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ABSTRACT

This paper evaluates the repercussions of the introduction of a cobot in a collaborative motor
task. Two studies were performed: first to compare a task in collaboration with a cobot or a
human and second to analyse the impact of pace (i.e., speed and leader), both on
productivity, quality of interactions, operator’'s posture and attentional demand. Thirty-four
participants in the first study (S1) and twenty in the second study (S2), were equipped with
motion capture sensors. They performed a collaborative motor task with a YuMi cobot and
with another human in S1, and performed the same task with the cobot at differentimposed
pace and at free pace in S2. Productivity, quality of the interactions, participant’s posture
and attentional demand were measured in both studies. As main results, productivity
seemed to be less important with the cobot than with a human, with less interactions
between operator and cobot. Moreover, attentional demand was higher with the cobot co-
worker, but also with high paces. Posture was less awkward, so less risky for the health,
with the cobot co-worker, but the pace seemed to not influence it. Leading or following the
pace seemed to not influence these variables. Actually, the differences between human-
human and human-cobot interactions were mainly due to the slowest pace due to the cobot,
except for the better posture which could be linked with the introduction of the cobot.

Keywords: Human-Cobot Interaction, Productivity, Motion capture, Musculoskeletal disorders, Pace

INTRODUCTION

Collaborative robots, or cobots, are a key technology if Industry 4.0. These cobots
allow new human-robot interactions (HRI) as they can interact in a shared
workplace with a human (Shravani and Rao, 2018). These HRI could be described
in three levels of interactions: coexistence, cooperation and collaboration (Hentout
et al., 2019). In coexistence, human and cobot are in the same workplace but
without common aim, while in cooperation and collaboration, both work in the
same workplace with a common aim. At the highest level of HRI (i.e,
collaboration), the synchronization between the human and the co-worker is more
efficient with more fluent interactions (Hoffman, 2019). However, these new HRI
could lead to the emergence or move of musculoskeletal disorders (MSDs) for
operators (Tsarouchi, Makris and Chryssolouris, 2016).
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MSDs are the main occupational diseases, representing nearly 90% of them in
France, and mainly affect operators’ upper limbs and back (L’Assurance Maladie,
2021). Biomechanical constraints represent the main factor: repetitive tasks in
awkward posture and high frequency of operators’ movements associated with an
high pace (Mathiassen and Winkel, 1996).

To avoid MSDs, it’s important to evaluate the tasks with high constraints. RULA
evaluation (Rapid Upper Limb Assessment) is a tool widely used both in the
industrial domain and in scientific researches (Misslin et al., 2021). RULA
evaluates the risk of developing MSDs during a repetitive task, measuring joint
angles of back, neck and upper limb joints (McAtamney and Corlett, 1993).
Recently, some studies demonstrated that the introduction of a cobot in an
individual task (so human alone versus human-cobot), did not degraded
productivity, even increased it, while RULA scores decreased (Gualtieri et al.,
2020; Colim et al., 2021). However, to our knowledge, no study interested to
compare human-human and human-cobot interactions accomplishing the same
collaborative task on productivity and operators’ health.

Two studies were conducted to evaluate a human-cobot collaborative situation: the
first one aimed at comparing a human-human system with a human-cobot system,
the second one at analysing the impact of two pace characteristics (leader and
imposed-speed). The task performed was always the same, and the variables
measured were productivity, quality of interactions, biomechanical constraints
(posture) and attentional demand.

MATERIAL AND METHODS

Participants

Thirty-four and twenty volunteers participated to the Study 1 (S1) and the Study 2
(S2) respectively (22.1+2.0 and 21.1+2.0 years old), all students. They had no
impairment affecting motor control or attentional behaviour, and had vision that
not required corrections. All gave their written consent before their participation.

Materials

In both studies, the participant manufactured products with a co-worker. In S1,
participants always led the pace with the aim to manufacture the most products in
four minutes. The co-worker was either a cobot (COB condition) or another human
(HUM condition). In S2, the co-worker was always the cobot. Either the
participants led the pace in one modality (DM condition) or the cobot led it (AUTO
condition) for three minutes. In AUTO maodality there were three imposed-pace
conditions: AUTO-SLOW (three products), AUTO-MEAN (four products) and
AUTO-FAST (five products).

The YuMi cobot used had two arms, each with seven points of articulation; at the
end of each arms was a gripper and a vacuum only at its left wrist (see Figure 1A).
The product to manufacture was composed of a fairing, an aluminium product, a
cover, three nuts and three screws. The production process was on a collaborative
working plan which is decomposed in three areas: co-worker, participant and
collaborative ones (see Figure 1B).
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participant area and green circle for collaboration area

Each trial was filmed and coded to quantify the actions of the participant and the
co-worker according the dichotomy “Idle” and “Activity” from (Hoffman, 2019).
Participant’s activity was also decomposed according to the location of the motor
action: “Direct activity” (inside the collaborative area) and “Indirect activity”
(outside the collaborative area). From this coding, we coded the interactions
between both workers with the taxonomy of (Hentout et al., 2019): “Time out”
(both in Idle); “Cooperation” (one in Idle while the other in Activity);
“Collaboration” (both in Activity); “Direct collaboration” (both in Activity with
the participant in Direct activity).

In both studies, the participant was equipped with seventeen wireless inertial
sensors MVN BIOMECH Awinda, fitted on the head, the trunk and upper and
lower limbs (Schepers, Giuberti and Bellusci, 2018). RULA evaluation
(McAtamney and Corlett, 1993) was made with these data for each frame of a trial,
for right and left sides, with a MATLAB program.

Simultaneously with the motor task, the participant performed an auditory task to
measure attentional resources. This task was inspired by the one in Richer & Lajoie
(2019). The participant listened a recording with a sequence of phonetically related
letters (B, D, P and T) with a two seconds interstimulus interval.

Process

For each condition in both studies, participants completed three trials (four minutes
for S1 and three minutes for S2) in a counterbalanced order. Participants
beneficiated from several learning phases: motor task (in COB for S1 and DM for
S2); auditory task; dual task (in COB for S1 and DM then AUTO-MEAN for S2).
At the end of each collaborative work, the number of products fully manufactured
and steps correctly performed were counted and the participant indicated the
number of occurrences of one of the letters announced before the work.

Statistical analyses

The different variables measured in both studies are described in Table 1. For all
variables (except for the success rate at auditory task), a value was calculated for
each condition by means of the values of the three trials.
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Table 1. Variables measured in both studies
Variables measured

Motor task - Number of products manufactured;

Co-worker’s | - Percentage of Activity time on a trial time;

actions - Mean (S1) and median (S2) times of an Idle (in seconds).
Participant’s | - Percentage of Activity time on a trial time;

actions - Mean (S1) and median (S2) times of an Idle and a Direct activity.
Interactions | - Percentage of interactions’ time on a trial time.

RULA - Mean RULA scores for both sides (left and right) during a trial;
evaluations | - Mean RULA scores for both sides during participants’ direct activity.
Auditory - Success rate (percentage of trials with a correct answer);

task - Absolute error (absolute difference between the participant’s answer

and the right one).

For both studies, the success rate at auditory task was compared with y? test to
evaluate if conditions were independent. For the other variables, paired samples
Wilcoxon tests were performed to compare HUM and COB conditions in S1. In
S2, a non-parametric Friedman’s repeated measures ANOVA was performed to
compare the three conditions of AUTO modality. If the test was significant, three
paired samples Wilcoxon tests were performed between the three conditions of
AUTO modality. Then, three paired samples Wilcoxon tests were performed to
compare DM modality with the three conditions of AUTO modality.

The various statistical tests were performed with STATISTICA v.10 software. The
level of significance o was set at 0.05.

RESULTS

The number of products manufactured for both studies (calculated for a minute) is
shown in Figure 2.
3

2,5

minute)

| T — |

Number of products manufactured (a

0,5
CcoB HUM DM AUTO-SLOW AUTO-MEAN AUTO-FAST

s1 s2
Figure 2: Number of products manufactured (calculated for a minute). *** p<0.001.

So, productivity was higher with the human co-worker than with the cobot co-
worker (S1), and was also more important with a higher imposed pace until a
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threshold with the cobot (S2). Leading the pace did not influence the productivity
compared to the mean-imposed pace (S2). The conditions facing a human seems
to be the best performance of all conditions.

The co-worker’s actions, the participant’s actions and the interactions rates are
described in Table 2. The activity rate was more important for the cobot co-worker
than the human (S1), and more important for the cobot with a higher imposed-pace
(S2). For same productivity (i.e., DM and AUTO-MEAN), the cobot activity rate
was less important when the participant led the pace (S2). The participant activity
rate was more important with a human co-worker (S1) and with a higher imposed-
pace and when the participant led the pace (S2, further analysis showed the highest
activity rate in DM). Moreover, in these three same conditions, each idle were
shorter (S1, S2). Collaboration rate was less important for the cobot co-worker than
the human (S1, but no significant difference for Direct collaboration).
Collaboration and direct collaboration rates were more important for the cobot with
a higher imposed-pace (S2). For same productivity (i.e., DM and AUTO-MEAN),
the three types of interactions rates were similar in both conditions (S2). So, both
studies showed that the interactions in an HHI (Human-Human Interaction) were
more fluent than in an HRI, but also with higher pace.

Table 1. Co-worker and participant's actions and interactions between co-worker and
participant. Results are presented in median (IQ). * difference with HUM. 2 difference with
AUTO-SLOW, ® difference with AUTO-MEAN, ¢ difference with AUTO-FAST.
S1 S2
AUTO- | AUTO- | AUTO-
SLOW | MEAN | FAST

37.2% 30.6 35.62bc | 31.9bc | 40.62¢ | 46.4bc

COB HUM DM

5 | Activity rate (@

z Activityrate (%) 115y a1 | 62 | (12) | 13 (4

3 2.2

. . : 6.37%c  10.00%¢ 6142  4.5%

o *

G | ldietime(s) 38%(13) (05) | (186 @ (053 @ (030) (0.31)
_ 701* | 919 | 70.5%hc  541bc | 643sc | 705%

0,

= Activityrate (%) gy 30y | 77y (83) @ (78) | (8.3)

£ etmer 325 193 | 307w 572%  asg | 260w

= (0.94) | (057) | (103) = (L13) @ (0.74) = (0.54)

& | Directactivity = 4.10 405 | 3.852 | 4.82bc  3.97a | 35020
time (s) (0.80) | (107) | (123) @ (108) = (0.67) @ (0.38)
. 97+ | 09 | 97 | 21.3% | 109a | 6.3

[0)

= Timeout(%) oo | 14y | @5 @ (61) (585  (46)

'§ Collaboration 17.0* 24.1 15.3ac 8.3bc 15.1ac | 255ab

s (%) 72 | (45 | (50) @37 | (60) | (66)

E Direct 2.0 16 | 28¢ | 23b | 42s | G4e

collaboration (%) (2.8) (3.3) (4.6) 2.7) 2.7) (2.6)

RULA scores are calculated for both sides during all a trial and during participant’s
direct activity (see Table 3). Higher the score is (from 1 to 7), higher the
biomechanical constraints are and risk of developing MSDs is important. RULA
scores indicated that biomechanical constraints were higher with the human than
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the cobot co-worker during all a trial but also during participants’ direct activity
(S1). Higher imposed-pace increased the constraints on RULA scores but no
difference was observed during participants’ direct activity (S2). Thus, work with
the cobot-co-worker seemed to decrease the biomechanical constraints on
participants’ joints and it could not be linked only with the decrease in pace with
the cobot, but also by the presence of the cobot in the collaborative environment.

Table 2. RULA scores for both sides during all a trial and during participant's direct activity.
Results are presented in median (IQ). * difference with HUM. P difference with AUTO-MEAN,
¢ difference with AUTO-FAST.

s1 s2
AUTO- | AUTO- @ AUTO-
cos HUM DM SLOW | MEAN FAST
| 364 3.97 3.90 3.84 3.90¢ 4.07°
s (0.46) (0.37) (1.11) (0.80) (0.71) (0.58)
p | 343 3.66 3.87 3.64 3.77¢ 3.85°
(0.36) (0.46) (1.07) (0.72) (0.90) (0.72)
| 386 4.03 4.06 4.10 4.08 4.24
oA (0.69) (0.46) (1.35) (0.98) (0.96) (0.88)
p | 345 3.64 3.92 3.73 3.83¢ 4.02°
(0.54) (0.55) (1.43) (1.11) (1.17) (0.91)

Attentional demand of the motor task was measured by the performance at a second
task (see Table 4). Attentional demand at the motor task was more important with
the cobot than the human co-worker. In addition, more pace means more
attentional demand at a threshold. However, leading the pace seems not really
affect attentional demand at the same followed pace.

Table 3. Performance at the auditory task. Results are presented in median (1Q). * difference
with HUM. 2 difference with AUTO-SLOW, ® difference with AUTO-MEAN, ¢ difference with
AUTO-FAST.

S1 S2

AUTO- | AUTO- | AUTO-

SLOW | MEAN FAST
Success rate (%) 12.4 6.9 15.0 20.3 13.8 12.3
4.0* 2.8 2.3¢ 2.7¢ 3.7¢ 3.73b
(2.5) (2.0) (2.0) (3.1) (3.0) (4.1)

CcOB HUM DM

Absolute error

DISCUSSION AND CONCLUSION

Two experiments were described in this article: first to compare the same
collaborative work with a cobot co-worker or a human co-worker (S1), second only
with a cobot co-worker to analyse the repercussions of speed and leader of pace
(S2).

The results showed that productivity was reduced by 50% with the YuMi cobot co-
worker than with the human co-worker. Previously, some authors showed that the
introduction of a cobot in a work situation did not influence production (Gualtieri
et al., 2020; Colim et al., 2021). However, their work situations had moved from
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an individual to a collaborative situation, with an ergonomic redesign of the
workstation. In S1, the decrease in production was mainly due to the cobot, because
of'its limits: its speed of execution was slower while its “reaction time” was longer.
With the cobot, the co-worker and participant’s idle times were more important
than with the human co-worker, so these idle times indicated a bad use of both
worker in this HRI (Hentout et al., 2019). Moreover, the quality of the interactions
was degraded: more time out and less collaboration. Thus, the HRI was less
synchronized with a bad tasks repartition between the operator and the cobot
(Hentout et al., 2019).

Despite a degradation of productivity with the cobot co-worker, biomechanical
constraints on operator was reduced working with the cobot (i.e., RULA scores).
The reduction of biomechanical constraints was also observed in the two previous
studies (Gualtieri et al., 2020; Colim et al., 2021), but in S1 it could be due to the
reduction of pace with the cobot co-worker than with the human co-worker. Results
in S2 showed more biomechanical constraints on an operator with a too fast pace,
as in Bosch and collaborators study (Bosch et al., 2011). At too high pace, working
in these awkward postures could create MSDs for operators. Moreover, working
at too high pace could not be efficient for productivity. As a matter of fact, with
more products to manufacture, participants managed to manufactured as much
product at the highest pace as at the mean pace in our second study. They made
more mistakes with faster pace, as in previous studies (Escorpizo and Moore, 2007;
Bosch et al., 2011). In contrast, interactions between the operator and the cobot
were of higher quality with the higher pace, with less time out and more
collaboration.

Attentional demand of the collaborative task was more important with the cobot-
co-worker than with the human co-worker, and with a high pace compared to a
slow pace, as performances at the second task decreased. These results indicated
that the collaborative task was more difficult with the cobot co-worker and when
the pace is more important (Lomond and C6té, 2010). Despite the slower pace with
the cobot co-worker, attentional demand was still more important. This result
seems to indicate that working with a cobot could increase the attention of the
operators, which could lead to a faster fatigue if the operators are working for many
hours, and could led to collisions or MSDs.

Leading the pace for operators, or not leading it, seemed to not influence the
different collaboration features when the imposed pace was adapted to them.
Productivity was not different between DM modality and AUTO-MEAN
conditions in contrast to those of Dempsey and collaborators (Dempsey et al.,
2010), despite a slight waste when the cobot was leading the pace (11.2+4.2% of
wasted products). In the study of Dempsey and collaborators, participants worked
faster reducing their idle times (as in our second study), because of the limits of
the cobots. Moreover, AUTO-MEAN pace was adapted from productivity of COB
in the first study (which is the same condition as DM in the second study). As
participants manufactured an average of 1.33 products a minute with the cobot co-
worker, the cobot was programmed to work at a pace of eighty products an hour in
AUTO-MEAN. Thus, the cobot programming and its limits could explain why
there is no difference in the measures of the quality of interactions, participant’s
posture or attentional demand.



8 Bouillet et al.

COB in S1 and DM in S2 were similar conditions (except the duration of a trial).
Results seem to be similar for the different measures in both studies (no statistical
test made). Thus, despite the non-ecological conditions of these studies made in
laboratory conditions (not a real work, not real operators and short-time work), the
repeatability of the results in COB and DM conditions increased the confidence in
the results for more ecological conditions.

Working with a cobot co-worker rather than with a human co-worker decreased
productivity, quality of the interactions with the co-worker and increased
attentional demand. However, despite these negative impacts of the cobot,
participant’s posture was less risky with the cobot co-worker than with the human.
Leading or following the pace seemed to not influence all these features here at the
same production. The reduction of biomechanical constraints which led to the
better posture could be explained by two factors: the reduction of the working pace
with the introduction of the cobot and the introduction of the cobot in this
collaborative work situation itself.
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