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Fig. 12. The test models are listed in order as follows: a helical gear arrangement, a worm gear drive arrangement, a piston mechanism, a cam
mechanism and a windmill model. (a) Input raw scans. (b) and (c) are the final segmented models after segmentation refinement under different

views. (d) Interaction graphs. (e) Parametric models. (f) Printed models.

neighboring faces is essential to the success of registration,
especially for gears and worms whose key features are
seriously contaminated by noise and self-occlusion. For
example, too many small patches on the gear teeth will
be generated with a small 3 for noisy scan data, which is
unstable and unreliable, while the large surfaces of coplanar
gears may be merged together with a large 3, which will
lead to incorrect labeling for such surfaces. As a result,
B needs a manual tuning depending on the mechanical
type. In our implementation, for the assemblies with gears,
we set § = 40° in the beginning of hierarchy to identify
large parts (e.g. bases) and set § = 30° for subsequent
small parts. When coplanar cases occur (see the windmill
model), we switch 3 to 20°. Secondly, the parameter A used
in the MRF formulation which enforces the pairwise data
smoothness, is set to be in range of [1.0,2.0] in the first
level of hierarchy and 0.5 in the subsequent levels. This is
because the fidelity of data matching will increase as the
hierarchy increases. Finally, the matching distance threshold
d. which determines whether two patches are considered to
be matched, is dependent on the noise level and sample rate,
and takes range from 2mm to 6mm in our examples.

User interaction and limitations. Our automatic motion-
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C Helical Gear Worm Gear Piston Cam Windmill
ase Arrangement  Drive Arrangement  Mechanism  Mechanism Model
Segmentation 1/4 1/3 3/8
D Type Helical Gear Worm Gear - - End Effector
esignation
TABLE 2

User interaction involved in each test case. The first row shows how
many parts out of all the parts need the manual correction of
segmentation. The second row shows which mechanical part type in
the assembly needs manual designation.

C Felical Gear Worm Gear Piston Cam Windmill
ase Ar Drive Ar Mechanism _ Mechani Model
40 /30 /30 /30 /
40 /30 /30 /30 40 /30 /30 /30 20 30 20 /40 /40
d (mm) 3 1 [3 2 1
(Level 1) 2.0 20 70 20 1

TABLE 3
Parameters used for each test case.

based segmentation algorithm could fail in two cases. The
first case is that the motion of some parts cannot be detected
with geometry if the motion is very slight (e.g. the end ef-
fector of the planetary gear model in Figure 15) or the shape
always looks ”static” under motion (e.g., the “static” rods of
the windmill model in Figure 12, and the outer contour of
the cam in Figure 4). Though our automatic inference with
the interaction graph could recover those “static” rods that
are ignored in the segmentation stage, it could fail if the
ignored parts are the end nodes of the graph. The second
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case is that some parts are severely incomplete, causing a
large number of patches cannot find correspondences. The
MRF-based labeling could fail. In these cases, users are
allowed to simply drag a rectangle to alter the labels of
patches inside the rectangle. Another manual intervention
happens in the step of determining part types. In our
automatic pipeline, the part type is determined as the type
of the best matched template. Such strategy works well
for distinguishing parts of different main types, like gears,
cranks, cams and driving parts, but might fail to distinguish
sub-types, like a helical gear or a worm gear. Hence we
allow users to manually designate the specific semantic type
if needed. The manual intervention for each example is
listed in Table 2. Finally, our system currently only supports
limited kinds of popular functional mechanical assemblies.
More functional mechanic assemblies such as levers are to
be added in the future.

(a) (b) (c)

Fig. 15. Automatical segmentation fails for mechanical part whose am-
plitude of movement is very small. (a) Two different motion states of
the end effector in a 2K-H planetary gear train model, whose variation
can be hardly observed even by human eyes. (b) The original incorrect
labeling result by our algorithm. (c) The labeling result with the help of
user interaction.

6 CONCLUSION

In this paper, we introduced an algorithm for recovering
functional mechanical assemblies from multiple raw scans.
Our algorithm builds upon a simultaneous hierarchical reg-
istration and segmentation paradigm to separate functional
mechanical parts under motions. To estimate the function-
ality, our system leverages an estimated interaction graph
followed by a multi-stage parametric optimization process
to faithfully reconstruct the underlying functional geometry.

To the best of our knowledge, leveraging functionality
as the key ingredient for 3D reconstruction from raw scans
has never been exploited in the literature. Our approach
takes the first step towards the recovery of 3D functional
and printable mechanical objects. A natural extension of
this work is to handle other types of inputs such as depth
images captured from less-accurate scanners (e.g., Microsoft
Kinect) or scans of other types of objects or even from
photographs. The next question to ask is whether we are
able to alleviate the dependency on the parametric models
used in our system in order to faithfully recover the original
geometry while guaranteeing its functionality. Finally, the
reconstructed models, being partially parameterized, are
further adaptable to applications such as manipulation or
redesign.
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APPENDIX

There are seven typical mechanical parts involved in our
system now. They are spur gear, helical gear, worm gear,
worm, crank, slider and cam. Since each mechanical part
has its own feature and parameters, their parametric model
initialization differs with each other. It’s too long to cover
all of this process in the paper, so we explain the details
in this document instead. For each mechanical part, its
parameters are first estimated from the geometry and then
locally optimized to approximate the geometry as much as
possible.

We first introduce important parameters that are related
to the geometry for each mechanical part and then explain
how to obtain these parameters from geometry. Note that all
the gears in our system are parameterized as involute gears
for simplicity.

Spur Gear

The spur gear is the simplest type of gear. Parameters of
spur gear that matter are module m, tooth number Z,
addendum ha, dedendum hb, circular tooth thickness ¢, face
width w, fillet radius fr and pitch diameter d, (diameter of
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Fig. 16. Nomenclature illustration for spur gear and helical gear. (a) A
spur gear. (b) The side view of a helical gear.

pitch circle). The illustration of these parameters and some
other terminologies that mentioned in the paper such as
whole depth h, outside diameter d,, (diameter of addendum
circle), root diameter d,. (diameter of dedendum circle), and
center distance d. can be found in Figure 16(a), Figure 17.
Please refer to [33] [34] for more specific explanation of these
terminologies and related calculations. The calculations for
spur gears are used as the basis for the calculations for other
types of gears:

dp =do —2ha =d, +2hb=m* Z,

h = ha + hb,

fr=20.3m, &)
poo_m

maxr — 27_[_'

To generate the parametric model of a gear, the necessary
parameters are pitch diameter, tooth number, addendum, d-
edendum, tooth thickness, face width and pressure angle. To
simplify the problem, we use a constant pressure angle 20°.
The initial tooth thickness ¢ is set as t := (timaz + tmin)/2,
where t,,,4- and t,,,;, are the maximum and minimum valid
tooth thickness for a gear of module m. t,,,, is calculated
with the formula in Equation 9. ¢,y is the tooth thickness
when top land of the gear tooth becomes a line.

Observing that the addendum, dedendum, fillet radius
and tooth thickness can be calculated from the module,
and the pitch diameter can be calculated from the module
and tooth number, the only required parameters are the
module and tooth number. Since we are not able to estimate
the module directly from geometry, we use the outside
diameter, root diameter and tooth number to obtain an
approximate module using the following equations:

h=(dy,—d,)*0.5,
ha = h/2.25,
hb = h — ha,
m = (d, + 2hb)/Z,

(10)

where the outside diameter, root diameter and tooth number
are estimated from geometry with the following method.
We project the gear onto its axial plane (a plane that
is perpendicular to the axis). Note that the initial gear
axis is calculated from the transformation matrix obtained
in registration process. The contour gear is first extracted
and then denoised with dilation and erosion operations
(see Figure 7). To estimate the outside diameter and root
diameter from the denoised gear contour, we detect points
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on the top land and bottom land separately. The outside
diameter is twice of the average distance from points on top
land to the gear center and the root diameter is twice of the
average distance from points on the bottom land to the gear
center.

To get an accurate tooth number, we first guess several
approximate tooth numbers:

Z1 =do/(do —d,) % 4.5 =2,
Zy =do/(do — d,)*3.6 — 1.6,
Z3 = 7/ arcsin(d/d,),

where Z; and Z; are the potential tooth numbers for the
gear of standard teeth and the gear of stub teeth respec-
tively, while Z3 is calculated with the estimated distance d
between adjacent teeth. d is obtained by first clustering the
points on the top land and bottom land separately and then
calculating the mean value of the average distance between
the point clusters.

Then for each Z;, we estimate the angle 6; between two
teeth as 360/Z;. We further refine 0; so as to obtain the
refined tooth number Z;. For the refinement of §;, we rotate
the gear with §; about its rotation axis, and then perform an
ICP registration to get the actual rotation angle ¢,. For the
sake of robustness, we perform the above process multiple
times until the total rotation angle 6, is around 360°. In this
way, Z; is computed as 6,/6,. At last we choose the Z;
which gives the best matching during the rotation as the
final tooth number. With this strategy, we get correct tooth
numbers in all our experimental cases.

After the initial parametric model is guessed, we then
optimize the outside diameter, root diameter, tooth thick-
ness, face width, rotation angle and center of the parametric
gear to approximate the geometry of gear segment as much
as possible, with a gradient decent algorithm. To accelerate
the convergence, the optimization is first done in 2D space
and then in 3D space.

Helical Gear

Helical gear is a cylindrical gear whose tooth flanks are
helicoid (see Figure 16(b)). The tooth profile of the helical
gear is an involute curve in the plane perpendicular to the
axis which is based on a normal system. Helix angle is what
differs helical gears from spur gears.

To extract the gear parameters, we can not project the
entire helical gear directly onto a 2D plane due to the
existence of the helix angle. Instead, we only make use of
one face (front or back) of the helical gear. The parameters
are estimated in the following manner: we first divide all
patches into two sets .S, and S; (patches whose normals
are almost parallel to the axis and whose are not, the angle
threshold is 7/12 in our implementation). Patches in S, can
be further clustered into two sets Sp; and Sy on different
sides. The patch set Sp; (i = 1 or i = 2) with larger total
area is selected to estimate the parameters. The parameter
estimation process is the same as that for spur gear. Then we
cluster the angles between patches in S; and the gear axis
using a histogram whose bin width is 5°. The initial helix
angle is ¢ := m/2 — a, where « is the average angle in the
largest cluster.

Outside Diameter
L Throat Diameter
Pitch Diameter P.D. P.D.

e =AMt

€iq 1008
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Fig. 17. lllustration of the nomenclature for worm and worm gear. (a)
Two mating worm gear and worm. (b) Worm.

Worm Gear

Worm gear is also a variation of spur gear but is more
complex than helical gear (see Figure 17(a)). The estimation
of the outside diameter, root diameter and tooth number is
similar to helical gear. Note that the actual working depth
diameter is measured in the middle of the gear rather than
the front side or back side, which is different from the helical
gear or normal spur gear. Again the rough guess will then
be optimized based on the geometry.

Worm

An worm example is shown in Figure 17(b). The estimation
of the outside diameter and the root diameter is similar to
that of gear. All points of the worm segment are clustered
by their distance to the worm axis which is similar to the
gears. The outside diameter is twice of the average distance
from the furthest cluster to the axis and the root diameter
is twice of the average distance from the closest cluster to
the axis. Then the addendum and dedendum are calculated
with Equation 10. The pitch diameter is calculated with
Equation 9.

Slider/Connecting Rod

Parameters for a slider include an anchor point, an axis, a
NURBS curve which figures the outer contour, and the face
width w.

The thickness ? is initially set as the shortest edge length
of the oriented bounding box (OBB) of the slider/crank
segment, which will be optimized locally later. The NURBS
curve is obtained as following: we first project the segment
onto a 2D plane perpendicular to the shortest axis and
extract the contour for slider/crank, and then fit a closed
NURBS curve for the contour [35]. After that, a 2D mesh is
generated with the method presented by [36] and then we
extrude the surface to a volume with thickness t.

Crank

Parameters for a crank include a rotation center, a ro-
tation axis, a radius, a NURBS curve which figures the
outer contour and the thickness ¢ (see Figure 18(a)). Shape
parametrization for the crank is the same as the slider.
Figure 18(a) shows two configurations of the piston
mechanism. The zy plane is perpendicular to the crank axis.
Axis y is parallel to the moving direction of piston. O; and
Af are computed from the transformation matrix of crank
while Ah is computed from the transformation matrix of
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Fig. 18. Nomenclature illustration for piston mechanism and cam mech-
anism. (a) A piston mechanism (left) and two configurations of the piston
mechanism (right). (b) A grooved cam mechanism.

piston. We assume that O» and O3 are located in the medial
axis n,, of the connecting rod. Then O3 can be decided by
0 and O3 can be decided by h. If 6 is decided, r can be
computed and h can be solved according to the following
equations:

O3 = (rcosf,rsin),

0 = (rcos(6 + Af), rsin(6 + A9),
O3 =03 + hxn,,,

0O} = 03 + (0, Ah),

|05 — 05| = h.

The initial 6 is set as the angle between the medial axis of
crank and axis x. We will further optimize 6 with a gradient
decent method.

Cam

A cam mechanism usually consists of four moving elements,
a driver, a cam, a follower (a roller in our system) and a
follower system (a slider in our system) (see Figure 18(b)).
There are many different types of cam shape. The cam in
our system is a grooved cam with an inner profile and an
outer profile, which is more complex than plate cams or disk
cams.

The cam thickness ¢ is initially set as the shortest edge
length of the OBB of the cam segment. The depth of the
groove is initially set as half of the cam thickness, which
will be locally optimized later. Then we detect front face
and back face of the cam by first collecting patches that
are almost perpendicular to the cam axis whose distance
to the cam center are larger than a threshold e (0.4t in
our implementation) and then dividing them into two sets
with opposite normal directions. Patches on these two sets
are projected onto the plane perpendicular to the cam axis
separately and we will get three contours for the front face
and two for the back. Since the inner profile of the cam is
a circle, center O, radius 7 and groove width w can be
decided by fitting two concentric circles for the two small
contours of the front face. We get the outer profile by fitting
a circle for the largest contour of the front face.

Because of self-occlusion, the roller is missing, which
results in the failure in motion propagation. The roller is
automatically inferred in our system (see Figure 13). Roller
radius is set as 2 := w/2 where w is the groove width of the
cam. Slider center O3 is computed from the transformation
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