connection. This approach makes it easier to observe the displacement of
the snowboard and, thus, makes the functionality of the load vector adaption and superimposed loads more
visible. Load case #2 represents a superimposed bending (F,) and torsion load (Ty). The testing velocity was
set to 50 mm/min in the z-direction, as well as 50 degrees/min and 10 degrees/min for the rotation around

Journal of Testing and Evaluation



REICHMANN ET AL. ON ROBOT-BASED TEST BENCH

FIG. 6

Test setup for
snowboard testing with
two different load cases:
#1 represents a pure
bending load and #2
represents a
superimposed bending
and torsion load.

the x- and y-axis. The torque around z has been adjusted because this rotation mainly loads the screw connection
and is not the desired direction for the application of force. The bending and torsion in load case #2 were applied
via a fixed connection between the robot and the snowboard, but only the torque was used to control the robot test
motion. For this case, the displacements of the different parts have been measured by optical tracking of the
markers on the snowboard. The ATOS 5 was used as the optical measurement system with CP40/MV1000 lenses,
which can examine a volume of 1, 000 X 750 X 750 mm° (calibration deviation: 0.027 pixels).

Results and Discussion

UNIAXIAL STRESS STATES WITHOUT TRANSVERSE FORCES

Results

Four stress—strain curves are plotted in figure 7 to compare the different testing conditions. Three curves display
the results for the robot-based tensile tests, each corresponding to a control mode in the robot-based tests. Each
single curve shows the averaged values over three tested specimens. One further curve represents the average
value obtained from four specimens tested using the universal testing machine.

The curves of the robot-based force control, based on the raw data, showed high fluctuations in the stress—
strain diagram due to the control. To achieve a significant value for the tensile strength, the robot-based force-
controlled curve (gray) in figure 7 was smoothed (moving average, points of window: 50). Table 1 summarizes
the material properties after evaluation. The Young’s modulus (E), tensile strength (R,,), elongation at fracture
(A,), Poisson’s ratio, and yield strength (Ry,) were evaluated. To determine the arithmetic mean and the stan-
dard deviation in Table 1, three repetitions or tensile specimens per control type were performed for the robot-
based tensile tests and four for the classic tensile tests on the universal testing machine. The gage length cor-
responds to the parallel length of the dog-bone shaped tensile specimens of 80 mm. To determine engineering
strain, a surface component was generated for each tensile specimen (DIC). This means that the resulting strain
values are evaluated on the full area, and not solely points. The Young’s modulus was determined for the indi-
vidual measurements using a linear regression in the strain range 0.01 to 0.15 %. Smoothed curves were also used
to evaluate the tensile strength R, of the robot-based force-controlled tensile tests in Table 1.

To verify the accuracy of the compensation of transverse force by sensor-guided test motions, the position
deviations (see fig. 8) and resulting transverse forces (see fig. 9) were examined in more detail. In contrast to
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FIG. 7 Stress-strain diagram for tensile testing. Four test conditions are compared: force, path, and position control,
according to the internal robot control, and position control on the universal testing machine. The three different
control modes of the robot-based testing were based on three specimens each time. For the tensile testing in the
laboratory, four specimens have been considered.
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TABLE 1
Comparison of material properties of robot-based tests and the tests performed on the universal testing machine

Young’s Modulus Tensile Strength Elongation at Poisson Yield Strength
Type of Test E, GPa R,,, MPa Fracture A, % Ratio Rpo2, MPa
Robot-based force control 211.5+4.3 656.3+1.4 49.1+0.5 0.29 £0.01 3362+1.4
Robot-based path control 202.6+1.2 659.4+13 48.8+0.0 0.27 £0.02 3347+0.4
Robot-based position control 215.1+3.2 657.8+1.2 49.1+0.5 0.29+£0.01 335.0+0.5
Universal testing machine position control 201.0+8.8 668.9+7.0 53.1+26 0.28 +0.01 336.0+1.3

Hanke et al,,' in which force and path deviation data from robot-based measurements have already been pub-
lished as preliminary studies based on only one specimen, the results published as part of this study are based on
several specimens per test type. Each curve represents an average value over the tensile tests of the respective
robot-based tests and the conventional tests. To evaluate the displacements in the x and y directions, two co-
ordinate systems (see fig. 4) were placed in the center of the clamping jaws, and both the distances in the x-, y-, z-
directions and the three associated rotation angles (six degrees of freedom [6DOF]) were measured in relation to
each other using the optical measurement system. The stationary clamping jaw served as a reference. In the robot-
based tests, the upper clamping jaw, which is connected to the industrial robot, is moved relative to the position of
the stationary lower clamping jaw. In figure 8, the measured deviations in the x- and y-direction are depicted in
blue for the path control mode. After a short settling, the deviation in the x- and y-direction approaches zero
(fig. 8) because it is immediately corrected by the control loop. In comparison, the curve for the position control
of the robot shows an increasing deviation as function of time (green line, fig. 8). No sensor-based control is used
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FIG. 8 Averaged deviation of positions with standard deviation in x-direction (left picture A) and y-direction (right picture
B) for the different robot-based tests and the tests performed on a universal testing machine.
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here, resulting in a deviation that is significantly higher compared with the other curves. The curve for force
control (gray curve, fig. 8) settles at a constant value in both directions but results in a significant offset in both
directions. For comparison, the results of the universal testing machine show a relatively high initial value of
0.2 mm in the x-direction. After the initial peak, the deviation decreases from 0.1 mm to almost zero. In the
y-direction, the deviation starts at —0.25 mm and slowly increases to —0.5 mm. These deviations at the beginning
of the test on the classic universal testing machine indicates that the center position of the upper and lower
clamping jaw deviates slightly from an ideal line in the test laboratory. This initial deviation changes during
the test once load is applied.

Figure 9 shows the transverse forces F, and Fy as a function of the testing time only for the robot-based testing.
Because our universal testing machine was not equipped with multiaxial load cells, we were not able to capture the
transverse loads. In the curve for force control (gray line, fig. 9), the transverse forces are compensated below 5 N
during the measurement. However, this corresponds to a systematic deviation in the position, as seen in figure 8.

FIG. 9 Averaged transverse forces F, (left picture A) and £ (right picture B) with standard deviation for the different
robot-based tests.
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In contrast, the path control with the internal robot control (blue line, fig. 9) shows an initial settlement corre-
sponding to the settlement of positions in figure 8 followed by a constant, yet high value of both components F,
and F,. The position control mode (green line, fig. 9) consistently has the highest transverse forces (F, over 100 N,

F, over 125 N), and thus neither realizes a pure uniaxial stress nor a pure uniaxial strain state.

Discussion

Within the margin of error of Table 1, there is only a slight difference between the results of the robot-based and
conventional testing. Both test conditions, robot-based and conventional tensile testing, agree with the tensile
strength, elongation at fracture, and yield strength from the material suppliers datasheet. The high Young’s modu-
lus of 211.5 GPa (robot-based force control) and 215.1 GPa (robot-based position control) is recognized.
However, the primary objective is to ensure comparability between different setups and methods, rather than
determining mechanical characteristics. During the tests, efforts were made to maintain consistency between the
robot-based and conventional tensile testing setups. This involved using the same image correlation system
(ATOS 5), identical lenses, and therefore the same measurement distance. The speckle pattern was applied using
a consistent method and pattern coarseness to facilitate a meaningful comparison. Furthermore, the same pixel
size (0.18 mm/pixels) and incision deviation (under 0.1) were used throughout all tensile tests. Additionally, the
high standard deviation observed in the conventional test laboratory was investigated. It was found that among
the four tested samples, one exhibited significantly high deviations in Young’s modulus (216.1 GPa), tensile
strength (656.9 MPa), and elongation at fracture (48.8 %). The other samples demonstrated much more con-
sistent results. Consequently, the arithmetic mean and standard deviation were recalculated using only the three
remaining samples, resulting in Young’s modulus E = 196.0 + 1.7 GPa, tensile strength R,,_672.9 + 1.2 MPa, and
elongation at fracture A, = 54.6 + 0.69 %.

Based on the evaluation of displacements, the test condition of the universal testing machine is closest to the
path control mode of the robot testing. For these two cases, the experimentally obtained values agree within the
margin of error. In addition, the curve of the classical tests agrees very well with the robot-based tests in the linear
elastic range of the stress—strain diagram (see fig. 7). Only when close to the ultimate strength does a slight
deviation between the curves become visible. Because the universal testing machine is operating in path-con-
trolled mode, there is a likely build-up of transverse forces similar to the robot-based test setup visualized in
figure 9. Based on the measured offset in the x- and y-axis in figure 8, it can be assumed that the transverse
forces are considerable, but not exactly known, because the load cell of the universal testing machine is only
uniaxial. It is well-known that uniaxial load cells are strongly affected by superimposed transverse forces, there-
fore compromising the actual reading. Therefore, it can be assumed that the remaining discrepancy is an actual
deficiency of the load cell in the universal testing machine and is not caused by the robot-based setup.

Figure 8 shows that the path control for a quasistatic uniaxial test motion could be implemented. All dis-
placements transverse to the load direction can be successfully compensated. As a result, fewer transverse forces
occur than without sensor control. The force control can be successfully implemented because all transverse
forces can be compensated (see fig. 9). The deviations transverse to the load direction (in the x- and y-directions)
can be significantly reduced compared with the position control by the internal robot control.

VARIATION OF LOAD VECTOR POSITION

Results

With the three load cases of the bicycle frame performed, it was possible to demonstrate that the position of the
load vector on the component can be varied flexibly. This means that a complete load specification can be tested
in one test setup. All three positions were successfully tested with path and force control. In the following, load
case #2 (compression on the seat tube) is described in more detail as an example of the three defined load cases. In
path control, the deviations transverse to the test direction (z-direction) between the center of the test fixture and
the center of the bicycle seat tube are the controlled variable. For force control, these are the transverse forces Fy
and F,. All control variables are assigned the value 0.
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FIG. 10 Bicycle frame test load case #2: the compression load of about 2,000 N on the seat tube with the help of the path
control (left picture A) or with the force control (right picture B).
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Figure 10 shows the end of the test at the maximum load of F, at approximately —2,000 N. The images are
taken by the optical measurement system. The measured displacements of the bicycle frame are shown as arrows
pinned at the respective optical markers. The maximum displacement (red arrows) takes place close to the lo-
cation of force application. This is 1.07 mm in figure 10A (path control) and 0.58 mm in figure 108 (force
control) at effectively the same load. The direction of the arrow indicates the direction of the displacement;
the color code represents the magnitude. The different displacements are due to the different local orientations
of the resulting deformation. In force control (see fig. 108), the load can be directed along the axis of the seat tube.
This type of force application results in a deformation that is directed differently and causes less maximum dis-
placement. Because of the bicycle frame geometry, greater stiffness is expected when the force is applied in the
direction of the seat tube axis (so in the case of force control) than when the force is a response to a deformation in
path control.

In addition, the forces and torques at the end of the test are also shown in figure 10. In the force-vector
controlled test (fig. 108), the transverse forces are compensated and are converging to 0 N. Torques are only
present in the x-direction with —17.6 Nm.

Discussion

The testing of the bicycle frame highlights that robot-based testing is also possible for more complex stiff geom-
etries at the component level. Likewise, sensor-guided motions could successfully be implemented to realize three
different load cases. Here, the path-controlled approach leads to special challenges. Because of the complex geom-
etries of the test fixtures and the bicycle frame, it is much more challenging to define an appropriate coordinate
system. Thus, a new method is required to define the coordinate system in the component and in the test fixture to
enable a path-controlled motion. Therefore, the existing STL files are imported into the measurement software for
the optical measurement. In this environment, the required points for path control can be determined, such as the
point of application of force on the bicycle frame or the center of the test fixture. A coordinate system is placed in
each of these points. Overall, across all three load cases, it can be observed that the path-controlled tests are more
complex and less accurate to implement than the force-controlled tests because of the challenge in defining an
adequate path. Depending on the test fixture, there was a deviation of approximately 1 mm between the position
determined in the measurement software and the actual position of the center points of the bicycle frame and test
fixture (transmission point for the force) in the path-controlled tests. This could be determined on the basis of the
precisely modeled form-closured test fixtures. The lack of compensation between different coordinate systems
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may be one reason for the high transversal forces in the path-controlled test, as shown in figure 10. These have
much higher values compared with the path-controlled tensile tests (blue curve fig. 9), indicating that the gen-
eration of a three-dimensional motion is more challenging to exclude. Therefore, force control is found more
suitable for testing of complex geometries because it allows for directly controlling the applied load vector.

SUPERPOSITION OF LOAD CASES

Results

This subsection presents the results of the pure bending tests (load case #1, fig. 6) and the snowboard’s super-
imposed bending and torsion test (load case #2, fig. 6). As mentioned, the snowboard is characterized by its high
compliance. Thus, the snowboard behaves differently than the much stiffer bicycle frame and the tensile test
specimens. The requirements for the control system rise with increasing compliance of the component because
of the greater travel distances of the industrial robots (depending on the test speed). This results in higher require-
ments for the latency and response time of the control system. The results of pure bending (load case #1) for path
and torque control are summarized in figure 11. The force, torque, deviation, and angle of rotation in all three
spatial directions are shown over time. The torques are the control variables for torque control, and the three
angles of rotation and the deviation in the x- and y- directions are for path control. In both cases, it can be shown
that the control has been successfully implemented. Similar to the tensile tests, the deviations in figure 11 were
evaluated between two coordinate systems in the GOM Correlate software using 6DOF (in the x-, y-, z-directions
and the corresponding rotation angles). One coordinate system was placed in the adapter plate on the snowboard
side and another coordinate system was placed in the adapter plate on the robot end effector side. Both coordinate
systems are almost in the same position, so only one is shown in figure 6 for clarity.

The capability of the system to adapt the load vector is illustrated in the pure bending test. The rotation
angles between the snowboard and the robot end effector, shown in figure 11, are close to 0° during path control
and can maintain this value constantly during the test. This means that the load vector is at the same
perpendicular angle to the snowboard at the end as at the start of the test. The rotation angles for torque control
show a slight change (maximum 0.2°) during the test. Nevertheless, it can be shown that the load vector can also
be adapted to the deformation of the snowboard in real-time during torque control within this level of accuracy.

In the torque control of the pure bending test, a fixed connection was created between the test fixture and the
snowboard. Because of the tension caused by this fixed connection, the initial value of the forces and torques is
significantly higher than in the path control. The torques can be successfully reduced during the test and are lower
than the torques occurring during path control. Because of the unpredictable mutual influences of the forces and
torques, we were unable to implement simultaneous torsional and force control. For this reason, the decreasing
force F, of approximately 100 N toward the end of the test is a sufficient result for the moment.

The results of the superimposed bending and torsion test are shown in figure 12. In figure 12A, the dis-
placement of the snowboard at the highest force and torque level is depicted. The deviation was determined
between the global (fixed) coordinate system placed in the clamp of the snowboard and the local (movable)
coordinate system in the adapter plate connecting the force/torque sensor at the end effector of the robot
and the snowboard (see fig. 12). As expected, the displacement is highest at the free end of the snowboard, with
98.62 mm in total. The values of forces and torques at the end of the test are shown in figure 12. Because the forces
and torques influence each other, it is not possible to simultaneously rule out the torques and the forces in our
experimental setup. Figure 128 shows all three torque curves. The continuous increase of the torque Ty is visible
and intended by the test definition. The torques T and T, are compensated by the control. Figure 12C shows the
axial force curve for all three spatial directions. Here, F, increases continuously because of the influence of the
torques. Considering the bending, F, also decreases constantly.

The forces Fy and Fy start with an offset of approximately 200 N offset because of residual forces that occur
during the clamping process. The initial values of the torques T and T}, also originate from the fixed clamping of
the snowboard.
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FIG. 11 Four graphs (force, torsion, displacement, angle of rotation over time) each for torque control and path control.
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FIG. 12 Superimposed loads of bending and torsion in snowboard testing: (A) The absolute displacement of the
snowboard and the force/torque at the end of the test, (B) the force, and (C) torque curves.
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Discussion

Complex 2-D testing motions in terms of bending as well as superimposed bending and torsion were realized
with the described test setup of the snowboard. A fixed connection between the two test fixtures is not necessary
for the path-controlled bending test setup. This means that a displacement of the upper test fixture relative to
the lower one is immediately visible and measurable. In contrast to the bicycle frame tests, the cylindrical test
fixture on the snowboard and on the end effector of the industrial robot were precisely measured using a tactile
measuring method. This means that the precision of the path control depends on the complexity of the geom-
etry of the test fixture and the component. Similar to the tensile tests, constant small deviations also occur here
(torque control: —0.5 mm in x-direction, path control: —2.0 mm in z-direction). The coordinate systems were
not at the same height at the beginning of the test because the snowboard already shows bending at the begin-
ning because of its own weight with this type of mounting. Additionally, in the torque-controlled snowboard
test, the adapter plates between the robot end effector and the snowboard were firmly connected. In the path-
controlled test, however, the plates are only loosely placed on top of each other. Therefore, the distance between
the adapter plates (and thus the deviation in the z-direction) is slightly greater in the path control test. Despite
this, no relevant deviation could be detected (see fig. 11). Similarly, no change in the angle of rotation could be
detected during the test (see fig. 11). The load vector can therefore be tracked very precisely during the de-
formation of the snowboard. This shows that the robot-based test meets the real-time requirements of a com-
ponent test and that the control loop works conveniently despite the high flexibility and compliance of the
component.

The desired superimposed load from bending and torsion can be successfully realized using the snowboard
test. Torque control can be used to apply a defined superimposed load to a flexible component. These tests are
only intended to serve as an example and demonstrate that the approach can also be transferred to other super-
imposed load cases.
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Conclusions

The aim of this study is to demonstrate the feasibility of robotic-based mechanical testing from classical labo-
ratory sized specimens up to complex components. This was successfully demonstrated using tensile tests as a
typical materials characterization task and a bicycle frame and a snowboard as representative components.

These specimen tests were used to demonstrate the flexibility of robot-based testing regarding the geometry
of the test object as well as the type of load and control mode. With the possible 6DOF, industrial robots can
perform every conceivable test motion. This means that various complex and superimposed test motions can be
performed. Another advantage is that the load vector can be moved along with the deformation of the component
during a sensor-guided motion. This means that the force application point and the orthogonal angle of the force
vector between the component and the force vector remain unchanged during the test.

The influence of the different control modes (path control, force control, and position control) was evaluated
in the context of uniaxial loading of tensile test specimens and found in reasonable accordance with classical tests.
Robot-based component testing has been used to successfully inspect more complex geometries using path and
force-controlled configurations. For highly compliant components, it was demonstrated that a continuous adjust-
ment of the load vector is possible. In addition, the possibility to use superimposed loads was demonstrated for a
combination of bending and torque.
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