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In the context of production logistics, U-shaped assembly systems often present several advantages compared to
straight-line systems. Therefore, such systems are usually evaluated in the planning phase using production
logistics and cost-related criteria. However, some published papers illustrate that these advantages may face
ergonomic drawbacks. For decision making, the evaluation must be expanded in order to consider these systems
from both perspectives. In this way, unfavorable forms of work organization in U-shaped assembly systems can
be detected already during the planning phase. In addition, the static methods such as spreadsheet calculations
generally used for planning prove to be poorly applicable due to the overly optimistic results they generate,
especially in case of model-mix systems. These aspects are especially addressed here and the diﬀerence between
static and dynamic approaches are illustrated. Consequently, planning solutions must be validated dynamically
by means of simulation. Only then can be judged whether the planned production logistics criteria are
achievable at all. In addition, the simulation allows for more realistic statements also concerning ergonomic
criteria. This approach will be demonstrated here by a near-to-reality planning case. For a comprehensive multicriteria decision making in the face of production logistics and ergonomics the use of lexicographic ordering is
shown.

1. Advantages of U-shaped assembly systems compared to
straight assembly lines

evaluation criteria are output per shift, cycle time and utilization of
workers and work stations. Cost-related criteria are necessary as well in
practice but not regarded here.

1.1. Production logistics advantages of U-shaped assembly systems
1.2. Advantages in terms of staﬀ deployment
This paper focuses on a near-to-reality planning case which is
derived from a practical example. It regards an assembly system
consisting of two interconnected legs of work station which viewed
together form a virtual letter U (Fig. 1). Four variants of a product type
are to be assembled in this system which need all stations but with
diﬀerent times for workers and stations. It is therefore a hybrid modelmix assembly system which features a number of operations as well as
manual and semi-automated stations.
Such systems are mostly used for relatively small-dimension
products (see for example, Hrdina et al., 2013). Compared to
straight-line assembly systems, they oﬀer several production logistics
advantages: As both input and output stations are located on the same
narrow side of the system, the base parts and the ﬁnished products can
be delivered to and from this side respectively. In addition, further
materials can be supplied from the outer sides of the system while the
workers operate on the inner sides. Important production logistics

⁎

As one worker typically covers several work stations in a U-shaped
assembly system, diﬀerent forms of work organization can be implemented. These range from one-to-one assignment of workers to
stations through the assignment to adjacent or opposing stations as
well as mixed forms combining these possibilities, to organizing
assignments around workers accompanying the product ﬂow through
the stations which is often referred to as one-piece ﬂow system (see
Fig. 1). This brings up the question of which of these diﬀerent forms of
work organization is the most suitable based on production logistics
and cost-related criteria.
Another advantage is the fact that the number of workers can be
varied depending on the order situation. In low workload situations it
can range from one worker assigned to one station or short-cycle forms
in which one worker only covers a few stations (sometimes characterized as chaku-chaku lines), to a one-piece ﬂow work organization with
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qBR, QBR time-based actual inventory of a station, … station group
qMR, QMR time-based actual inventory of a worker, … work group
r
(ordinal) rank
s
index for stations
SU
station utilization
Tde
throughput time per unit
te
time per unit (for a person, incl. manual operation and
travel times)
teB
station time per unit
th
station main time
tt
manual operation time (for a person)
tzt
travel time (for a person)
WH
working hours (of the workforce; here same as operating
hours of stations)
WU
workforce utilization

Nomenclature
CBA
CMA
CT
d
h
i
j
m
ma
nBA
nMA
OH
p
pe

time-based order related machinery requirement
time-based order related workforce requirement
cycle time
day
hour
index for product type variants
index for manual operations
order volume
machine, station
number-based order related machinery requirement
number-based order related workforce requirement
operating hours (stations)
index for workers
person

In the ergonomic context, however, this evaluation must be
complemented not only by calculating the mean value of the workers’
utilization but also the dispersion value of them. Higher dispersion
values indicate an asymmetry of utilization which can be perceived as
an unequal division of labour in the working group. In the following,
the relative mean deviation (in percent) is used as a measure of
dispersion (see Clauß et al. (2011, p. 39)).
From an ergonomics perspective in principle, U-shaped assembly
systems can be evaluated based on the same criteria as straight-line
systems. Although the physiological stress on workers resulting from
the work task is, thanks to the mostly small-weight products, relatively
low and the stress caused by the work environment can generally be
minimized, physiological stress resulting from standing postures and
rotations between several stations should be examined more closely.
Especially, the metabolic energy expenditure can be evaluated, while
the required forces and torques, as a result of the relatively small
weight of the work objects as well as the signiﬁcant automation of the
stations, can frequently be excluded as evaluation criteria.
Hence, one important criterion is the distances the workers need to
walk and the required travel times between stations. Furthermore, the
ratio of travel times and operation times at the stations should also be
considered. In the case of U-shaped assembly systems with workers
covering several stations, these values may be lower than in the case of
straight-line systems. On the other hand, the necessary working and
walking space must be available (see the applicable German requirements for space for travels, ASR A12, 2013) and pedestrian traﬃc

higher workload. In case of a low utilization of the assembly system,
logistics tasks can be taken over by the workers as well, in particular the
provision of materials from their storage places. This requires of course
that every worker has the needed qualiﬁcation and experience.
1.3. Ergonomic aspects of U-shaped assembly systems
But, U-shaped assembly systems may also show some ergonomic
disadvantages. For example, Enriquez Diaz et al. (2010) have indicated
the need for a deeper ergonomic analysis of product ﬂow accompanying
staﬀ deployment. When an ergonomics perspective is considered
during the planning phase, costs arising later for ergonomically
required corrections to the implemented system can be avoided, if
these are at all feasible.
The consideration of the ergonomic aspects places a new focus on
the planning of a U-shaped assembly system: Multi-criteria decisionmaking should then also formally incorporate ergonomic criteria in a
practicable manner beyond the usual production logistic criteria. At a
ﬁrst glance this includes the utilization of the workforce, which
describes the ratio between the sum of operation times and the cycle
time for one product unit. Cooperation with experts in time studies is
needed in order to deﬁne these key performance indicators. To this
respect, we follow here the REFA methodology (REFA
Datenermittlung, 1997; REFA Planung und Steuerung, 1991; REFA
REFA-Wörterbuch/REFA Dictionary, 2002) which is also available
internationally and similar to that one of Aft (2000, p. 147).
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Fig. 1. U-shaped assembly system with one-piece ﬂow staﬀ assignment.
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depicted here for mixed assignment to adjacent and opposing
stations.
As regards U-shaped assembly systems, Zülch and Zülch (2014, p.
2181) have shown that, for the ﬁrst mapping, the same methods also
used to perform the line balancing of straight-line assembly systems
can be applied. From a process organization perspective, the technical
system with its operations and work stations virtually forms an equally
sequential, straight-line structure.
For line balancing various methods are available which diﬀer in the
restrictions that they take into account (see for example, Boysen et al.,
2007, 2008). In the case of a model-mix order program, some methods
allow for stochastically distributed operation times per unit (te,s or
teB,s, such as Kara and Tekin (2009)), while others consider the travel
times of the workers between stations explicitly (tzt,s, see for
example, Sirovetnukul and Chutima, 2010). In the case of the modelmix assembly system described here, the volume-weighted mean values
of operation times per unit is taken into account (with mi as volume per
shift of product variant i).
However, to assign the workers to U-shaped assembly systems
special methods are needed. For planning the staﬀ assignment, the
Phantom Graph method according to Urban (1998) can be utilized.
When using this method, the precedence graph is extended by its
mirror image and the Ranked Positional Weight method according
to Prenting and Battaglin (1964) is applied in both forward and
backward pass. From a static perspective, the application of this
Phantom Graph method identiﬁes heuristically the most advantageous
qualities of the assembly system with respect to production logistics.
However, such static methods usually use only a single objective
function, preferrably the minimization of station idle times. Other
production logistics criteria, such as workforce utilization WU beyond
station utilization SU are neglected in this case. Furthermore, hybrid
assembly systems in which manual operation times tt,s at the assigned
stations are shorter than main station times th,s are not considered in
literature, as far as the authors are aware.

space (ASR A18, 2012; see Fig. 1). With respect to ergonomic criteria,
not only the mean values but also their dispersion values are again
important.
2. Static and dynamic planning of U-shaped assembly
systems
Production logistics, cost-related and ergonomic aspects of Ushaped assembly systems can be planned by means of static and
dynamic methods. In addition to the spreadsheet calculations which
are generally used in practice, several other static planning methods
taken from the area of Operations Research can be applied in speciﬁc
cases (see for example, Miltenburg and Wijngaard, 1994). In order also
to evaluate the dynamic eﬀects of a model-mix order program,
however, appropriate simulation procedures must be used.
2.1. Static planning of the assembly system
When it comes to planning an assembly system, the typical initial
step is to determine the technical system, which contains the assembly
stations and the order program which shall be assembled in a period of
time, usually one shift. The deﬁning factor is the number of products to
be assembled, in the case of a multi-product program consisting of
several types of products i or variants of them with varying station
times and manual operation times. The results of the planning are the
cycle time CT and the number of stations nMA in the system.
The next step is deﬁning the workforce structure consisting of the
number and qualiﬁcations of the workers, modelled by the operations j
for which a certain worker is capable. In this context, diﬀerent forms of
work organization with the resulting assignments of workers to stations
can be examined and then checked in the face of previously deﬁned
evaluation criteria.
From a static perspective, the planning of an assembly system can
be seen as a multi-level mapping of network graphs. For this purpose,
the precedence graph of the operations j must be mapped onto the
capacity graph of the work stations s ﬁrst, and ﬁnally this graph must
be mapped onto a staﬀ assignment graph of the workers p to be
deployed (for more detailed explanations see Zülch et al. (2012), Zülch
and Zülch (2014)).
Fig. 2 shows an example for all three graphs together with the
station main times th,s , the manual operation times tt,s at the
individual stations and those for all stations assigned to one worker
t t,p. It is assumed, that the operations j are already mapped onto
the stations s of the capacity graph. The staﬀ assignment graph is
th,s
tt,s
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Fig. 2. Precedence, capacity and staﬀ assignment graph of the hybrid U-shaped assembly system with mixed staﬀ assignment to stations.
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3.1. Characterizing the planning problem

For this purpose, however, a staﬀ-oriented simulation procedure
(see for deﬁnition, VDI, 3633, part 6, 2001) is required, such as
FEMOS (Fertigungs- und Montagesimulator – Parts Manufacturing
and Assembly Simulator; see initial publication by Grobel (1992), pp.
25) which was developed at the ifab-Institute of Human and Industrial
Engineering of the Karlsruhe Institute of Technology (Germany). As
the concept of this procedure has already been explained in several
publications and as it has already been used for case studies multiple
times (see for example, Zülch and Grobel, 1996; Zülch and Brinkmeier,
2003; Zülch et al., 2001, 2010), a more detailed description is not
included here.
FEMOS is an event-driven, time-discrete simulator which is capable
of separately modelling the persons in a work system with their manual
operations and working hours WH and the machine facilities with their
related operations and operating hours OH. Fig. 3 illustrates these two
diﬀerent views with a Gantt-chart of the one-piece ﬂow solution for the
presented case. Depicted here are approximately 27 min during the
near-to-steady phase. For the evaluation run-in phase and phase-out of
simulation are excluded.

This three-phase approach will be illustrated in the following
chapters from the perspective of a production logistics and ﬁnally an
ergonomic evaluation. For this purpose, a typical hybrid assembly
system will be planned which includes a model-mix order program of
four variants i of a product type. While varying by product variants, the
manual operation times tt, ij account for roughly one-quarter of the
station main times th, ij (Table 1).
The duration of the daily shift amounts to 7.2 h. It is assumed here
that all operations have already been assigned to the stations resulting
in a cycle time CT of 26 s per product unit. All solutions consist of 28
operations j and 12 stations s, one of which has two parallel work
places (Stations 7a and 7b in Fig. 1). In the ideal distribution of
assembly operations to stations four workers p must be deployed.
However, this is only a theoretical possibility, since the operations are
not voluntarily divisible. For comparability reasons, all organizational
solutions will be limited to four workers.
The following alternative forms of work organization were proposed: The ﬁrst two possibilities suggest that workers are assigned to
adjacent or opposing stations respectively. The ﬁrst one (Solution 1)
can be eﬀected by means of a line balancing method, which can also be
applied to straight-line assembly systems. For example, the already
mentioned Ranked Positional Weight method can be utilized in order
to get a heuristically optimal solution. But if assignment to opposing
stations should be realized (Solution 2), a special method must be used,
here the cited Phantom Graph method. This is also the case for
Solution 3 which realizes a mixed form of adjacent and opposing
stations. In Solution 4, the workforce accompanying the product ﬂow is
assumed which is basically group work of all workers at all stations.

3. Planning of a hybrid model-mix assembly system
The planning of a hybrid model-mix assembly system in U-shape
should thus be carried out in three phases: the mapping of a
precedence graph of the assembly operations onto a capacity graph
of the stations, the further mapping of the result onto a staﬀ assignment graph of the workers to be deployed depicting their number and
required qualiﬁcations, as well as the simulation and its evaluation
based on multiple criteria.

Fig. 3. Excerpt from a Gantt-chart of the hybrid assembly system with workforce accompanying the product ﬂow.
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Table 1
Static calculation of station and workforce requirements for the hybrid U-shaped assembly system.

3.2. Static planning and assessment

For the purpose of production logistics evaluation, station and workforce utilization, as well as the mean deviation of workforce utilization, are
considered in addition to the production volume per shift. For an
ergonomic evaluation, the group evaluation table for metabolic energy
expenditure from Spitzer et al. (1982, p. 143) is used in combination with
the number of steps determined according to MTM (as an inﬂuencing
factor for the MTM code W-P-[steps]). Additionally, the mentioned
deviation values are calculated for these ergonomic criteria.

For a preliminary static analysis only the manual operation times at
the stations tt,s are used, without taking into account the travel times
between stations tzt,s. The static calculation for the planned daily
production m of 1000 units yields the mean station utilization SU of
95% and the mean workforce utilization WU of 81.5% for all solutions.
Both values give rise to assume that this solution will lead to bottle-

Table 2
MTM-based calculation of travel times between stations.
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workforce falls beneath the static solution by approximately 3–8%,
while the relative deviations in Solutions 1–3 are comparably high with
about 30%. With respect to production logistics measures, deployment
is best when it accompanies the product ﬂow, but it is still unfavorable
compared to the static results.
As expected, the evaluation supported by simulation is less
advantageous than the static evaluation taking the production logistics
criteria into account. This is due to the fact, that delays in the windingup of assembly orders can only be detected dynamically. These delays
occur, when a product variant with a long operation time at a certain
station is followed by another one with a shorter station time, thus
blocking the winding-up of the latter. In the opposite case, the reverse
happens. Due to this model-mix condition the dynamically evaluated
production logistics criteria worsen compared the static evaluation.
Considering, however, the ergonomic criteria, the picture changes:
the staﬀ assignment accompanying the product ﬂow has the highest
metabolic energy expenditure, as well as the highest number of
necessary steps. Solution 1 shows the highest relative deviation in
the number of steps, Solution 2 with respect to the metabolic energy
expenditure. Solutions 1 and 2 fall into the category of light work
(below 4200 kJ per shift, according to Spitzer et al. (1982, p. 151)),
while Solution 4 is characterized by medium-heavy work (below
6300 kJ per shift). All solutions include more than 10,000 steps per
shift, the total recommended for the entire day including private
activities (Tudor-Locke, 2002; NHS National Health Service, 2007).

necks in the dynamic case. In Table 1 also the time-based station and
workforce requirements (CBA and CMA respectively) as well as their
rounded number-based equivalents (nBA and nMA respectively) are
reported. They are based on the station main times th, ij and manual
operation times tt, ij for product i and operation j.
In the next step, the planning must include travel times tzt,s which
depend upon the chosen workforce assignment. Together with the
manual operation times tt,s they build up the times per unit te,s at
station s. From this, the workforce capacity requirement CMA and the
needed number of workforce nMA can be calculated. The rough layout
of the assembly system is required to calculate the travel times between
stations corresponding to Fig. 1. They consist of the workers’ walking
times (MTM code W-P-[step]) and body rotations (MTM codes TBC1
and TBC2) based on Methods Time Measurement (MTM). Table 2
shows the resulting travel times between stations tzt,s.
The limitation to four workers leads to signiﬁcant reductions of
production output (Table 3). In the ﬁrst three solutions, about 680
pieces can be assembled (the small diﬀerence of two pieces is
neglectable), in Solution 4, however, about 850 pieces. The workforce
utilization of Solutions 1–3 is in the order of 84%, while Solution 4
reaches 100%. There is of course no dispersion of workforce utilization
for Solution 4 because all workers perform the same job, while it is
around 9% for the others.
3.3. Dynamic evaluation and assessment

3.4. Lexicographic ordering of solutions

For dynamic analysis, the simulation procedure FEMOS is employed. The travel movements are modelled herein as operationdependent set-up times. As already mentioned, only four workers are
modelled for reasons of comparability leading to some less advantageous results than in the static analysis with travel times.
With respect to the production output, Solution 1 reaches dynamically the magnitude of the static calculation, but Solutions 2 and 3 are
approximately 6% lower, and Solution 4 about 3% (Table 4). The
utilization of stations behaves in the same way. The utilization of

In order to decide which solution is the best, a ranking of the
solutions l can be derived using lexicographical ordering
(see Wikipedia (2015), Harzheim (2010)). For this purpose the
proportional scaled evaluation results of all solutions are transformed
into ordinal scaled rankings for each criterion rl (Table 5). Each rank
number is reduced by 1 and used then as an exponent to the base 2,
resulting in proportional scaled value blc for each solution l and

Table 3
Workforce-adjusted static calculation of staff assignments.
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Table 4
Comparison of static and dynamic evaluation considering production logistic and ergonomic criteria.

possibility of personnel assignment. Thus from a comprehensive point
of view, Solution 4, staﬀ deployment accompanying the product ﬂow,
should be chosen.
The fourth phase of the project includes the technical implementation of the assembly system and further training of the staﬀ. For
conﬁdentiality reasons, this phase cannot be described here.

Table 5
Calculation of the lexicographic order of solutions.
Name

Formula

Index for solutions
Index for criteria
Ordinal rank of the solution l
Rank value of solution l for criterion c

l = 1,2,3, …
c = 1,2,3, …
rl

Rank value of solution l
Lexicographic orderlex min of solutions

blc=2(rl −1)
bl = ∑c blc

4. Conclusions on the evaluation of U-shaped assembly
systems

rl ≻rl * : bl < bl *

The question is whether and what of the results of this planning
study can be generalized. Firstly, it illustrates that a static calculation of
hybrid U-shaped assembly systems with model-mix order program is
too optimistic and therefore must be complemented by a dynamic
analysis using simulation in order to allow for comprehensive evaluation and assessment. The simulation results of various cases show this
as generalizable knowledge.
Secondly, an interpretation which does not take into account travel
times is equally insuﬃcient. For further research, the inﬂuence of travel
times compared to manual operation times and station times or cycle
time per product unit should be examined in more detail. This is
especially true if they are in the same order of magnitude of the manual
operations as in the presented case.
Moreover, particularly in the case of hybrid model-mix assembly

criterion c. These values are then summed for all solutions bl, and
ﬁnally transformed for their lexicographic order rl with lowest proportional scaled sum of a solution bl as ﬁrst rank.
From a production logistics perspective, the staﬀ deployment
accompanying the product ﬂow (Solution 4) shows the best results of
all solutions for both, static and dynamic evaluations (Table 6). As a
second-best solution for the static evaluation, one achieves the staﬀ
assignment to mixed stations (Solution 3), and the assignment to
adjacent stations (Solution 1) for the dynamic evaluation.
The assessment over all criteria shows Solution 4 as the best.
Solutions 1 and 3 are roughly equivalent, with slight advantages for the
staﬀ assignment to adjacent stations (Solution 1). Solution 2, where the
staﬀ work at opposing stations, turns out, however, as the worst
7
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Table 6
Assessment of solutions using lexicographic ordering.
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systems, the dynamic process shows bottleneck situations in the
interaction between workforce and stations. Such delays in the winding-up of orders cannot be detected by means of static methods.
This planning study also gives rise to a variety of questions concerning
the consideration of work psychological criteria. One possible approach
thereto is provided by consideration of highly controlled motion elements
as per MTM (see Zülch and Braun (1994)). Finally, the susceptibility of Ushaped assembly systems to failures must be examined, a factor which can
be crucial, particularly in the case of one-piece ﬂow workforce deployment.
Practice shows, that this assignment may lead to considerable production
downtimes and which should be balanced by station buﬀers as much as
possible.
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