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Abstract— Machines might physically interact with humans
more smoothly if we better understood the subtlety of human-
human physical interaction. We recently reported that two
people working cooperatively on a physical task will quickly
negotiate an emergent strategy: typically subjects formed a
temporal specialization such that one member commands the
early parts of motion and the other the late parts [1]. In
our current study, we replaced one of the humans with a
robot programmed to perform one of the typical human
specialized roles. We expected the remaining human to adopt
the complementary specialized role. Subjects did believe that
they were interacting with another human but did not adopt a
specialized behavior as subjects would when physically working
with another human; our negative result suggests a very subtle
negotiation takes place in human-human physical interaction.

I. INTRODUCTION

Understanding human-human physical interaction should
lead to an increased understanding of how a robot and
a human can intuitively and cooperatively work together
physically. When two people work together, they are using
their collective force and past knowledge to affect each
other and their environment. Sebanz et al. [2] state, in
a review of joint action, that it may not be possible to
fully understand how humans operate by studying people
working in isolation. Understanding how two people work
together may elucidate how an individual works alone and
how a person would intuitively work with another agent,
such as a robot. Klingsport et al. [3] suggest that human-
robot communication in a shared task should follow the
implicit human-human communication standards. Learning
to implement strategies for how two humans communicate
haptically could help in creating more intuitive communi-
cation between a robot and a human, which is important as
robots are becoming more commonplace and interacting with
humans more frequently.

II. RELATED STUDIES

There have been several studies examining two subjects
cooperatively working on one object in a shared virtual envi-
ronment. Basdogan et al. [4] performed experiments where
two people jointly manipulated objects in a virtual world.
The interaction consisted of visual and haptic feedback via
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the virtual environment. Basdogan et al. found that haptic
interaction gave the users a better “sense of togetherness.”
Hubbold [5] examined two subjects carrying a stretcher
in a virtual world. The interaction was both visual and
haptic via the virtual environment. Hubbold found that haptic
interaction helped give the subjects a better perception of the
other member and a “sense of sharing.”

Glynn and Henning [6] showed that combining the com-
mand from two people controlling the same path-following
task resulted in faster and more accurate task execution than
one person alone. In their experiment, the acceleration of an
inertial mass is controlled by summing the force from each
partner. There is no force feedback, only visual feedback, so
the subjects are not physically interacting. The resulting force
on the mass was the average of the dual human input system
without haptic interaction. In a second set of experiments,
Glynn et al. [7] added force feedback, so the subjects were
interacting through a haptic display, which adds a spring to
their interaction. They compared four conditions including
both force and position control each with and without force
feedback. During force control, the added feedback increased
errors while performance time was unchanged. Glynn et
al.’s only explanation for larger path deviation was that
the feedback interacts with the dynamics of a second order
system in complex ways. During position control, the added
feedback decreased errors and improved performance.

Fly-By-Wire (FBW), a design for airplane (and car) con-
trol, eliminates the direct mechanical connection between the
pilot and the plane’s control surfaces and also between the
two pilots. Depending on the configuration and design of
the FBW system, the flight sticks have little or no haptic
interaction between pilots. In a comparison between direct
mechanical connections and non-haptic FBW, Summers et
al. [8] found a performance decrement when using non-
haptic FBW. Field and Harris [9] conducted a survey among
commercial aircraft pilots, some who have flown planes with
a direct connection and some who have flown using non-
haptic FBW. Field and Harris found that communication
was lost, which could adversely affect the pilots’ awareness
of current situations. Many pilots in the study stated that
being able to feel the motions and forces of the other pilot
was important and useful. Many pilots also stated that they
wanted to be able to feel what the autopilot was doing so
they could determine if the plane was flying correctly.

Figure 1 summarizes configurations of several of the above
studies which investigated the performance of two people
cooperatively manipulating a single object. Two people phys-
ically cooperating yield the greatest benefit from working
with a partner.
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Two people (physically connected)

Two people with feedback
(teleoperation)One Person
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Two people with no feedback
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       Faster/less errors

Fig. 1. Summary of various studies comparing the performance of
different forms of human-human interactions. All studies involved a real
or simulated second order inertial system, except for D*, which was a zero-
order system. Comparisons containing an ‘f’ indicate that their partner’s
force was conveyed to their partner while a ‘p’ indicates position was
conveyed in the feedback. {A-Summers et al. [8] and Field et al. [9]; B-Reed
et al. [10]; C-Glynn et al. [6]; D-Glynn et al. [7]}

In our present research, our goal is to determine what
specifically is responsible for the added benefit of a partner
and to begin recreating the beneficial interaction in a robotic
agent.

Griffin et al. [11], Griffiths and Gillespie [11], and Takubo
et al. [12] have demonstrated robots physically working
with humans, but their controllers are not based upon the
interactions of two people. Their methods predominantly try
to stabilize the system while the human manipulates the
object.

Rahman et al. [13] investigated two humans physically
interacting in a simple 1 DoF placement task. They charac-
terized the humans as either being a master or a follower.
The master controls the position of the object; the follower
tracks the motion of the master. Rahman et al. [14] worked
on modeling the impedance of a human arm by analyzing
the resistance an arm will create when it is led through
a given path. They found that inertia is constant while
damping and stiffness decrease throughout the path. Inoue
et al. [15] used the master-follower paradigm and human
impedance characteristics with two robots to successfully
move an object together.

The three above studies do not discuss haptic communica-
tion between the two members and do not take into account
how the completion strategy changes from working alone to
working with a partner. Our previous work [1] shows that the
completion strategy drastically changes such that the subjects
specialize: one member becomes the master during the early
parts of the motion and the other becomes the master during
the late parts. In an attempt to replicate a human partner, our
present research will implement the specialization strategy in
a robotic partner.

III. PERFORMANCE AND SPECIALIZATION

Our past experiments examined how two subjects coop-
erated on a physical task without being able to see each
other; the subjects could only feel the actions of the other
person through the object, a 1-DoF crank. We reported results
on the speed of task execution in [10] and results of force
specialization in [1], and will summarize only briefly here.

In almost all cases two people working together on the task
performed faster than either of the individuals could alone.
The faster performance cannot be due to sharing the load
since the inertia of the system was doubled in the dyad case.
Instead, the subjects each performed different aspects of the
task.

We measured the forces applied by each member during
the task. The sum of the members’ forces (“net force”) is the
task-relevant force that results in acceleration of the crank.
Figure 2 shows the net force, and each member’s force for
a single trial. The trial shown in the figure is from late in
the experiment, after the two subjects adapted to working
with each other. The sign convention is that a positive force
indicates force toward the target. In the early (0 - 180 msec)
and late (800 - 1200 msec) parts of the profile, the subjects
were pushing against each other, thus with opposite signs. We
believe “dyadic-contraction” serves to stabilize the subjects,
much like co-contraction does within a single person.

We observe that subjects learned to specialize their force
production. Figure 2 shows a typical force production profile
for subjects who have learned to specialize. Many early trials
did not show specialization while many of the later trials did.
In the acceleration part of the profile (180 msec - 420 msec),
member A is pushing toward the target (positive force) with
enough force so that the crank and member B’s arm are
pulled along. In the deceleration part of the profile (420 msec
- 750 msec), member B is decelerating (negative force) with
enough force to slow down the crank as well as member A’s
arm. Thus, member A accelerated the crank while member
B decelerated the crank.

The subjects learned to specialize their force production
temporally to produce a net force profile similar to a single
person, but faster. The subjects arrived at this division of
labor solely through a haptic communication channel since
no other communication was allowed. Feygin et al. [16]
found that haptic guidance helped subjects learn the temporal
aspects tasks better than visual guidance did.

Since most of our subjects specialized as described, we
hypothesized that a robotic partner that specialized would
work well with a human on the same task.
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Fig. 2. Force profile of a dyad who developed a specialized completion
strategy. Each member only pushes in one direction, yet the forces sum to
a force profile similar to an individual performing the task. Each member
dominates on a certain aspect of the task: member A accelerates while
member B decelerates.
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IV. SIMULATED PARTNER

A. Hypothesis

Our past research suggests that humans have an ability
to cooperate and work together by specializing their forces.
The experiment described below was designed to replicate
the interaction of two people on a simple task by replacing
one person with a simulated partner. The simulated partner
is designed to mimic one partner’s role in the specialization
we found in human-human physical interaction. We expected
subjects to work with the robotic partner in the same way as
they did with a human partner.

It is possible that subjects who know they are working
with a robot will behave differently than if they believe they
are working with a human. As a control, some experiments
involved a confederate. The confederate stood in as if they
were the subject’s partner, but the confederate did not work
with the subject, the robot did. We hypothesized that a
perceived human partner combined with a robotic physical
partner would elicit the same response from a subject as
working with an actual human partner.

B. Method

1) Participants: Twenty two students (7 men; 1 left-
handed), age 18-24, from Northwestern University’s Psy-
chology participant pool participated after giving informed
consent.

In eleven of the experiments, a confederate also partici-
pated. The confederate pretended to lack knowledge of the
experiment. Although the confederate never actually worked
with a subject, the subjects would assume they were working
with a person. The confederate stood across from the subject
during the experiment, but did not physically interact with the
subject. The confederate did perform some trials of the task
alone to ensure the subjects believed the confederate was
participating. In the other eleven experiments, the subjects
knowingly worked alone.

2) Apparatus and Stimuli: The device used for our exper-
iments is shown in Figure 3. It is a simple 1 DoF crank with
two handles. The handles are connected via a rigid link that
can spin freely at the center. A direct drive motor is attached
under the table and is unknown to the subject. The angular
position of the crank is measured by an optical encoder and
displayed to each subject as a bold black mark on the top
disk, which turns with the crank. A projector mounted above
the table (not shown) displays a target in the same relative
position for each subject, a motivating performance measure,
and separate instructions to each subject. A curtain hangs
between the subjects to prevent visual communication and
the subjects are asked not to speak to each other.

The subjects are instructed to move the black mark on the
disk into the projected target and hold it there until a new
target appears. After a random delay of 700 to 1700 msec
with the mark inside the target, a new target appears. Each
new target appears on the opposite side of the workspace,
so the targets alternate from the left to the right side of the
top disk. Each target subtends 6◦ of the 50.5 cm diameter

Fig. 3. Experimental setup with two-handled crank. Although shown here
with two subjects, the experiment presented here simulated one person with
a motor. Half the subjects assumed they were working with the person on
the other side while the other half the subjects knew they were not working
with a person since no one was there.

disk (2.6 cm at the perimeter of the disk) with a distance
between consecutive targets of 70◦ ± 10◦ (30.9 ± 4.4 cm).
The targets change color when the crank is inside the target.

3) Robotic Partner: The robotic partner is composed of
two parts: an active force production and a simulated inertia.
The first part mimics the behavior of a specialized partner
who has taken on the role of accelerating the crank. The
acceleration part is a modified version of the subject’s own
force trajectory that was recorded and averaged during the
individual trials. When working alone, the subject necessarily
did both the acceleration and deceleration parts of the task.
We captured the acceleration part of the subject’s own force
profile, and used it later as the robot’s force profile. This
acceleration force trajectory was multiplied by 2.1, which
is the typical amount an individual increased his/her force
by when he/she becomes part of a dyad [10]. This modified
force trajectory becomes a typical force trajectory that could
be found in a specialized member of a dyad. We used
a recorded version of the subject’s forces to account for
variations in forces and completion times among subjects, so
that any differences can be attributed to the subject working
with a copy of themselves and not because the robotic partner
is faster than the subject.

The force trajectory for the robotic partner (RP (t)) is
summarized in equation 1.

RP (t) = 2.1×
100∑
i=1

fi(t)
100

(1)

where fi(t) is a vector containing the forces for individual
trials, i = 1 to 100, t is the time since the target was shown
(t = 1 to 1300), and fi(t) only allows positive values of the
force as defined in equation 2.

fi(t) =
{

fi(t) : fi(t) > 0
0 : fi(t) ≤ 0 (2)
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The second part of the robotic partner consists of a
simulated inertia. In order to simulate the mass of an arm
holding the handle, an inertia similar to that of a human arm
was added. Four different confederates assisted throughout
the experiments and an average of their arm inertias was
used. The inertia (I) of each of their arms was calculated
by grabbing the crank with the same grip subjects used
in the experiments. The motor applied a torque (τ ) and
we measured the angular acceleration (α) over a frequency
range from 1 to 35 Hz. The inertia was then found from
the equation I = τ

α . The calculated average inertia used was
0.24 kg × m2. The simulated force was increased since it
would have to accelerate it’s own simulated arm as well as
the crank. The control loop for the robotic partner as well
as measurements of the forces, acceleration and position ran
at 1 kHz on a computer running QNX.

4) Procedure: In half the trials we employed a confed-
erate so the subject would think they were working with
a person because one might suppose that a subject would
cooperate differently if they knew they were working with a
person. In this group (Human-Robot-Confederate), an exper-
imental run started with the individual (I) or the confederate
(C) performing a block of trials individually. Then the other
person completed a block of trials individually. Next, the
individual worked with the robotic partner (Im), which the
subjects believed to be the other person (i.e. the confeder-
ate). This sequence was performed twice, so six subjects
performed (I,C,Im,I,C,Im) and five subjects (C,I,Im,C,I,Im).
Presentation order made no significant difference.

A confederate was not present in the other half of the
experiments. In this group (Human-Robot), an experimental
run started with the individual performing a block of trials
alone followed by a block of trials in which the individual
worked with the robotic partner. The subjects knew there
was not a human on the other side of the curtain. This
sequence was performed twice, so eleven subjects performed
(I,Im,I,Im).

The experimental apparatus was identical when the sub-
jects were working as individuals and when subjects were
working with the robotic partner, except that the small rota-
tional inertia of the crank (0.113 kg×m2) was doubled when
they were working with the robotic partner. We doubled
the inertia since there is twice the available force; both the
subject and the robotic partner are applying forces. Also,
since the Human-Human studies doubled the inertia in the
dyad case, doubling the inertia in the Human-Robot case
allows the results to be compared. Each experiment took
less than 30 minutes, for a total of 600 trials.

V. RESULTS AND DISCUSSION

A. Change in Performance Time

The catch trials in the Human-Human experiment were
different than the catch trials in the Human-Robot experi-
ment, but the difference in completion times between one
person and a dyad (or a person and a person working with

the robotic partner) is comparable between experiments. Any
difference of having or not having catch trials is eliminated
because we are comparing the change in completion time
within each experiment.

When two people work together, the dyad performs on
average 54.5 ms faster than the average of the subjects
working individually. When a person works with a simu-
lated partner and a confederate is present, the person-robot
pair is on average 5.8 ms faster than the subject is when
working alone. There is a significant difference of 48.8 ms
between the Human-Human and Human-Robot completion
times (t(11, 15) = 3.02, p = 0.006). When there is not a
confederate present, the subject working with the motor is
24.8 ms slower than working alone, but not a statistically
significant amount (t(11) = 1.52, p = 0.14). The completion
time results are summarized in Figure 4.

The eleven subjects without a confederate knew they were
working with a non-human agent. Ten of the eleven subjects
with a confederate present said they thought they were
working with a person. One of them had some doubts, but
was not sure either way and this subject’s results were not
significantly different than the other ten subjects who worked
with a confederate. At a conscious level, the subjects working
with a confederate believed they were working with a human
partner.

When the subjects knew they were not working with a
person, the robotic partner hindered the performance relative
to working alone. When the subjects believed their partner
was human, performance was similar to when the subjects
worked alone, which suggests that the origin of forces
in physical collaboration can affect the way in which a
person will interact with them. The subjects treated a human
differently than a robot.
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Fig. 4. Comparing the improvement time between the three experimental
groups. A negative value means the two people (or human-robot pair)
worked faster together than the individuals. Two subjects working together
are significantly faster than an individual working with a motor simulating a
partner. When working with the robotic partner, subjects with a confederate
present are faster than subjects without a confederate present, but not
significantly.
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Fig. 5. The average force profiles for individuals working with the motor. All subjects in (a) worked alone and knew they were not working with another
human. All subjects in (b) assumed they were working with a confederate, but were working with the robotic partner as in (a). Both graphs show the
average profile for the subjects when they worked alone, worked with the motor, and the force from the motor.

It has been suggested that social facilitation could explain
why two people are faster than one on the same task.
Social facilitation research has a long history [17][18][19]
showing that merely having someone present watching a
subject causes the subject to perform well on tasks that
they are proficient in. One might think that the improved
performance of two people working together is due to the
second person watching the first, which causes the first per-
son to perform better. Social facilitation could possibly also
explain why the Human-Robot-Confederate group was faster
than the Human-Robot group. Social facilitation effects could
possibly account for part of the performance benefit, but
the experimenter was watching the subjects in all cases, so
there was always someone visually present, which is the sole
requisite for improved performance in most social facilitation
studies. Also, social facilitation has only been studied in
terms of visual interaction, not physical interaction. During
our experiments, the subjects could not see each other due to
the curtain and, thus, could only feel each other through the
device. Our results suggest that haptic presence could result
in a similar performance benefit, which has not been studied
in the Psychology literature.

B. Lack of Specialization
When working with the robotic partner (section IV-B.3),

the subjects are given an easy and natural way to specialize.
The subject is completely responsible for all the force during
deceleration, whereas the subject is free to choose their force
during the acceleration phase. The motor applies enough
force to accelerate both the crank and the subject’s arm.
Figure 5 shows the average force of all subjects working
alone compared to the same subjects working with the
robotic partner. The two force profiles are averaged among
all subjects where (a) the confederate is not present and (b)
the confederate was present.

None of the subjects developed specialization with the
robotic partner. The Human-Robot force profiles shown in
Figure 5 convey a very different strategy than two specialized
people working together (Figure 2). The Human-Robot force
profiles show a strategy that is remarkably similar to an
individual performing the task.

We were surprised by the similarity of the subjects’
forces when working alone compared to the subjects’ forces
when working with a robotic partner (Figure 5). During the
acceleration phase, the subjects working alone only slightly
changed their forces compared to the same subjects working
with the robotic partner. The peak force was actually larger
in the with-robot case than in the alone case. The larger peak
force caused some subjects to apply a negative force earlier
in the with-robot case. The robotic partner was designed
to accelerate the crank, but the subjects also accelerated
the crank, which resulted in too much acceleration force.
Thus, the subjects working with the robot had to slow down
the crank earlier. The subjects actually worked against the
robotic partner and applied a larger overall force than was
necessary. As a result, the subjects working with the robotic
partner pushed harder during the deceleration phase than in
the alone case.

When working alone, each subject knows what the result
of their action will be, so each person can accurately predict
the outcome of their action. When working with a human
partner, the outcome is less predictable since a partner’s
action is unknown. Sebanz et al. [20] show that a person
will internally represent the actions of a person nearby when
working on a complementary action. Presumably, haptic in-
teractions also allow two people working together to depend
on their partner to complete the complementary action of
specialization. We expected that a person would also learn to
depend on the robotic partner to complete the complementary
action of specialization. Scheidt et al. [21] show that people
can adapt to unpredictable forces very quickly. The robotic
partner’s forces are more predictable than a human’s forces.
Thus, it is very surprising that the subjects did not learn to
work with a predictable robotic partner in the same way
as they did when working with an unpredictable human
partner. Maybe the unpredictability of a human is beneficial
to develop an advantageous cooperation.

Even when the subjects consciously believed they were
working with a human partner, the subjects did not specialize
their forces. There is evidently a subtle part of human-human
physical interaction not replicated by our experiment.
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VI. CONCLUSIONS

Surprisingly, a robotic partner providing a force profile
similar to that which a human partner provides, did not elicit
specialization in the human subjects. The robotic partner
actually hindered the subject’s completion time (relative to
working alone) when the subjects knew the force was not a
person and had very little effect on completion time when the
subjects thought the robotic partner was a person. There must
be an aspect of how two people cooperate that is important
and missing from our robotic partner. Our negative result
suggests a very subtle negotiation takes place in human-
human physical interaction.

VII. FUTURE WORK

The research presented here showed that a robot designed
to mimic a human parter neither elicited specialization nor
improved performance with a human partner. Our future
work will attempt to determine what aspects of human-
human interaction are necessary in order to make a robotic
partner that can achieve the same advantages as a human
partner.

In our experiments on two subjects working together,
we did not interfere with the subjects’ interaction. Future
experiments could involve blocking certain aspects of their
interaction to determine what is important. As an example,
we could counteract dyadic-contraction from the human-
human interaction, which we expect would diminish haptic
presence. If shown important, then an improved robotic
partner would include dyadic-contraction. Additionally, we
would like to test our hypothesize that dyadic-contraction
has a stabilizing effect for two humans interacting.
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