
5524 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 64, NO. 7, JULY 2017

Motion Control for Cylindrical Objects in
Microscope’s View Using a Projection Method—

I: Collision Detection and Detach Control
Dengpeng Xing, Fangfang Liu, Song Liu, and De Xu, Senior Member, IEEE

Abstract—This paper investigates collision detection be-
tween cylindrical or cylinder-enveloped components when
mutual blocking occurs in the view of microscopes and de-
tach control to separate objects if contact occurs. We use a
projection method to convert two microscopic views to con-
tours on a projection plane and to detect high-dimensional
collision by studying the projection’s relationships in low
dimension. Eleven cases are totally categorized and 12
parameters are constructed for detection on the basis of
relative postures and positions. Furthermore, we present
a detach controller to handle with object contact according
to collision status, objects’ main axis, and the computed
contact position. Simulations and experiments are carried
out to demonstrate the validity of the proposed method.

Index Terms—Collision detection, detach control, dimen-
sional reduction.

I. INTRODUCTION

R EFERRING to detecting the intersection of two or more
objects, collision detection is often associated with its

use in computer animation, physically based modeling, geo-
metric modeling, robotic path planning, etc. Depending on ob-
jects’ material rigidness, shape linearity, dimensionality, mo-
tion, and so on, different types of collision detection methods
can be classified in a wide scope and each has drawn wide
attention [1].

In physical simulation, collision detection simulates the
object interactions considering contact restrictions and mod-
eling impact dynamics, and fast, accurate, and robust prox-
imity queries are needed in complex physics engines [2]. An
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interactive algorithm based on axis-aligned bounding boxes
(AABBs) is presented for deformable polygonal objects to de-
tect pairwise primitive-level intersections [3]. To perform con-
tinuous collision detection between deforming volume meshes,
a culling algorithm is presented in [4] including a continuous
separating axis test to eliminate redundant elementary tests. Of-
fline precomputation and runtime queries are used in [5] to
approximate the penetration depth between nonconvex models.
In video game engine, the limited computing time is divided
among several tasks, and its collision detection uses relative
primitive algorithms. Binary space partitioning trees provide a
viable, efficient, and simple detection method treating characters
as points, and according to the separating axis theorem, no col-
lision between two convex shapes is ascertained if there exists
an axis along which their projections do not overlap [6]. Some
packages are developed for collision detection, e.g., SWIFT [7]
and CAMA [8], and simple shapes, e.g., triangle, are commonly
used to model the objects, which raises a tradeoff between ac-
curacy and efficiency.

In robotics, collision detection and avoidance is an essential
problem for path planning to figure out possible collision status
and contact points. Implementation of algorithms and their effi-
ciency in practical settings are the main focus in this domain, and
convex polyhedra are selected as objects or complex cases are
simplified into convex pieces. In [9], a collision cone approach
is used to determine collision between movable objects modeled
by general quadric surfaces, and avoidance strategies are gen-
erated based on exact collision status. Another method based
on sequential convex optimization penalizing collisions with a
hinge loss [10] is used to plan robotic collision-free trajectories
from naive straight-line initializations that might be in collision.
To address collision detection, a sampling-based motion planner
is introduced in [11] based on bounding volume hierarchies in
workspace-time space. It implements an AABB data structure
for trajectory collision queries without constraints on object’s
shapes or motions. Based on collision detection zones, a dis-
tributed controller is designed in [12] for motion tracking of
a group of ships. Probabilistic collision checking is employed
for sampling-based motion planning in robotics [13], and colli-
sion avoidance is also used in motion planning of two robotic
fish [14].

Precision assembly uses microscopes and sensitive force sen-
sors as its visual and haptic feedback and manipulates multi-
ple small components with size ranging from millimeters to
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micrometers [15], [16]. Possessing the property of achieving
high precision, it has consequently drawn wide attention in re-
cent years, and substantial achievements have been reported in
various mechanisms and different kinds of tasks. A slice mi-
cropart is assembled into a groupware on an automated mech-
anism in [17] employing a laser triangulation measurement
instrument and microscopic vision to acquire object’s attitude. In
[18], an automatic assembly platform is proposed to realize the
alignment of multiple holes on two objects and 3-D assembly.
Inclined precision assembly is investigated in [19] employing a
platform with multiple manipulators and three microscopes.

Of the current works, two issues remain open: accurate fast
collision detection and its implementation in experiment; and
adequate response in the occurrence of collision. Aiming at
these, this paper proposes a projection method for collision
detection of cylindrical objects, as many complicated convex
models can be segmented to multiple cylinders. We project ob-
jects onto an appropriate plane and detect 3-D collision status
by investigating planar contours, which leads to 11 cases due to
the dimensionality reduction and twelve parameters for quick
detection. A detach controller is then designed to react properly
for collision by generating separation force based on the contact
location. We have implemented simulations and experiments for
verification and comparisons.

Compared with [20], improvements in this paper include: 1)
two more cases are added to complete the classification, and for
some complicated cases, the computation efficiency is further
enhanced; 2) a detach controller is proposed for contact status,
and consequently, contact location is computed if exists; and 3)
and extensive simulations and experiments are implemented for
verification.

II. PROJECTION APPROACH FOR COLLISION DETECTION

The main idea of this approach is that we only need to consider
the collision issue under the plane including one object’s end
surface. No intersection between the planar contours of the two
objects projected onto this plane is the sufficient and necessary
condition that the convex objects have no collision in three
dimensions.

A. Projection Computation

Let b represent the component held by the upper gripper and
object a lies on the lower platform. The object surface consists
of shell and disk. The shell is the cylindrical surface and the
disk is the end surface, whose intersection is the circle border.
Project the two objects onto a plane that is perpendicular to one
object, e.g., we pick a, as shown in Fig. 1. This plane named as
projection plane includes the disk of object a and may intersect
with b’s main axis, labeled as Cb

1 . The projection of object a is
then a circle. Label unite vectors da and db as the direction of
the main axes of objects a and b, Da and Db as their diameters,
respectively, and ΔCb−a

0 as the vector pointing from Ca
0 to

Cb
0 , computed using the image Jacobian matrix and the relative

image distance. Picking a unit vector ev satisfying ev · da = 0,

Fig. 1. Objects’ projections onto the plane perpendicular to one object.

the rotational matrix yields

pR =
[
ev × da ev da

]T
(1)

where×means cross product and pR transforms from the world
coordinates to Oa − uavawa . Projecting the main axis of object
b leads to

pdb = pR da ×db ×da∥
∥da ×db ×da

∥
∥

2

(2)

where pdb means the projection of object b’s main axis expressed
at the coordinates of Oa . The points pCa

0 and pCb
0 correspond

to the projections of end centers Ca
0 and Cb

0 , and the projection
of the vector between two end centers yields

ΔpCb−a
0 = pR

(
da × ΔCb−a

0 × da
)

(3)

where ΔpCb−a
0 represents the vector from pCa

0 to pCb
0 .

The point Cb
1 does not exist if db is perpendicular to da and

may appear otherwise, which can be distinguished by

Δ1 = da · db (4)

where Δ1 �= 0 indicates nonperpendicularity.

B. Nonperpendicular Cases

If db is not perpendicular to da , the point Cb
1 is computed

ΔpCb−a
1 = ΔpCb−a

0 + tan θ
(
ΔCb−a

0 · da
)

pdb (5)

where ΔpCb−a
1 = pR(Cb

1 − Ca
0 ) represents the vector pointing

from Ca
0 to Cb

1 expressed in the coordinates of Oa , and θ is the
acute angle between the two main axes. The second item on
the right-hand side of (5) computes the length of Cb

1 − Cb
0 on

the projection plane according to the projected distance of Cb
0 .

If the object b is totally above the projection plane, those
models have no contact, which can be distinguished by

Δ2 = −
(
ΔCb−a

0 + Db db ×da ×db

2‖db ×da ×db ‖2

)
· da (6)

where db × da × db is a vector on the object b’s disk and per-
pendicular to the vector that is parallel with the projection plane.
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Fig. 2. Cases of crossed projected contours. (a) Case 3. (b) Case 4. (c) Crossed contours. (d) Case 5. (e) Truncation view. (f) In b’s coordinates.

The content in the bracket of the above equation describes the
position of the lowest point on object b’s disk relative to Ca

0
along the projection axis.

Case 1: Δ2 > 0. The object b is upper than a from the view-
point of projection axis and noncollision is confirmed.

Case 2: Δ2 = 0. The disk other than the shell of object b in-
tersects with the projection plane. Whether the two end surfaces
contact is determined by

Δ3 =

⎧
⎨

⎩

‖ΔCb−a
0 ‖2 − Da +Db

2 , ΔCb−a
0 · da = 0

∥
∥ΔCb−a

0 + Db db ×da ×db

2‖db ×da ×db ‖2

∥
∥

2 − Da

2 , otherwise
(7)

where if ΔCb−a
0 · da is zero, the two objects’ main axes are

parallel, and then, the above parameter compares the two end
centers’ distance and the sum of two radii; otherwise, Δ3 in-
dicates whether the lowest point on b’s disk locates inside a’s
contour or not. If Δ3 > 0, no contact is approved; otherwise,
collision happens and the contact point locates at

xc =

⎧
⎨

⎩

ΔCb−a
0 + Db ΔCb−a

0
2‖ΔCb−a

0 ‖2
, ΔCb−a

0 · da = 0

ΔCb−a
0 + Db db ×da ×db

2‖db ×da ×db ‖2
, otherwise

(8)

where xc is the position of the contact point relative to Ca
0 .

The following explores Δ2 < 0. The diameter of object a’s
projected circle is still Da and b’s contour width is Db . Three
possible relative positions exist in the contours, depending on
the cross points between the projected contours or extensions.
This is determined by

Δ4 =
∥
∥ΔpCb−a

0 × pdb
∥
∥

2 − Da +Db

2 (9)

where Δ4 is the contours’ shortest distance in the plane.
Case 3: Δ4 > 0. The main axes have sufficient displacement,

and as a result, no collision happens, as shown in Fig. 2(a).
Case 4: Δ4 = 0. One intersection exists between the pro-

jected shapes or extension, as shown in Fig. 2(b). Draw a line
pointing from pC0

a and perpendicular to pdb , and label this cross
point as C⊥. The vector from pC0

a to C⊥ is

ΔC⊥ = C⊥ − pC0
a = pdb × ΔpCb−a

0 × pdb . (10)

A collision judgment parameter yields

Δ5 =
(
ΔC⊥ × ΔpCb−a

0
) · (ΔC⊥ × ΔpCb−a

1
)

(11)

where Δ5 indicates the location of C⊥. If Δ5 > 0, C⊥ is out-
side of the line segment pCb

0
pCb

1 , which ensures no collision;
otherwise, C⊥ lies within the line segment and contact occurs.

If the collision point exists, its position is expressed as

xc = ΔCb−a
0 + (ΔC⊥−Δp Cb−a

0 )·p db

sin θ db − pR−1

×
(
ΔC⊥ − Da ΔC⊥

2‖ΔC⊥‖2

)
(12)

where the second item on the right-hand side restores the vector
along db on the basis of its length on the projection plane, and
the third part of this equation represents the vector from the
point on db whose projection is C⊥ to the collision point.

Below discusses Δ4 < 0, where the projected contours or
extensions have multiple cross points, as shown in Fig. 2(c).

Case 5: Δ5 ≤ 0. Penetration is reflected between objects and
collision happens, as shown in Fig. 2(d), and the contact point’s
location relative to a end center can be computed by (12).

For the cases satisfying Δ5 > 0, a focus on the projected
shape between pCb

0 and pCb
1 is needed. The object b’s disk is

projected as an ellipse, labeled as eb
0 in Fig. 2(e). This ellipse’s

major axis is perpendicular to the main axis projection whose
radius is r0

x = Db

2 , and its minor axis is along pdb with a radius

of r0
y = Db cos θ

2 . The object b’s cross section that includes point
Cb

1 and is perpendicular to da is also projected as an ellipse,
labeled as eb

1 . This ellipse’s minor axis is perpendicular to the
main axis projection whose radius is r1

x = Db

2 , and its major

axis is along pdb with a radius of r1
y = Db

2 cos θ . The projected
contour of object b is composed of a half part of these ellipses
and two parallel connection lines, as the black curve in Fig. 2(e).

Since Δ5 > 0, the object a’s projected circle is closer to the
ellipse than the connection lines. A rough judgment is given as

Δ6 =

{‖ΔpCb−a
1 ‖2 − r1

y − Da

2 , ξ ≥ 0

‖ΔpCb−a
0 ‖2 − r0

x − Da

2 , ξ < 0
(13)

where Δ6 includes a rough safety region and ξ = ‖pCb−a
0 ‖2 −

‖pCb−a
1 ‖2 is an indicator to show which ellipse center is nearer

to pCa
0 . Δ6 checks if the distance between a’s projected contour

and ellipse circle is larger than its major radius.
Case 6: Δ6 > 0. Adequate distance lies between the two

objects and results in no collision.
A further investigation is needed if Δ6 ≤ 0. The projections

of object b’s disk and cross section have the same radius in the
direction perpendicular to pdb , while different along pdb . The
projected shape may change if the out half of the ellipse closer
to the point pCa

0 is violated by the other ellipse. This violation
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Fig. 3. Collision curve for the instances of ellipse intersect. (a) ΔCb−a
0 ·

da ≥ 0. (b) ΔCb−a
0 · da < 0.

can be reflected by a parameter

Δ7 =
(
ΔCb−a

0 − Db db ×da ×db

2‖db ×da ×db ‖2

)
· da (14)

where Δ7 reflects the uppermost point on b’s disk along da that
is above/below the projection plane. Those ellipses violate if b’s
end surface has a part that surpasses the projection plane.

Case 7: Δ7 ≥ 0. No violation mentioned above exists. Be-
tween pCb

0 and pCb
1 , the closer point to pCa

0 is picked as the
reference for computation, and for generalization, we use su-
perscript or subscript n to correlate with the ellipse at whose
center we set the origin of a new coordinate frame and f to
represent the other one

(n, f) =

⎧
⎪⎨

⎪⎩

(1, 0),

(
ΔCb−a

0 · da < 0
) ∪ (ξ > 0 ∩ Δ7 ≥ 0)

∪ (
ΔCb−a

0 · da ≥ 0 ∩ ξ ≥ 0
)

(0, 1), otherwise.
(15)

n is set as 1 in three conditions: ξ > 0 ∩ Δ7 ≥ 0 means pCb
1 is

closer with unviolated ellipses; ΔCb−a
0 · da < 0, as shown in

Fig. 3(b), means beb
1 is the closer violated ellipse; and ΔCb−a

0 ·
da ≥ 0 ∩ ξ ≥ 0, as shown in Fig. 3(a).

Transform from Oa − uavawa to the coordinates of object b,
where origin locates at pCb

n , yb is along pdb , and zb is parallel
with wa , as shown in Fig. 3(f). The homogeneous transforma-
tion matrix yields

aT b =
[

aRb ΔpCb−a
n

0 1

]
(16)

where aRb = [ pdb × wa
pdb wa ] is the rotation matrix

mapping from the coordinates of object b to Oa

In the new coordinates, the ellipse equation in the projection
plane yields

beb
n :

[
xe ye ze

]T =
[
rn
x cos α rn

y sin α 0
]T

(17)

where rn
x is the radius of the axis perpendicular to the main

axis projection and rn
y is the radius of the other axis, α + nπ ∈

[π, 2π), which is determined that the upper ellipse is used for
beb

1 and the lower for beb
0 . For any point on this ellipse, the center

position of the circle with a diameter of Da that is tangent to

the ellipse at this point satisfies
[

(rn
x )2 ye − (

rn
y

)2
xe

xs − xe ys − ye

] [
xs − xe

ys − ye

]

=
[

0
(

Da

2

)2

]
(18)

where xs = [xs, ys , 0]T is the point location with Da

2 dis-
tance to the target ellipse. Combining the above two equations
leads to

cs : xs =

⎡

⎢
⎢
⎢
⎣

rn
x cos α + Da rn

y cos α

2
√

(rn
x sin α)2 +(rn

y cos α)2

rn
y sin α + Da rn

x sin α

2
√

(rn
x sin α)2 +(rn

y cos α)2

0

⎤

⎥
⎥
⎥
⎦

(19)

where cs describes a collision curve with Da

2 safety distance to
the ellipse, as shown in Fig. 2(f).

In the new coordinates, we obtain the following result:

ΔbCa−b
i = −aR−1

b ΔpCb−a
i (20)

where i = 0, 1. The line ΔbCa−b
n intersects with the collision

curve at a point whose position is computed by

xn
s × ΔbCa−b

n = 0 (21)

where xn
s = [xn

s , yn
s , 0]T represents the cross point between cs

and ΔbCa−b
n , which can be solved by combining (19)–(21). Δ8

is used to reflect the relative location of this cross point

Δ8 =
(
ΔbCa−b

n − xn
s

) · ΔbCa−b
n . (22)

Δ8 > 0 represents xn
s lying between pCa

0 and pCb
n , which en-

sures safety; otherwise, collision happens.
If collides, pCa

0 is on the collision curve cs , i.e, xn
s =

ΔbCa−b
n . Substituting it into (19), the contact point xc

s is ac-
quired, which lies on eb

n , and its relative position to Ca
0 yields

xc = pR−1aRb

(
xc

s − ΔbCa−b
n

)
+ (1 − n) Δpc

s (23)

where Δpc
s = (ΔCb−a

0 · da + xc
s · pyb tan θ)da is the projec-

tion distance of the contact point relative to a’ end center, and
xc

s · pyb tan θ computes the relative projection distance error
between the contact point and b’s end center. The last part of
the above equation only emerges when n = 0, since the point
on beb

1 has zero projection distance.
Case 8: Δ7 < 0. The two ellipses violate. Label ζ = (Δ

pCb−a
1 − ΔpCb−a

0 ) · pdb to reflect pCb
1 that is above or below

pCb
0 in b’s coordinates. Combining ellipse equations leads to the

positions of the two intersections, labeled as q1 and q2

qi =
[

rn
x

2 cos αi
rn

y

2 sin αi 0
]T

, i = 1, 2 (24)

and its corresponding point on the collision curve cs is repre-
sented as pi , which is acquired by substituting qi into (19).

If ΔCb−a
0 · da ≥ 0, the intersections locate at the lower

ellipses and b’s projection constitutes of beb
1 , two connection

lines, a part of beb
0 , and the line q1q2 , which is S, as shown in

Fig. 3(a). The collision curve has three parts: c1
s surrounding

beb
1 , two connection lines, and a combination of c0

s above pi ,
the line l0 , and two arcs with Da

2 distance to qi . Here, we do
not discuss the instance of ΔCb−a

0 · da ∈ [0, ζ] since it can
be distinguished by Δ4 . If ΔCb−a

0 · da < 0, the intersections
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locate at the upper ellipses and the projection shape of object b
consists of the upper ellipse of beb

1 and the line q1q2 , as shown
in Fig. 3(b). Its collision curve is the shape surrounded by c1

s

above pi , the line l0 , and two arcs.
A judgment parameter for violation instance is

Δ9 =
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

−ΔbCa−qi
n · yb − Da

2 ,

(∥∥ΔbCa−b
n · xb

∥
∥ ≤ ‖qi · xb‖

)

∩ (
ΔbCa−qi

n · yb < 0
)

∥
∥ΔbCa−qi

n

∥
∥

2 − Da

2 ,

[
(−1)i+1(vi× ΔbCa−qi

n

)· zb >0
]

∩
[
(−1)i+1(ΔbCa−qi

n × yb

)· zb <0
]

Δ8 , otherwise
(25)

where ΔbCa−qi
n =

(
ΔbCa−b

n − qi

)
is the vector pointing from

qi to bCa
0 and vi = (pi − qi). In this equation, the first row

corresponds to a’s center point below the line l0 ; in the middle
row, bCa

0 is closer to the arc c0 than the other collision curve;
and the last row indicates that Δ8 applies for other ΔbCa

0 .
If Δ9 > 0, no collision occurs; otherwise, contact happens,

with the contact point expressed in b coordinates as

xb
c =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Da

2 yb ,

(∥∥ΔbCa−b
n · xb

∥
∥ ≤ ‖qn

i · xb‖
)

∩
(
ΔbC

a−qn
i

n · yb < 0
)

−ΔbC
a−qn

i
n ,

[
(−1)i+1

(
vi × ΔbC

a−qn
i

n

)
· zb > 0

]

∩
[
(−1)i+1

(
ΔbC

a−qn
i

n × yb

)
· zb < 0

]

xc
s − ΔbCa−b

n . otherwise.
(26)

In the world coordinates, the contact point location yields (27),
shown at the bottom of the page, where the first row depicts the
contact point locates on beb

0 in Fig. 3(a), and Δpc
s is added to

address the projection distance.

C. Perpendicular Instances

If db is perpendicular to da , i.e., Δ1 = 0, the projection of
object b is a rectangle, as shown in Fig. 4(a). Noncontact is
concluded with a sufficient distance between objects, which is
described by

Δ10 = −Cb−a
0 · da − Db

2 (28)

which computes the projection distance of b’s lowest point.
Case 9: Δ10 > 0. The object b has enough displacement

above a and safety is guaranteed.

Fig. 4. Projecting objects for perpendicular cases. (a) Projection.
(b) In b’s coordinates.

Case 10: Δ10 = 0. The lowest points of object b along da

constitute of a line, and we consider the relative position between
this line and a’s projected circle, with a parameter of

Δ11 =

⎧
⎪⎪⎨

⎪⎪⎩

−1,

[(‖ΔC⊥‖2 ≤ Da

2

) ∩ (
ΔpCb−a

0 · db < 0
)]

∪ (‖ΔpCb−a
0 ‖2 ≤ Da

2

)

1. otherwise.
(29)

Δ11 > 0 is the requirement for noncollision and a negative Δ11
leads to object contact, with the contact position yielding

xc =

{
pR−1ΔpCb−a

0 , ΔpCb−a
0 · db > 0

pR−1ΔC⊥. otherwise.
(30)

Case 11: Δ10 < 0. We need to investigate the projected
contour relationship. Cb

0 may be above the projection plane
if Cb−a

0 · da ∈ (−Db

2 , 0] and the intersection between object b
and the projection plane is a rectangle, with a width of

M =

⎧
⎨

⎩
2

√(
Db

2

)2
− (

da · Cb−a
0

)2
, Δ10 ∈

[
−Db

2 , 0
)

Db, Δ10 < −Db

2 .
(31)

Fig. 4(b) shows the collision (purple) curve, which is Da

2
away from b’s projected contour. The collision parameter is

Δ12 =
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

‖ΔbCa−b
0 · xb‖ − Da

2 − M
2 , ΔbCa−b

0 · yb ≥ 0

−ΔbCa−b
0 · yb − Da

2 ,

(
ΔbCa−b

0 · yb < 0
)∩

(‖ΔbCa−b
0 · xb‖ ≤ M

2

)
∥
∥ΔbCa−b

0 − Pc

∥
∥

2 − Da

2 , otherwise
(32)

where Pc = M
2 sign(ΔbCa−b

0 · xb)xb is the corner point on the
side of bCa

0 . Δ12 > 0 is the condition to ensure no collision. If

xc =

⎧
⎪⎪⎨

⎪⎪⎩

pR−1aRbx
b
c + Δpc

s ,

(
ΔCb−a

0 · da ≥ 0
) ∩ (ξ < 0)∩

(
v1 × ΔbC

a−q 0
1

0

)
·
(
v2 × ΔbC

a−q 0
2

0

)
> 0

pR−1aRbx
b
c , otherwise

(27)
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Fig. 5. Detection process of the projection approach.

collision happens, the contact position in b coordinates yields

xb ′
c =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

−Da

2 sign
(
ΔbCa−b

0 · xb

)
xb , ΔbCa−b

0 · yb ≥ 0

Da

2 yb ,

(
ΔbCa−b

0 · yb < 0
)∩

(‖ΔbCa−b
0 · xb‖ ≤ M

2

)

Da (Pc −Δ b Ca −b
0 )

2‖Pc −Δ b Ca −b
0 ‖2

. otherwise.

(33)

The contact point in the world coordinates results in

xc = pR−1aRbx
b ′
c . (34)

D. Detection Procedure

Fig. 5 shows the detection process for the projection approach,
in which progressive relationships among judgment parameters
are clear. Based on the current state x, key parameters are com-
puted, such as da , db , Cb−a

0 , etc. According to Δ1 , the decision
mechanism is divided into two branches: Δ2–Δ9 serve for the
nonperpendicular instances, and the others are responsible for
the cases of perpendicular objects. From the practical point of
view, it is a high possibility to employ only Δ2–Δ6 for detec-
tion, since components are usually prohibited to stay too close
for the sake of safety. For those complicated examples, further
investigation is carried out by using Δ7–Δ9 . A collision param-
eter Δ indicating the detection result outputs, together with xc

and da if contact happens.
This method can also be extended to detect the collisions

among multiple cylindrical objects. For N objects, select the
end surface of one object as the projection plane and project the
other N − 1 objects onto this plane. After N − 1 computations,
the collision states between the selected object and the others are
computed according to the relationships of their planar contours.

Fig. 6. Detach force direction corresponding to different contact loca-
tions. (a) xc · da > 0. (b) ‖xc ‖2 < D a

2 . (c) Other contacts.

Continuing this projection and calculation, N objects’ collision
is detected in N ×(N −1)

2 computations.

III. DETACH CONTROL

Object collision is commonly forbidden in motion control,
but due to misoperation or perturbations, collision may occur
and force response must be immediately generated to detach ob-
jects in order to prevent damage. This detach control is usually
the last protection for safe operation, and its appropriate design
can enhance the robustness of the controller. This detach force
is determined by the contact point and state error: the contact
location specifies the force direction and the state error influ-
ences the force magnitude. Adding state error into detach force
is based on the idea: if the goal is near a contact state, a small
detach force may lead to a trajectory convergence to this goal,
and if the desired state is far away, large force is generated to
separate objects with substantial distance.

The detach force is designed as a piecewise function

ud =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

0, Δ > 0

εd‖Δxd‖2
da ×xc ×da

‖da ×xc ×da ‖2
, (Δ ≤ 0) ∩ (xc · da > 0)

−εd‖Δxd‖2d
a , (Δ ≤ 0) ∩ (‖xc‖2 < Da

2 )

εd‖Δxd‖2
−→c , otherwise

(35)
where ud is the detach force, Δxd = x − xd is the state error, x
and xd are, respectively, the current motion state and the desired
state which is usually determined in advance, e.g., the well-
aligned state before assembly, Δ reflects the collision status:
Δ > 0 means noncollision and a nonpositive Δ indicates object
contact, and εd is a scaling parameter, which is less if more
confidence on safety of future motion is gained. If the contact
point is on the shell, as shown in Fig. 6(a), the detach direction
is normal to the shell. If the contact point locates on the disk,
as shown in Fig. 6(b), the detach force is opposite to da . If the
contact point belongs to a’s circle border, as shown in Fig. 6(c),
the detach force is along the direction −→c , which is parallel with
or perpendicular to the projection of db onto the plane that is
composed by da and xc .

To acquire −→c , compose a plane involving xc and da , and
project the object b’s main axis onto the new plane

cdb = (xc ×da )×db × (xc ×da )
‖(xc ×da )×db × (xc ×da )‖2

(36)
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Fig. 7. Diagram of detach control.

where cdb is the projection of db onto the plane including xc

and da . The reaction direction is determined according to cdb

−→c =
{

cdb , cdb · xc > 0
xc × da × cdb , otherwise

(37)

where if an acute angle is between cdb and xc , cdb is directly
chosen as the force direction, while the perpendicular vector to
cdb is picked to detach objects.

The force controller includes the detach force when the col-
lision happens and the attraction force to approach the desired
state

u = ua + ud (38)

where u is the force applied and ua is the attraction force, which
can be, e.g., a PD controller to reach the desired states.

Fig. 7 shows the control diagram to handle collisions. Col-
lision is detected according to current objects’ states, and the
collision state Δ, main axis of the reference object da , and
position of the contact point xc if exists feed into the detach
controller, where the detach force is generated in terms of con-
tact location and motion state error. The sum of the detach force
and the driven force applies to the robot to achieve expected
manipulation. A high-gain motion controller may erase the de-
tach effort and result in continuous collisions. Therefore, its
parameters should be selected to render the motion controller a
dumping property, and overshot should be avoided.

IV. SIMULATIONS AND EXPERIMENTS

A. Simulation

The cameras i and j locate at the places perpendicular to
the y-axis and the x-axis, respectively, and the diameters of
objects a and b are 4 and 5 mm, respectively. As a comparison,
we acquire the collision status using the following optimization
equations:

f(x) =
∥
∥ (x − xa

0 ) × da
∥
∥

2 − Da

2 (39)

where x is a point on b’s surface or inside b, xa
0 is the end

center of object a, and the optimization problem is written as a
constraint nonlinear one

min f(x),

s.t.

⎧
⎪⎪⎨

⎪⎪⎩

∥
∥ (

x − xb
0
) × db

∥
∥

2 − Db

2 ≤ 0

0 ≤ (
x − xb

0
) · db ≤ λb

0 ≤ (x − xa
0 ) · da ≤ λa

(40)

where xb
0 is the end center of object b, and λa and λb are non-

negative parameters to illustrate the length of the corresponding

objects in interest region. This optimization attempts to find the
closest point x∗, which belongs to b and is not above a’s disk,
to a. If fmin > 0, safety is ensured; otherwise, contact happens,
with its location at

xc = x∗ − xa
0 . (41)

We run the program on a computer with Intel i3 3.30-GHz
processor. Table I shows the parameters observed in each camera
and their computation results using the proposed method, the
compared optimization method, and the SWIFT method. The
parameters Δui , Δvi , and Δuj are the position distances in
the image of cameras i and j, where u and v mean the horizon-
tal and vertical distances. The parameter ϕ stands for the angle
between object’s axis direction and the horizontal axis in image,
where the subscript corresponds to the camera number and the
superscript means the object. SNOPT is used for optimization
to locate the closest point on object b. Fig. 8 displays the projec-
tions of some typical instances for collision detection. In cases 1
and 9, object b is totally above a and then has no contour on the
projection plane. That is why, there is no showup of these two
cases. Computational cost is chosen as the index to compare
between the methods since plenty of examples show that the
two approaches conclude identical collision status and contact
point location given the same object states. The optimization
approach computes 3-D relations, which takes more time and
costs about 33 ms to assert contact status, while in projection,
it only needs to consider the planar contours and, therefore,
uses much less time—about 0.2 ms commonly and 0.4 ms for
the cases that need to use iterative algorithms to compute the
closest points between circle and ellipse. In each observed pos-
ture and position, optimization spends different computational
time since it starts at the same initialization, the point Cb

0 , but
ends at different results. Compared with 3-D optimization, the
projection method presents about 0.6% of computation cost on
average. We also compare with SWIFT whose object fitting
model employs 7200 vertices in order to acquire accurate re-
sults. As shown in Table I, SWIFT computes very fast, about
5 ms on average. Compared with it, the proposed method is
about of 4% computation cost. Overall, the projection method
shows great advantages in computation, suitable for fast and
accurate operation.

A continuous motion is simulated driving object b from a
given initial state to the desired posture and position. The
initial state of object b is randomly selected as of position
[Δui,Δvi,Δuj ]T = [−3,−2, 4]T mm and of posture vector
of its main axis [−1, 4, 1]T , and the desired state is of position
[Δui,Δvi,Δuj ]T = [5,−1,−0.5]T mm and of posture vector
of its main axis [1,−3, 1]T . The PD controller is employed to
drive the motor, and its parameters are set as kpp = 0.3I5×5
and kpd = 0.002I5×5 . The detach scaling parameter is chosen
as εd = 10. Fig. 10 shows the initial and desired states for two
objects viewed from top, where the black and the blue contours
stand for the initial and desired states of object b, respectively.
The green-dotted line is moving object b directly to the desired
state, along which collision with object a will obviously oc-
cur; therefore, the detach controller applies to separate them.
The magenta-dotted curve is the trajectory of Cb

0 employing the
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Fig. 8. Projections of nine typical instances for contact detection, where the upper row is the 3-D models, and the lower row is the projection
illustration. (a) Case 2. (b) Case 3. (c) Case 4. (d) Case 5. (e) Case 6. (f) Case 7. (g) Case 8. (h) Case 10. (i) Case 11.

TABLE I
OBSERVED PARAMETERS AND CORRESPONDING COMPUTATION RESULTS

Observed postures and positions Corresponding cases Computation time (ms)

ϕa
i (◦) ϕa

j (◦) ϕb
i (◦) ϕb

j (◦) Δui (μm) Δvi (μm) Δuj (μm) cases contact? projection optimization SWIFT

174.3 174.3 45 45 −1500 2150 0 case 1 No 0.17 34.5 4.9
174.3 174.3 45 45 −1500 2095 0 case 2 Yes 0.18 11.2 5.1
180 180 45 45 −3300 −1000 3500 case 3 No 0.17 28.0 5.0
180 180 45 45 −3300 −1000 3064 case 4 Yes 0.18 72.4 4.7
180 180 45 45 −3300 −2000 2000 case 5 Yes 0.18 20.2 5.3

−174.3 163.3 16.7 5.7 4000 −2500 3500 case 6 No 0.18 30.1 5.6
−174.3 163.3 45 45 2000 −3000 3000 case 7 No 0.42 56.5 5.4
−174.3 −174.3 45 45 1200 −1100 3000 case 8 No 0.22 30.4 4.9

90 90 −90 90 −2000 3000 −2000 case 9 No 0.15 25.6 5.2
−174.3 174.3 −78.7 78.7 −500 2555 −200 case 10 No 0.17 31.1 4.9
−174.3 174.3 −78.7 78.7 3500 −1000 2000 case 11 No 0.17 23.7 5.5

Fig. 9. Projection pictures at nine times of a continual motion. (a) 0 s. (b) 2.2 s. (c) 3 s. (d) 7.8 s. (e) 13.6 s. (f) 20 s. (g) 30 s. (h) 40 s. (i) 50 s.

Fig. 10. States and trajectory viewed from top for the simulated con-
tinuous motion.

detach controller. Fig. 9 shows nine states of objects. During
the motion, there are seven collisions in total and two of them

at times of 2.2 and 7.8 s. Detach force is immediately activated
when the contact occurs in order to quickly separate objects, and
this force only lasts for a very short period since the previous
controller resumes after no collision is detected. This reveals
the effectiveness of collision detection accuracy of the proposed
approach and the detach force control for separation.

B. Experiment

We also carry out experiments on a precision assembly plat-
form, which consists of six robot arms and three microscopes,
as shown in Fig. 11. The camera i is GC2450 with a resolu-
tion of 2448 × 2050 and the camera j is PointGrey 50S5M-C
whose resolution is 2448 × 2048. Their cell size is 3.45 μm. The
upper manipulator is equipped with three Suguar KWG06030-
G, whose translational resolution is ±0.5μm, and two manual
tilt adjustment Sigma KKD-25C. The lower manipulator con-
stitutes Micos ES-100 with movement errors within 0.1 μm
to realize vertical elevation, and KGW06050-L, KGW06075-
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Fig. 11. Experimental platform for precision assembly with three microscopes and six robot arms. (a) Platform. (b) CAD model.

Fig. 12. Experiment results. (a) Initial states observed in two horizontal cameras. (b) One of the collision states where b’s diameter is enlarged.
(c) Final states for two objects. (d) Trajectory and object relative position viewed from the direction that is perpendicular to da and the error vector
between desired state and initial state. (e) State error versus step time. (f) Contact point locations when exist. (g) Forces generated by the proposed
controller.

L, and SGSP-40yaw to rotate around its x-axis, y-axis, and
z-axis, individually. Since the visual field of microscopes is
quite small, the objects change to smaller ones compared with
the experiments raised in [15]. Blocking may happen for such a
mechanism with multiple manipulators when objects come into
view sideways. The object diameters are both 985 μm, but in the
collision algorithm, we set Da as 1.5 mm in considering protec-
tion of brittle components. The same controller parameters are
chosen as used in simulation.

[Δui,Δvi,Δuj ]T = [−1337,−1307, 1080]Tμm is set as
the initial state of object b, and the desired state is
[Δui,Δvi,Δuj ]T = [0, 1000, 0]Tμm. The postures keep un-
changed with ϕa

i = 91.5◦, ϕa
j = 93◦, ϕb

i = 85.1◦, and ϕb
j =

84.6◦. The sampling time in the experiment is 0.02 s, which
is limited by the frequency of the cameras. Fig. 12(a) and (c)
shows the initial states and the final states in 20 s applying
the proposed controller. Fig. 12(b) shows one of the collision
status. This experiment is a typical alignment task before assem-

bly, and the difference lies in the lower position initialization
of the upper object under which situation collision may occur.
Fig. 12(d) shows the view from the direction that is perpendic-
ular to da and the vector pointing from the initial state to the
desired state. Blue and black contours are the initial and final
states of object b, the red shape is object a, and green dotted is
the object a with an enlarged diameter for the sake of protection
during experiment. As can be seen, directly pushing object b to
its desired state inevitably generates collision, and the proposed
controller adjusts its motion according to the contact locations
and presents the magenta-dashed trajectory. The detached force
quickly separates two components, and object b approaches its
desired state after counteracts the negative effect of the detach
operation. The last three subfigures in Fig. 12 show the state
errors, contact point locations if exist, and forces versus sam-
pling time. At around 2 s, object b contacts with the enlarged
region of object a, and the detach force is applied to separate two
objects.
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V. CONCLUSION

This paper focused on fast and accurate collision detection
between cylindrical objects observed by microscopes and pro-
posed a detach controller in the occurrence of contact. A pro-
jection approach was presented to transform two planar views
to projected contours in a selected plane and to use relation-
ships of low dimension to judge collisions in high dimension.
To do that, 11 cases were classified in total according to the
projected shapes and relative relations, and 12 parameters were
designed to facilitate detection. In the occurrence of object col-
lision, we proposed a detach controller for separation in terms
of contact position. Simulation and experiment results proved
the feasibility of the proposed methods and their efficiency was
also compared. It shows that the projection method has great
computation efficiency and is especially suitable for constant
operation.
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