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Abstract

This paper presents the development of a bin picking
pose estimation artifact (BPPEA) for evaluating the per-
formance of bin picking vision systems (BPVSs). The BP-
PEA is designed to be realistic, inexpensive, and easy to use.
The development process involved determining whether 3D
printed screws are equivalent to real screws for bin pick-
ing purposes and creating a realistic 3D bin artifact. The
results show that the 3D printed screws have similar perfor-
mance to real screws in terms of pose estimation accuracy.
The BPPEA was fabricated using material extrusion based
additive manufacturing (3D printing) and was scanned us-
ing a structured-light based 3D imaging system.

1. Introduction

Comparing the performance of two or more technologies
that are meant to perform the same task requires that the
technologies be tested under similar conditions. In order for
the tests results to be meaningful, they must be repeatable
and reproducible.

Evaluating the 6 degree-of-freedom (DoF) pose-
estimation performance of a machine vision system (MVS)
typically involves measuring the difference between the
pose of an object provided by the MVS with the pose of
the same object provided by a ground truth system (GTS)
[3, 7, 9]. In general, the GTS must have a much lower mea-
surement uncertainty than the system under test (SUT). In
many standards, the uncertainty of the GTS is required to
be at least four times lower than the uncertainty of the SUT,
and some standards require a GTS that is an order of magni-
tude better. Measuring the pose of a stationary single object
in an uncluttered scene is somewhat trivial. However, the
realities of industrial settings do not always involve isolated
single objects. For example, applications such as robotic
bin picking involve many identical manufactured parts that
are randomly arranged in a bin (or tray) [1, 4, 10]. The parts

in such cases are presented to a bin picking vision system
(BPVS) in many possible orientations and with various lev-
els of occlusion.

Most BPVS measure the 6 DoF poses of parts in a bin
multiple at a time. Oftentimes, these systems find the poses
of the parts that are on the surface of the pile of parts, which
makes them easier to manipulate by a robot arm’s end ef-
fector. The BPVS will then select the single most pickable
part (from those surface parts) to send to the robot. Al-
though measuring the ground truth poses of those surface
parts in the bin is achievable using a non-contact GTS (e.g.,
a laser line scanner on the end of an articulated coordinate
measurement machine), the process is time consuming, may
require expensive instruments, and the data processing re-
quired (e.g., using the iterative closest point algorithm for
aligning a 3 dimensional model to a point cloud) as well as
the registration between the BPVS and GTS data may be
complex and can introduce uncertainties. Furthermore, the
poses measured are only valid so long as the parts in the bin
do not shift. However, parts in bins are very likely to shift
as soon as the robot picks a part from a bin. In addition,
the nature of the bin picking task involves a high level of
randomization of the configurations of the parts in the bin.
Together, the above two factors make it very difficult to test
a BPVS in a very repeatable and reproducible manner.

Comparing the fundamental performance of different
MVS against one another can take advantage of repro-
ducible and well-calibrated artifacts such as resolution
charts, geometric primitives, and 3D scale bars to conduct
repeatable measurements. While these types of tests pro-
vide important information about these systems, they do not
necessarily provide a good understanding of how well these
systems will perform when conducting more complex mea-
surements, such as measuring the 6 DoF pose of a part in a
cluttered bin of identical parts.

This work aims to develop easily reproducible and well-
calibrated 3D artifacts that can be used for testing the 6 DoF
pose estimation performance of BPVS.



2. Developing an Artifact
2.1. The Challenge

The requirements for a bin picking pose estimation artifact
(BPPEA) were set in consultation with experts from indus-
try and academia. The requirements are that the BPPEA
must be:

1. Realistic,

2. Relatively inexpensive to produce,

3. Easily reproducible, and

4. Easy to use.

The requirement that the BPPEA must be realistic means
that the artifact should appear, to a BPVS, as close to a real
bin of parts as possible so as to not give an advantage or
disadvantage to the BPVS.

The requirement that the BPPEA must be relatively in-
expensive to produce means that the cost of fabricating the
artifact must be low in relation to the bin picking application
for which the BPVS is being used.

The requirement that the BPPEA must be easily repro-
ducible means that the artifact should be able to be produced
using inexpensive and readily available tools and materials
(e.g., polymer 3D printing) by a wide variety of organiza-
tions.

The requirement that the BPPEA must be easy to use
means that using the artifact should not require special in-
struments, supports, environmental conditions, or complex
data processing methods.

2.2. Example Use Case

The initial use case for the development of the first BPPEA
consisted of a small plastic bin (nominal outer dimensions:
125.0 mm x 147.5 mm x 53.5 mm) filled with thirty M12
(i.e., 12 mm thread diameter), black oxide coated socket-
head cap screws with a 20 mm shank and thread total length
(see Fig. 1).

2.3. Ground Truth System

Ground truth measurements of the bin and the screws were
obtained using a laser line scanner mounted to the end of
an articulated coordinate measurement machine (articulated
CMM or CMM arm) with a maximum measurement uncer-
tainty of + 0.025 mm (see Fig. 2)'.

2.4. System Under Test

The SUT used for the purposes of developing the first pro-
totype BPPEA was a white light, structured-light based 3D
imaging system with a spatial resolution of 0.39 mm and a

ICertain equipment, instruments, software, or materials are identified
in this paper in order to specify the experimental procedure adequately.
Such identification is not intended to imply recommendation or endorse-
ment of any product or service by NIST, nor is it intended to imply that the
materials or equipment identified are necessarily the best available for the
purpose.

Figure 1. The plastic bin and screws used to generate the prototype
BPPEA as seen from two views.

Figure 2. The arm CMM setup used to acquire the ground truth
point cloud.



449 mm x 754 mm field-of-view (FOV) at the relevant dis-
tance (700 mm), and a 1-sigma single point noise of 0.055
mm.

2.5. BPPEA Design

Designing the BPPEA involved two phases as outlined be-

low.

1. Determining whether 3D printed screws are equivalent
to real screws for bin picking purposes involved the fol-
lowing:

(a) Creating a realistic 3D computer aided design
(CAD) model of the screw (see Fig. 3),

(b) 3D printing the 3D CAD model of the screw using
different 3D printer settings to determine optimum
settings,

(c) 3D printing a false bin bottom with six 3D printed
screws in different poses (see Fig. 4),

(d) 3D printing a false bin bottom with places for six
real screws in identical poses to the 3D printed
screws (see Fig. 5),

(e) Scanning both of the above with the CMM arm
scanner and comparing screw poses for deviations
between the 3D printed screws and the real screws,
and

(f) Presenting both the 3D printed screws and the real
screws to a BPVS and comparing the poses gener-
ated.

Figure 3. The custom-made CAD model of a M12 screw identical
to the screws in Fig. 1.

2. Developing a realistic 3D bin artifact involved the fol-
lowing:

(a) Filling a bin with 30 real screws (see Fig. 1),

(b) Scanning the bin with the CMM arm scanner (see
Fig. 2),

(c) Segmenting the point cloud data manually to isolate
individual screws (see Fig. 6),

(d) Fitting CAD models to the segmented point cloud
data for each screw using an in-house fitting algo-
rithm [5] (see Fig. 7),

(e) Fine tuning the poses of the 30 fitted CAD models

Figure 4. Picture of the 3D printed false bin bottom with 3D
printed M12 screws.

Figure 5. Picture of the 3D printed false bin bottom with real M12
SCrews.

to better align with the point clouds, and
(f) Producing a single, 3D printable version of the con-
figuration of the 30 screws (see Fig. 8).

We also explored using physics-based simulation en-
gines that can fill a virtual bin using a 3D CAD model of
the parts, but these simulators continue to have issues with
inaccurately representing collisions (or contacts) between
bodies [11]. Therefore, we opted to fill the virtual bin using
the manual process outlined in step 2 above.

2.6. Artifact Material and Fabrication Process

For the first prototype BPPEA, a polylactic acid (PLA)[12]
thermoplastic polymer filament was used in a mate-
rial extrusion process from a heated nozzle (MEX-
TRB/P/PLA)[2] additive manufacturing machine (3D
printer). The relevant settings used during the printing of
the BPPEA are shown in Table 1.



Figure 6. The segmented point cloud of the bin with (from top
to bottom) 30 screws, the topmost 10 screws, and with 1 topmost
screw shown.

Table 1. Main 3D Printer Settings Used.

Setting Value
Nozzle Diameter (mm) 04

Layer Height (mm) 0.20

Infill Density (%) 15

Nozzle Temp. (°C) 220

Bed Temperature 65

Max Speed (m?/sec) 12

Build Plate Polyetherimide (PEI)

Figure 7. The screw CAD model fitted to the segmented screw
point cloud.

Figure 8. 3D printable stereo lithography (STL) model of the 30
fitted screw CAD models.

3. Results

3.1. Results of GTS measurements of the real and
3D printed screws

The 3D printed false bin bottom with the 3D printed M12
screws was scanned with the CMM arm once and the 3D
printed false bin bottom with the real M12 screws was
scanned 11 times (the screws were removed and reposi-
tioned after each scan) and the 3D CAD model of the M12
screw was fitted to each of the six screws in all scans. The
Euclidean distances between the coordinate frame origins of
all six 3D printed and real screws are presented in Table 2
and Table 3, respectively. The angles between the six 3D
printed and real screws’ axes of symmetry were calculated
using [6] and are presented in Table 4 and Table 5, respec-
tively (the results for the real screws are the mean distances
and angles from all 11 scans). For non-symmetric parts [3]
could be used to measure the relative orientations between
parts.



Table 2. Euclidean distances (mm) between the 3D printed screws
fitted to the GTS point cloud.

1 2 3 4 5 6
I 0 61908 40.742 54496 71366 83.474
2 0 67.995 40.771 93.447 73.010
3 0 36.032 32428 48914
4 0 54.129  35.897
5 0 42.667
6 0

Table 3. Euclidean distances (mm) between the real screws fitted
to the GTS point cloud.

1 2 3 4 5 6
1 0 61391 40.731 54.292 71478 83.105
2 0 67.512 40434 93270 72.874
3 0 35.690 32479 48218
4 0 54.258 35.947
5 0 42.261
6 0

Table 4. Angle (°) between the axes of symmetry of the 3D printed
screws fitted to the GTS point cloud.

1 2 3 4 5 6
1 0 57.620 121.440 89.967 179.140 124.500
2 0 70.781  147.470 122.660 177.640
3 0 134200 58.368  106.860
4 0 89.711 34.571
5 0 55.200
6 0

Table 5. Angle (°) between the axes of symmetry of the real and
screws fitted to the GTS point cloud.

1 2 3 4 5 6
I 0 55393 119940 89.909 178.140 123.950
2 0 71.303  145.250 124.680 178.110
3 0 137.040  59.998  109.160
4 0 89.993  34.051
5 0 55.952
6 0

3.2. Results of BPVS measurements of the real and
3D printed screws

A similar procedure was used to scan the 3D printed false
bin bottom with the 3D printed M12 screws and the real
screws (note that the real screws were glued into position
for these measurements) using the BPVS (which is the SUT

in the experiments presented in this paper), and the results
are presented in Table 6, Table 7, Table 8, and Table 9, re-
spectively. Note that the BPVS consistently failed to obtain
a pose for screw number 1 for both the real and 3D printed
screws (which was likely due to the angle of incidence be-
tween the sensor and that screw), which means that only
five screws were evaluated.

Table 6. Euclidean distances (mm) between the 3D printed screws
scanned with the BPVS.

1 2 3 4 5 6
1 0 NaN NaN NaN NaN NaN
2 0 68.311 41287 93963 73.299
3 0 35.283 32426 48.187
4 0 53.907 35.882
5 0 42.353
6 0
Table 7. Euclidean distances (mm) between the real screws

scanned with the BPVS.

1 2 3 4 5 6
1 0 NaN NaN NaN NaN NaN
2 0 67.771 41.007 93.867 73.742
3 0 35.365 32.734 47.848
4 0 54.258 36.079
5 0 41.508
6 0

Table 8. Angle (°) between the axes of symmetry of the 3D printed
screws scanned with the BPVS.

1 2 3 4 5 6
1 0 NaN NaN NaN NaN NaN
2 0 70.688 146.761 122.754 179.023
3 0 136.001  59.379  108.920
4 0 90.478 34.040
5 0 56.464
6 0

3.3. Differences between the GTS and BPVS screw
poses.

The average errors and standard deviations in the distances
and angles obtained using the BPVS (compared to the
equivalent GTS measurements) for the 3D printed and the
real screws are shown in Table 10.



Table 9. Angle (°) between the axes of symmetry of the real and
screws scanned with the BPVS

1 2 3 4 5 6
1 0 NaN NaN NaN NaN NaN
2 0 71.357 146.391 125.117 177.230
3 0 137362 61.950 111.405
4 0 88.352 31.060
5 0 57.334
6 0

Table 10. Average error in inter-screw distances (mm) and angles
for the 3D printed and real screws as measured by the BPVS rela-
tive to the GTS.

Average Stdev.

3D Printed Screw - Distances (mm)  -0.039 0.464
3D Printed Screw - Angles (°) 0.705 0.969
Real Screw - Distances (mm) 0.124 0.499
Real Screw - Angles (°) 0.202 1.645

3.4. Differences between the CAD and BPVS screw
poses.

Similarly, the average errors and standard deviations in the
distances and angles obtained using the BPVS (compared to
the equivalent CAD poses of the screws) for the 3D printed
and the real screws are shown in Table 11.

Table 11. Average error in inter-screw distances (mm) and angles
for the 3D printed and real screws as measured by the BPVS rela-
tive to the CAD poses.

Average Stdev.
3D Printed Screw - Distances (mm) 0.046 0.143

3D Printed Screw - Angles (°) 0.084 0.695
Real Screw - Distances (mm) -0.025  0.450
Real Screw - Angles (°) 0.389 2.405

4. Discussion of Results

In Table 10 and Table 11, the average errors in both the
inter-screw distances and angles were either lower or sim-
ilar for the 3D printed screws vs. the real screws (with
the exception of the average error in the relative angle be-
tween the 3D printed screws measured with the BPVS and
the GTS). Additionally, the standard deviations of the errors
for the 3D printed screws were consistently lower than those
for the real screws. This is likely due to two factors: 1) the
fact that the 3D printed screws are printed directly onto the
white false bin bottom, and therefore they are closer to the

CAD model and they do not move; and 2) some of the real
screws may not sit in the same pose as what is intended in
the CAD model due to the design of the supports. Although
great effort was devoted to designing appropriate kinematic
supports for the real screws that constraint their positions in
space, for some screw orientations this was none trivial, and
better kinematic supports are needed.

5. Conclusions and Future Work

The agreement between the poses of the 3D printed screws
measured by the BPVS relative to the as-designed poses of
the screws from the CAD model indicates that, for this par-
ticular use case, the use of 3D printed screws for the devel-
opment of the BPPEA may be appropriate for a BPVS with
a certain expected performance.

The next step in this work is to print the BPPEA shown
in Figure 8, validate it using a GTS, and to test it with the
same BPVS used in the above experiments.

In addition, we plan to also create a version of the BP-
PEA with several real physical parts on the surface of the
pile of static 3D printed parts such that the real parts can
be repeatably placed in the same pose in the bin and can be
picked by a bin picking robot.

Finally, we then hope to develop other BPPEAs of dif-
ferent parts from the NIST Assembly Task Boards [8].
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