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Precision Assembly of Heavy Objects Suspended with Multiple
Cables From a Crane

Rachel Hoffman', H. Harry Asada’

Abstract—A new approach to precision mating of heavy objects
suspended from overhead cranes is presented. We have found
through experiments that heavy shafts suspended with multiple
cables at specific positions and orientations can be inserted into
a chamfered hole despite a small clearance. This will allow
an overhead crane, although limited in positioning accuracy, to
execute precision assembly of a heavy shaft simply by holding
it with multiple cables and lowering it onto the chamfered
hole of a fixed object. Unlike the well-known Remote Center
Compliance (RCC) hand, this method does not use a two-layer
elastic structure but exploits the physical properties of cables.
Specifically, cables go slack when a compressive load is applied.
This unidirectional load bearing property is exploited to suspend
a heavy shaft such that it is not over-constrained during insertion.
Conditions for the cable attachment position and orientation for
successful insertion are obtained. A proof-of-concept prototype
is developed and experimental verification of the principle and
analysis are presented.

Index Terms—Assembly, Industrial Robots, Factory Automa-
tion

I. INTRODUCTION

CCURATE positioning of heavy sub-assemblies and

structures is a challenging task in heavy industry. Fine
positioning and mating of crane-hung objects requires special
experience, and is largely dependent on skilled labor. Workers
standing near a crane-hung object carefully adjust the position
and orientation of the object by directly pushing and pulling
it while adjusting the height of the crane such that the object
is aligned with a reference. The hung object must be lowered
at the right position and orientation so that it can be seated
in the structure correctly. This requires the coordination of
the crane for lowering the object and the adjustment of the
object location within a horizontal plane. To perform these
operations quickly, many years of experience are required.
Moreover, industries have been facing difficulties in recruiting
young people for these highly-skilled positions because mod-
ern society deems them Dirty, Dangerous, Demeaning, and
Difficult, termed 4D works [1].

Therefore, there is a specific need for automating the
process by which heavy objects (greater than 25Kg) can be
manipulated, specifically focusing on precision alignment and
mating processes. Due to existing factory setups, it is strongly
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desired that existing overhead cranes be utilized to manipulate
the heavy work-pieces. Although gigantic industrial robots
capable of handling heavy objects weighing up to 1300kg are
available [2], those robots themselves take up a significant
amount of floor space despite low utility, and the work space
must be fenced for safety.
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Fig. 1. Overhead crane manipulating a suspended heavy peg/shaft. The
overhead crane can position the base frame within a few millimeters of
accuracy, but is not accurate enough to insert the peg into the hole on its
own.

This work aims to manipulate heavy objects by combining
a cable driven parallel robotic system with current overhead
crane technology. Cable driven parallel robotic systems are
known for high load-to-weight ratio, large work spaces, and
multi-axis control up to 6 degrees of freedom [3]. There
are several prior works in which cable driven systems were
developed to work in factories and manipulate heavy objects
[4]-[7]. One successful example of a cable driven system
integrated with a gantry crane is the NIST RoboCrane [4].
The RoboCrane is essentially an inverted Stewart platform
parallel link manipulator with cables and winches serving as
the links and actuators, respectively. The platform is kinemat-
ically constrained by maintaining tension in all six cables that
terminate in pairs at the vertices of an upper support triangle.
This arrangement allows for 6-DOF teleoperated force and
position control to perform precision tasks, such as grinding,
object manipulation and sawing [8]. While these prior works
have addressed many important tasks, peg insertion precision
assembly has never been reported. Other than standard pick
and place operations, to the authors knowledge, there has not
been any work investigating the requirements for performing
assembly tasks, specifically peg insertion, using an undercon-
strained cable suspended platform.

In the prior works, due to the desire for accurate cartesian
positioning, it is generally undesirable for any of the cables in
these systems to go slack. The workspace analysis and control
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strategies for these systems explicitly avoid the situations
where cables go slack. There appears to be an unexplored
area of cable suspended system in which the use of slack
is exploited to obtain additional system compliance, thus
avoiding over-constraining the peg during insertion.

The peg-in-hole problem has been addressed extensively
since the mid 70’s. Several famous works [9]-[12] pioneered
the Remote Center Compliance (RCC) hand, which provided
a simple, elegant solution to the precision insertion problem.
Holding a peg with a two-layered compliant structure, they
have shown that the peg can be aligned towards the center
of the hole while being guided across a chamfer surface and
thereby inserted without causing jamming and wedging. The
method has been applied to various assembly works for small-
to-medium size work-pieces. One primary challenge of peg-
in-hole insertion is the correct application and proportion of
insertion forces. If the system actuating the peg position and
orientation applies insertion forces in the incorrect proportions,
the peg may jam or wedge itself in the hole [13].

The RCC end-effector with a compliant structure is difficult
to apply to the assembly of large, heavy objects used in the
heavy industry and construction. To hold a heavy part without
excessive spring deflection, the stiffness of the RCC must be
large. If the stiffness of the RCC is large, the insertion forces
must also be large, incurring the risk of damaging the parts.
Further, commercial RCC devices use elastomer shear pads
and have a maximum payload of 400 N in tension, and 53 N
in lateral load [14].

In this work we present an alternative approach that fits
the environment of those industries where heavy objects are
transported with cranes. Instead of holding an object with
a compliant structure, we suspend it with multiple cables.
Through analysis and experiment, we show that a heavy
object can be inserted automatically into a chamfered hole
if suspended with multiple cables at particular positions and
angles. This is achieved by exploiting the uni-directional load
bearing property of cables, where the cables go slack when
a compressive load is applied. This property is particularly
useful for not over-constraining the peg. The cables can be
virtually detached from the peg when they slack, and the
multiple cables arranged in a particular configuration can
create behaviors similar to that of the RCC hand. However,
the principle is different and more importantly from a practical
viewpoint, this technology can be used together with cranes
and fit the current practice of both heavy industries and the
construction industry.

In the following sections, the principle of the cable-
suspended peg insertion described, and key conditions for
successful insertion will be analyzed with regard to where
the multiple cables must be attached. A proof-of-concept
prototype is fabricated. And finally, experiments are conducted
to demonstrate the effectiveness and verify the analytic con-
ditions on the locations and orientations of multiple-cable
attachment.

II. CABLE-SUSPENDED PEG-IN-HOLE INSERTION

The principle of peg insertion using cables is described
in this section, followed by static and kinematic analysis.

There are three stages involved in peg insertion: the chamfer
crossing, one point contact and two point contact, seen in Fig.
2. We aim to obtain conditions for cable arrangements that
guide the peg to the hole, while the overhead crane moves the
object downward at a constant speed.
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Fig. 2. Stages of peg-in-hole insertion, (A) the first point of contact with the
chamfer, (B) the end of the chamfer crossing, (C) one point contact and (D)
two point contact. The process of the peg moving from (A) to (B) is called
the chamfer crossing. /* is the depth of the peg within the hole at which two
point contact first occurs.

The following assumptions are made:

o The overhead crane moves the heavy object downward at
a constant speed without any active control;

o The cable-suspended heavy object moves slowly such that
the system can be viewed as quasi-static, governed by
static balance of forces and moments;

o The system is symmetric with respect to the vertical
centerline of the peg and, thereby, the peg motion is
assumed to be constrained within a vertical plane;

o The cables are stiff and inextensible in the longitudinal
direction such that the longitudinal elongation is small.
The cables can bend flexibly so that they buckle and go
slack under compressive loads;

o The hole is placed upright;

o The hole is chamfered; and

« Dimensions of the peg/hole system, including diameters
of peg and hole, d, Dy, clearance D;, —d, chamfer angle
and width, o, W, are known. See Fig. 3.

This work is motivated by a specific application in heavy
industry, large gearbox assembly for energy plants, ships and
wind turbines. In this application, shaft diameters typically
range from 100-300 mm and holes in the gearbox housing
have a chamfer width ranging from 3-6 mm. Many modern
overhead crane systems used in factory settings [15], [16]
can use incremental movements (inching) as small as 2 mm
as well as movement speeds as slow as of one percent
of the maximum travel speed (microspeed). Therefore, it is
reasonable to assume that these systems will be able to place
the base frame of the cables within the region of the chamfer
of the hole, £W, as seen in Fig. 1.

Here the goal is to find conditions on cable angles and
attachment configuration for successful insertion, given that
the initial misalignment of the peg relative to the hole is within
the chamfer width, +W. In the following analysis we first
assume that the hole is perfectly vertical, and analyze the effect
of tilt through numerical simulation.
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A. No-Slack Insertion

When the peg is crossing the chamfer and entering the hole
via one-point-contact, one of the following cases will occur
(assuming contact with the left side of the chamfer as depicted
in Fig. 2): (1) Right Cable goes Slack, (2) Left Cable goes
slack, (3) Neither cable goes slack and (4) Both cables go
slack.

sys
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Point of Interest
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]

X sys C

Fig. 3. Geometry definitions for peg-in-hole assembly

Suppose that the right cable goes slack before reaching a
two-point contact state when the cable angles are less than 90
degrees, Case (1). The peg receives three forces: the gravity
force, one cable tension force, and the contact force from the
hole. The contact force may be from a chamfer surface during
chamfer crossing, or from the bottom edge of the chamfer
during one-point contact. The three forces must balance, if
Case (1) is physically possible under the quasi-static process
conditions.

The static balance conditions can be examined graphically,
as shown in Fig. 4(A) depicting the peg during the chamfer
crossing. The lines of action of these three forces must
intersect at a single point for a static balance of forces.
Considering the friction cone of the contact force, we can
find the location of the potential intersection point along the
line of action of gravity, indicated with line segment ab in the
figure. Therefore, the quasi-static balance can be made if the
cable applies a tension such that its extension passes through
the line segment ab. See Fig. 4(A). Instead, if the cable is
set with an angle such that it may not intersect with the line
segment ab, the peg cannot be held quasi-statically with one
cable. This implies that the peg can be held only with both
cables, that is, Case (3). Therefore, we can assure that both
cables do not go slack by directing the cables such that neither
cable passes the line segment ab.

Under these No-Slack conditions the quasi-static motion of
the peg is kinematically determined. As long as both cables
are taut, they can be treated as a pair of rigid links. The base
frame, the two taut cables, and the peg form a four-bar-linkage
within a vertical plane with just one degree of freedom. Fig.
2 shows a peg insertion under the No-Slack conditions. As
the peg lands on a chamfer surface, it is constrained by the
contact with the chamfer. This means that the peg position
and orientation are completely determined by the geometric

conditions. As the base frame is lowered, the peg’s position
and orientation vary in relation to the height of the base frame.
After reaching the bottom edge of the chamfer (point C in
Fig. 3), the peg contacts the edge of the hole at its side, one-
point contact. At this contact state, too, the peg’s position and
orientation are kinematically determined. This continues until
the peg contacts with the hole at two points. Once the peg is
constrained by contacts at both sides, the four-bar-linkage is
no longer formed. At least one cable must go slack to meet
the two-point constraint conditions. The unidirectional nature
of cable tension releases the cable, so that the peg may not be
over-constrained.
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Fig. 4. Region where the tension of the cables and the mass vector of the peg
may intersect inside the friction cone during the chamfer crossing. To avoid
this region, for long pegs (B), small angles are preferred and for short pegs
(C), a large angle cable suspension is desired.

Our strategy for cable-suspended peg insertion is to maintain
these No-Slack conditions throughout the insertion process
until two-point contact occurs so that the peg movement can
be under control kinematically. With proper choice of cable
angles and locations of cable attachment, the peg can be guided
through the quasi-static process to reach a two-point contact
state, which is deep enough to succeed the insertion.

These No-Slack conditions can be met in two regions of
cable orientation: one is small angles and the other large
angles. In the mid-range, the conditions may be violated. The
choice of cable angles depends on the dimensions of a peg.
Fig. 4 (B) and (C) illustrates two examples. If the peg is short,
a large angle cable suspension is desired, since the lines of
cable tension are away from the inhibitory line segment ab.
On the other hand, if the peg is long, the small angle cable
suspension is preferred, since the large angle cable line may
interfere with the line segment ab as it rotates.

B. Conditions for Successful Insertion

First, consider the necessary conditions for the peg to stick
to the chamfer surface. This may occur either at the moment
of first contact with the chamfer or while sliding during the
chamfer crossing. When it sticks to the surface, the peg loses
two degrees of freedom; the only admissible motion is rotation
about the point of contact, implying at least one cable must
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go slack. If the cables are set with a proper angle so that they
do not intersect with the line segment ab in Fig. 4, there is
no chance that the peg can stick to the chamfer surface during
the chamfer crossing.

Using the parameters defined in Fig. 4(A), the No-Slack
conditions on the angle of cable 1 are given by

Lcos(0) + (% — 4)sin(0)
— (§cos(8) —lcomsin(6)) tan(§ — T )
(lcoy — L) sin(0) — %” cos(0)

tan(¢1)< 6]

A similar, symmetric equation can be derived for cable 2 in
the case where cable 1 goes slack. Two sets of cable angle
ranges can be calculated for two cases: sticking and sliding.
The static coefficient of friction should be used to determine
sticking upon first contact with the chamfer and the kinetic
coefficient of friction should be used while sliding down the
chamfer.

Similar equations can be derived to determine the sticking
conditions during one point contact.

It should be noted, however, that no-sticking conditions
alone do not guarantee that the peg slides down the cham-
fer. The peg may stay on the chamfer surface under some
kinematic conditions. Fig. 5 shows a case where the peg does
not slide, but stays on the chamfer.
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Fig. 5. Center of Rotation determining instantaneous trajectory of the Point
of Interest as cable angles change through their range of motion. The small
displacement instantaneous trajectory due to the CoR will determine whether
the peg will appear stationary (B), move down the chamfer towards the hole
(D),(E), or move up the chamfer (C). This relationship between the angle of
the instantaneous trajectory and the horizontal axis , ¥ and the chamfer angle,
a, will determine if the peg slides down the chamfer.

At the configuration of (B) in the figure, the instantaneous
center of rotation (CoR shown by X) is at the tip of the peg,
where the extensions of the two cables intersect. Suppose that
the left corner of the peg, point A, touches the chamfer. As the
peg rotates about CoR, point A moved upwards. If this upward
movement equals the downward movement of the base frame
in Fig. 1, the two displacements cancel, and the peg does
not slide, but stays stationary on the chamfer. In general, this
stationary behavior occurs at a particular relationship among
the cable angles, the relative location of point A to the CoR,
and the chamfer angle, as shown in Fig. 5.
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Fig. 6. No-Stick and No-Stationary region for a given peg geometry with
experimental verification for three coefficients of friction

Figure 6 represents the sticking and stationary regions
graphically. The region between the dashed lines represents the
variation of the sticking region as the coefficient of friction,
U =tan(@s) and cable angles, ¢;, @, are varied. If the selected
parameters lie within the sticking region, there is a chance that
the peg will stick to the chamfer. The shaded stationary region
is determined based purely on the four bar linkage kinematics
and is independent of the coefficient of friction. As discussed
previously, certain cable angles will result in the peg appearing
stationary on the chamfer and can be calculated by examining
the peg’s instantaneous trajectory. Therefore, for the peg to
successfully cross the chamfer, for a known coefficient of
friction and setup geometry, the cable angles must be chosen
such that result lies within the allowable region of Fig. 6.

At the end of the chamfer crossing, the other side of the peg,
point B, must clear the gap. Using four-bar linkage analysis,
the final peg tilt angle 6 can be estimated at the point in which
the peg has reached the end of the chamfer and is about to
begin the one-point contact state. As eq. (2) describes, if the
predicted peg tilt angle meets the specified requirement, the
opposite edge of the peg is able to clear the opposite edge of
the hole, see Fig. 2.

6] <tan~'\/(Dy/d)*—1 2)

Finally, the peg reaches a two-point contact state when it
touches the other side of the hole. The depth of the first two-
point contact position, [* , see Fig. 2, is critically important due
to the possibility of the peg to wedge within the hole. Whitney
[9] defines wedging as the peg becoming ‘stuck’ in the hole
due to geometric overlap of the force cones of contact of the
peg with the hole and an irreversible failure in the insertion
process. If a peg were to wedge in the hole, no correction of
applied insertion force is able to force the peg into the hole.
Instead, the peg must be entirely removed and the insertion
process re-started. Wedging is less likely to occur if the depth
at which first two-point contact occurs is sufficiently deep.
Depending on the given peg geometry, certain cable mounting
angles may yield a deeper depth of first two point contact than
others, making wedging less likely. Importantly, then these
parameters can be chosen to ensure that the depth of contact
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is as deep as possible. The depth of first two-point contact
is determined from kinematic and geometric conditions, as
described next.

III. PEG TRAJECTORY COMPUTATION
A. Kinematics Computation

Under the No-Slack conditions, the peg trajectory can be
computed from kinematic conditions. Since both cables are
taut the following equations must be true,

(x¢ —xp)* — (v —yp)* =1}
(v —xe)* = (om —yE)* =13

3)

where (xg,vG), (xp,¥p), (xg,vg) and (xg,yy) are coordinates
of points G,D,E, and H, respectively. See Fig. 3.

When the peg is on a chamfer surface, it must satisfy another
constraint given by

D
(xA+7h)sina+yAc0soc:0 )

At a one-point contact state with positive peg tilt and cable
angles less than 90 degrees, it must satisfy:

do—d

)sin® = —xc+ (xp +

do—d, .
ye— (yp+ 02 )sinf  (5)
where the coordinates of C are (xc,yc) = (—Dp/2,0), as well
as the inequality

XB SDh/Z (6)

so that point B on the peg does not intersect the right wall of
the chamfer.

In each case, there are three unknowns, the peg position
and orientation, and three constraint equations with one in-
equality constraint (6). We apply the well known Freudenstein
equations for four bar linkages [17] to compute the peg
configurations at key stages during the insertion process.

B. Simulation

The No-Slack insertion method entails that both cables
are kept taut throughout the process. This can be examined
through simulation. First, the system is displaced downward
by a small amount. Then the new position of the peg is
determined based upon the four-bar linkage kinematics. Then,
the free body diagram analysis is conducted for the system
to remain in static equilibrium. If either cable is determined
to be in compression in order for the desired configuration to
be achieved or if the normal force acting from the chamfer is
negative, the configuration is determined to be infeasible for
a four-bar linkage and the given cable mounting angles yield
an infeasible solution. This process can be repeated for all
desired mounting angles that are within the allowable range
from Fig. 6. This computational procedure can be extended to
determine /*, the depth at which first two-point contact can
occur.

C. Parameter Study

The predicted peg trajectories depend on several parameters
of the system. Particularly important is to examine how
varying the length of the peg, L, the diameter of the peg, d,
and the chamfer angle, «, effects the predicted sticking and
stationary regions and how the tilt of the hole, ¥, effects the
predicted peg angle at the end of the chamfer crossing and
depth of first two point contact. The results can be seen in
Fig. 7.

As peg length L is increased, Fig. 7(A), the region of
initial cable angles in which the sticking phenomena may
occur shifts towards higher cable angles, and the region in
which the peg will appear stationary, too, shifts higher. This
implies that small cable angles are desired, as shown in Fig.
4-(B). As the peg width d increases, Fig. 7(B), the sticking
phenomena may occur in a broader range of cable angles,
while the stationary region remains roughly the same. As the
chamfer angle becomes less steep, Fig. 7(C), the peg becomes
more likely to stick to the chamfer and appear stationary as
well.

In a practical factory setting, it is difficult to place a hole in a
perfectly vertical direction. Let 7y be the angular misalignment
of the hole. We can predict the depth of first two point contact,
I*, by tilting the walls of the hole in the previous simulation
model. Fig. 8 shows an example of the predicted [* for the
short peg, L = [*. As the misalignment angle increases, [*
decreases in general. Note that those of large cable angles,
although producing deeper [* for small misalignment, tend to
be more susceptible to the angular misalignment. It should be
noted that this parameter study was conducted with multiple
values of peg/hole clearance (150,200,370), and the trends
were the same as the one shown.

IV. EXPERIMENTAL VERIFICATION

The proposed insertion method and the analytical results
were validated through experiments using both 2D and 3D
scale models. As seen in Fig. 9, two steel pegs were manu-
factured to slide into a steel hole with a chamfer angle of 45
degrees. The bottom corners of the pegs were given a fillet
of 0.6 mm. The pegs were connected to the mounting system
via low-stretch polyester rope of length 215.9 mm and the
mounting system was attached to a linear guide rail that was
powered by a lead screw. Indicator LEDs provide a trigger
as to when the first two-point contact occurred. Various types
of material were placed on the chamfer surface to vary the
coefficient of friction of the interaction between the peg and
the chamfer.

For the purpose of experimental validation of the analytical
results, OptiTrack motion capture systems [18], [19] and April-
Tags [20], were used for tracking the position and orientation
of the peg. This motion tracking is only for laboratory use,
and is not required for actual implementation of this strategy.
The preliminary experiment of position measurement accuracy
revealed that the OptiTrack and AprilTag systems possessed
a mean positioning error of 0.183 mm and 0.68 mm and
rotational error of 0.09 and 0.28 degrees, respectively.

First, an experiment was conducted to verify the successful
chamfer crossing of the peg when the cable angles are in both
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Fig. 7. Parameter sweep for determining change of allowable cable placement angles for given peg geometry, peg-chamfer coefficient of friction as (A) the
peg length, L is increased, (B) the peg width, d is increased, (C) the chamfer angle ¢ is varied. d*, L* and o =45 deg are the nominal parameters used in

the physical experimental setup described in section IV.

allowable and not-allowable regions dictated by the no-stick
and no-stationary conditions using three different coefficients
of friction. See Fig. 6. This experiment was conducted using
a 101.6 mm length peg with a hole clearance of 1 mm. As
the coefficient of friction of the peg-hole system increases,
the range for allowable initial values of ¢;, ¢, decreases
drastically. This experiment showed that the peg was seen to
be sliding only in the allowable region and that it was either
stuck due to friction or due to four bar linkage kinematics in
the not-allowable region. In the previous analysis, two critical

200

¢ = 101.5°

Depth at first two point
contact (mm)

Hole tilt from vertical, y (deg)

Fig. 8. Parameter sweep for determining depth of first two point contact as the
hole is tilted by angle y from vertical. d*, L* and o =45 deg are the nominal
parameters used in the physical experimental setup described in section IV.

quantities were obtained. One is the depth of insertion at first
two-point contact [*, and the other is the peg tilt angle at
the end of chamfer crossing 6. Fig. 10 presents experimental
measurements of /* and 6y, compared to the analytic results
shown by solid curves. Three experimental setups were used;
a 101.6 mm long peg with a hole clearance of 1.0 mm, a 101.6
mm long peg with a hole clearance of 0.2 mm, and a 203.2
mm long peg and a hole clearance of 0.37 mm. Experiments
were conducted for different horizontal misalignment of the
peg and different cable angles. For all three setups, horizontal
errors, &, of 1.27 mm in red, 2.54 mm in blue and 5.08 mm
in black, which represent 2.5%, 5% and 10% of the diameter
of the peg respectively, were used. Each small circle in the
figure represents the average value of five trials under the

TABLE I
SUMMARY OF EXPERIMENTAL RESULTS FOR FOUR-BAR LINKAGE
MODEL VERIFICATION

RMSE
&= 12Tmm | & =2.54mm | & =5.08mm

Exp| Peg D, — | 6 * 0r I* [ r*
No. | length | d (deg)| (mm) | (deg)| (mm) (deg)| (mm)

(mm) | (mm)
1 101.6 | .2 0.8 16.7 1.3 14.3 2.4 12.7

101.6 | 1 0.6 | 2.5 1.2 11.9 3.6 19.9
3 203.2 | .37 0.5 | 66.2 0.8 | 44.1 14 | 565

same conditions. Error bars show the range of variability of
measurements. For most of the data the variability is so small
that the error bars are within the small circles.

Fig. 9.
ments

Experimental Setup for 2D Cable Suspended Peg Insertion Experi-

In general, as the cable angles become closer to the pro-
hibitory sticking/stationary region shown in black, the depth
[* decreases and the tilt angle 6y increases, making insertion
difficult. At the cable angles of 90 degrees, [* increases and
0y decreases. However, the error bands of the depth becomes
longer, indicating higher variability. This agrees with the
results of Fig. 8; the depth [* varies significantly depending
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Fig. 10. Predicted and Measured depth of first two point contact (A-C) and predicted and peg tilt at the end of the chamfer crossing (D-F) for three
experimental cases. The first experimental setup, (A)(D), uses a peg length of 101.6 mm and a clearance of 0.2 mm. The second experimental setup, (B)(E),
uses a peg length of 101.6 mm and a clearance of 1 mm. The third experimental setup (C)(F) uses a peg length of 203.2 mm and a clearance of 0.37 mm.

on the hole tilt angle 7, indicating that the cable angle of 90
degrees is susceptible to the angular misalignment of the hole.
In contrast, smaller cable angles are more consistent and less
sensitive to the hole angular misalignment. This is particularly
significant for the longer peg, 203.2 mm. Small cable angles
yield more uniform 7*.

Table I summarizes the prediction accuracy of the analytic
model compared to the experimental results. Overall, the
model can predict the experimental results satisfactorily.

Further, additional trials were conducted using a 3D setup
(see Fig. 11) consisting of a 3.5 kg aluminum round peg that is
101.7 mm in diameter and 152.4 mm long, an aluminum hole
with an inner diameter of 101.85 mm, low-stretch polyester
ropes that are 457 mm and 609.6 mm long, and a mounting
plate that is 203.2 mm in diameter. The clearance is 0.15 mm.
In Fig. 11, the origin corresponds to the position where the peg
is fully inserted in the hole. The distance between the center
of the peg and the center of the hole indicates the magnitude
of the horizontal distance between the radial axis of the peg
and the hole.

The results of the trials, depicted in Fig. 11, show that for
certain cable angles, the peg does not successfully cross the
chamfer and enter the hole.

In these cases, the peg tips 'forward’ and essentially topples
over and the graph is depicted by a significant change in the
distance of the center of the peg to the center of the hole and
no progress of insertion. The peg insertion is successful when
the cables are outside this range, specifically when they are

mounted at 76 deg and 38 deg from horizontal. This is depicted
in Fig. 11 by the lines that simultaneously make progress
towards being fully inserted in the hole and the centers of
the hole and peg come into alignment. This further verifies
the results depicted in the 2D simulations and experiments.

V. CONCLUSION AND FUTURE WORK

The aforementioned work proposed to develop a novel
technique for the assembly of heavy objects, specifically the
peg-in-hole problem, using a multi-cable suspended robotic
system. Key conditions were derived for a peg to be passively
inserted into a hole using fixed length cables and exploiting
the ability of cables to go slack to avoid over-constraint.

Both analytical and experimental results have shown that
there are two primary ranges in which passive cable-suspended
peg insertion may be possible. The first region, where the
cables are nearly vertical and the second where the cable
mounting angles are small, > 85deg and < 55deg for our
specific experimental conditions. However, with each region
comes conflicting challenges. When the cables are nearly
vertical, the peg can reach the end of the chamfer with a small
peg tilt and the depth of first two-point contact is predicted
to be large. However, it is more susceptible to the angular
misalignment of the hole. Furthermore, the peg is much more
susceptible to sway with a large magnitude due to perturba-
tions during transportation by a crane. When the cable angles
are small, the peg tilt will be larger as it reaches the end of the
chamfer and the depth of two-point contact is predicted to be



8 IEEE ROBOTICS AND AUTOMATION LETTERS. PREPRINT VERSION. ACCEPTED JULY, 2020

smaller. However, the system is less susceptible to the angular
misalignment of the hole as well as to disturbances during
the crane transportation. These present a design trade off that
the user must examine based upon specific conditions of the
application. The objective of the insertion analysis, including

200

Peg toppled over

150

100 |

Failed Peg
Insertion

Distance From Bottom (mm)

50
Successful
Peg Insertion
0
0 20 40 60 80 100

Distance between center of peg to center of hole (mm)

Successful Peg Insertion Failed Peg Insertion

Fig. 11. Experimental trials using the 3D setup. The trials with cables in
the range of 52-68 deg resulted in the peg failing the chamfer crossing. The
trials with a large cable angle, 78 deg, and a small cable angle, 38 deg, were
successfully able to cross the chamfer and fully insert into the hole.

the parameter study, and the experimental verification is to
provide guidelines for successful insertion. Given dimensions
of a peg and a hole we have obtained how to best choose
parameters that have been shown to lead to a predictable
depth of first two-point contact which can be used to predict
successful insertion. Although the method proposed in this
paper is mainly valid for environments in which misalignment
and uncertainty are quantifiable, it can be improved upon by
incorporating feedback control mechanisms, such as winches
to control cable length or linear actuators to control cable angle
positioning, to compensate for disturbances and modeling
errors. This type of control is intended to be explored in future
works.
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