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Abstract Human—human joint-action in short-cycle repet-
itive handover tasks was investigated for a bottle handover
task using a three-fold approach: work-methods field stud-
ies in multiple supermarkets, simulation analysis using an
ergonomics software package and by conducting an in-
house lab experiment on human—human collaboration by
re-creating the environment and conditions of a supermarket.
Evaluation included both objective and subjective measures.
Subjective evaluation was done taking a psychological per-
spective and showcases among other things, the differences
in the way a common joint-action is being perceived by
individual team partners depending upon their role (giver
or receiver). The proposed approach can provide a system-
atic method to analyze similar tasks. Combining the results
of all the three analyses, this research gives insight into the
science of joint-action for short-cycle repetitive tasks and its
implications for human—robot collaborative system design.
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1 Introduction

What is one thing common among—drill sessions, mili-
tary parade and professional rowing? They are all examples
of short-cycle and repetitive joint-actions among humans.
According to Sebanz et. al. [1] “joint action can be regarded
as any form of social interaction whereby two or more
individuals coordinate their actions in space and time to
bring about a change in the environment”. Synchronized
joint-action is commonly observed among professionals
and experts, however, knowingly or unknowingly [2] every
human coordinates his/her actions with the other all the time,
be it during aerobic classes or while doing the dishes with a
partner.

The science of joint-action is primarily an area of cog-
nitive psychology [3,4], philosophy [5] and musicology
[6,7]. Recently, this field has received much attention in the
Human—Robot Interaction (HRI) community [8,10]. This is
because, the results of human—human joint action is of pro-
found importance for designing friendlier and ergonomic
Human-Robot (H-R) collaborative systems and such design
methodology and principles have been successfully imple-
mented in [11-15]. The worldwide popularity of the toy
robot Keepon [16] is a simple example of designing human-
friendly robots by taking cues from human—human rhythmic
interaction.

A joint-action may involve direct or indirect handover
between the collaborating partners. Studies in human—human
handover, e.g., [12,17-20] have been instrumental in design-
ing robots with human like handovers, e.g., [17,21,22].
These human—human and human—robot handovers generally
deal with face-to-face handover scenarios where communi-
cation between partners is possible through eye-gaze and
other non-verbal communication cues [21]. In such cases,
the point-of-handover (p-o-h) in a joint-action is generally
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determined by the giver [19]. In short-cycle repetitive han-
dovers, however, there may or may not exist an eye-gaze in
every handover cycle. In the absence of an eye-gaze by the
receiver, a-priori expectation of the receiver about the prob-
able p-o-h plays a more significant role in the success of the
handover [18].

Investigation in goal-directed joint-task [11] (like e.g.,
moving a table together) shows that human tend to synchro-
nize their arm movements, which in turn, calls for precise
movements. In general, movement synchronization is a guid-
ing dynamical process which leads to stable coordination
patterns in natural human-human joint action [9]. Hence,
synchronization among the team partner must exist to be
able to work together. This helps in building team coordina-
tion which plays an important role in joint-action in repetitive
tasks.

The fluency [23] of team coordination depends on many
implicit and explicit factors, including team communica-
tion [24,25] agreeableness among team members [26,27],
habit persistence for their preferences [28] and their ability
to adapt, attend and anticipate [29]. Adding to that, a joint-
action in short-cycle repetitive task involves closer and more
frequent interaction. An ergonomic and friendlier H-R sys-
tem is thus critical to its success if a robot is expected to
collaborate in such a joint-action.

The contribution of this article is a systematic approach to
investigate human—human joint action in short-cycle repet-
itive tasks in a quantitative and qualitative way. It helps
in developing an understanding of the influencing parame-
ters of such joint-actions and hence its possible implications
for designing future human-robot collaborative systems.
Such collaborative systems can be very useful in execut-
ing efficiently the pick-and-place and packing related tasks
together with human in future supermarkets and ware-
houses equipped with mobile robot systems for logistics
[30].

The study was performed by taking a three-fold approach—
(a) work-methods analyses of field studies on supermarket
workers were carried out by visiting three supermarket chains
multiple times; (b) work-methods and ergonomic analysis of
the same task in a virtual simulation environment; and, (c) an
in-house lab experiment on human—human joint-action per-
formed by re-creating the environment and conditions of a
supermarket. The focus was on the last step since validation
in real-world conditions is critical.

In our research on joint-action, we chose a typical collab-
orative task which is short-cycle and repetitive in nature—
replenishing soft-drink bottles of 1.5 I in the store shelves.
Replenishing products in shelves is, in fact, a commonly
observed task in supermarkets. During our visits to the
supermarket, we observed that this activity picks up pace
during rush-hours and/or prior to holiday seasons. From
the field study, it can be said that one individual cycle
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of this task generally varies between 1 to 4 seconds (s)
depending upon the complexity of the exact given task,
shelf height and given demand (pace) and hence it can
be classified as a short-cycle repetitive task correspond-
ing to the literature [31-34]. A short-cycle repetitive task
is defined as a physical task done by a human with an
individual cycle length of the task/sub-task varying approx-
imately between 2 s (or less) to a maximum of 20 s
[31,32].

Combining the results of all the three analyses, this
research gives insights into the science of joint-action for
short-cycle repetitive tasks. This work is part of a larger
project focusing on developing a framework for H-R collab-
orative system for industrial settings. A set of H-R system
design implications is an outcome of the current work which
were used in developing three human-robot collaboration
models, namely, Timing based, Sensor based and Adaptive
model. These models were tested, validated and compared
through analytical and simulation analyses and experiments
reported in [35-38].

2 Methods

The human—human joint-action in short-cycle repetitive han-
dover tasks was analyzed through a real-world case-study.
The scenario investigated represents a typical job of super-
market workers—the task of stacking bottles in store shelves
from the cartons. The joint-action investigated was the hand-
over of bottles in a supermarket. The selection of a real-world
task is important for providing reliable results and even more,
its analyses in real-world conditions is essential for valid
results.

From the field studies, we observed that this job is gen-
erally done by two people together as a team, each with a
specific role. One is a giver whose job is to pick up a bottle
from the carton and hand it over. The other is a receiver whose
jobis to collect this bottle from the hands of a giver and place
(and align) it at the right location in the shelf. Below, each
of the three methods used to study this joint-action has been
explained.

Analyses were conducted using three methods—(a) Field
studies of work-methods in supermarkets; (b) Ergonomic
simulation analysis using Jack software; (c) In-house lab
experiments by re-creating the conditions of a supermarket.
The measures employed for each of the above methods are
discussed in detail in the sections below.

The motivation behind the work-methods field studies was
to get a first-hand understanding of the scenario, the problem,
the needs, nature of the task and at the same time, to study the
work-methods of humans working in teams in supermarkets.
It was carried out by visiting three supermarket chains at
different locations in Israel and recording data in real world
conditions followed by data analyses.
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Table 1 Results of

work-methods field studies in Task Shelf height Bqttle carton Average cycle SD (s) Pfercentage of synchro-
(cm) height (cm) time (s) nized handovers (%)

supermarkets

LS-LC 10 40 33 1.4 87.51

HS-HC 165 110 2.3 0.9 82.56

LS-HC 10 110 3.7 1 88.73

HS-LC 165 40 34 0.9 88.05

MS-HC 124 110 1.7 0.5 76.80

Task: LS/MS/HS = lower/mid/higher shelf; LC/UC = lower/upper carton

The software simulation study was conducted to analyze
the involved bio-mechanics and ergonomic aspects of short-
cycle repetitive handover tasks. Although this is not the main
focus of this paper, it provided an understanding which of the
sub-tasks is physically more strenuous and hence could be
delegated to a robot if a human-robot collaborative system
is commissioned for the given job.

Finally, based on the observations and the data collected
from the field-study and simulation analyses, the set-up of the
in-house lab experiment was designed. It also helped in defin-
ing the experimental variables and conditions which resulted
inre-creating similar conditions as that of a supermarket. The
lab experiment was the main focus of the research. It was
aimed at investigating the psychological aspect of human—
human joint-action from the perspective of a giver and a
receiver. All experiments were formally approved by the uni-
versity’s Human Subject Research Committee.

3 Work-Methods Field Studies in Supermarkets

Work-methods analyses were conducted at three different
supermarket chains in Israel.

A sample video of the field study is presented in Online
Resource 1. In most of the locations however, video record-
ing was not allowed by the store manager and in these cases,
the following objective data was manually recorded by two
observers following worker’s consent and knowledge—the
cycle time of each handover, number of missed or unsyn-
chronized handovers, the difference in height between the
given carton of bottles (upper carton/lower carton) and the
shelf, the rest time and the total ON time. According to
[39], ON time in repetitive tasks is defined as the mean time
spent working together for one continuous period. Data was
recorded separately for the higher, medium and lower shelf.
The two observers were assigned with different responsi-
bilities. One was responsible for noting the cycle times of
each handover alone; the other was responsible for noting
the number of missed or unsynchronized handovers and other
objective measures as mentioned above.

Table 1 gives acomparative view of the four extreme effort
tasks (the first four tasks) with the minimum effort task (the
fifth one). Medium shelf—Higher carton [MS—-HC] represents

the minimum effort task because it required the least amount
of lower back bending and other physical movement.

The average cycle time varied between 1.7 s (SD =
0.5) and 3.3 s (SD = 1.4). The workers performed the
fifth task [MS-HC] with the lowest average cycle time.
This time is 48% lower than the avg. cycle time for
the first task involving Lower shelf-Lower carton (LS—
LO).

The number of missed or unsynchronized handovers over
a single ON time varied between 7 and 19%. Overall, the
speed and efficiency of the team was found to be depen-
dent upon the relative difference of height between the given
carton of bottles and the shelf which, in turn, defines the
amount of relative bending required for the task. The shelves
in the supermarket were of the dimensions: 165 cm—the
upper shelf height, 124 cm—the medium shelf height and 10
cm— the lower shelf height. The lower/upper carton height
(LC/UC) were 40 and 110 cm respectively (floor is the ref-
erence plane of these measurements).

4 Software Simulation

Jack 8.0.1 [40] is a simulation software package from
Siemens used for modeling humans in workplace environ-
ments aimed to address the ergonomic aspects of manual
operations. It is commonly used for testing and validating
designs and operations for a wide variety of human fac-
tors, including injury risk, fatigue limits, time of operation,
user-comfort, line-of-sight, energy expenditure and other
important parameters [40].

The tool Task Simulation Builder in the simulation soft-
ware accepts high-level commands to instruct the human
model in a virtual work environment. This capability facil-
itates quick animation and scenario development. Once a
given task sequence is explicitly defined for the human
model, different what-if scenarios can be tested and evalu-
ated. This is done by swapping in human figures of different
physical attributes, by moving objects in the environment or
by changing the heights and weights of the objects. Human
postures and their motions are automatically recomputed by
the simulation software to reflect the updated scene. Follow-
ing the successful execution of the ergonomic analysis of
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Fig. 1 a, b An example of a short-cycle repetitive handover task in the software simulation environment

the given task, an ergonomic report and time estimates are
generated by the system.

In this study, two digital human models with equal phys-
ical features, a shelf and a matrix of bottles were modeled
in the simulation environment. To simulate the conditions
of a supermarket, the human models were programmed with
the task of stacking bottles in the shelves—one was assigned
with the role of a giver and the other as a receiver (Fig. 1a).
Only one bottle was handed over at a time (Fig. 1b). The
shelves in the simulation environment had the dimensions,
145 cm—upper shelf height, 95 cm—medium shelf height
and 43 cm—Ilower shelf height. The weight of the bottles, the
height of the shelves (higher/medium/lower) and the physi-
cal attributes of the human model (body mass index, BMI)
were varied and its influence on the fatigue measures was
evaluated.

The analysis was done for three groups representing 5, 50
and 95-percentile of the population with BMI equal to 23.5,
25.2 and 27.7 respectively [41,42]. This population distribu-
tion and its physical characteristics is an in-built feature of
the simulation software and is based on the 1988 US Army
Anthropometric survey (ANSUR) [42].

The range of stress and fatigue for each of the individual
roles was derived from the simulation. The fatigue measures
included Lower Back Analysis (LBA), Estimated Recovery
Time Needed, and Muscle Strain Time History. The LBA
metric uses a complex biomechanical low back model to
evaluate the spinal forces that act on the lower back for any
posture and loading conditions [40].

4.1 Software Simulation Results
Simulation results are presented in detail in Table 2. It shows

the output of the Lower Back Analysis (LBA) indicating the
average and maximum pressure (in Newton) sustained on the
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Table 2 Results of the software simulation in Jack 8.0.1.

Percentile High Shelf Mid Shelf Low Shelf
of Population
Max pressure (GIVER)

5 1855.21 1896.63 2011.15
50 2602.33 2610.38 2602.44
95 3220.87 3309.40 3411.50

Max pressure (RECEIVER)

5 1194.28 1300.51 1883.62
50 1598.45 2484.55 2399.33
95 2070.48 2186.89 3149.42

Avg. pressure (GIVER)

5 1276.68 1313.21 1318.58
50 1667.48 1664.92 1692.25
95 2203.01 2256.09 2245.90

Avg. pressure (RECEIVER)

5 453.47 471.55 788.07
50 634.80 794.12 999.25
95 744.52 725.14 1302.57

Output of the Lower Back Analysis (LBA) with the maximum and
average pressure (in Newton) sustained on the lower back for the Giver
and Receiver for different shelf height (Low/Mid/High) and for different
population group (5/50/95)

The value which crosses the standard safety limits is shown in bold

lower back for the giver and receiver for different shelf height
(Low/Mid/High) and for different population group (5/50/95
percentile).

Figure 2 shows the Lower Back Analysis (LBA) of the
giver (in blue-dashed) and the receiver (in red-bold) belong-
ing to the 95-percentile population group during the course
of the task of shelving bottles in the higher shelf.

Figure 2 indicates that the peak to peak difference,
Ppeak—Diff, in the sustained pressure (which is the difference
between the variable’s extreme values) between a giver and a
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Fig. 2 The lower back analysis (LBA) for a handover task (higher
shelf and 95-percentile population) giver—blue dashed and receiver—
red bold line. (Color figure online)

receiver is 36%. The average pressure sustained by the giver
is 2203 Newton (SD = 825) and by the receiver is 774 Newton
(SD = 210), resulting an avg. difference Payg—pifr of 65%.

5 In-House Lab Experiments
5.1 Experimental Design

(1) The Scenario: Figure 3a illustrates the real-life scenario
of a supermarket that was re-created inside the IMT Robotics
Lab of Ben-Gurion University of the Negev (BGU). The
experimental area, as shown in Fig. 3b, consisted of an empty
shelf and a set of 120 soft-drink bottles (filled with water) of
1.5 liters each weighing approximately 1.5 kg. The bottles
were arranged in the form of a matrix of dimension 5 x 24 on
the floor, in front of the shelf (45 cm away). The shelves used
in the experiment were approximately of same dimensions
as found in supermarkets (165 cm—upper shelf height, 124

cm—medium shelf height and 10 cm—lower shelf height).
The given task was to fill the empty shelf with these bottles.

(2) Conditions: The experiment included two variables—
shelf height (Higher Shelf/Lower Shelf) and frequency of
handover (Normal Mode/Competitive Mode). In the nor-
mal mode, the teams were expected to work at normal pace
without any time pressure or productivity target. In the com-
petitive mode, teams were noted to work faster than the
normal mode. The motivation behind the competitive mode
was to re-create the peak hours/days of a supermarket prior to
weekends, holiday seasons when the work pressure mounts
up and expected output increases considerably.

Subjects were informed that the team with the highest
throughput in competitive mode will receive a prize. How-
ever, in either of the modes, no productivity target or time
pressure was given. Furthermore, in both the modes subjects
were unaware of the total time for which they are supposed
to carry out the given task in each phase, the total number
of bottles to be placed in the shelf and the total number of
bottles in the inventory. They were informed that they need
to continue until they were asked to stop. The motivation
behind this was to ensure they invest their energy smartly so
that they are able to work for longer stretches of time. The
goal was not to empty the inventory which is considered to
be countless, but rather to ensure a natural speed of work to
resemble the speed of supermarket workers who do this job
for a span of 8 hours.

The experiment had four phases and each of the pairs
went through all four conditions: (1) Normal Mode—Higher
Shelf (2) Normal Mode-Lower Shelf (3) Competitive Mode—
Lower Shelf (4) Competitive Mode—Higher Shelf. The shelf
height was assigned randomly; however, the competitive
mode followed only after the Normal mode was executed
for both the shelves. This was done to:

Fig. 3 a Field-studies were done in this specific area of the supermarket; bottles are in the cartons stacked at two levels (upper carton/lower

carton). b The experimental arena
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(a) Ensure that subjects indeed work at normal pace during
normal mode so as to save energy for the competitive
mode which would be towards the end of the experiment.

(b) Avoid therisk of collecting erroneous data during normal
mode if during the transition from competitive to normal
mode, subjects continue to remain faster than their usual
pace.

5.2 Experimental Procedure

The participants received experimental instructions in writ-
ten form and then entered the experimental arena, where the
experimenter orally provided the task instructions in further
detail. Subjects were asked to visualize the arena as a super-
market and themselves as its full-time workers. They were
aware that the experiment is video recorded.

Subjects were then given the opportunity to ask any clari-
fying questions before the experimenter left the participants
to start the given task. They decided mutually among them-
selves on- the-spot the roles of giver and receiver and were
instructed that the role they choose to opt must remain same
during the entire course of the experiment. We intentionally
did not pre-assign and impose upon the role because it was
clear that the job of a giver was apparently more difficult than
the job of a receiver. In addition, we were interested to see
how the negotiation between the subjects takes place during
a joint-action.

The rules of the given task were—(a) receiver is not
allowed to pick the bottle directly from the floor. He/she
can collect the bottle only from the hands of a giver (b) The
giver cannot place the bottle directly on the shelf; (s)he can
only deliver the bottle to the receiver (c) A giver can pick any
bottle from the given stack of 120 bottles. Subjects were how-
ever, not aware of this exact number 120—the total number
of bottles that is in the inventory (d) A giver can pick up the
bottle in any physical posture he feels comfortable (e) The
receiver is expected to align the bottles in the shelf elegantly
as seen in a supermarket. If the shelf'is visualized as a matrix,
then each column must have at least 4 bottles (preferably 5)
and each row with at least 9 bottles (preferably 10).

No other rules were defined with the aim to enable the
subjects to behave and evolve naturally during the course of
the task. Intentionally, the number of bottles the giver can
pick up at a time during each handover cycle was not defined
to observe how it evolves naturally.

The subjects worked for 2 min in each of the four phases
and were allotted a break of 4 min after each phase. Break ses-
sions were kept to reduce the impact of fatigue following each
phases as much as possible. Each of the phases concluded in
the form of external interruption (“Time Up”) by the exper-
imenter since the time duration of each phase was unknown
to the subjects. They were free to talk and interact among
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themselves during the course of the task; however, during
the break they were asked to sit at two different locations
away from each other to regulate any possible communica-
tion about their experiences during break session. In the end,
subjects were given a global overview and main objective of
the project.

5.3 Dependent Measures

Task-related performance of the participants was measured
by objective analysis of the number of bottles shelved every
10 s during each phase; and, through off-line video data anal-
ysis of the joint-task, focusing on the level of coordination
in the team during the task. The level of coordination was
assessed by measuring the waiting time of the partner in every
handover.

The number of bottles shelved every 10 s measures aver-
age throughput of the given team. For each phase of the
experiment, 12 measurements were taken (12 x 10 = 120
s; resulting in 2 min of each phase) which were analyzed
to examine the average productivity. This process follows
the central limit theorem in which the 12 random variables
(each obeying Poisson distribution) are distributed normally,
regardless of the underlying distribution.

Subjective analysis of the experiment participants was
achieved through two questionnaires given during and after
the experiment. During the intervals, subjects were asked
to report their experiences by ranking relatively the current
phase with the previous ones in terms of (1) comfort and, (2)
coordination/synchronization. While an accurate grading of
their experiences in terms of comfort and coordination can be
done only at the end of the entire experiment, there are good
chances of error in judgement because one may not distinctly
remember (or confuse) their experiences of each phase in the
end. To avoid any such error, we tried to capture it as fresh as
possible and hence asked the subjects to relatively rank the
current phase with the previous ones during every interval.
Subjects were reminded that they are free to rearrange the
ranking order as and when they feel the need.

At the end of the experiment, participants were given a
post-experimental questionnaire to fill-in. The experimenter
explicitly asked the participants to not rush with the ques-
tionnaire and answer the questions sincerely. This was done
to ensure accuracy in data collection.

5.4 Participants

A total of 42 participants (18 female, 24 male) took part
in the experiment. The subjects included a mix of local and
international students of Ben-Gurion University of the Negev
in the age group, 21-35 (M = 26.07 years, SD = 2.29). The
weight of the participating male are (M = 74 kgs, SD =
7.37) and female are (M = 55 kgs, SD = 7.79). Subjects
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Table 3 Average productivity rate (Nr. of bottles/10 s) and variance for
competitive mode and normal mode

Average productivity/10 s Variance
Group Competitive mode/ Competitive mode/
normal mode normal mode
S 9.60 2.73
High yield 589 557
. 8.62 2.89
Avg. yield 497 1.37
. 7.23 1.90
Low yield 471 131
Entire group—lower 8.47 3.48 }
shelf 5.08 { 2.06
Entire group—higher 8.37 3.45
shelf 5.28 { 1.93

All values connected by curly brackets have a significance of p <
0.0001 (others are not statistically significant)

were asked to fill-up a health declaration form to ensure they
are fit to do the job and do not suffer from health problems
(joint problems, etc.) which may prevent or make it difficult
for them to accomplish the task. Subjects were invited for
the experiment in pairs chosen randomly to ensure that the
subjects do not know each other (or may know just by face)
beforehand.

6 Experimental Results
6.1 Objective Evaluation

Table 3 shows the average productivity (nr. of bottles/10 s)
and variance of the different groups in the competitive mode
(first value in each cell) and normal mode (second value
in each cell). The performance of all the 21 teams for the
lower and higher shelf is presented in the fourth and fifth
row respectively. Results show that the average productivity
in any shelf during the competitive mode and normal mode
is approximately 8 and 5 bottles per 10 s respectively. The
F-Test of equality of variances was done for different com-
binations of shelf height and speed/mode. All the left and
right ended curly brackets as shown in Table 3 indicate a
significance of p < 0.0001.

The data was further analyzed and the teams were clas-
sified into three categories—High-, Average- and Low-Yield
Teams— based on their productivity in the competitive mode.
Teams with an average productivity rate of 9 and above were
categorized as high-yield (7 Teams), between 8 and 9 as
average-yield (6 Teams) and finally teams with 8§ or less were
categorized as low-yield teams (8 Teams). The first three
rows of Table 3 show the average productivity and variance
of these three productivity-based categorized groups.

The F-test of equality of variance was also performed
between these three groups. Results (Table 3) indicate that

o8%  100%

14

Frequency
3 R
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4

2

0
Relative No. of bottles Howto  Motivational ~Chatting Working Body
Position in each arrange talk speed language

handover bottles

Type of Communication

Fig. 4 The Pareto chart of the type of communication between the
team partners during the task

the variance of the high-yield teams in competitive mode is
43% higher than the low-yield teams with a significance of
p < 0.015. The high-yield teams in the competitive mode
are also the high-yield teams in the normal mode; their pro-
ductivity being 25% higher and variance being 96% higher
than the low-yield teams in normal mode (with a significance
of p < 0.0001).

6.2 Subjective Evaluation
6.2.1 Team Communication During Task

Results (Fig. 4) show that the most frequent dialogues (39%)
during the task were concerning their relative positions to
each other. Example of such form of interactions include,
“I stand here, and you go there”. Other frequent exchanges
(34%) were about the number of bottles to be transferred
in subsequent handover. The third most frequent dialogues
were concerning the ‘how to arrange the bottles in the shelf’.
Together, they constituted 88% of all the different communi-
cation types. Hence, team communication during the course
of the experiment was primarily related to the team strategy
and mutual coordination.

6.2.2 Perception of the Relative Level of Difficulty of Team
Partner’s Task

Results (Fig. 5a) show that 95% of the receivers rated the
relative level of difficulty of the giver’s task as same or as
more difficult than theirs. However, only 24% of the givers
say the receiver’s task is “less difficult or easier” than theirs.
In fact, more than 70% of the givers are calling receiver’s
task as same as theirs.

6.2.3 How the Point-of-Handover (p-o-h) was Decided?

Subjects were asked in the questionnaire how the point-of-
handover (p-o-h) was decided among them. Results (Fig. 6a)
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Fig. 6 a How the decision of the point-of-handover was made during the task; b a giver deciding the p-o-h by staring at the location of the team
partner’s hand while the receiver collecting the bottle without looking towards the giver

show a difference in opinion among the givers and receivers.  roles) in the future experiment. 66% of the givers prefer to
While 48% of the givers say they decided the subsequent  remain as givers and 90% of the receivers prefer to remain
p-o-h by looking at the location of the team partner’s hand,  as receivers in future roles. Given that the job of a giver is
an equal number of receivers did not bother to give a serious ~ way more difficult than that of a receiver, a comparison of
thought about the p-o-h because their perception of handover  the relative difference in the response of the givers (66%) and
is “it happened automatically, with no thinking”. Also,33%  receivers (90%) is not appropriate.
of both the givers and receivers say they made the decision
as per the previous handover. 6.2.5 Perception of the Level of Commitment of the Partner

Figure 6b is a screenshot captured from the video record-
ing which shows an instance of a giver deciding the p-o-h  Results (Table 4, Q5; “Appendix”) show that 95% of the team
by staring at the location of the team partner’s hand while  members rated their partner (givers rating receivers and vice-
the receiver collecting the bottle without looking towards the  versa) as equally committed during the task.
giver.

6.2.6 Relative Ranking of the Most Comfortable Phase and

6.2.4 Habit Persistence in Joint-Action? the Most Well-Coordinated Phase of the Experiment

Results (Fig. 5b) indicate that subjects, in general, tend to ~ Results (Fig. 7) show that 62% of all the subjects gener-
stick to their current roles if given a choice to switch (their ~ ally felt most comfortable working in the normal mode.
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Fig. 7 a, b Relative ranking of the most comfortable phase and the most
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Lower shelf-normal mode was chosen as the favorite by
the majority (67%) of the givers (Fig. 7a) and higher
shelf-normal mode was chosen by 57% of the receivers
(Fig. 7b).

The relative ranking of the highest level of coordina-
tion (Fig. 7), indicate that 30% (highest among the other
options) of the givers rate lower shelf-competitive mode as
their favorites while 43% (highest among the other options)
of the receiver rate higher shelf-competitive mode as their
favorites. In general, however, givers showed more diversity
in choosing their favorites for the highest level of coordina-
tion as compared to receivers.

6.2.7 Relative Speed and Rhythm Perception of the Team
Partner and How They Adapted to Each Other

Results (Table 4, Q3 and Q4; “Appendix”) indicate that most
of the subjects (95%) noted they developed a rhythm and
that they adapted themselves to match the speed of their part-
ner. When asked about the perception of the relative speed
of the partner compared to themselves, Fig. 8 shows that
64% of all the subjects (givers and receivers together) con-
sidered their partners’ speed as inconsistent (i.e., sometime
fast/sometimes slow).

In addition, the proportion of givers perceiving the receiver
as ‘slower’ is significantly higher (p < 0.005) than the
proportion of receivers perceiving the giver as ‘slower’. Sim-
ilarly, the proportion of receivers perceiving the giver as
‘faster’ is significantly higher (p < 0.0001) than the pro-
portion of givers perceiving the receiver as ‘faster’.

6.2.8 Preference for Using Two Hands (2 Bottles at a Time)

Results (Table 4, Q2; “Appendix”) show that, if given a
choice, 76% of the giver and receiver prefer to transfer 2
bottles at a time as compared to one.

bM RECEIVER
h .
2 // , %/

High shelf, Normal
mode

Low shelf, Normal
mode

Low shelf, High shelf,
Competltive mode Competltive mode

Il MOST COMFORTABLE 7/ MOST COORDINATED

well-coordinated phase of the experiment for giver (left) and receiver

140% -

120% -

100% - 57%

80% -

60% -

%age of Subjects

40% -

20% - 43%
29% 7
0% T

Slow Fast
MGIVER 7%/ RECEIVER

Inconsistent

Fig. 8 Perception of the relative speed of the team partner

6.2.9 Subjects’ Preferences Towards Working Together

Results (Table 4, Q6; “Appendix”) show that 90% of the
subjects prefer to work in teams even if that means they need
to do double the work as a whole (100 bottles together) as
compared to the option of shelving 50 bottles alone.

6.2.10 Tendency When Team Coordination was Perceived
as Perfect

Results (Table 4, Q7; “Appendix’’) show that no subjects (0%)
felt the urge to slow down when the subjects perceived that
the coordination between them and their partner was going
perfect. They either felt the tendency to speed-up (60% of
the subjects) or maintain that speed (40% of the subjects).

6.2.11 Fatigue
Results (Table 4, Q8; “Appendix”) show that almost 85% of

the subjects felt a level of fatigue that is equivalent to ‘not
at all’ or ‘a bit tiring’. Also, 95% of the subjects mentioned
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that the allotted break time between each mode was enough
to recuperate from the tiredness.

6.3 Off-line Video Analysis

A clip of the video recording of the in-house lab exper-
iment study is presented in Online Resource 2. The clip
gives a better understanding of the experiment design and
the impromptu handover strategies used by the subjects.

6.3.1 Point-of-Handover (p-o-h)

Video analysis shows that there is not always an eye-gaze
between the subjects or at the p-o-h in every handover cycle
(see Online Resource 2). In these cases, the giver reaches up
to the receiver’s hand while the receiver extending their hand
unconsciously to the previous p-o-h and keeping their gaze
fixed towards the shelf.

6.3.2 Location of the Grasps on the Bottle

Video analyses indicated that when the subjects were deliv-
ering two bottles at a time, they tend to grasp the neck of
the bottles. The tendency increases further when the bottle is
transferred to the lower-shelf two at a time. Whereas, when
the handover was one at a time, subjects tend to grasp the
body of the bottle. More so, when the bottle is transferred to
the higher-shelf and one at a time, it is observed that subjects
tend to grasp the body of the bottle.

6.3.3 Negotiation in Choosing Roles of the Joint-Task

Video analysis of the experiment shows that subjects mutu-
ally decided among themselves the role they want to choose
and never had any disagreement during the negotiation; the
negotiation was approximated to be achieved in less than 20
s. The negotiation took place mostly non-verbally.

6.3.4 Task Expertise

Video analysis indicated that the subjects slowly developed
some sort of understanding in terms of team strategy and
mutual speed of working which resulted in better action coor-
dination over time. This however did not remain constant and
kept evolving depending upon the given experimental con-
ditions (shelf height and mode).

7 Discussion
The contribution of this article is a systematic approach to

describe human—human joint-action in short-cycle repetitive
tasks in a quantitative and qualitative way.

@ Springer

7.1 Objective Analysis

Analyzing the results of software simulation indicate that the
pressure exerted on the lower back (values in the horizontal
rows from left to right in Table 2) is always higher for a lower
shelf as compared to a higher shelf. The results in Table 2
also indicate that for all the combinations of shelf height and
population distribution simulated in the study, the pressure
exerted on the lower back of a giver is always higher than that
of a receiver irrespective of the shelf height. The maximum
pressure on the lower back of a giver belonging to the 95-
percentile population group may go up to 3411.50 Newton
(Table 2). According to [43], this pressure crosses the thresh-
old safety-limit for lower back. Overall, it clearly indicates
that the task of the giver is physically more strenuous than
that of the receiver. Surveys on the supermarket workers dur-
ing the field studies also indicate the same. Statistical analysis
of the work-methods field studies data (Table 1) indicate that
thereis aninfluence (p < 0.1) of the difference between ‘bot-
tle carton height’ and ‘shelf-height’ on avg. cycle times. The
lowest difference accounted for faster cycles times and high-
est team performance. This observation could be explained
using simulation study which shows that the posture, in this
case, requires the least amount of relative effort and offer
better ergonomics to the giver and the receiver.

The average productivity rate in the experiment was found
similar to what was measured in supermarkets confirming
that the experimental data was collected in close to real con-
ditions.

The objective analysis of the experimental data (Table 3)
indicate that the high-yield teams have the highest variance
in productivity every 10 s (43% higher in competitive mode,
p < 0.015 and 96% higher in normal mode, p < 0.0001)
as compared to the low-yield teams. So, the teams achieved
higher productivity at the cost of higher variability in the
handover frequency. Lower value of variance among the low-
yield teams indicate that the variability in handover frequency
was lower which, in turn, means the handover cycles were
mostly stable indicating good coordination. This implies the
“low-yield teams” in terms of productivity are, in fact, the
most well-coordinated teams.

When the productivity of these three performance-based
groups was checked for normal mode, it turns out that the
high-yield and low-yield teams in competitive mode con-
tinue to remain high-yield and low-yield teams in normal
mode respectively. Variance of the high-yield teams is also
significantly higher (96%, p < 0.0001) than the other. This
implies that the art of well-coordination among the team
partners is probably not influenced by the increasing or
decreasing frequency of handover. The well-coordinated
teams continue to remain well-coordinated in either of the
modes and vice-versa.
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The existence of higher variability in high-yield teams can
be explained based on the speed-accuracy trade-off of motor
control in prehensile movements which follows Fitts’ Law
[38]. As the speed of the team increased, the point of han-
dover kept moving (from L to R or from R to L along the
length of the shelf) at a faster rate which might influence the
variability following Fitts’ Law. Since, increased variability
resulted in poor-coordination, ‘accuracy’ is in a sense com-
promised here.

The variability in handover frequency may also be
attributed to the evolving team dynamics and bottle place-
ment strategy. In other words, the differences in the way the
bottles are placed in the shelf and the number of bottles deliv-
ered in each handover may have an effect on the variability.
Bottle placement strategy was not used as a metric to measure
variability because different teams came up with different
strategies (each individual team sometimes even had differ-
ent strategies for upper/lower shelf). As a result, it could be
hard to classify this metric into a small ‘n’ number of cate-
gories to understand its role on productivity.

In addition, as observed during offline video analysis,
when the expertise in handover grows over time during the
course of the experiment and participants are starting to
develop some sort of coordination between them, variabil-
ity tends to decrease. However, based on Sect. 6.2.11, it can
be said that there was no significant impact on the variability
due to fatigue.

7.2 Subjective Analysis
7.2.1 Team Communication

The communication among the team partners mostly con-
sisted of interactions related to team strategy and their relative
position to each other. Researches in sports psychology show
that when team members are in situation where verbal com-
munication is feasible (in terms of physical distance, time
taken to communicate) then, inexperienced teams prefer to
communicate task—specific knowledge through intentional
verbal communication to ensure high-level of accuracy of
the message transferred [24,25,44,45]. Considering that the
subjects were doing the given job for the first time, the obser-
vation can be related to the above explanation.

7.2.2 Modesty and ‘We-Mode’ Influences Team Dynamics

Almost every subject considered their team partner as
equally committed towards the task. This probably influ-
enced the way subjects rated the relative difficulty level of the
task of the other (Fig. 5a). This observation can be concluded,
in other words, as both partners in more than 90% of the teams
show a certain level of modesty when rating their partner’s
performance. Support for this result can be found in Applied

Psychology research where it has been shown that at an indi-
vidual level of analysis, personality traits like agreeableness
have a major influence on peer-ratings of team member per-
formances [26] irrespective of job-specific skills and general
cognitive ability [27]. Probably, there existed a good level
of agreeableness (the tendency to be good-natured, cooper-
ative, and trusting) between the partners of our experiment.
This can be checked from the answer to the question where
subjects were asked to rate the level of commitment of their
team partner. Results show that 95% of the team members
rated their partner as equally committed during the task.

Another way to explain this observation is based on the
judgement of control over joint-action. For the success of the
given collaborative task, optimal team-performance was the
key. Since there was a common goal for both the partners, in
effect, there was a congruency between each partner’s inten-
tions and actual action which influenced positively in their
judgement of control. This probably developed a spirit of
“we —mode” [46] among the team partners where the com-
mon goal becomes more important than individual needs and
preferences. So, we may say modesty and ‘we-mode’ influ-
ences team dynamics in joint-action.

7.2.3 Habit Persistence in Joint-Action

From Sect. 6.2.4, we see that even though the job of a giver
is apparently and ergonomically more difficult than that
of a receiver, majority (two-thirds) of the giver opted to
stick to their current role (Fig. 5b). This observation is gen-
erally explained by psychologists using two types of theories.

One is the theory of habit persistence in decision-making
[28,47,48]. According to this theory, habit plays a certain
amount of role in decision-making. In our experiment, sub-
jects spent only 20 min on the task as a whole (including
break sessions) and even then, there exists clear signs of habit
persistence.

The other way to explain this observation is based on
the theory of motor preservation. It says that human tend to
continue to make the same movements by recalling, evaluat-
ing and re-generating stored postures instead of re-planning
during movement planning (especially in reaching tasks)
[49,50].

7.2.4 Emergent Coordination

Subjects on one hand were inconsistent (Fig. 8) and on
the other were rhythmic. This observation of adapting
themselves to form a mutual rhythm is termed as emergent
coordination [51] by the psychologists where the partners
sometimes speed-up or slows down depending upon the con-
text to match their partners speed giving rise to a rthythm
between the partners.
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7.2.5 Leading and Lagging

Analyzing the results of the subjects’ perception of the speed
of the other (Fig. 8), it can be said that givers were generally
perceived as faster than receivers and vice-versa. Consid-
ering, movement synchronization is a guiding dynamical
process which leads to stable coordination patterns in natural
human—human joint-action, it can be concluded that givers
led and set the pace of coordination.

7.2.6 Does Most Comfortable/Ergonomic Work Method
When Speeded Up Apparently Gives a Perception of
Most Well-Coordinated Joint-Action?

Subjects, in general, felt most comfortable working in the
normal mode. Such preferences can be easily explained on
the basis of minimum bio-mechanical efforts and strain that
one has to put-in for their chosen favorites. The simulation
study also shows that these modes offer least fatigue and
better ergonomics for their respective roles.

The relative ranking of the most well-coordinated phase,
however, show that there exists a possible trend. Subjects
perceive the competitive mode of their most comfort-
able working method respectively, as the most well-
coordinated phase of the experiment.

The objective analysis (Sect. 7.1) indicated that the well-
coordinated teams have the least variability in handover
cycles in both competitive and normal mode. However, based
on the above-mentioned trend, it can be concluded that even
in a well-coordinated team, each of the subjects may perceive
the period of most well-coordinated joint-action at different
times. This is probably because the act of perceiving the
coordination level among team partners may not be the
same for the same joint-action as it does not depend solely
on the variability in handover cycles but also upon their per-
ceived effort which varies depending on the subject’s role
(giver or receiver).

7.2.7 Preference Towards the Use of Two Hands

From Sect. 6.2.8, it can be concluded that subjects, in gen-
eral, have a preference towards using two hands together
for the given task. This observation is generally explained
by theories in motor control and bimanual coordination [52—
55].

7.2.8 Negotiation in Decision Making

A high level of agreeableness between the partners is proba-
bly the reason for such frictionless negotiation among team
partners for choosing their individual roles (from 6.3.3). The
agreeableness factor has its roots in applied psychology [27]
and has been explained above in Sect. 7.2.2.
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7.2.9 Preference Towards Working in Teams

Subjects have shown clear preference for working in teams
even if that requires them to work more as compared to
working alone (from Sect. 6.2.9).

7.2.10 Rhythms That Speed Us Up

Support for the behavioral tendency of the subject when the
team coordination was perceived as perfect (Sect. 6.2.10)
can be found in the researches in Musicology and Psychol-
ogy where it has been shown that humans feel the urge to
speed-up under certain rhythms [56]. The current obser-
vation goes in line with these findings and has implication
for adaptive control system design which is discussed in the
next section.

7.2.11 Point-of-Handover

The current research looks into the anticipation of the p-
o-h of the subsequent handover in short-cycle repetitive
task based on the experience of previous handovers. Results
(Sect. 6.2.3) show that the decision on handover point is
taken sub-consciously or automatically by the giver/receiver
in many of the cases. In other cases, both receiver and giver
expect the handover to take place around the same location
as the previous handover.

It is to be noted that the handover in our experiment is
facilitated without necessarily having an eye-contact between
the giver and receiver (from Sect. 6.3.1). So the p-o-h is
not necessarily being decided by the giver as in [19] but it
varies in this experiment. For example, when the giver and
receiver do not have an eye-contact, then the p-o-h is uncon-
sciously decided by the receiver as the giver reaches up to
the receiver’s hands (while the receiver extending their hand
unconsciously to the previous p-o-h and keeping their gaze
fixed towards the shelf). This observation supports previous
findings that in repetitive handovers,a-priori expectation of
the receiver about the probable p-o-h plays an important
role in the success of the handover [19].

7.2.12 Location of the Grasps on the Bottles

Results of Sect. 6.3.2 can be explained based on the end-
state comfort effect governing motor control which predicts
that “people will grasp an object for transport in a way that
allows joints to be in mid-range at the end of the transport”
[57,58]. It also supports the findings of [59,60] that it is prob-
ably a distinct effect of recall and generation on movement
planning and that “end-state comfort effect facilitates joint-
action” [61].
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8 Conclusions

Overall, this work gives us a better understanding of the role
of a giver and a receiver in a short-cycle repetitive handover
task. The subjective analysis showcases individual differ-
ences in the way a common joint-action is being perceived
by team partners depending upon their role. The conclu-
sions presented below are in the form of recommendations
for designing human-robot collaborative systems for short-
cycle repetitive tasks. They are derived from the implications
of the discussion on the analyses of human-human joint-
actions. Each of the recommendations is related to a specific
derived source in Sect. 7 and indicated if it is a direct or
indirect implication.

(1) The job of a giver is physically more strenuous than that
of a receiver. Thus, the job of a giver should ideally be
replaced by a robot if an H-R system is commissioned in a
supermarket [based on Sect. 7.1].

(2) Humans, in general, prefer to stick to their roles and habits
[directly implied from Sect. 7.2.3]. This probably means,
they would also prefer to stick to their own convenient pace
of working. So, in general, the collaborative robot should
be able to learn the preferences of the user to offer more
personalized service in subsequent collaborative task. An
option to save the preferences and profile of each user in
robot’s database is thus recommended. [62] shows how a
robot-human handover is improved based on human prefer-
ence feedback.

(3) Any H-R system commissioned for such tasks should
have the possibility to play both the role of a giver and a
receiver to be able to work in any given role depending upon
the choice of the user [directly implied from Sect. 7.2.3].
While, a single arm robot with a mechanical double bottle
holder may be able to accomplish the job of a giver, it will
not be able to play the role of a dual-arm receiver which
also requires aligning the bottles in the shelf. Hence, a dual
arm collaborative robot (like ABB Yumi and Baxter) is
better suited to perform both of these roles in equal capac-
ity when collaborating with a human [directly implied from
Sect. 7.2.7].

(4) Humans prefer to work in normal mode in comparison to
competitive mode [directly implied from Sect. 7.2.6]. So, the
default speed settings of the collaborative robot should be
the average working speed of human. This will also reduce
fatigue and stress.

(5) Humans tend to be well-coordinated when they are in
the competitive mode of the most comfortable posture/work
method which, in turn, is dependent upon the chosen role
and shelf-height. The vice-versa is also true [directly implied
from Sect. 7.2.6]. Therefore, the minimum and maximum

speed of each handover cycle of a collaborative robot for
different modes, roles and shelf heights can be defined and
calibrated using this principle.

(6) A high degree of agreeableness between the team
partners of a joint-task is very important to fruitful and
mutually satisfying work experience [directly implied from
Sect. 7.2.2]. Hence, collaborative robots must be social (e.g.,
Baxter).

(7) A-priori expectation of the receiver about the probable
p-o-h plays an important role in the success of the han-
dover in short-cycle repetitive task [directly implied from
Sect. 7.2.11]. Well-coordinated teams continue to remain
well-coordinated in all the tested conditions and hence, they
have the least variability in their handover frequency [directly
implied from Sect. 7.1].

Now, in the case of short-cycle repetitive tasks in super-
markets where duration of each handover cycle could be
as low as 2-3 seconds, generating 100% accurate adaptive
motion and determining the exact p-o-h for each handover
cycle through action coordination based on Keller’s frame-
work [7,29], of adaptation, attention and anticipation will
generate non-rhythmic motions (due to processing times
involved in delivering high accuracy) resulting in a stop-
and-go motion with no fluency in joint-action. This may
potentially have a high cost on team coordination and pro-
ductivity.

Based on the findings of Sects. 7.1 and 7.2.11, we argue
that if team productivity is deemed critical for a human—
robot system executing a short-cycle repetitive task, a robot
with a fixed periodic motion and a fixed p-o-h preset by
the respective user is probably better suited than highly
accurate systems with non-rhythmic or reactive motions.
This is because, a robot working with a fixed rhythm is more
well-coordinated and predictable than any other system. So,
mutual coordination can be achieved easily through human
adaptation because humans are considered experts in work-
ing jointly in rhythmic activities. A recent study has also
shown that human adaptation in a human—robot system can
significantly improve team collaboration [63].

The robot should however be equipped with advanced sen-
sors to be able to track the human partner as a whole for valid
safety reasons. Also, the robot must be able to understand that
the job is over/at pause and should not blindly continue the
fixed rhythmic motion for indefinite time.

This type of fixed rhythmic robot motion is similar to
the pro-active behavior as demonstrated in a human-robot
repetitive handover experiment reported in [17]. Results as
reported in [17] show that the pro-active method provided the
greatest levels of team performance but offered the poorest
user-experience compared to the reactive and adaptive meth-
ods. The reactive motion offered the best user-experience but
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at the cost of the lowest level of team performance while the
adaptive motion offered a balance of the two requirements.

In a fixed rhythmic H-R interaction, the user should ide-
ally be given the opportunity to pre-define the robot’s periodic
motion and the p-o-h during learning by demonstration phase
to ensure that the user is very much in control of the desired
speed and p-o-h. This could offer, somewhat, a better user-
experience and may offset the poor user-experience involved
in such pro-active behavior. It can be said based on a recent
study [64] which shows that the possibility to customize the
interaction with a robot as per one’s individual preferences
creates a sense of “self-agency” in humans which have a
strong positive influence on user-experience.

9 Limitations of the Approach and Scope for
Future Work

The current work focuses on the subjective experience and
psychological perspective of givers and receivers in short-
cycle repetitive handover tasks. The objective measures
presented here are limited in nature because others are related
to the bio-mechanics, work-methods and ergonomic aspects
of the given task which is not the focus of this paper. As a
result, the objective and the subjective measures could not be
contrasted for bias or consistency.

Having said that, the work-methods field studies has been
instrumental in designing the set-up of the lab experiments
and most importantly, towards defining the experiment vari-
ables and conditions. Similarly, the simulation study gave
insights on the ergonomic aspects of the role of givers and
receivers which also influenced the design of the lab experi-
ment. For example, it helped us decide that the alignment of
giver (G), receiver (R) and the matrix of bottles (B) should be
R-B-G and not R-G-B. That is, when the bottles are kept in
between the giver and receiver, it is comparatively less tiring
for the giver.

The simulation software used in this work does not offer
the flexibility of modeling the actual movements recorded
during the lab experiment. Using other software that offers
such possibility may help to characterize the variability of
energy according to different techniques/experience/body
shapes etc.

Future work should include a more detailed investigation
of the actual movements from video analysis or by motion
tracking with passive markers or wearable sensors which,
can then be contrasted with the subjective measures of this
experiment to get a broader understanding of human—human
joint-action in the areas investigated in this research.

The findings of the current study should be implemented
and validated in real human-robot systems executing a short-
cycle repetitive task in physical space to be able to develop
comprehensive recommendations and design guidelines for
human-robot collaborative systems.
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Appendix

See Table 4.

Table4 Some of the questions with subjects’ responses from the ques-
tionnaire used in the experiment

Question Subjects’ responses
Giver Receiver
Q1. Which role (Giver or Receiver) Giver - 14 Giver - 2
would you like to play if you have Receiver -7  Receiver - 19
had to redo the given task?
Q2. Given an option, would you prefer A -5 A-5
shelving (A) 1 bottle ata time or (B) g _ ¢ B-16
2 bottles at a time?
Yes No
Q3. Do you think you and your partner 39 3
developed a rhythm among
yourselves slowly over the course of
the cycle?
Q4. Did your partner also adapt 37 5
himself to match your speed of
working?
Q5. Do you think your partner was 40 2
equally committed during the work?
A B
Q6. Given an option, which one would 38 4
you choose — (A) Shelving 100
Bottles working together OR (B)
shelving 50 bottles alone?
A B C
Q7*. When the coordination between 16 25 0
you and your partner was going
perfect, did you feel the urge/natural
tendency to (A) Maintain that speed
(B) To Speed Up (C) To Slow Down
A B C D
Q8. How would you rate your tiredness 6 30 4 2

after this job? (A) Not at all (B) bit
tiring (C) quite tiring (D) very tiring

# 1 person didn’t answer Q7
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