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ABSTRACT

A recent European Union (EU) directive increases demands on car recycling. Thus, present craft-
type disassembly systems need reconfiguration in order to be more efficient. A line-based system
tested in the Netherlands was investigated regarding system performance and ergonomics. The
system had reduced performance compared to the design specifications due to such factors as sys-
tem losses, operator inexperience, and teamwork deficiencies. Operators’ peak low back loads were
lower than in Swedish craft-type systems. Direct, value-adding work comprised 30% of the work-
day, compared to about 70% in the Swedish manufacturing industry. Alternative system configu-
rations were simulated and discussed using a novel combination of flow and human simulations.
For example, a smaller variation in cycle time implied higher output in number of cars per week
and larger operator cumulative loading on the low back. In all models the cumulative load was high
compared to the loads previously recorded in assembly work. © 2007 Wiley Periodicals, Inc.

1. INTRODUCTION

In the European Union over 15 million passenger cars were sold in 2004 according to
European Automobile Manufacturers Association (ACEA, n.d.), up 1.7% from 2003.
Around 8 million end-of-life vehicles (ELVs) are disposed of annually in the EU (ACEA,
2004) and this number is expected to increase.

An EU directive (2000/53/EU; European Parliament, 2000) requires that wastes from
ELVs must be reduced to 15% of the total car weight by the year 2006 and to 5% by 2015.
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The increasing numbers of ELVs and the increased demands on recovery rates create a
challenge to obtain a cost effective and environmentally sustainable car recycling process
with good working conditions.

Although product designers, manufacturers, car dismantlers, shredding industries, metal
processors, and other decision makers should cooperate to obtain effective component
and material recovery and recycling (van Schaik & Reuter, 2004), these different stake-
holders appear to support different solutions to ELV handling. Although technologies for
recycling shredder residue, so called post-shredding technologies, for increased recovery
rates are being improved (General Motors, 2004; International Automobile Recycling
Congress, 2005; shredding industry stakeholder, pers. comm.), they appear to be insuf-
ficient to meet the legislative demands (EGARA, 2003). Effective car dismantling, prior
to shredding, for obtaining higher reuse and recycling rates could help to resolve this
problem (Lambert & Gupta, 2005; Seliger, Hentschel, & Kriwet, 1997).

Today, Swedish car dismantling companies are all small and medium-sized enterprises
with craft-type production (Kazmierczak, Winkel, & Westgaard, 2004). These companies
currently focus mainly on the recovery of components for resale and the minimum removal
of hazardous materials as required by law today (e.g., oil, gasoline). The work typically
contains a large variety of tasks and is characterized by long cycles performed at parallel
stations (Kazmierczak, Mathiassen, Forsman, & Winkel, 2005). If the legislative demands
are to be met, more components and materials need to be dismantled, often without cre-
ating a corresponding added value. Thus, disassembly companies might be persuaded to
consider changes in their business concept from “partial” disassembly of components for
resale (e.g., engines, lights, whole seats), toward “complete” material disassembly (e.g.,
all interior plastics, PUR cushion foam, glass, etc.) for sale as “raw” materials for
remanufacture.

For material stream production to become profitable, a large volume of ELVs is needed
and thus rationalizations are anticipated. One potential solution might be a line system to
create increased volumes of materials. The serial-flow line concept has been developed
and is used by a Dutch disassembly company (Car Recycling System, n.d.), and it may be
transferred to disassembly industries in other countries in the future.

A “rebirth” of serial-flow line assembly in Swedish manufacturing industry has trig-
gered discussion and debate on its potential to improve productivity, product quality,
and ergonomics in comparison to parallel assembly systems (Engström, Blomquist,
& Holmström, 2004; Jonsson, Medbo, & Engström, 2004). A number of studies sug-
gest that risk factors for musculoskeletal disorders may increase with the adoption
of line-based production approaches (e.g., Fredriksson, Bildt, Hägg, & Kilbom, 2001;
Neumann, Kihlberg, Medbo, & Mathiassen, 2002; Òlafsdóttir & Rafnsson 1998), while
the output of lines can be lower (Jonsson et al., 2004; Neumann et al., 2006; Wild,
1975).

The aim of this investigation is to evaluate the system performance and ergonomics of
a present implementation of the system. In conducting this evaluation we develop a sim-
ulation procedure for predicting system performance in terms of productivity and
ergonomics.

2. MATERIAL AND METHODS

The serial-flow production system for car disassembly in the Netherlands (CRS) was
studied over a 1-week period. The assessment strategy included both qualitative and
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quantitative data. Production data on the system input and output included total number
of disassembled cars, car brand, and quantities of disassembled components and materi-
als. This research work was done with the cooperation of a reference group (RG) of key
dismantling representatives in Sweden. The RG acted as a “reality check” for validity of
the collected data and also facilitated dissemination of the knowledge from researchers to
industrial decision makers. The system developer reviewed an earlier draft of this article
as a further validity check.

2.1. Case Production System

The investigated case production system was tuned for “complete” car disassembly, mean-
ing disassembly of all components and materials from the car down to a pure metal body.
The system used five stations and four buffers (Figure 1). At stations 1–3 (Figure 2)
glass, rubber, and interior (foam, plastics) were removed. At station 4 the “turning machine”
rotated cars upside down to facilitate engine and gearbox unfastening (Figure 3). At sta-
tion 5 the engine and gearbox were removed (Figure 4). All the dismantled components

Figure 1 Layout of the investigated serial-flow disassembly system. S4 is shown in Figure 3.

Figure 2 Stations 1–3 of the system where glass, rubber, and interior materials are removed.
Containers for disassembled components and material are on each side of the line.
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and materials were collected in containers placed along the stations on both sides of the
line (see Figure 2).

There were 10 male operators working in pairs at each station. Six operators had long
experience in disassembly (4 months–14 years) and four operators were inexperienced
(1 week of training) from a manpower company.

Figure 3 Station 4 of the system (see Figure 1) where cars are turned upside down for engine and
gearbox unfastening.

Figure 4 Station 5 of the system where the engine and gearbox are removed following release at
station 4 (see Figure 3).
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2.2. Methods

Multiple methods, each carrying its own perspective on how time is used in the system
(see Table 1), were applied in this study.

2.2.1. Qualitative approaches. Document analysis of the business plan and design
specifications provided information about the requirements for the system, its technical
parameters, and intended output.

Interviews and discussions with the system developer (who does not own the case com-
pany) were conducted throughout the data collection phase in order to better understand
the current system performance. A semistructured group interview with four experienced
disassembly operators was carried out at the end of the data collection week. Table 2
presents the issues covered during the interviews.

2.2.2. Video recordings and activity analysis. Video analysis of activities at work
was conducted to determine how working time was used (Engström & Medbo, 1997a).
To obtain a wide range of work activities with good video quality, three or four different
operators were analyzed on each of the five stations for one to three complete work cycles.
The work activities included five categories: (1) direct work: value-adding activities includ-
ing disassembly; (2) material/tool handling: including handling of car parts, materials,

TABLE 1. Four Different Categorizations of Time in the Production System

Time perspectives

Business terms
Engineering

(flow simulation)
Engineering

(video analysis)
Ergonomics

(biomechanical model)a

Time category Value-added Utilized time Direct work Disassembly 1–8
Non-value-added Material & tool handling Carry 1– 4

Transport Transport
Casual Other

Nonutilized time:
1. Blocking
2. Starving

Waiting Other

(not programmed into model) Unplanned breaks Breaks

Note. Notice that “utilized time” from the flow simulation includes both “value-added” and “non-value-added”
time in a business perspective.
aSee Table 4.

TABLE 2. Issues Covered During the Interviews with System Developer and Operators

System developer System operators

• Current system performance
• Technology and work organization in

the system
• Suggestions for optimal performance

• Current system performance (measurement week
vs. everyday conditions)

• Limitations of dismantlers’ work
• Suggestions for system improvements
• Facilitators to dismantlers’ work
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and tools, as well as walking back to station after handling them; (3) casual: work-related
communication, cleaning the workplace; (4) unplanned breaks: including nonorganized
pauses and disturbances; (5) transport: waiting for the next car during line transport
operation.

2.2.3. Flow simulation modeling. Due to the low system performance observed
during the measurement week (see Results), flow simulations (Simul8 student version 9,
1993–2002) were used to investigate the potential performance of the system in a number
of operative scenarios in terms of cars disassembled per week.

Based on the qualitative evaluation, five factors were chosen as having potential to
improve performance without changing the essential five-station layout as observed
(Table 3), and each of the factors was modeled at two levels:

• Level I: “low”; partly based on performance of the system during the observation
week and on analysis of the video recordings;

• Level II: “high”; designed system based on data from the system developer and busi-
ness plan for the system.

Model I: The five factors analyzed included the following:

A. Operator experience: a reduced work speed of 60% was estimated for inexperi-
enced operators, of which there were 4 (of 10) operators in the measurement week.

B. Teamwork: there was assumed to be no teamwork in Level I—operators did not
leave their assigned station. In Level II teamwork was simulated such that opera-
tors were able to move to the neighboring station once they were done with the
current work tasks. Stations 4 and 5 were not included in the teamwork as these
stations had prohibitively long walking distances.

TABLE 3. The Five Input Factors and Their Two Levels That Were Used in the Flow
Simulation Model I.

Factor level

Factor I (observed) II (designed)

A. Operator experience 4 at 60% & 6 at 100% 10 at 100%
B. Teamwork no yes
C. Cycle time

Station 1–3 17 min/station transport 30 s, CV 0.2 10 min/station transport 30 s, CV 0.2
Station 4 7 min, transport 6 min, CV 0.02 6 min, transport 4 min, CV 0.02
Station 5 10.5 min, transport 30 s � 2, CV 0.2 9.5 min, transport 30 s � 2, CV 0.2

D. CV of cycle time
Stations 1–3 and 5 0.4 0.2
Station 4 0.25 0.125

E. Distribution shape normal gamma

Note. Cycle CV at Level II is half of that at Level I. Transport times change only at Station 4 (Level II), due to
faster equipment available on a newer system. Operators at Station 5 are responsible for transport IN and OUT;
thus it is 30 s � 2.

336 KAZMIERCZAK, NEUMANN, AND WINKEL

Human Factors and Ergonomics in Manufacturing DOI: 10.1002/hfm



C. Cycle time: operators’ cycle times at different stations were modeled at Level I
using the observed cycle times (measured from video recordings), and at Level II
using the designed times and estimates that were much faster than observed.

D. Coefficient of variation (CV) of cycle time: high cycle time variation is known to
reduce assembly line performance (Engström, Jonsson, & Medbo, 1996; Johns-
son, 2005). Level I had high cycle time variation as estimated from video obser-
vations. Level II tested the effect of a lower CV at half (50%) of Level I.

E. Distribution shape: the shape of the distribution in operators’ performance times
was included to test the model’s sensitivity to this assumption (Law & Kelton,
2000). This was set arbitrarily to Level I as a normal distribution, and Level II as a
gamma distribution.

All design combinations (25 � 32) were simulated with 10 repetitions for each condi-
tion. Factorial analysis (Olausson, 1992) was used to test the effect of all factors on sys-
tem output measured in number of cars per 40-h week as well as on system output measured
in the utilized time (percent) defined as time spent working in all activities over the work
shift.

Model II: Model I in simulation showed unexpected performance impairments due to
“teamwork” (see Results). To examine factors related to this effect, a second simulation
model (Model II) was created. The additional input factors that we tested were

F. Teamwork type: Level I: limited teamwork, which corresponded to Level II in the
previous simulation (Model I) (see Table 3). Level II was now designed so the
operators could move freely to help coworkers at any of the stations 1–3;

G. Walk time: Level I: walking time estimated to 15 s between neighboring stations,
Level II: 7.5 s.

The other three factors, operator experience, cycle time, and coefficient of variation of
cycle time, were kept the same as in the previous simulation (see Table 3).

2.2.4. Peak load. Operators’ exposure to peak spinal loads was quantified using the
Watbak biomechanical model (Ergowatch, University of Waterloo, Canada; Neumann,
Wells, & Norman, 1999). Situations judged by an experienced researcher to be most crit-
ical to the back were selected from the video recordings of each of the nine operators and
assessed using the biomechanical model of the lumbar spine to give the spinal compres-
sion force, the reaction shear force, and the moment at the L4/L5 joint (Norman et al.,
1998) (see Figure 5).

2.2.5. Cumulative load and simulation. To understand how different system con-
figurations (and their consequent demands for increased performance) affect cumulative
load on operators, we combined biomechanical analysis with the flow simulation assess-
ment of system outputs (Neumann & Kazmierczak, 2005). This analysis was conducted
for a single workstation (station 1), which included a variety of activities. One work cycle
of 23.5 min with one representative operator was chosen for this analysis. The first step
was to calculate the loading based on a posture for each relevant loading action and the
average time spent performing each action, for this operator (summarized in Table 4).
Postures were obtained from the recorded videos and then applied to the human mani-
kin using Watbak software (cf. Norman et al., 1998). Figure 5 presents an example of
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disassembly posture (“disassembly 4”) captured from the video and the corresponding
manikin illustration with obtained loadings.

Cumulative load for each action was calculated by multiplying each action’s load ampli-
tude (e.g., spinal compression in newtons) by its duration. To combine the biomechanical
data with flow simulation, we time averaged loading corresponding to “utilized time”
(work) and “nonutilized time,” which is waiting due to blocking and starving. Finally,

TABLE 4. An Illustration of All Loading Actions in One Work Cycle for One Operator.
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time-weighted average (across actions) was calculated for utilized working time reported
by the flow simulations. The biomechanical loading during nonworking time was, in turn,
also applied over the shift according to the “waiting time” (nonutilized time, in percent)
from the model output.

Figure 5 An example of one disassembly posture obtained from the video (a) and transferred to
human manikin (b) with the loading output (c) (the information on the hands is not used in the
analyses).
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3. RESULTS

3.1. Interviews and Observations

In the documents describing the system, target production capacity was stated to be 10,000
cars/year (200 cars/week). However, during the data collection week, the output was 82
cars, about 40% of the designed capacity. The average throughput time for a product was
2 h 37min (range 1 h 23 min to 4 h).

Based on the researchers’ observations and the interviews, the following factors reduced
performance of the investigated system and posed opportunities for improvement:

• The experienced operators first examined a car briefly and then disassembled it,
whereas inexperienced operators tried to act more directly by applying force;

• Personnel unfamiliar with “complete” dismantling typically perform only partial
dismantling of only some components and materials that are sold at subsidized pre-
miums in the Netherlands (http://www.arn.nl);

• Downsized configuration: 10 operators instead of 12 and five stations utilized instead
of six (the original design included the sixth station that was neither observed nor
simulated in this study); a loss of 80 labor h/week;

• Lack of personnel due to sickness (reduced number of operators); two operators
were absent in total for a whole workday, which implies a loss of 8 labor hours;

• Undeveloped teamwork; operators waiting for each other;
• Lack of production engineering and management on the floor; no steering, no feed-

back about the performed work; lenient working hours and long breaks (lack of
strict start and stop times);

• System and balance losses: “normal” losses from the serial-flow production due to
cycle time variability (e.g., Engström et al., 1996; Wild 1975);

• Large proportion of work included material and tool handling, partially due to the
workplace design—narrow aisle between the line and material containers and thus
frequent opening and shutting cars’ door (“material”)—and partially due to “human”
factors—misplacing materials, leaving tools at other workstations, longer walking
than needed;

• Researcher disturbances: 2 h � nine operators per week plus short interruptions,
which implies a loss of about 20 labor h/week.

Interviews and discussions with the system developer supported our observations about
the system’s reduced performance. In his opinion, the most important suggestion to improve
system performance was to provide stronger production management. This would facili-
tate optimizing of work organization, logistics at the line, and supply of incoming products
and leaving materials.As the system developer said: “Production management is also about
workers: with a real production leadership you can motivate and train people.” He did not
consider prior education as necessary: “It is training on the job and feedback from the man-
agement on right tools and working techniques that are important.” The system developer
described the change in disassembly approach: “We are not dismantling cars, we are pro-
ducing material streams,” and thus the following conditions must be met: “You need three
things—materials’ volume, continuity, and purity—in order to succeed.”

The group interview with the system operators also supported researchers’ observa-
tions on the system’s reduced performance. The main reasons were claimed to be of both

340 KAZMIERCZAK, NEUMANN, AND WINKEL

Human Factors and Ergonomics in Manufacturing DOI: 10.1002/hfm



a “human” and organizational nature. Similar to the system developer, the operators empha-
sized lack of management and structured organization on the floor. They mentioned such
problems as the inexperienced operators unfamiliar with disassembly work, poor com-
munication, and impaired teamwork between the “core” Dutch operators and the inexpe-
rienced “new” ones from another country. The inexperienced operators had only 1 week
of training in the system before the study period whereas, as operators reported, “You
need 3– 4 weeks to learn all the stations.” The system has potential for good performance,
as mentioned by the interviewees: “If you take 10 experienced people—it works great.”
The ELV itself was also noted to play a role: “Every car is different.” Some models
are easy to disassemble; old cars are usually rusted and thus harder to disassemble. The
operators named factors that could facilitate their work, which were mostly of a technical
nature, such as a faster “turning machine,” more new tools (old ones break), and flaps to
stand on the line in a safer posture while disassembling in the back end of a car.

3.2. Activity Analysis From Video Recordings

Figure 6 shows duration of activities across all stations in the disassembly work. Direct
work comprised about 30% of the total working time. The largest proportion of time was
devoted to material and tool handling—over 50%.

3.3. Simulated System

Results of flow simulation (Model I) for output in total number of cars are presented in
Table 5. Cycle time had the largest effect on the system output, increasing the number of
cars per week by almost 58. Unexpectedly, teamwork had a negative effect on the output.
Factor E (distribution shape) had no significant effect on output and was pooled for sub-
sequent analyses.

Figure 6 Mean relative duration of all five activity categories during the whole working day,
obtained from video activity analysis (n � 5). Bars show range across individuals.
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The four factors A, B, C, and D, all with significant output effects at p � .001 (ANOVA),
were further analyzed to compare outputs (number of cars/week) from different combi-
nations of factors (Table 6). The highest simulated output (183; case 12) was obtained
with 10 experienced operators working two at each station, without teamwork across the
stations, working with reduced cycle time variability.

Table 7 presents the results from a factorial analysis on the output in terms of per-
cent utilization rates in Model I. Coefficient of variation of cycle time had the largest
effect on utilization rates by 9.4%. Operator experience had the second largest effect.
Teamwork decreased operator utilization.

Table 8 presents the results from factorial analysis of the “alternative teamwork” on
system output (Model II) and only the effects of the main factors are included. As seen in
the table, teamwork, in form of boundless work across stations 1–3, (F) had no effect;
however walk time (G) had a positive effect on output.

3.4. Biomechanical Results and Integration With Flow Simulations

3.4.1. Peak lumbar load parameters. On average, peak compression force for nine
operators was 2780 N (range 1618– 4213 N), reaction shear force 415 N (240–734 N),
and L4-L5 peak moment 154 Nm (89–238 Nm).

3.4.2. Integration of human modeling and flow simulation. The average load-
ing during “utilized” and “nonutilized” time, used to interpret simulation results, is pre-
sented in Table 9. Figure 7a shows the cumulative loading (compression force) over the
shift across the 16 simulation cases outlined in Table 6. Figure 7b shows the correspond-
ing data for the lumbar moment.

TABLE 5. Results of the Simulation Testing the Impacts of Five Factors and their interactions
in Terms of Cars per Week.

Factor or
interaction Description

Effect
(number of cars per week)

C cycle time 57.6
A operator experience 38
D CV of cycle time 16.9
AC operator experience—cycle time interaction 9.2
B teamwork �6.9
AD operator experience—CV of cycle time interaction 5.1
CD cycle time—CV of cycle time interaction 4.5
AB operator experience—teamwork interaction 3
BD teamwork—CV of cycle time interaction �2.4
BC teamwork—cycle time interaction �1.7
BE teamwork—distribution shape interaction 1.15
AE operator experience—distribution shape interaction �1.14
DE CV of cycle time—distribution shape interaction 0.8

E distribution shape �0.25
CE cycle time—distribution shape interaction 0.1

Note. Factors E and CE had no significant ( p � .05; factor analysis) effects on system output.
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4. DISCUSSION

The investigated car recycling system had reduced performance compared with the designed
specifications. The simulation model suggested a number of options to improve the perfor-
mance. Procedures to estimate possible ergonomic implications reveal that cumulative loads
on the low back were high compared to the loads in assembly work (Norman et al., 1998).

4.1. Current Performance and Ergonomics

Direct disassembly work comprised only 30% of the total working time. This is about the
same level as direct work in “craft-type” disassembly in Sweden (Kazmierczak et al.,

TABLE 7. Results of the Simulation Testing the Impacts of Factors and Their Interactions on
Utilization Rate

Factor or
interaction Description

Effect
(utilization rate)

D CV of cycle time 9.4
A operator experience 7.8
B teamwork �2.5
AB operator experience—teamwork interaction 2.1
AD operator experience—CV of cycle time interaction 2.0
BD teamwork—CV of cycle time interaction �1.6
DE CV of cycle time—distribution shape interaction 1.0
E distribution shape �0.8
AE operator experience—distribution shape interaction �0.6
BE teamwork—distribution shape interaction 0.5

CE cycle time—distribution shape interaction 0.2
BC teamwork—cycle time interaction 0.2
CD cycle time—CV of cycle time interaction 0.1
C cycle time �0.06
America operator experience—cycle time interaction �0.04

Note. Factors above the line represent significant contributions ( p � .05; factor analysis).

TABLE 8. Results of the Simulation (Model II) Testing the Impacts
of the Five Factors in Terms of Cars per Week

Factor or
interaction Description

Effect
(number of cars per week)

C cycle time 51.8
A operator experience 31.8
D CV of cycle time 16.8
G walk time 6.7

F teamwork type �0.4

Note. Only main effects are presented. Factors above the line represent significant
contributions ( p � .05; factor analysis).
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2005) and is much lower than in assembly work, where direct work accounts for about
70% of the total working time (Bao, Mathiassen, & Winkel, 1996; Engström & Medbo,
2003; Neumann, 2004). Consistent with Kazmierczak et al. (2005), value-adding, direct
work, although comprising a small proportion of the day, may represent exposures that

TABLE 9. Time-Weighted Average Loads on the Lumbar Back During Work and Nonwork
Activities

Activity
Moment

(Nm)
Compression

(N)
Shear
(N)

A. Utilized time: work activities (incl. transport) 38.2 1011 78
B. Nonutilized time: nonwork activities (breaks) 14.5 633.8 41.2
Ratio B/A 38% 63% 53%

Figure 7 Cumulative (a) compression loading (MN s) and (b) moment (MNm s) for the whole
shift for the 16 simulation cases (see Table 6). The horizontal line represents the level of cumulative
compression loading (21 MN s) and moment (0.55 MNm s) for the “cases” (operators reporting low
back pain) in a large automotive facility (Norman et al., 1998).
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are associated with higher risk for musculoskeletal disorders compared to the exposures
in non-value-adding work. Thus, increasing proportions of direct work due to rational-
izations may increase risk.

Reaching direct work proportions similar to assembly (reducing cycle times and vari-
ability) may be difficult due to the complexity and nature of disassembly work, as
discussed by Lambert and Gupta (2005). The complexity is influenced by a variety of car
models, age, and their conditions, which in turn has effects on variation in disassembly
times, frequency of tool changes, and biomechanical loads. The large proportion of work
in the observed system included material and tool handling. This was partially due to
workplace design that forced workers to open/close the car door repeatedly, or to take
time to remove the doors to clear the way for material transport. Developing an optimal
technique for door handling/removal seems to be needed, an issue also in assembly sys-
tems (Engström & Medbo, 1997b).

Low back peak loads of the operators in the serial flow were lower than the corre-
sponding loads from craft-type car dismantling (Kazmierczak et al., 2005). This may be
due to the line design with an elevated work level that removed unnecessary bending and
handling materials from the floor. Peak loading is an important risk factor for low back
pain (Norman et al., 1998). The peak loads in the serial-flow disassembly were lower
than those of assembly operators reporting low back pain in a large automotive assembly
plant (Norman et al., 1998). They were, however, higher than those of a random popu-
lation of operators in this assembly plant. The biomechanical loads could be reduced by
the physical design/layout of the system as well as adoption of work techniques and use
of tools (de Looze et al., 2001; Neumann, 2004). However, the product itself can cause a
challenge for fast and easy removal.

4.2. Potential System Performance and Ergonomics Implications

Potential system performance as examined by flow simulations can be used to assess
ergonomics implications related to system configurations. Several tools and proce-
dures have been developed during recent years aiming at simultaneous consideration
of ergonomics and performance (de Looze, van Rhijn, van Deursen, Tuinzaad, &
Reijneveld, 2003; Jarebrant, Mathiassen, Öjmertz, & Winkel, 2004; Laring, Christ-
mansson, Kadefors, & Örtengren, 2005). These studies also emphasize that the key
ergonomic stakeholders are those designing, developing, and improving production
systems.

Cumulative low back loading over the whole work shift (about 7.5 h) in all 16 simu-
lated cases in the serial-flow disassembly was higher both for compression force and
moment than the corresponding loadings for the assembly workers who reported low
back pain in a large automotive facility (Norman et al., 1998). This may imply high risk
for musculoskeletal disorders. This loading could be reduced by decreasing load ampli-
tude and/or duration.

The system output provides an indication of the number of work cycles performed,
which may also be used as an ergonomic indicator. The utilization pattern of the operator
obtained from simulations is particularly interesting from an ergonomics perspective as it
indicates the “active” periods and the pattern of inactivity, which may allow for rest (Medbo
& Neumann, 2004) and for recovery (Kazmierczak et al., 2005). Such stoppages in the
system, however, are not always perceived as a pause by operators (Neumann et al., 2006).
Furthermore, the movement velocities for head, arm, back, and wrist were substantial and
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higher while working in the present serial-flow material disassembly than in parallel car
parts removal (Forsman et al., 2005).

Based on the results in our study, the most important factors to improve system per-
formance were cycle time and its variation, operator experience, and teamwork.

4.2.1. Cycle time and its variation. Large variation in cycle time reduced output
and operator utilization (see Table 6), which in turn reduced cumulative loads. Variation
in cycle time leads to losses in underbuffered line systems (Engström et al., 1996; Johns-
son, 2005; Wild, 1975). Although, from an efficiency perspective, the goal may be to
reduce cycle time to reach the levels similar to assembly work (e.g., cycle time of about
5 min; Neumann et al., 2006), it may be difficult to achieve in the disassembly line, as
mentioned above. According to the system developer, a cycle time of 10 min would be
optimal. Reducing cycle time without increasing utilization rate would result in the same
load and better output (see Table 6). Cycle time may be reduced by increased training as
well as improved tools and working techniques. Also, dismantling of the same model in
batches may help reduce cycle time and its variation. Standardization of parts in cars
designed for disassembly (DFD) might also facilitate efforts to decrease cycle time as
seen in assembly (Helander & Furtado, 1992).

4.2.2. Operator experience. The inexperienced personnel tended to act more directly
than experienced operators while disassembling a car. Work training has been shown pre-
viously to reduce load amplitudes (Parenmark, Engvall, & Malmkvist, 1988).

The simulations suggest that operator experience had a large effect on the system out-
put, increasing the number of disassembled cars per week and also increasing the utili-
zation rates, and thus cumulative loading as calculated by the model. Increased training,
skills development, and specialization are associated with increases in productivity and
better performance of the systems (e.g., Johnsson, 2005; Sengupta & Jacobs, 2004; Wood-
cock, 1996). However, this may be more difficult to obtain at the disassembly line due to
large variation of cars (see previous section). Providing the input batches by car model, as
in this case, may also increase learning and experience.

4.2.3. Teamwork. We found unexpected performance impairment from our simulated
“teamwork” (Model I). Model II, used to examine this effect, indicated influence of walk-
ing time between stations. There was no significant effect of blocking in Model II, although
we observed losses due to operators blocking each other at work or as experienced oper-
ators gave advice to inexperienced ones. Shorter moving times between stations could be
achieved by a change in layout of the system and location of containers and tools.

Teamwork has been a central element of sociotechnical work system design (Eijnatten,
Sitter, Gustavsen, Emery, & Beinum, 1993). There is a common belief of the beneficial
effects of teamwork in assembly industries (Frieling, Freiboth, Henniges, & Saager, 1997;
Murakami, 1997). However, the dilemma of teamwork and flexible operators has been
addressed previously by Schultz, McClain, and Thomas, 2003. Van den Beukel and Molle-
man (2002) argued that the multifunctionality in team-based work could lead to under-
utilization of skills and overutilization of capacity (task overload).

4.3. Methodological Considerations: Flow Simulations and Human
Modeling

In this article we have presented a novel approach to integrating production engineering
and ergonomics. The intention for the simulation study was to understand the critical

SERIAL-FLOW CAR DISASSEMBLY 347

Human Factors and Ergonomics in Manufacturing DOI: 10.1002/hfm



factors affecting system’s performance, not to reproduce the existing system in the
simulations.

Flow simulation software currently has limited possibilities to simulate human behav-
ior, making simulation of “teamwork” difficult. “Smarter” teamwork in practice may show
fewer losses than seen in the virtual analysis here.

Our illustration of a simple procedure for predicting and estimating consequences of
system design on ergonomics and productivity allows the application of a biomechanical
model that has been risk validated in epidemiological research for both peak and accumu-
lated loading (Norman et al., 1998). The quality of this novel approach of integrating
simulation and human modeling may be improved. Flow simulations may be improved
by better quality video/time data, which are the main input to the models. There is potential
to explore physical workload patterns by incorporating physical loading data from the activ-
ities, available from logger data recordings, inside each work cycle into the flow simula-
tion (e.g., Forsman et al., 2005) and to expand the simulation to multiple activities beyond
“utilized” and “nonutilized” time categories. Although the biomechanical parameters used
here are risk validated, they do not have the kinematic predictive abilities of more advanced
digital human models (e.g., Chaffin, 2005). We see utility in the extension of the approach
described here—in which human and system models are integrated—to include risk-
calibrated digital human models that can predict kinetic loading within the context of the
flow simulation, allowing load prediction based on different system configurations.

Different perspectives on how time is used at work (see Table 1) pose a challenge to
integrate ergonomics and productivity factors. Operators’ utilized time obtained from the
flow simulations includes all work activities and thus includes both “value added” and
“non-value-added” time. The latter, in business terms, is thought of as loss to be mini-
mized. In engineering terms, transport of the cars on the line is considered as utilized
time, not as break period. However, in ergonomics terms, transport activity might offer
muscular variety and recovery opportunities by using different muscle groups than dur-
ing disassembly work.

4.4. Industrial Context

The business success of a car dismantling system depends not only on the production
system. As indicated, continuous supply of high volumes of end-of-life vehicles and the
market for dismantled material are crucial as well.

The ELV legislation puts pressure both on car manufacturing and dismantling, yet there
is lack of support from the manufacturing side for the dismantling industry’s develop-
mental efforts. Today, car manufacturing supports the shredding solutions, which may
bypass the car dismantling industry. However, according to personal communication with
key car manufacturing stakeholders in Sweden, the need for efficient car dismantling will
return within the next 5 years. Thus, investigations, like the present one, of issues related
to future industrialized car dismantling may appear significant.

5. CONCLUSIONS AND COMMENTS TO PRACTITIONERS

Based on the present study, it may be concluded that due to legislative demands, new
system requirements emerge, which in turn have implications for ergonomics.

The serial-flow disassembly system had reduced performance compared to the design
specifications. Due to the line’s layout, operators’ peak lumbar loads are lower than those
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in the craft-type car disassembly. Cumulative lumbar loads, evaluated in the simulation,
were higher than those of assembly operators reporting pain. Value-adding direct work
comprises about 30% of the workday as in craft-type disassembly systems. An increased
proportion of direct work may be possible to obtain, although achieving the 70% previ-
ously documented for assembly work may be difficult due to the complexity and nature
of disassembly work.

The combination of flow and biomechanical simulation is a step forward in the assess-
ment of physical load implications of alternative system configurations. This may allow
an integrated consideration of productivity and human factors in further development of
disassembly systems and could be applied by both engineers and ergonomists in early
design phases. The future challenge is to support the development of car disassembly
processes required to achieve the legislated environmental goals in a fashion that is sus-
tainable in economic and ergonomic terms.
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