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Abstract— The “blade”, a three-parameter primitive for part
feeding, and a complete (quasi-static) algorithm for its design
(which runs in O(n°®) time) were introduced in [10]. Here,
we present our implementation of the geometric blade design
algorithm, a reconfigurable modular blade hardware design,
and physical experiments: we report experiments with 14 blade
configurations and 3 test parts. We then present an improved
blade design algorithm which takes into account the part
behaviors that are observed in the physical experiments, yet
that are not considered by the quasi-static algorithm.

|. INTRODUCTION

A part feedertakes in a stream of identical parts in arbi-
trary orientations and outputs them in a single orientation
The oldest and still most common approach to automatet. 1. Reconfigurable modular hardware implementation of taele

feeding is the vibratory bowl feeder. It consists of a bowldevice, mounted on a vibratory device. Three parts are orralk,tmoving
from left to right, of which the rightmost is output. The “kriam” wiper

which is partially filled with (identical) parts, ar_‘d a th.IC (section 1V) is the triangular shape attached to the sidehefright-most
metal track that starts at the bottom and winds its wagnd of the track.

up along the bowl [5]. The bowl and track undergo an
asymmetric helical vibration that causes the parts to mov®echanisms has been focused at the design of traps, which
up the track, where they encounter a sequence of mechanig#g devices constructed by removing sections of the trggk [1
devices. Most of these devices are filters that serve totrejd8], [11]. A common characteristic of the existing solution
(force back to the bottom of the bowl) parts in all orientagio is that the resulting designs only apply to 2D parts.
except for the desired one. A stream of oriented parts In[10], a new class of geometric primitives was introduced
emerges at the top after successfully running the gauntl¢hat can feed a broad class of 3D parts by reorienting and
A device or sequence of devices is saidféeda part if it rejecting all but a desired orientation. The design of ttese
allows only one specific orientation of the part to pass. calledbladesis inspired by similar devices used in existing
For the manufacturing of feeders, engineers still relypowl feeder systems. In addition, an algorithm to automate
mostly on skill, experience, and ad-hoc guidelines. Culyen blade design was developed, which we will refer to as the
the largest cost factor of bowl feeder production is theuasi-static (design) algorithpit is based on a quasi-static
design of the custom mechanisms tailored to feed a specifiart motion model. This algorithm runs (n%) time and is
part. The expenses and time associated with the design afmpletei.e., it identifies the set of all existing valid blade
part feeders remains a barrier to flexible automation. In designs. We denote this set By,
typical scenario, the feeder bowl takes up to 200 hours |n this paper, we present a series of new developments
to manufacture; 95 % of this time is spent designing then blade design. We discuss a software implementation of
bowl [11]. It is evident that automation of the design pracesthe blade design algorithm as well as a modular hardware
would greatly reduce the production cost and time. implementation of the blade device (Fig. 1). Employing
To aid in the design of bow! feeder layouts, researcheisoth hard- and software, we conduct physical experiments
have used simulation [2], [13], [15], [17], [18], heuristic based on design reports generated by the design software
[14], and genetic algorithms [7]. Geometric analysis toolaind we report our findings. In these experiments, we
have been developed that help designers visualize the cabserve discrepancies between the part-blade interaction
figuration space of a given combination of part and bowhs predicted by the quasi-static algorithm and as observed
layout [6]. Research to single reorientation and rejectioh the physical experiments; we refer to these as the
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static design algorithm and is written in Mathematica. I#A. Basics

takes 3D polyhedral surface model and center of mass

position as input—these can be generated with standardA blade is a metal plate attached to the feeder wall. This
CAD-software—and outputS,,. In addition, we present and plate is parallel to the track and consists of a triangular an
implement heuristics to extract a number of blade designs rectangular shaped segment. A blade is characterized by
to represent the continuous set of blade desifps The three parameters: the blade angte expressing the slope of
presented heuristics aim to report the designs that aré leése triangular segment; the blade height, specifying the
sensitive to tolerances in part motion and shape. We refdistance between track floor and blade; and the blade width,
to these heuristics aelection heuristicand to the software 1w, describing the width of rectangular shaped segment.
output as thelesign report Hence, a blade can be denoted By, h, w).

Furthermore, we present a reconfigurable modtkd- Intuitively, the blade operates as follows. A part moves up
ware implementatiorof the blade device that allows us t0ne track toward the blade in an arbitrary stable pose. As s00
evaluate the design reports and further study the bladeelevi 45 jt reaches the blade, the part starts moving along the edge
To this end, we have conducted experiments with three parts. the triangular segment and at some point breaks contact
In order to acquire design reports for these physical partg;th the track wall. Simultaneously, the part changes its
we apply CAD-software to subsequently construct detailegientation as it moves from its stable pose against the trac
3D models and compute their centers of mass and polyhed{g4|| to a stable pose against the blade edge. The specific
approximations; finally, the latter two are input to the desi egrientation of the part depends on both the blade height an
software to generate the reports. blade angle. From there, the part moves onto the rectangular

We report results on experiments with 14 blade configsegment, at which the rejection of parts takes place. The
urations, which serve as a first exploration of the practirejection depends on the blade width, as the blade width
cal application of the blade. A|th0Ugh the afOl'ementiOﬂeaictates whether center of magsis Supported by the track
heuristics already introduce a certain measure of ingeitgit floor. Now, to realize that the blade feed® we select a
to the observed discrepancies, these experiments subgeést {vidth such that all but one part orientation is rejected. The
these discrepancies must be (explicitly) taken into acttun role of the reorientation phase is to manipulate the stable
immediately produce practical blade designs. We discuess thrack poses so that such a blade width exists.
effect of the observed discrepancies on the distinct phafses In the following we discuss assumptions and modeling as-

the part-blade interaction. ) ) pects; these apply to both the (implemented) quasi-static a
Lastly, we present the augmented algorithm, which cafymented algorithm. We consider rigid three-dimensional
be outlined as follows. We start by executing a first phasg,yhedral parts of a single type, all of which are assumed
of thg quaS|Ts.tat|c allgorlthrr}, resulting in an mtermaehatto be identical. As in the earlier works on mechanisms for
solution. Intuitively, this solution serves as a skeletwhijch vibratory feeders, we assume these parts move along a flat
we then “pad” with a layer of uncertainty introduced byyac without interfering with each other. We also assunee th
the observed discrepancies. The amount of padding, whiglygition of the center of mass to be known, as it dictates
varies _and is tailored to each _element of the skeleton, {Re stability of the part. While moving up the track, a part
approximated by external physics software—we treat thiggis on the track in a stable pose: the part rests on the track

software as a black box. Finally, the second and last phaseqf, anq against the track wall, where both contacts support
the quasi-static algorithm executes. In short, the augeeent; The stable floor contact is the result of gravity, while a

algorithm extends the outpit,; of the quasi-static algorithm  gjignt tilt of the feeder track assures a stable wall contact
by incorporating the effect of the observed discrepancies Ginaly, the part is rejected, i.e. falls of the track, whes i

the fgeding behavior of.the blade. ) center of mass is no longer supported by the track floor. The
This paper is organized as follows. In section Il, W&gagjys of the helical track is assumed to be large compared to

revisit the blade definition and modeling as presented if [10ihe dimensions of the part, thus allowing us to approximate
In section Ill, we present a discussion of our softwargne section of the track as linear.

implementation, details on the quasi-static design dlgari . : : . .
and the selection heuristics. In section IV, we describe the Additionally, for the quasi-static algorithm, the part rioot

. . . . IS assumed to be quasi-static and the friction between part
hardware implementation and address physical experiments .

. . ; .and blade is assumed to be zero. In general, these last

In section V, we further discuss the observed discrepancies . : . ;

. ; assumptions will be selectively relaxed in the augmented

and describe the augmented algorithm. We conclude g]

section VI with a brief summary, several remarks and pointts
of future work. Y

gorithm; the level of relaxation will depend both on the
pe of employed physics software and on the eventual
implementation of the augmented algorithm.

Finally, the quasi-static algorithm automates the design o
blades and is complete, i.e. it identifies all existing valid
This section aims to establish an understanding of th@lade designs. As input it receives a polyhedral garand
blade concept as presented in previous work. For illusimati center of mas<”. The algorithm outputs the séi,; of all

and a more detailed explanation, we refer to [10]. valid blade designs that feef.

Il. MODELING THE BLADE



B. Track Poses The reorientation of?/ for a fixedh = H effectively is

While moving up the track, the part settles in a stabléhe planar reprientation at’ (H), and viga versa. The choice
pose, thus discretizing its set of possible orientations. A ¢ determines how the blade reorients polygBH(H)
stable track placement consists of a stable contact Wi{ﬁom its known initial onen?atlon to a stable blade pose [4]
(track) floor and with the (track) wall. Let us de}note the alloweg-interval as[¢;, ¢,,]. The convex

A stablefloor contactis a placement in which the part restshu" of P/(H) features a set of stable edges that correspond

i i f—
on the floor with a convex hull face that suppoftsObserve toa Sﬁt ofdstable roll on;entaktjllons.”L@th N {folhé ; ’ﬁe’“}:rge
that such a contact discretizes two of the three degrees tB'P ordered sequence o _sta ero orlentat_lo & )- The
rotational freedom. We denof in a given floor contact by general idea of the reorientation mech_amsm is as follows.
P’ wheref specifies the stable convex hull face on whieh The blades ak = H can be grouped inio sets of blades

. o i i . f i
rests. The blade interaction is assumed not to change the flégat reone(;]tP (H) t.o the sarrt:ez € ?h’ e?zch of wh(;c_h
contact of P; we will revisit this assumption in section V on corresponds to continuous subsets{af, v.]. xpressed in
physical experiments terms of track and blade poses, we summarize this concept:

The second aspect of a stable pose, the stablecontact for a given P/, the b}lcades ah can bef grouped into sets
is ensured by the earlier mentioned track tilt. This conta&f blades that mapDe' to the sar.neP , where each set
discretizes the remaining degree of freedom, rileorien- corresponds to a continuous sub-intervalgf, ..
tation, which is the rotation about the axis perpendicular tg. part Rejection
the track floor. LetPi be the orthogonal projection d?’
on the floor. A stable wall contact faP/ corresponds to a
roll orientation in whichPf rests with a stable edge against
the track wall. Combing this with the above, we denote
(stable) track pose aB/, wheree specifies the stable edge
of P{. There existO(n?) track poses .

At this point, the blade has reoriented track pé¥einto a
blade poseDgf which then arrives at the rectangular segment
f the blade. Recall thaP; is rejected when the floor does

not support the center of masng‘; the occurrence of such
an event depends on the blade width. To capture this notion,
we introduce theritical blade width which is the maximum

C. Blade Poses blade width thatng survives. We denote the critical width

for a giveny andh by w,.
Let us start with two notes on the modeling of the blade ¢ v yw

itself. Firstly, we model the blade as a planar surface which [1l. DESIGN ALGORITHM & | MPLEMENTATION
is parallel to the track and defined by the earlier introduced |14 first subsection briefly reviews technical aspects of

parameters. Let us refer to the plane in which the blade ligfg gofrware implementation of the quasi-static algorithm
as theblade plane Secondly, the blade heiglit selects a g hqection 111-B, we present an overview of the quasi-stati

cross-section o/ with which P/ rests against the blade. 5qithm itself [10], to which illustrations generated the

This cross-section is the polygonal intersection/of and design software are added. In subsection I1I-C, we further
the blade plane, Wh'Chf\Ne _denote BY(h). The '0‘?6‘“9” of examine S,,—the set of valid blade designs generated by
the center of mass aP/(h) is the orthogonal projection of yhe gesign software—to develop insight into its structure.

¢ onto.the blade plane. _In the last subsection, we present the selection heuristics
Sharing the concept of floor contact, the blade pose diffeggact the design report froifi,s.

from the track pose in that the stable wall contact is remlace
by a stable blade contact. Given a blade at helgta stable A. Software Implementation

blade contact corresponds to a roll orientation in which the \yie have developed blade design software in Mathematica
convex hull of P/(h) rests with a stable edge against thenat implements the complete quasi-static design algurith
blade. Let us denote a blade poseRjs whered specifies The design software takes a 3D polyhedral surface model
roll orientation with respect to a fixed world frame. (AutoCAD DXF’ or ‘STL format) and C' as input, both
of which can be generated using standard CAD-software.
Given this input, the software computés,. In addition, we

We start off with a general notion. A core concept is thahave implemented the selection heuristics, so as to enable t
we model reorientation and the subsequent rejection fdr eadesign software to construct a design report based gn
individual track poseP/; i.e., for eachP/, we model the For ‘part A—the running example in this paper—and
effect of the blade parametegs 1 andw. The resulting set two other test parts, we constructed detailed 3D models and
of models enables us to quickly determine the effect of angalculated their center of mass and polyhedral represengat
given B = B(y, h,w) on all track poses. with CAD-software (Fig. 2). The polyhedral model of part A

With this concept in mind, we discuss how the triangulaconsists of approximately 250 polygons, which we believe to
segment of the blade, defined kyand &, rotates a given be a sufficiently accurate approximation of the real pare Th
track poseP/ to a blade posé’ef. Recall that this reorien- design reports of these three parts are available on-lihe [9
tation process only affects the roll orientation Bf. In the On a system with a AMD Athlon 3000+ CPU, 1.5GB
following discussion, we respectively address the roléhof RAM and Windows XP as operating system, the design
and . software generateS,; for this model of part A in about half

D. Part Reorientation
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Fig. 2. From left to right: photo of part A, its CAD-model andlyloedral (a) ' (b)
approximation.

Fig. 3. Slices of (a) the critical surface and (b) first levéhva highlighted

inute. H ffort has b de t timize t cross-section ab = H. In (a) ath = H, there exist fourp-ranges, each
a minute. However, no efort has been made to optimize which reorients the track pose to a different blade posegb), the

design software; we estimate that an optimized implementaross-section ab = H intersects four distinct (differently marked) cells.

tion would be able to generate a solution in a few seconds. N _
arrangement of critical surfaces. Recall that we want tectej

B. Design algorithm all but one track pose. In terms of our model, this objective
I_translates to computing the set of points in the blade space

B), the design algorithm generatss, in two phases: firstly, that are below QII but one critical surfaces. Such a set is
it models the effect of the three blade parameters on eabffered to as thérst level[8] of an arrangement of (critical)
track poseP/, resulting in set of separate models; secondlfu_rfaces’ and in our case forms thalid solution setSy,
it combines this set of models in one structure and extracis'd- 40)-
S¢s. The three-dimensional space in which both phases ta%e First Level
place is spanned by the blade parameters: heighilade :
angley and widthw; i.e., each point in this space describes We further examine the critical surface, critical arrange-
a unique blade. We refer to this space aslilsle space ment and first level, and discuss several of their properties
In the first of the aforementioned phases, thedeling A critical surface is comprised of a set of surface patches
phase we forge the concepts from the previous section into ehich subdivide the blade space in a number of 3D cells;
function in blade space. Such a function describes the impagach cell consists blade designs of eqgiggding behaviar
of the blade parameters on the manipulation of a track podeet us consider a cross-section of the critical surface of a
Let us consider an arbitrary track poBg. Firstly, the choice given track poseP/ at h = H, as depicted in Fig. 3a.
of » andh determines the reorientation 6f to some blade This 2D space contains a number of cross-sections of the
posePaf (section 1I-D). Secondly, once we hafg‘, we can aforementioned surface patches, which form horizonta lin
calculate the corresponding critical blade width (secfilen segments. Furthermore, let us consider segreintFig. 3a.
E). Concatenating these two steps, we can conclude that ther all B(p, H) with ¢ € [p., ] reorient P/ to one
choice ofyp andh directly determines the critical blade width specific blade poseP/, where[¢,, 3] is the blade angle
that P/ can survive. interval occupied by, (subsection 1I-D). Also/, splits the
We capture the above relation in a function that maps w-range in two at critical widthw,; for all ¢ in [¢q., ©s),
and h to the corresponding critical blade width.. This blade designsB(¢, H,w) with w > w, and w < w,
function defines a surface in the blade space, which wespectively feed and rejeé}/ (subsection II-E). Intuitively,
refer to as thecritical surface (Fig. 4a). We note that the [, thus defines a pair of rectangular 2D subspafgsand
blade widthw is specified as the distance between the outd?,, each of which specifies a set of blade designs of equal
edges of the rectangular blade segment and the track flofegding behavior Generalizing this idea over all surface
a negativew value specifies a blade width that is larger thamatch cross-sections and dl| the critical surface defines
the width of the track floor. In conclusion, the critical apé a discrete set of 3D cells, each of which consists of blade
has the following property: any point below the surfacealesigns of equal feeding behavior.
corresponds to a blade rejectidgf, while any point above  With each critical surface subdividing the blade space into
the surface corresponds to a blade tRdt survives. cells, the arrangement of critical surfaces also subdsvtte
Let us summarize the modeling phase. Each critical sublade space: an arrangement cell is defined as the blade space
face corresponds tonespecific track pose and describes thehat intersects exactly one cell of each of thén?) critical
impact of all possible blade parameterizations on thisifipec surfaces. Consequently, each arrangement cell specifets a s
track pose. There exig?(n?) track poses, so the blade spaceof blade designs of equal feeding behavior for any and all
containsO(n?) critical surfaces at the end of the modelingtrack poses. We say that an arrangement cell satisfies the
phase. These critical surfaces form an arrangement [8] t#eding property when the comprising blade designs feed
surfaces in the blade space (Fig. 4b) that allows us to iiyentithe part.
for any given blade which track poses will survive. With the above in mind, the first level consists of the set of
We continue with the second phase of the quasi-statarrangement cells that satisfy the feeding property (Hj. 3
algorithm, the extraction phase which operates on the In summary, the first levelS,s consists of a number of

After the identification of the track poses (subsection |
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Fig. 4. Polygonal approximations of computed structures enlitade space ¢ -axis specifiesp) for part A, generated by the design software: (a) an
example of a critical surface, including its planar projesti(b) the arrangement of critical surfaces, (c) the firséllewhich definesS

three-dimensional cells, each of which is comprised of dlad Lastly, our quality heuristic discards the blade desigas th

designs with equal feeding behavior. do not satisfy a minimum degree of insensitivity. For our
three test cases, we discard the blade designs with less than
D. Selection Heuristics & Design Report 0.015 inch, 0.015 inch or 1° distance to the cell boundary

. , . i L ] in the width, height and angle dimensions, respectively.
In this section, we discuss the selection heuristics and the ¢ an advanced note on observed discrepancies, we found
application to create a design report represenSingvhich — qyring experiments that certain quasi-statically stasek
can be eitherS,, or Sg,. Important to note is that their yoseg are practically unstable. In order to generate amesig
application is a post-processing step that executes dféer tenort ysable for our physical experiments, such track pose
(quasi-static or augmented) design algorithm; the rewylti shoyig not be considered by the quasi-static design algo-
set of blades is no longer complete. We can generallyihm: we marked a track pose practically unstable if it was

distinguish three categories of selection heuristicslfirs ot aple to travel the feeder track (without blade module) at
subdivision heuristicsubdivide S into a finite number of least once out of three test runs.

subsets, each of which is to be represented with one blade
design; secondlytepresentation heuristicdetermine which IV. PHYSICAL EXPERIMENTS

blade design is to represent a given subset; and thirdly, In this section, we discuss the hardware implementation of
quality heuristicsspecify which of the chosen blade designghe blade, illustrate the experimental test cases and mirese
are of sufficient quality to be reported. resulting observations and conclusions.
. We Zje_mark tha;]t the.rializat]iconhof tht()ase heugistitl:sdwill. Varh - Reconfigurable Modular Hardware

epending on the WISRes o .t e Vi r"?“or.y OWL OESIgNET. e model 5300A.1 (T-18 — Automation Devices, Inc)
In our implementation, our first priority is the accurate

representation of distinct feeding behaviors expresse}; in vibratory inline-feeder, about 13 inches in length, presd

our second priofity is to report the blade designs that art(r;e driving force at 120 Hz. A metal track floor is mounted

o . . on the T-18, on which in turn a track wall is mounted. For
least sensitive to tolerances in part motion and shape. . N
We apply a straightforward subdivision heuristic: each cefhe attachment of the wall, we used a ‘rail system™ that
> apply 9 ' consists of three parallel narrow slots onto which the wall
of S is represented by one blade—recall that each cel of

. sed of blade desi ¢ | feeding behavi is bolted. Similarly, the track wall contains rails onto whi
S CO”_‘P”S"" 9 ade gesigns of equal lee |n_g € av_lor. the blade is attached (Fig. 5). These two rail systems enable
Intuitively, given a cell ofS, our representation heuristic

. ) . us to adjustw and h, respectively, in a continuous manner.
aims to select the blade design for which the number c_;lthe blade angles can be stepwise adjusted by mounting

neighboring blade designs of equal feeding behavior igierent plade modules onto the track wall; modules with a
maximized in all three dimensions. In general, this concefiade angle oR0°, 27°, 33°, 37°, 49°, 60° and 70° were

is realized by selecting the center of an inscribed shapg,ye As a practical addition, we note the “knocker” wiper
of _each C_G}”_' Thg type (e.g. a box or ellipsoid) and aspeed the side of the track (Fig. 1); this ensures that rejected
ratio of this inscribed shape should reflect the depends;nmﬁarts hanging off the side of the track are forced off. Lastly

between and relative importance of h andw with respect o yack tilt that ensures the stable wall and blade contact
to insensitivity to motion tolerances. These dependenciegs part poses i$°

and relative importances are, however, a subject of future _

(experimental) study. For our test parts, we implement th@. Experiments

representation heuristic by taking the center of each cell Employing this hardware setup, we have conducted an
with respect toh, and subsequently taking the center of thenitial series of physical experiments to gain a better un-
resulting 2D cell cross-section with respectgdcand w. derstanding of the effectiveness of the quasi-static desig



TABLE | TABLE I

EXPERIMENTAL RESULTS PARTA EXPERIMENTAL RESULTS PARTB (LEFT) AND PART C (RIGHT)
Exp. #| 1 2 3 4 5 6 7 8 9 Exp. # | 10 11 Exp. #| 12 13 14
p(deg)| 20 27 33 37 49 60 27 27 27 o (deg.) | 20 20 © (deg.) | 20 20 20
h(in.) | 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 0.54 h (in.) | 0.42 0.20 h(n) | 0.30 0.32 0.15
w (in.) | 0.00 0.00 0.00 0.00 0.00 0.00 —0.28 —0.07 0.10 w(in.) | 0.27  0.25 w (in) | 0.20 0.20 0.20
Des. #| 2 2 2 2 1 3 2 2 2 Des. #| 6 4 Des. #| 4 4 2
4.1 (%) 13 40 53 53 66 0 0 33 0 1.4 (%) 33 0 1.2(%) | 100 100 0
42(%) | 100 100 93 93 00 0 66 100 1.5 (%) 33 0 1.3(%) | 100 100 0
4.3(%) | 100 100 100 100 100 O 0 100 100 6.1(%) | 100 100 5.4(%) | 100 0 100
4.4(%) | 100 100 100 100 66 O 0 100 100 6.2 (%) | 100 33
6.3(%) | 100 33
Runs| 15 15 15 15 3 3 6 3 3 6.4 (%) | 100 0
Feeds| Yes Yes Yes Yes YesNo No Yes Yes
Runs | 3 3 Runs | 3 3 3
Feeds | No Yes Feeds | No Yes Yes

report on the observed discrepancies.

V. AUGMENTED DESIGNALGORITHM

Let us first discuss the concept behind the augmented
design algorithm. We recall that the quasi-static algamith
consists of two consecutive phases: firstly, the modeling
Fig. 5. Photos of four blade modules with different blade asdlleft), phase, which constructs the Cntlca_l surfaces, each P_fm’h'c
and a view of the hardware at the “backside” of the track veilbwing the ~ captures the effect of all blade designs for one specifidktrac
two rail systems for continuous adjustment of the blade widtth beight.  pose; and secondly, the extraction phase, which extracts

Sqs from the resulting arrangement of critical surfaces.
algorithm. In Tables | and Il, we present a selection oBetween these phases, we insert a new phase that we refer
the results of these experiments, which are conducted wit§ as theaugmenting phaselntuitively, taking the set of
three test parts: part A (Fig. 4), part C (Fig. 6a) and part Britical surfaces as input, this intermediate phase “padsh
(Fig. 6b). For lack of space, we refer to the on-line desig@ritical surface with a layer of uncertainty. Afterwardese
reports [9] to gain insight into the intended operation & th padded critical surfaces are given to the extraction phase
evaluated blade designs. Lastly, important to note is th@hat subsequently extractS,; this process is similar to
although often the blade settings of the hardware and thge extraction ofS,s. We note that after the augmented
design report do not exactly match, they do feature the samagjorithm, the selection heuristics can again be applied to
feeding behavior (subsection 11I-C). generate a design report.

We consider the presentation of the data in Tables | and We assume to able to query external physics software—
Il. Each column describes an experiment with one physicahis will typically be a physics simulation package—in order
blade setup. The applied hardware settings are specifiedtinassess the amount of padding added to the critical sstface
the ‘¢’ (in degrees), 1’ (in inches) and &’ (in inches) Development of a concrete approach for this approximation
rows; the ‘Des(ign) # row gives the sequence number gbrocess is a subject of future research.
corresponding blade design in the on-line design report. Fo As noted before, the sét;, is in essence the result of the
each experiment, the percentage of runs for which a tragomplete quasi-static algorithm, augmented by incorfrugat
posea.b is fed is specified in the rows below; the track poseghe approximate effect of the observed discrepanciesriglea
that are rejected for all runs are not listed. Bold marking ofhe solution sef,, will in general (partially) differ fromS,;.

a result (percentage) indicates that the correspondirs traA more subtle difference, however, comes from the potential
pose should be fed according to the design report; i.e., fability of the augmented algorithm to add probability infor
an ideal match between the design report and the physigahtion to valid blade designs. That is, while a blade design
experiments, the bold results should b&% and the rest in S, is “naively” assumed to always feed each track pose
should0%. Furthermore, the ‘Feeds’ row specifies whethesf a certain set of track poses, a blade desigh.ip feeds a
the part was fed, where bold markings indicate that the dutpdertain expected percentage of the occurrences of thik trac
(blade) pose matches the predictions of the design reportpose; the latter is a key ingredient for an approximation of

In general, the experiments suggest that although thbe practical feed-rate of a given blade design.
quasi-static algorithm provides an accurate foundatian fo The part-blade interaction can be split into four
blade design—the feeding behavior of the majority of trackonsecutive phases”? moves along the track in a track
poses is correctly predicted—, the observed discrepancipese, the blade reorient® from track pose to blade
must be taken into account to increase the reliability of thpose, P moves along the blade in a blade pose, and the
algorithm. The following section includes a more detailedlade (possibly) reject$®. We discuss how each of these
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Fig. 6. (a, b) Photos of ‘part C’ and ‘part B'. (c, d, e) Slicelsaocritical surface highlighted & = H: (c) the dark gray areas illustrate “bands” of
uncertainty in reorientation from track to blade pose, f)amsion of singlev. value to an range of uncertainty in critical width values éaichy, h-pair,
(e) the dark gray surface captures the uncertainty in #aloi blade posePaf.

phases of part-blade interaction is affected by the observeose P/ or be (Fig. 6¢), wherea = 6; andb = 0,
discrepancies. Although new experiments may reveal yétub-section 1I-D). A similar idea can be applied to both
other discrepancies, we believe the following to provide @, and . for any h, resulting in “bands” in the critical

fairly complete overview. surface for P/ can be reoriented both clockwise and
counter-clockwise. We remark that the width of these bands,
Track Poses i.e. the values ot, andc,, are probable to vary for each

As mentioned in section 1lI-D, we observe that quasiboundary anch-value.
statically stable track poses can be practically unstable.
Such an event in general occurs when the projection &lade Poses
the center of mass is close to the boundary of the (convex We present three observed discrepancies with respect to
hull) face resting on the track floor; e.g. consider trackhe motion of the part along the blade.
pose 6.1 of part A [9]. Only the practically stable track 1. Uncertainty in stability of blade contacThe blade
poses are to be considered by the augmented algorithm asatact (which discretizes thé orientation) of a blade
basis for further calculation. As a possible alternativéht® pose ng may be practically unstable; in such evemgf
application of physics software, existing literature megs topples over and stabilizes onto a neighboring edge, hence
several approaches [5], [12] to identify practically seabl changing itsé orientation. We observe this in experiment
track poses. 10. The quasi-static algorithm specifies that blade design
Pseudo-stable stable track poses are a special case#6freorients track poses$.1 and 6.2, 6.3, 6.3 to blade
unstable track poses. We observed this part behavior posesP; and P)f , respectively, of which only the latter is
experiment10: pseudo-stable track posds4 and 1.5 of output. Experimentally, howeve6.1 is fed by design &
part B periodically shift their orientation toward that of This is explained by the observation th&f, which would
(practically unstable) track posé.3. This behavior can be rejected, is practically unstable and subsequentlye®ta
result in unpredicted feeding of track poses such as obdervi® be, which is output.
for 1.4 and 1.5. The phenomenon of pseudo-stable track Let us consider track posB/ and blade height = H.

poses is a subject of future research. Also, let P and Pif be blade poses with = 6, andb =
0;+1; the stability of the blade contact d?/ is uncertain
Reorientation of Track Pose to Blade Pose such thatP/ may rotate tonf . Consequently, although the

An observed discrepancy is uncertainty in the reoriematioquasi-static algorithm specifies that a given bldgieo,, 7)
of track pose to blade pose by a given blade design. WeorientsP;/ to P/, it may occur thatB(y,, h) effectively
can observe this in experimerit through 4: the quasi- reorientsP/ to be. Next, we recall that for any givenp
static algorithm specifies that desig ¥orients track pose and h, the critical width is determined by the blade pose
4.1 in clockwise direction (when seen from above), whichto which P/ is reoriented. Hence follows that fas, and
subsequently results in the rejection ¢fl; while for a H, there now exists twav.-values: one ofP/ and one of
certain percentage of experimental runs, track ptseis be—these are shown as, andw;, in Fig. 6e.
observed to be fed by desigr decauset.1 is reoriented Intuitively, by propagating the uncertainty in stability o
counter-clockwise instead of clockwise. blade contacts, the critical surface becomes double-dalyier

We outline the extension of the quasi-static algorithmgertain regions. A point above such a double-layered region
which adds an approximation of the effect of uncertaintgorresponds to a blade that output two different blade poses
on reorientation. Considering the critical surface of a 2. Unstable floor contactAlthough the floor contact of
track poseP/, let [p,, .| be the blade angle interval ata track pose may be practically stable, we observe that
h = H, for which B(p, H) with ¢ € [¢s, ] reorients a floor contact can become practically unstable once the
P/ to blade poseP/. In the augmented algorithm, the part starts moving along the blade. An example of such
precisely defined boundary valye, is replaced by a range event is observed in experimeri: the quasi-static algorithm
of blade angles/ps—c,, ¢s+cp]; blade designsB(y, H)  specifies that blade desigd fieorients track posg.4 of part
with ¢ € [ps—cq, ps+cp] can reorientP/ to either blade C to a blade posel?f, which is subsequently fed; however,



in the experiments we observe that the floor contad{’é()ﬁs to further consolidate this step includes additional ptgisi
practically unstable against blade desigh #esulting in the experiments to complete our understanding of the physical
rejection of5.4. The extension of the quasi-static algorithmpart-blade interaction. Further research is also heeddbdeon
to take this behavior into account is subject to future negea subjects of selection heuristics and the assumption theat th
3. Hampered part motiarHigh friction between the part part does not change its the floor contact while moving along
and the blade or track floor can hamper the motio®6fand  the track or interacting with the blade.
result in undesirable feeding behavior. A noticeable spurc The intertwining of the complete quasi-static design al-
of high friction observed in the experiments are faces ajorithm and physics software promises to be an interesting
the part that are near parallel to the track floor. Intuigivel direction of further study. We conceive that this approach
interaction between a blade and such a face causes the gannbines the advantages of two worlds: the physics software
to get “wedged” between the track floor and the blade. Wallows for assessing aspects of relevant part-blade ttiera
observed this behavior in experimer®, 13 and14 with e.g. that cannot be expressed in a quasi-static model; while the
track posed.2 and1.3. exact quasi-static algorithm ensures feasible computatio
The extension of design algorithm to minimize sucHimes by providing a complete basis solution into which the
events can be outlined as follows. For each track pose, veéorementioned assessed aspects can be “plugged”.
propose to combine the friction coefficient of the material A final challenging direction of further research is the
and the slope of each face into a single coefficient. Thelassification of parts that can be fed by a blade. We
motion of a pose along the blade is likely to be hamperedonjecture that symmetry and regularity in part shapes play

when the pose rests against the blade with a face featuringi&ey role in this subject.

coefficient above some threshold. Intuitively, for eaclckra
pose the set of such faces maps to a set of blade designs
the union of which should be subtracted frafp, to make
hampered part motion less likely. [2]
Rejection of Blade Poses 3]
A last observed discrepancy is uncertainty in the rejection
of a blade pose by a given blade design. We observe this il#!
experiment7: the quasi-static algorithm specifies that blade

design 2 feeds track posed.2, 4.3 and 4.4 of part A;  [5]
however, the blade setting in experimenhtwhich features 6]
the same feeding behavior as blade designi# observed

to reject track poses.2, 4.3 and4.4. Intuitively, for a given  [7]

P/, this uncertainty replaces the one critical blade width
w, value by a range of criticalv-values for eachy and h (8]
(Fig. 6d). We note that this uncertainty is probable to vary

for different blade poses. (9]

VI. CONCLUSION [10]
We have presented a series of new developments on
the design of blades. The concept and quasi-static desigq]
algorithm of the blade was introduced in [10]. In this paper,
we have developed a software implementation of this quasi-
static design algorithm, and presented a reconfigurabte aIgIlZ]
rithm hardware implementation. Employing both hard- and
software, we have conducted physical experiments and halvél
reported our findings. Our findings suggest that, although
it provides an accurate foundation for blade design, thi4]
reliability of the design algorithm can be improved. To
this end, we consider the part behaviors that are observed
to cause discrepancies between the results of the quask]
static algorithm and the physical experiments. An augntente
design algorithm is presented, which extends the quati:d:—sta[16
algorithm by taking the effect of these discrepancies on the
part-blade interaction into account. [17]
Our aim in this paper has been to take an importarﬁs]
step toward the practical application of complete design
algorithms in vibratory bowl design. Near future research
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