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Abstract Robotic technology is quickly evolving allowing
robots to perform more complex tasks in less structured
environments with more flexibility and autonomy. Hetero-
geneous multi-robot teams are more common as the spe-
cialized abilities of individual robots are used in concert to
achieve tasks more effectively and efficiently. An important
area of research is the use of robot teams to perform mod-
ular assemblies. To this end, this paper analyzed the rela-
tive performance of two robots with different morphologies
and attributes in performing an assembly task autonomously
under different coordination schemes using force sensing
through a control basis approach. A rigid, point-to-point
manipulator and a dual-armed pneumatically actuated hu-
manoid robot performed the assembly of parts under a tra-
ditional “push-hold” coordination scheme and a human-
mimicked “push-push” scheme. The study revealed that the
scheme with higher level of cooperation—the “push-push”
scheme—performed assemblies faster and more reliably,
lowering the likelihood of stiction phenomena, jamming,
and wedging. The study also revealed that in “push-hold”
schemes industrial robots are better pushers and compliant
robots are better holders. The results of our study affirm
the use of heterogeneous robots to perform hard-to-do as-
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semblies and also encourage humans to function as holder’s
when working in concert with a robot assistant for insertion
tasks.
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1 Introduction

Robotics technology is quickly evolving and demanding
robots to perform more complex actions, with greater flex-
ibility, autonomy, robustness, and in less structured envi-
ronments (Brogardh 2007). Human-robot and multi-robotic
teams are also becoming more frequent (Kruger et al. 2009;
Shah et al. 2007; Sellner et al. 2005). Using cooperative
teams of robots to perform a task is increasingly common in
numerous applications to increase the task completion flexi-
bility, reduce time-to-completion, and allow higher load ca-
pacities (Brogardh 2007). In particular, heterogeneous robot
teams offer a wider range of abilities compared to homoge-
neous teams (Rehnmark et al. 2005).

The missions to the Moon currently planned by NASA
requires the deployment of robots prior to the arrival of
astronauts to prepare human life support sites. Part of the
robot’s work will be the assembly of modular structures
such as solar arrays, antennas, and habitation modules un-
der a certain degree of independence. Although the robot
teams will be tasked and supervised by human operators on
Earth it will be necessary for the robots to be autonomous
over limited time intervals due to space communication la-
tencies. Even without a delay, such minute teleoperation is
difficult and prone to errors, specially if a number of op-
erators were to jointly handle the mating of parts. The de-
ployment of heterogeneous robot teams to perform assembly
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Fig. 1 Two heterogeneous
robots perform a push-hold
assembly

tasks autonomously in a dynamic environment will require
that robot coordination use force sensing to drive adaptive
and robust control strategies.

While there is an growing body of literature on hetero-
geneous robot teams there is no analysis on which robots
work better for which tasks and under which roles. Nor,
which tasks work better under different circumstances. Tra-
ditional assembly, which has been studied extensively for
the last four decades (Rojas 2009), both under single-
manipulator and multi-manipulator configurations (Caccav-
ale et al. 2001); have been conducted in what the authors
describe as a push-hold scheme. That is, one robot or ma-
nipulator actively pushes a mating part, while another pas-
sively holds the part. Human-robot and multi-robotic teams
applied to novel applications like space construction (Ueno
et al. 2003; Doggett 2002) and robot assistants (Shah et al.
2007) provide an opportunity for a non-traditional approach
to assembly. This approach requires that two agents simul-
taneously push their parts to accomplish their mating. We
call this a “push-push” scheme. This approach is motivated
in Ozaki et al. (2004) to fit modular micro-satellite parts.
It is also biologically inspired in the way humans perform
hard-to-do assemblies, whereby humans empirically resort
to this approach if connecting two parts is difficult.

Our work focuses on the first step of the construction
problem, that is the insertion of parts across two robots. It
does not address how to build more parts, nor whether it
is done on-orbit, or on-surface. Several works describe fur-
ther steps of the construction problem in different environ-
ments (Doggett 2002; Sellner et al. 2005; Simmons et al.
2007, and Huntsberger et al. 2004). Doggett’s approach is
an on-orbit laboratory assembly system that connected 102
truss elements; Sellner et al. and Simmon et al. use three
robots with specialized skills to locate, carry, and manipu-
late truss structures for assembly. Huntsberger et al. use two
mobile robots with manipulators to transport and assemble
stanchions.

While difficult-to-do assemblies involve higher contact
forces, humans still use ‘push-push’ approaches to execute

the insertions. Traditional assemblies have avoided this ap-
proach for the same reason and have sought to use compli-
ance, often in the form an end-effector, to reduce potentially
high and damaging contact forces present in assemblies us-
ing rigid manipulators (Pratt and Williamson 1995).

This paper studied performance differences between tra-
ditional “push-hold” assemblies and “push-push” schemes
carried out by two robots with very different morpholo-
gies and attributes: a rigid manipulator and a compliant hu-
manoid robot. The paper also studied which robot was bet-
ter suited for push or hold roles in traditional “push-hold”
assemblies by analyzing their force and moment responses.
The study provides valuable insight to understand the rela-
tive advantages of using robots of particular morphologies
and attributes in a team of heterogeneous robots for assem-
bly tasks.

To this end, the authors tasked an anthropomorphic dual-
armed, six DoF, pneumatically actuated robot ISAC (Rojas
and Peters II 2005) and a rigid, point-to-point, six DoF in-
dustrial manipulator HP3JC robot (Rojas and Peters II 2009)
to perform a collaborative assembly task under two coor-
dination schemes: the “push-hold” scheme and the “push-
push” scheme. The assembly task had the HP3JC hold a
male truss with a barret hand while the dual-armed hu-
manoid used a PVC T-connector construct to hold a female
truss using both arms. For the “push-hold” scheme two ex-
periments were performed to test each robot under a differ-
ent role. In the first experiment, the HP3JC drives the in-
sertion with the male truss while ISAC holds, and in the
second experiment ISAC drives the insertion with the fe-
male truss while the HP3JC robot holds the male truss. For
the “push-push” scheme an experiment is performed where
both robots drive the insertion of parts. Screen-shots of the
push-push scheme are shown in Fig. 1. An in-house built
distributed multi-agent architecture known as the Intelligent
Machine Architecture was used in concert with a control ba-
sis framework—a modular control basis architecture—to fa-
cilitate the deployment of the robotic testbed while achiev-
ing a robust and flexible control paradigm (Rojas and Pe-
ters II 2011b). The control basis is a practical framework
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for robotics development and has been used to implement
bipedal walking, manipulation, grasping (Brock et al. 2005),
mobile-agent flocking (Antonelli et al. 2010), and traditional
assemblies (Rojas and Peters II 2011b). The control basis
decomposes a control problem into a series of compound
modules that are sequenced concurrently as part of an in-
struction set of optimized objectives. Such recasting allows
for an autonomous, robust, and flexible formulation and ex-
tension of a control solution (Brock et al. 2005).

The study found that the “push-push scheme” completed
insertion tasks faster than the “push-hold” scheme and re-
duced the likelihood of stiction, jamming, and wedging. Fi-
nally, the study also presents force-moment signature pat-
terns of assembly phenomena for coupled rigid-compliant
robot teams which are valuable in understanding the chal-
lenges of coupling robots of very different attributes and
can help design frameworks to synthesize and evaluate tasks
across teams of heterogenous robots. The study also found
that for the “push-hold” scheme, having the industrial robot
be the pusher and the compliant robot be the holder was
more desirable due to resulting smoother insertions with
lower contact forces compared to the assembly with reversed
roles.

2 The control basis framework

A control basis decomposes a complex control system into a
set of modular control elements that when connected appro-
priately synthesize a variety of behaviors. A control basis
consists of any number of closed loop controllers derived
from a set of control laws. As asserted by Huber (2000),
the control laws are designed to yield asymptotically stable
and predictable behavior for different robots. Each control
law discretizes the continuous space into discrete basins of
attraction and can compensate for a limited range of pertur-
bations and uncertainties while still converging to the attrac-
tor. The control basis approach uses nullspace projections to
optimize multiple control goals simultaneously and mitigate
singularities associated with the projection of space actions
onto other spaces. The control composition is also imple-
mented through the selection of relevant sensor and actua-
tor resources to produce flexible structural solutions beyond
modular nullspace behavioral control (Brock et al. 2005). In
effect, the approach allows control elements to be re-used
and generalized to different solutions depending on the con-
text (Brock et al. 2005).

2.1 Mathematical derivation

Primitive controllers φi , where i = 1 ∼ n, form basis con-
trollers from a set of controllers, Φ , such that φi ∈ Φ .
A primitive controller optimizes a partitioned portion of a

designated control space and can be understood as the min-
imization of a discrete basin of attraction. The basins of
attraction are formulated through artificial potential func-
tions defined over a typed domain, Xi , and are defined as
the square of the error: φi(ρ) = ρT ρ, where ρ is the dif-
ference between the reference input and the plant input,
ρ = qref − q, at every time step.

Each controller reaches its objective by performing
greedy descent, ∇φi , on the artificial potential function,
while engaging sensor and motor resources. The minimiza-
tion of the surface potential function in a specified domain
space, Xi , over time is defined as:

∇xi
φi = ∂φi

∂t
. (1)

Each primitive is bound to a selected subset of input con-
trol resources γj ∈ Γj and output control resources γk ∈ Γk

relevant to the task. In order to bind input and output con-
trol resources to the controller, corresponding sensor trans-
forms sj and effector transforms ek are used. The sensor
transform maps incoming sensory resources to a specified
domain space such that sj : Γj → Xl . To ensure that a task
is guaranteed to operate within the region of a corresponding
basis we require that the output range of a sensor transform
matches the artificial potential function domain’s data type.
Similarly, the effector transform maps the control law er-
ror’s result to an appropriate output space, Yk . The mapping
is typically effected using a Jacobian matrix as in (2).

ek(γl) =
(

∂xγ1

∂yk

,
∂xγ2

∂yk

, . . . ,
∂xγ|Sl |
∂yk

)T

, (2)

where, xγi
represents the controller update for a sensor con-

trol resource γi . Also, yk is a corresponding point in the out-
put space and γl = γ1, γ2, . . . , γ|Sl | is a subset of selected
control resources for a given task. In order to match an effec-
tor transform with an artificial potential function, the rows-
pace of ek(γl), Xi , must match the potential function’s data
type.

The closed-loop controller is implemented then, when the
error between the incoming sensor information and the ref-
erence position is minimized within the discrete artificial po-
tential basin, ∇xi

φi(xref − sj (γj )), and the gradient result is
mapped to the output configuration space through an effec-
tor transform, ek(γl). Given that the input data is of the same
domain type as the artificial potential function, and the ef-
fector transform is of the same dimensions as the potential
function, the controller’s output, ∇yk

φi , is defined as:

∇yk
φi = ek(γl)

T ∇xi
φi(xref − sj (γj )). (3)

For convenience, the above expression is expressed in sim-

plified notation as φi |sj (γj )

ek(γl)
(xref ). If the controller has zero

reference, then it can be omitted: φi |sj (Γj )

ek(Γl)
.

To concurrently optimize multiple goals, secondary con-
trol updates are projected onto the nullspace of primary
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control updates. This relationship is expressed for a com-
pound controller π as having the secondary controller φ2 be
subject-to the primary controller φ1, and is expressed as:

∇y(φ2 � φ1) = ∇yφ1 + N (∇yφ
T
1 )∇yφ2, (4)

where,

N (∇yφ
T
1 ) ≡ I − (∇yφ

T
1 )+(∇yφ

T
1 ), (5)

and, I is the identity matrix, y is an n-dimensional space,
and the nullspace of ∇yφ

T
1 is a (n − 1) dimensional space

orthogonal to the direction of steepest descent (Platt 2006).
For convenience, (4) is written as πk : φ1 � φ2.

3 Devising a control basis for cooperative assembly
tasks

According to Inuoe (1981), insertion assemblies require that
a peg approximates a female fixture with a cautious motion
until an optimal location for insertion is achieved; at which
point, a compliant insertion takes place to correct misalign-
ments. For this reason, two fundamental compound con-
trollers were designed to drive an insertion: a Guarded Move
Controller πGM and a Compliant Insertion Controller πCI .
The former was designed to reactively and autonomously
displace a truss to an optimum location for insertion. Upon
converging to an optimum locale, a designed control pol-
icy transitions to the latter controller to drive the insertion
task. These components were used for both the HP3JC robot
and ISAC, although for ISAC, the controllers combined the
effects of two arms as if they were a virtual clamp. The
modified controllers are referred to as the Virtual Guarded
Move Controller πV GM and the Virtual Compliant Insertion
Controller πV CI . ISAC also used a third controller designed
to counterbalances the forces exerted by an incoming truss
and is referred to as the Virtual Counterbalance Controller
πV CB .

In effect, for the “push-hold” scheme, a control policy is
effected such that for the driving robot a guarded move ap-
proach drives the truss to an optimum local; once reached,
a compliant insertion takes place. For the holding robot,
a counterbalance controller is run throughout to optimize the
entry of the driving truss. For the “push-push” scheme, both
robots reach an optimum locale first and then make use of
the compliant insertion controller to drive the insertion (for
more details see Sect. 4).

These compound controllers are formulated by combin-
ing position φp , force residual φf r , and moment residual
φmr , controllers in different order, with different references,
and with different sensor and effecter transforms. The prim-
itive controllers will be presented next and after that how
they are compounded.

3.1 Control basis primitives

3.1.1 The position primitive

The position controller is based on the Jacobian transpose
control method, where at each cycle, joint displacements are
updated according to:

	q = J T Kpe, (6)

where, 	q is a displacement of joint angles, J T is the ma-
nipulator Jacobian, Kp is the position gain, and e is the error
in cartesian positions.

For the position primitive, the sensor transform converts
image coordinates to cartesian positions: sp(γvisual_sys),
while the effector transform maps the updated cartesian po-
sition to the robot’s current joint configuration: ep(γcart).
The square of the cartesian error is used as the error func-
tion: φp = 1

2KpeT e, such that the gradient is:

∇xφp = Kpe. (7)

The basis controller can thus be defined as:

∇qφp = ep(γcart)
T ∇xpφp(xref − sp(γvisual_sys)), (8)

or, more succinctly as

φp |sp(γvisual_sys)

ep(γcart)
(xref ). (9)

3.1.2 The force and moment primitives

Force and moment controllers update joint angle configu-
rations so as to apply desired forces or moments. The force
controller updates the first three joints configurations of both
robots 6 DoF, while the moment controller updates the last
three joint configurations. The joint angle updates for both
control laws are defined as:

	q1−3 = K−1
j J T Kf (fref − f)T (fref − f), (10)

	q4−6 = K−1
j J T Km(mref − m)T (mref − m), (11)

where, (fref − f) and (mref − m) are the force and moment
errors respectively; and, Kf and Km are force and moment
gains that multiplied by the Jacobian transpose J T generate
torque updates for the appropriate joint configurations. The
inverse of Kj is then used to computed the corresponding
joint angle updates for each cycle of the force or moment
controller.

The force and moment residual controllers have sensor
transforms sf (γforce) and sm(γmoment) that return the F/T
sensor data respectively. The artificial potential functions for
the force and moment residual functions are proportional to
the square of their errors:

φf r = 1

2
Kf (fref − f)T (fref − f),

φmr = 1

2
Km(mref − m)T (mref − m),

(12)
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and they are differentiated with respect to their joint angle
configurations to displace the trusses and minimize residu-
als:

∇qφf r = −Kf (fref − f),

∇φmr = −Km(mref − m).
(13)

The controllers also have effector transforms ef r (γtorque)

and emr(γtorque) that converts torque updates into joint an-
gle updates by multiplying the inverse position gains and
Jacobian transpose

ef r (γtorquek
) = K−1

j (Jγ1 , . . . , Jγ|γk |)
T , (14)

emr(γtorquel
) = K−1

j (Jγ1 , . . . , Jγ|γl |)
T , (15)

to produce the following primitive controllers:

φmr |smr (γmoment)

emr (γtorque)
:

∇qφmr = emr(γtorque)
T ∇mφmr(mref − smr(γmoment)),

(16)

φf r |sf r (γforce)

ef r (γtorque)
:

∇qφf r = ef r (γtorque)
T ∇f φf r(fref − sf r (γforce)). (17)

3.2 Compound controllers

3.2.1 Guarded move controller

The guarded move controller πGM uses φp as the dominant
controller and φmr as the subsidiary controller. The hierar-
chy of πGM was decided empirically by prioritizing the need
for an optimal insertion location. The position controller up-
dates the robot’s joint configuration and displaces the truss
to a reference location (xref ). The subordinate moment con-
troller minimizes perturbations if contact is made during the
trajectory. The position controller receives a 3D reference
cartesian position from a stereo visual system that detects
color fiducial marks placed at the fixture’s tips (Rojas 2009).
The compound controller, πGM , is then implemented as:

πGM = φmr |smr (γmoment)

emr (γtorque)
(mref ) � φp |sp(γvisual_sys)

ep(γcart)
(xref ).

(18)

3.3 Compliant insertion controller

The compliant insertion controller πCI is activated after the
guarded move controller reaches its reference position and is
responsible to drive the insertion. The compound controller
is naturally reactive.

As stated earlier, experimental practice suggests that
aligning trusses takes precedence over fixing its position
during the insertion stage. Such alignment is performed by
the minimization of moment errors. For this reason, the mo-
ment residual primitive φmr is the dominant controller (with

Fig. 2 ISAC and the HP3JC robot use two sequenced compound con-
trollers to implement an assembly using the “push-hold” scheme

no explicit reference parameter), while a force residual con-
troller φf r acts as the subordinate controller. The subordi-
nate force controller was designed in such a way that the a
positive force parameter in the x-direction (f xref ) drives the
insertion. Higher force parameters update the joint configu-
ration in larger steps making the insertion in effect faster
compared to lower force parameters. The force controller
will still minimize perturbations and update the joint config-
uration of the robot to achieve optimal entry positions.

In effect, the compliant insertion controller does not use
position control to drive the assembly. Instead, it manip-
ulates force reference parameters to create a reactive and
adapting controller. The compliant insertion controller is de-
fined in (19). An illustration of the assembly task under a
“push-hold” scheme is shown in Fig. 2.

πCI = φf r |sf r (γforce)

ef r (γtorque)
(fref ) � φmr |smr (γforce)

emr (γtorque)
. (19)

3.4 Virtual clamp and components

To facilitate redundancy problems associated with noise pro-
duced from the combined effect of two FT sensors and
two arms for ISAC, the concept of a virtual clamp (VC)
was used. Both of ISAC’s arms were connected through a
T-connector to a female truss and acted as a virtual clamp. In
effect, the arms, the connector, and the female truss formed
a single link. In both, holding and pushing schemes, VC’s
reduced the control problem from 12 DoF to 6 DoF by av-
eraging joint updates and appropriately updating each of the
arms position. The use of the virtual clamp also improved
control problems associated with the elasticity and hystere-
sis of pneumatic muscles (Lefeber 2001). In ISAC, the vir-
tual clamp parameterizes sensor si and effector transforms
ek by averaging both sensory stimuli and effector outputs for
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given input or output control resources (γj , γk) in ISAC’s
right and left arms such that:

si(γvc_j ) = 1

2
[s(γj_left + γj_right)],

ek(γvc_k) = 1

2
[e(γk_left + γk_right)].

(20)

Virtual clamps were used for the πGM and the πCI con-
trollers as well as for the counterbalance controller. The lat-
ter is introduced first followed by the insertion controllers.

3.4.1 Virtual counterbalance controller

The virtual counter balance controller πV CB produces a
force guided counterbalance that maintains the static fix-
ture’s position in place while updating its orientation and
position to facilitate the insertion process and is composed
of a dominant moment residual controller and a subordinate
force controller with no explicit reference values:

πV CB = φf r |sf r (γforce)

ef r (γtorque)
�φmr |smr (γforce)

emr (γtorque)
. (21)

The definitions for the virtual guarded move and compliant
insertion controllers follow directly from (18) and (19).

πV GM = φmr |smr (γvc_moment)

emr (γvc_torque)
�φp |sp(γvc_visual_sys)

ep(γvc_joint)
(xref ), (22)

πV CI = φf r |sf r (γvc_force)

ef r (γvc_pos)
(fref ) � φmr |smr (γvc_force)

emr (γvc_pos)
. (23)

4 Experiments

Three experiments were conducted under the “push-hold”
and “push-push” modes to study the relative performance of
the schemes, each robot’s proficiency under different roles,
and to characterize force signatures of assembly phenom-
ena (jamming, wedging, and stiction) as it pertains to the
coupling of a rigid robot and a compliant robot in an au-
tonomous assembly tasks under the already referred-to co-
ordination schemes.

First we describe the testbed, the experimental details,
and the performance metrics. Then we describe the exper-
imental procedures. Finally we analyze convergence pat-
terns, the characterization of forces for assembly phenom-
ena with a rigid and compliant robot, relative comparisons
between the “push-hold” and the “push-push” schemes, and
relative comparisons between the two robots.

4.1 Testbed description

The robotic testbed consisted of Motoman’s HP3JC and our
in-house built humanoid robot ISAC. The compact HP3JC
industrial robot (Motoman 2011) was selected for its high
accuracy ability though limited by the inaccessibility to its
low-level control. The manipulator used an NX100 Yaskawa

controller under an open operating mode in which user-
defined control algorithms could be implemented. The con-
troller was housed underneath the robot in a protective case
that also served as a mobile base for the robot. Furthermore,
a JR3 six-axis F/T and a three fingered Barret Hand were
mounted on the wrist. The fingers (and trusses) were covered
with adhesive material to reduce friction. ISAC possesses
two manipulators each of which is actuated by 12 pneu-
matic McKibben artificial muscles. The muscles are set-up
in agonist-antagonist pairs imitating human muscles (Rojas
and Peters II 2005). Each pair of air muscles was driven by
12 air-pressured SMC ITV2050 servo valves. The servo and
encoder signals were read through the use of three motion
control cards by VitalSys (a more detailed description of
the entire humanoid can be found in Rojas 2009). On each
of ISAC’s end-effectors an ATI six-axis F/T sensor was at-
tached to the wrist as well as a machined aluminum bracket
specially designed to grip 1.0 in PVC pipes.

There were two trusses in the experiment: one male and
one female, both made from commercial PVC piping. The
male truss was constructed by connecting two 0.5 in. pipes
through an elbow connector. At the truss’ tool-tip an inverted
chamfer was used to facilitate its entry into a female counter-
part. The HP3JC robot held this truss in all experiments and
was placed within ISAC’s workspace. The female truss had
a T-shape, a 1.0 in. hollow pipe points perpendicularly to the
frontal plane of the robot, acting as a female truss. This pipe
was connected through a T-connector to two 1.0 in. pipes
that were held rigidly by ISAC’s machined brackets at the
end-effectors. The radial tolerance for the task was 0.25 in.
Both trusses had fiducial marks on them to be recognized by
a color-based visual system. Figure 3, shows three different
perspectives of the experimental setup. In the central image,
there is an example of the HP3JC robot before ISAC holding
the male truss. The lower left image shows how the Barret
hand grips the male truss and approaches the female truss
for insertion. The top right image shows how the male truss
enters the female truss.

An in-house built decentralized multi-agent architecture
known as the Intelligent Machine Architecture (IMA) 2.5
was used to encode all levels of robotic control for both
robots including: the visual system, force and moment sen-
sory inputs, and all of the control basis primitives and com-
pound controllers (Olivares 2003). The mobile agent archi-
tecture used an event-driven finite-state-machine in conjunc-
tion with the control policy to adequately deploy and auto-
mate all robotic behavior.

4.2 Experimental details

For all experiments, an insertion was considered complete
when the fiducial mark in the male truss was entirely cov-
ered (a depth of 2 in). Each experiment began with the
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Fig. 3 This three part image
illustrates the experimental
set-up. The industrial robot is
placed before the humanoid
robot while the former holds a
male truss and the latter a
female truss. The lower left
image is an example of how the
trusses look before insertion.
The top right image is an
example of how trusses look
during an insertion

HP3JC robot at approximately the same position with a de-
viation of ±2 in in radius. Color segmentation, as in Rojas
and Peters II (2005), was used with empirically set parame-
ters for a low-pass filter and morphological operations. Im-
age processing was used by ISAC to compute a single carte-
sian coordinate for each of the fiducial marks on the tips of
the trusses. Note that visual servoing did not take place in
this experiment. Once the initial position reference was pro-
vided to the guarded move controller, the visual system did
not continue to provide visual feedback. The visual system
returned correct reference positions in 25 of 31 trials across
three experiments. Each robot’s coordinate system was se-
lected by having the z-axis point vertically upwards, the y-
axis point perpendicular to both the frontal plane and the Z

axis, and the x-axis determined by the right hand rule.

4.3 Performance metrics

Three metrics were used to measure the assembly tasks’ per-
formance: (a) time-to-completion, (b) the sum of the abso-
lute values of the maximum moment residuals registered in
the x-, y-, and z-directions (referred to hereafter as “moment
errors”), and (c) the compliant insertion controller force ref-
erence parameter. The first metric was considered to be the
time from which the compliant insertion controller starts un-
til the insertion is completed. For the “push-hold” scheme
the time was controlled by the driving robot, while in the
“push-push” scheme time was controlled by the industrial
robot. The second metric took the largest moment errors
present at any point in time in the x-, y-, and z-directions
and added their absolute value to obtain a single moment er-
ror measurement. The third metric differentiated faster and
slower insertions driven by the industrial robot (the compli-
ant robot only used one force reference value) to test the

system’s response under different assembly speeds. Faster
insertions used a force reference of Fx = 178 N and slower
insertions used a value of Fx = 89 N. Insertions were as-
sumed complete when the male fiducial mark was covered.

4.4 Experiment 1: HP3JC-push, ISAC-hold

In the first experiment, the industrial robot drove a male truss
into a female fixture held by ISAC. The HP3JC robot used
the πGM and the πCI controllers to actively perform the in-
sertion, while ISAC used the πV CB controller to counteract,
but optimize entry forces exerted by the industrial robot. Fif-
teen trials were attempted. Three failed due to slight inac-
curacies in the cartesian coordinates provided by the visual
system. Eight trials were run with the faster force reference
parameter Fx = 178 N, and four were run with the slower
force reference Fx = 89 N.

4.5 Experiment 2: ISAC-push and HP3JC-hold

The second experiment reversed the push-hold role play and
assigned ISAC as the active robot in the insertion task. This
experiment, as opposed to the previous one, began by having
the male truss held by the HP3JC at a ready-position in front
of the female fixture held by ISAC. The humanoid’s virtual-
contact compliant insertion controller, πV CI was responsi-
ble for driving the insertion. In this experiment, a force ref-
erence parameter of Fx = −2.22 N was used by the sub-
ordinate controller of the virtual compliant insertion con-
troller for ISAC. This experiment carried out seven trials all
of which were successful.

4.6 Experiment 3: push-push scheme

The third and last experiment tested the push-push coordi-
nation scheme. The HP3JC robot used the πGM and πCI
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Fig. 4 Trial in Experiment 3
depicting moment residual
minimization and force
reference parameters serves as a
point of reference for other trials

controllers for the HP3JC robot. Nine trial were attempted.
Three failed due to inaccuracies in the visual system. Three
trials used a force reference of Fx = 89 N and the other tri-
als used Fx = 178 N. ISAC, on the other hand, used πV GM

and πV CI with a reference force of Fx = −2.22 N for all tri-
als. The visual system triggered the HP3JC’s motion by pro-
viding a reference position to the guarded move controller.
ISAC remained at the home position using πV GM and tran-
sitioned to πV CI upon initial contact.

4.7 Results

4.7.1 Convergence

This section presents three representative moment and force
residual plots. The purpose is to demonstrate the effective-
ness of the controllers in minimizing the residual of the er-
ror in different case scenarios. The first trial corresponds to
a “push-push” scheme in Experiment 3. This trial exhibited
little stiction and no jamming and served as a baseline for
comparison with other trials. The results are shown in a pair
of subplots in Fig. 4. Note that the top plots correspond to
moment primitives which minimize moment residuals—due
to a reference parameter with value of 0. The bottom plots
correspond to the force primitives which drive the insertion.
In this case, the controller seeks to maintain reference pa-
rameter values throughout the task. The second trial corre-
sponded to Experiment 3 which exhibited combined stiction
and jamming phenomena, with results shown in Fig. 5. The
third trial corresponded to Experiment 1 which exhibited
jamming and whose results are shown in Fig. 6.

For the HP3JC robot in Fig. 4(a) the male truss entered
the female truss from an offset position both horizontally

and vertically giving rise to moment residuals in the Ty and
T z directions. Generally as the male truss begins to enter
the female truss it will make contact at one point in the
truss. The controller reacts and rejects the disturbance and
moves the truss in the opposite direction. The truss then hits
the female truss with its tip in an opposite side. The con-
troller again reacts to remove this disturbance, all the while
the insertion continues. Eventually there may be two contact
points between the male truss and the female truss. In this in-
termediate stage the controller works to align both trusses.
At this stage the controller error will tend to oscillate. Then,
as the trusses alignment improves, the moment residual con-
stantly decreases. Notice that the controller never fully con-
verges to 0 error. The result was expected. The compliant
insertion controller is reactive in nature and rejects distur-
bances as they appear. Given that the tolerance in our ex-
perimental set-up is of 0.25 in, trusses never align perfectly,
giving rise to a zig-zag motion of the male truss as it entered
the female truss. Note that our termination criteria for the
assembly limited deeper insertions and the extent to which
the trusses could align. The insertion was nonetheless suc-
cessful. Better convergence’s can be expected for tighter ra-
dial tolerances and deeper insertions. With respect to the
force data of the HP3JC, a slow reference value was used to
drive the insertion with negligible disturbance. This reflects
a smooth insertion by the male truss.

The duration of this and other experiments may seem sig-
nificant. The primary reason for such durations was the in-
ability to access the industrial robot’s low-level control loop.
Such impediment forced us to operate through the industrial
robot’s API which prevents pre-emptive motion and signifi-
cantly delayed the overall response of the system.
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Fig. 5 Trial in Experiment 3
depicting moment residual
minimization and force
reference parameters in the
presence of jamming

Fig. 6 Trial in Experiment 1
depicting moment residual
minimization and force
reference parameters in the
presence of jamming and
stiction

With respect to ISAC, the general pattern of oscillations
in the moment residuals is seen here as well. With respect
to the force data, ISAC used a force reference parameter
Fx = −2.22 N. The female truss experienced little stic-
tion (detailed analysis of stiction is presented in Sect. 4.7.2)
which led to a halt during its motion. The controller rejected
the disturbance and converged to its reference parameter.

The second case corresponded to another trial in Exper-
iment 3. This trial exhibited jamming (a detailed analysis
of jamming is presented in Sect. 4.7.2). The moment resid-
ual controller struggled to minimize the contact forces gen-
erated when the male truss jammed one of the edge walls
of the female truss at the entry point. It took the controller

about 24 seconds to overcome residuals that grew to more
than 89 N-in in the downwards direction. At that point, the
moment primitive constantly reduced the disturbance. The
forward motion of the male truss was mostly unaltered. For
ISAC, jamming phenomena was seen between time markers
80–100 s. Both the moment and force primitives minimized
disturbances after a large increase in residual errors. The last
representative trial corresponds to a “push-hold” scheme in
Experiment 1. This trial exhibited some jamming and stic-
tion. The controllers show good convergence for the HP3JC
robot on both the moment and force residuals. For ISAC
the moment residual controller minimized the disturbance
caused by jamming seen between time ticks 20–60 s, and the
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Fig. 7 Trial in Experiment 2.
Force and moment plots on the
left. Moment and force residual
plots on the right depicting
stiction phenomena from the
pneumatic humanoid

force residual controller successfully eliminated reappearing
and constant disturbances caused by stiction.

4.7.2 Characterization of forces for assembly phenomena

This section deals with the characterization of three phe-
nomena: (a) stiction, (b) jamming, and (c) wedging. Stic-
tion phenomena is associated with the actuation of elastic
muscles (Lefeber 2002). Stiction as its name implies, refers
to a tendency of the pneumatic muscle to stick in a posi-
tion. In Experiment 2, where ISAC is the pusher, significant
stiction was present. Figure 7 correlates the force-moment
signatures sensed by the ATI FT sensors on both wrists with
the moment and force residuals. In force data plot for the
force controller, stiction is present when the forward mo-
tion (force parameter Fx = −2.22 N) was completely can-
celed. This occurred twice between 50–75 s and between
200–250 s. Furthermore, it is seen that after these two pe-
riods there is a rapid change in force residuals. Near time
135 s, the force changed rapidly from 0 to −2.22 N. This
change represents a complete halt of motion followed by a
quick forward boost. This stiction point is not readily seen in
the FT sensory data but at the time near 300 s stiction points
in both arms work in concert to show a swift change in force
values from Fx = −0.44 N to Fx = −3.56 N, while the mo-
ment residual plot also showed evidence of quick changes
in all three directions. These results match those of Fig. 6(b)
where quick changes in force residuals are seen. We noticed
that stiction was predominant in trials where the rigid ma-
nipulator did not push during the insertion.

Jamming phenomena, as can be seen from Figs. 5 and 6,
increased the moment residual in proportion to the force
with which the trusses were driven. This phenomena be-
haved similarly independently of whether a male or female

truss was used, or whether a “push-hold” or a “push-push”
scheme was used. Jamming, if it occurred, occurred at the
beginning of the insertion in which the male truss contacted
the edge of circular entry wall of the female truss and for
some time pressed against it until the controllers overcame
the high contact forces and adjusted the configuration of the
system.

Wedging occurs when a peg makes a two-point con-
tact with a female truss and the direction of motion pre-
vents the parts from aligning. One of those contacts, ex-
erts a force at the tip of the male truss inside the fe-
male’s fixture hull in one direction; the other contact ex-
erts forces at the interface of the edge of the female fix-
ture and the body of the male truss in the opposite di-
rection. In Experiment 1, during a fast insertion, wedg-
ing took place yielding the results shown in Fig. 8(a), the
male truss shows force signatures that evidence a smooth
insertion, but in Fig. 8(b), the moment residual controller
for ISAC was tricked into thinking there was no need for
realignment. While the male truss was inside the female
truss, the controller never converged and the wedge was not
resolved. The force residual for the compliant robot pre-
sented an intricate pattern of intermittent backwards (posi-
tive Fx values) and downwards motions (positive Fz values).
Wedging, in general, is more likely in “push-hold” schemes
and is characterized by a backward motion in the holding
robot.

4.7.3 Relative comparisons between push-hold and
push-push schemes

This section compares averaged time-to-completion and
moment errors from all successful trials in Experiments 1–
3 as presented in Sects. 4.4–4.6. These parameters were
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Fig. 8 Robot response in a
“push-hold” scheme with
wedging. The HP3JC push
behavior is shown on the left.
ISAC’s hold behavior is shown
on the right

Fig. 9 Error bar comparison
between averaged
time-to-completion and moment
errors for successful trials in
Experiments 1–3 under different
coordination schemes

grouped according to the force reference value used: Fx =
89 N or Fx = 178 N for the HP3JC and Fx = −2.22 N for
ISAC. The reference value set the task’s speed and was use-
ful to categorize data into groups belonging to faster inser-
tions or slower insertions. Two trials in Experiment 1 with
jamming and wedging registered abnormally high moment
errors and time-to-completions and were not considered in
this analysis.

For the HP3JC, Experiments 1 and 3 were compared with
respect to time and moment errors to study the differences
between schemes. For ISAC, Experiments 1, 2, and 3 were
compared simultaneously. The results are shown using error
bars in Fig. 9.

Figure 9(a) showed indeed that insertions with Fx =
178 N were faster, and that the “push-push” scheme was
faster. For slow assemblies, Experiment 3 was 9% faster
than Experiment 1. For fast assemblies Experiment 3 was
58% faster than Experiment 1.

Figure 9(b) showed that moment errors increased in-
versely proportional to time-to-completion. Faster insertions
had higher error moments. For slow assemblies, Experiment
3 had 9% larger moment errors than Experiment 1. For fast

assemblies, experiment 3 had 15% larger moment errors
than Experiment 1.

In Fig. 9(c), Experiments 1 and 3 assume timing from
the slower insertions for the HP3JC. In Experiment 2, tim-
ing comes from ISAC driving the insertion. When ISAC
drove the insertion in Experiment 2, it was 3% slower
than when the HP3JC drove the slow insertions and 68%
slower than when the HP3JC drove the faster insertion.
As with the HP3JC, the “push-push” scheme was faster
than the “push-hold scheme” driven by ISAC. The mo-
ments tell the same story as with the HP3JC, faster assem-
blies and more collaborative schemes induce greater con-
tact forces on both robots. The controllers react by ap-
plying larger corrective steps and completing the insertion
faster.

With respect to jamming and wedging phenomena, we
saw that in “push-push” schemes, the motion of both trusses
diminishes the likelihood of these events from happening.
Wedging did not occur in Experiment 3 and when jamming
occurred, results showed that contact forces were reduced
faster than in the “push-hold scheme”.
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4.7.4 Relative comparisons between the rigid robot and the
pneumatic robot

This section studies relative comparisons in the force signa-
tures of the robots during the three experiments as well as
their influence on completion times and moment errors.

When comparing the convergence patterns between
robots, the trajectories of the HP3JC are smoother than those
of ISAC. This data reflects the rigid and compliant natures
of the robots. The HP3JC naturally follows its point-to-point
motion, while ISAC naturally complies to facilitate the as-
sembly.

The error magnitude also reflects the previous statement
in that the HP3JC moment errors are higher than those of
ISAC in a given experiment. That is, ISAC’s compliance re-
duces contact forces and experiences lower tension.

The last observation noted that the HP3JC robot moves
faster more easily than ISAC. The electrically driven link-
ages of the HP3JC are more easily controlled than the elastic
and antagonist pneumatic muscle-pairs.

5 Discussion

5.1 Coordination schemes relative performance

Our discussion first focuses on the significance of the re-
sults in relation to the coordination schemes relative per-
formance. Our results found that the “push-push” coordi-
nation scheme was faster. Increased levels of cooperation
yielded faster time-to-completion albeit with higher contact
forces. The maximum limit for contact forces was not ex-
plicitly tested for, but it is set by the robot with the low-
est payload limit, in this case the HP3JC which is set at
3 kg (or 29.4 N). Further testing is required in approach-
ing this maximum force limit to understand further the be-
havior of the controllers and thus the parameters. Addition-
ally, a desirable result of faster completions with higher
contact forces was the reduction of undesirable phenom-
ena like jamming and wedging. The finding is encouraging
as it affirms that teams of heterogeneous robots can suc-
cessfully work in assembling parts autonomously and with
more flexibility. This is particularly timely as more teams
of heterogenous robots with very distinct morphologies and
attributes are appearing in research (Sellner et al. 2006;
Rehnmark et al. 2005). Specially in the areas of construc-
tion or assembly of modular structures (Ueno et al. 2003;
Ozaki et al. 2004).

Furthermore, our results suggest that in “push-hold”
schemes industrial robots are better pushers and compliant
robots are better holders. The smoothness of trajectories for
the industrial robot along with its ability to increase speed
make electrically-actuated rigid robots a better candidate to

push in rigid-compliant robotic pairs. The opposite is also
true. The elastic nature of compliant actuators along with
their propensity for stiction, make them a better candidate to
hold and absorb high contact forces generated by the push-
ing robot. This finding could be extended to novel human-
robot teams in which a human and a robot work assemble
parts together (Kruger et al. 2009). NASA, for example, has
deployed Robonaut PR2 to space to assist astronauts and
with maintenance tasks (Bluethmann et al. 2003). Given
that humans like ISAC have elastic muscles, we infer that
in human-robot teams where assembly, connection, or inser-
tion tasks take place with a robot like Robonaut, a “push-
hold” scheme could be more effective by having the human
function as the holder and the electronically actuated robot
as the pusher.

5.2 Trends across higher-levels of cooperation

The study presented on this paper performed a detailed anal-
ysis on a number of issues concerning the autonomous as-
sembly of parts by a team of heterogeneous robots of differ-
ent morphologies and attributes using force sensing through
a control basis approach. It builds on our previous work
which offered a preliminary analysis on the teaming of the
rigid industrial robot and the compliant humanoid robot with
partial force sensing (Rojas and Peters II 2009) as well as the
bootstrapping of the “push-hold” scheme through a decen-
tralized modular architecture (Rojas and Peters II 2011b).
Comparing the results of this work with our preliminary
work (Rojas and Peters II 2009), where the assembly was
performed first with a rigidly held female truss and then
with the compliant humanoid with no force sensing, corrob-
orates our current findings that schemes with higher level of
cooperation (first the “push-hold” scheme with force sens-
ing and then the “push-push” scheme) have lower time-to-
completion and higher likelihoods of completing the inser-
tions.

The authors would like to acknowledge that the number
of experiments executed in this work are limited and hence
also limit the statistical significance of the results. However,
as mentioned previously the results obtained in these three
experiments are in agreement with previous work experi-
ments carried out in Rojas (2009). The linearity of the results
suggests that with higher-levels of cooperation tasks can be
completed faster and it is in this result that the experiments
provide value. It is also worth noting, that carrying out ex-
periments with humanoid robots, or teams of robots, still
involves a very high level of complexity in its organization,
set-up, and execution. In order to integrate the vision con-
trol, the image processing, and all the controllers, sensors,
and actuators used by the control basis, on the two robotic
testbeds in a reactive manner, we had to use a distributed
multi-agent architecture which consisted of tens of agents in
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parallel to the control basis, and whose control policies are
enacted through finite-state machines (see Rojas and Peters
II 2011a). Such architecture possess a very high degree of
dependability across the distributed agents. While great ef-
forts are spent on fault-tolerance, often times if a vital part
of the system fails, the experiment cannot be executed. It is
also for this reason, that the implementation and experimen-
tal results of this automated coordinated and cooperative as-
sembly across the humanoid robot and the manipulator are
valuable.

Additionally, the authors would like to discuss the rate
of failure in the experiments as it pertains to the relation-
ship between the controllers and the visual system. As stated
in Sect. 4.2, in our control basis approach, we did not do
real-time visual servoing. The reason was that the industrial
robot had to complete it’s assigned instruction before mov-
ing to the next target position. The position primitive in the
guarded move controllers receives only once a position ref-
erence from the visual system. Hence, if the goal point is
inaccurate the robots are unable to begin the insertion. Note
that there were three failures out of 15 trials in Experiment
1 and three failures out of 9 in Experiment 3. Out of the
six failed trials, five of these were due to inaccurate refer-
ence positions passed by the visual system and one due to
the inability of the controller to resolve a case of wedging in
Experiment 1. The failed trials do not demerit the efficacy
of the controllers. Every time the controllers (except for the
wedging case), were able to perform a successful insertion.
The limited efficacy of the visual system is a problem that
will be addressed using more robust methods as those used
by Sujan and Dubowsky (2005) for a cooperative insertion
task.

5.3 Comparison with similar approaches

Our work adds to the growing number of applications that
have used the control basis as a developmental robotics con-
trol framework including grasping, manipulation, bipedal
walking, and flocking (Huber and Grupen 1996; Platt et al.
2006; Antonelli et al. 2010), in an effort to simplify the con-
trol problem while researching other problems like auton-
omy, learning, coordination and cooperation. Approaches as
in Caccavale et al. (2001), use modular control to switch
tasks across two homogeneous robots. Such frameworks
highlight the importance of understanding the relative ben-
efits of robots and tasks to architect better cooperation and
coordination in systems.

5.4 Gain considerations

The problem of adaptively adapting the gains of the basis
controllers was not studied. The selection of gains was done
empirically and behaved similarly to those in Natural Ad-
mission Control (Mathewson 1994), whereby there was a

trade-off between force and moment controller gains and ve-
locity feedback gains. Lower force and moment gains ren-
dered the system more stable but less responsive. Higher
force and moment gains increased the responsiveness of the
system but also the amount stiction in the task. It would be
interesting to study the responsiveness of the system with
adaptive gains. Another alternative is to explore gain opti-
mization by enacting a weighted combination of the com-
pound controllers as in Huntsberger et al. (2004), to find the
best set of force parameters and PD gains for the controllers.

Such optimization could lead to another interesting pos-
sibility, the reordering of compound controllers in the as-
sembly problem. Nonetheless, the authors believe that the
current controller ordering would persist given that the as-
sembly problem is well understood to be segmented into an
approach part and an insertion part. On the other hand, we
believe the controllers could benefit from additional control
primitives. In particular, the compliant insertion controller
could be augmented by adding a subsidiary position con-
troller to the force controller such that: πCI = φp � φf r �
φmr . This last controller, would direct the truss to a refer-
ence position while maintaining the reactivity of the con-
troller. By providing a reference position relative to the back
wall of the female truss, the augmented controller may bet-
ter identify the termination of a task and its recovery in the
presence of failure.

5.5 Stability considerations

With regards to stability, control basis primitives were orig-
inally constructed as provably asymptotically stable nav-
igation functions on their defined space. In configuration
space, stable in the sense of Lyapunov and in Cartesian
space, stable there as well. Projecting control basis actions
into another space through Jacobians can lead to singular-
ities. Such cases are mitigated through nullspace combina-
tions. Pathological type 0 or type 2 critical points are not
completely eliminated but can be avoided through empiri-
cal design of concurrent combinations of basis controllers
or learned combinations. Our work however did not con-
sider learning. The sequencing of controllers was decided
based on experience. In Brock et al. (2005), however, learn-
ing was used to find the best set of control basis primitives
to achieve a number of tasks over time . This study similarly
did not consider adaptive control of the gains. In our pre-
liminary work, gains for the underlying potentials were de-
rived empirically. We faced a trade-off between stability and
responsiveness. Higher gains yielded more responsiveness
but less stability similar to impedance control (Mathewson
1994).
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6 Conclusion

This study conducted a comparative analysis between two
coordination schemes across a heterogeneous robot team us-
ing force sensing. A rigid, point-to-point, industrial robot
and a dual-armed pneumatically actuated humanoid assem-
bled parts using a modular control framework under a tradi-
tional “push-hold” assembly scheme and a human mimicked
“push-push” scheme for hard-to-do assemblies.

The study revealed that as robotic cooperation increased,
time-to-completion decreased as did the likelihood of jam-
ming and wedging. The implementation and result affirm the
use of heterogenous robot teams to perform “push-push” as-
semblies autonomously in semi-structured environments.

The study also revealed that in “push-hold” schemes, in-
dustrial robots are smoother and faster pushers and compli-
ant robots better attenuate contact forces making them bet-
ter holders. The notion is important as it can be extended
to human-robot teams. It suggests that in insertion tasks hu-
mans, due to their inherent compliance, would serve better
as holders.

7 Future work

The paper also presented limitations that need to be ad-
dressed. In particular, more trials need to be run to increase
the statistical significance of this work. Similarly, given than
most of the failed trials resulted from an inaccurate cartesian
coordinate provided by the visual system, real-time visual
servoing needs to be integrated into the system. Finally, it
would be interest to study if the results obtained in these ex-
periments extend to other kinds of assembly tasks to study
whether or not the results are generalizable.
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