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Abstract: Quick response manufacturing (QRM) is a relatively new concept that enfolds all the pre-
ceding approaches, namely, just in time (JIT), flexible manufacturing, agile manufacturing, and lean
production. QRM is compatible with existing materials requirement planning (MRP) systems and
can be implemented efficiently. The ideas from QRM have been highly influential in custom-made
engineer-to-order and make-to-order (ETO/MTO) high-mix and low-volume production environ-
ments. This study investigates the effectiveness of the POLCA (paired cell overlapping loops of cards)
integrated QRM framework for reducing lead time. The POLCA integrated QRM approach was
implemented in a precise product manufacturing industry. The industry was facing high penalties
due to improper planning and uncontrolled lead times. The implementation of QRM with the POLCA
framework indicated optimized production scheduling and significant improvement in lead time
and work in process (WIP). After implementing the new manufacturing strategy, the performance
parameters showed significant improvement in terms of reducing the percentage loss of profit.

Keywords: quick response manufacturing (QRM); POLCA; lead time; production planning
and scheduling

1. Introduction
1.1. QRM—A New Manufacturing Paradigm

During the last few years, flexible and cycle time-focused scheduling strategies have
attained much attention for their potential to maximize profit in production-based indus-
tries. In this context, Suri (2010) [1] introduced quick response manufacturing (QRM)
to gain a competitive advantage by tracking faster product deliveries, especially in the
case of high product variety. The primary objective of most lean manufacturing tools
does not reduce lead time, whereas the QRM philosophy directly emphasizes lead time
reduction. QRM is a company-wide strategy that pursues increasing the throughput by
reducing the lead times across all operations, covering all aspects of manufacturing, design,
planning and control, and supply management. Thus, the QRM approach works on trans-
forming the company into a fully integrated cellular organization. The QRM approach has
offered a promising manufacturing paradigm. In the last few years, several companies
have implemented QRM strategies and achieved excellent results (Jitpaiboon et al., 2016 [2];
Suri and Rath 2002 [3]). The important outcomes were a reduction in lead times (80–95%),
reduction in product cost (15–50%), improved delivery performance (from 40% to 98%), and
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waste reduction in the form of scrap and rework (more than 80%). A comparison of QRM
with the preceding manufacturing and production approaches is presented in Figure 1.
From the manufacturing paradigms, QRM appears to be best suited for companies that are
involved in Engineer-to-Order (ETO) products [4]. Figure 1 explains that QRM has very
much in common with the lean production paradigm [5–7], for instance, cross-functional
teams, on-demand assembly [8,9], and quality systems. Likewise, QRM also covers all as-
pects of mass customization [10], agile manufacturing [11], and Toyota production system
(TPS) [12] approaches, except for waste elimination. As shown in Figure 1, besides the
other performance parameters, QRM mainly emphasizes reducing the lead time.
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to the time-based competition paradigm to reduce lead time, whereas external context 
means enhancing responsiveness to the customer. The QRM strategy is based on four fun-
damental principles, including focusing on reducing overall lead time rather than the pro-
duction time, improvement of the company’s structure to support QRM, a systematic dy-
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At present, the implementation and acceptance of QRM is gaining momentum in
different industrial sectors. The published literature on QRM mostly covers the description
and development of QRM’s principles. For example, Suri’s (2010 [1], 1998 [13]) case
studies focused on the implementation of QRM; Fernandes et al. (2012) [14] and Veloso
et al. (2011) [15] worked on POLCA (paired cell overlapping loops of cards) system
implementation. Likewise, the findings of Chinet et al. (2014) [16], Germs and Riezebos
(2010) [17], and Vandaele et al. (2008) [18] on QRM are also important in this regard. In a
recent review on lead time reduction within the context of time-based competition and
QRM, Godinho et al. (2013) [19] highlighted that only a limited number of publications are
available that deal with practical cases for lead time reduction.

QRM can be categorized into internal and external contexts. Internal context applies to
the time-based competition paradigm to reduce lead time, whereas external context means
enhancing responsiveness to the customer. The QRM strategy is based on four fundamental
principles, including focusing on reducing overall lead time rather than the production
time, improvement of the company’s structure to support QRM, a systematic dynamic to
adopt, and implementation of the fast-tracked development on the enterprise scale (Markov
et al., 2016) [20]. The first principle highlights the importance of the critical production path
(CPP) time, including logistic chains of production and supplies. The second principle of
QRM provides centralized operation in the form of cells possessing high autonomy under
overlapping loops. The third principle interrelates the company’s resources to deliver
prompt production volumes. Contrary to the traditional approach, which focuses on
100% utilization of capacity, QRM proposed an underutilization (up to 80%) of production
capacity to sustain and react to changes in the internal and external environment of the
enterprise. QRM strategy explains that if the resource utilizations approach 100%, it results
in increasing lead times and may result in a percent reduction in profit in the form of late
delivery penalty costs. This is explained in Figure 2 below.
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It is important to highlight that tremendous work has been carried out to implement
different manufacturing management techniques (for example, lean manufacturing, just in
time, total quality management). None of the research that has been noted presents any
specific approach or methodology that focuses on QRM. Several research studies are avail-
able that highlight the problem of maximizing revenue and curtailing production delay
times by processing the jobs on parallel machines. For instance, Gholami O. et al. [21]
applied heuristic algorithms to maximize revenue through the number of jobs processed
on parallel machines. Likewise, numerous studies are also available on the assessment of
the manufacturing system’s flexibility under different volume-variety scenarios to reduce
product delivery delays. For example, Saleem et al. (2018) [22] studied different dimensions
of manufacturing operations flexibility to optimize the product delivery targets in comput-
erized production cells. Only a limited number of studies is available on QRM strategy
and its implementation. Birkie et al. (2016) [23] worked on understanding dynamism
and complexity factors in engineer-to-order and their influence on lean implementation.
Manoj et al.’s (2014) [24] work was focused on the application of lean practices in small
and medium-sized food enterprises. Bortolotti et al. (2015) [25] highlighted lean imple-
mentation through organizational culture and soft lean practice. A similar approach was
adopted by Vinodh et al. (2018) [26] to study the lean six sigma barriers with environmental
considerations. Garza-Reyes et al. (2015) [27] explored the awareness and adoption of
lean manufacturing (LM), lean six sigma (LSS), quick response manufacturing (QRM),
and the theory of constraints (TOC) in the Greek engineering sector. Farnoush et al. [28]
studied high variety products in a divergent production line of an automotive production
company by adopting three different variants of POLCA as well as one type of CONWIP
(Constant Work in Progress) control. They used ExtendSim simulation software to ana-
lyze throughput, shop floor throughput time, and work in process (WIP). Mabert et al.
(2007) [29] studied the developments and events of MRP (Material Requirements Planning)
in chronological order and highlighted key contributions by early proponents of this ap-
proach for managing the flow of material on the factory floor. This study aims to determine
the level of implementation of QRM practices in different organizations in Brazil, the USA,
and Europe. To the best of our knowledge, this is the first study that encapsulates the
implementation pattern of QRM practices. Ten Hoonte (2012) [30] performed a case study
on seven companies in the Netherlands, three in Norway, and one in Austria, aiming to
develop a model of QRM maturity that could be used by organizations as a self-assessment
tool for identifying improvement opportunities.

Considering the discussion presented in the preceding paragraph, it is evident that
most of the industries are using push MRP as their material control strategy, but with the
development and research in the field of material control, it is evident that push MRP
scheduling has a lot of drawbacks associated with it. For companies where push/MRP
and pull/Kanban are not suitable, a hybrid strategy is needed to overcome the problems
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associated with Push/MRP and Pull/Kanban. The time-based competition (TBC) strategy
was introduced by George (1988) [31], who focused on production speed and called it the
next source of competitive advantage. Quick response manufacturing (QRM) also supports
the application of TBC. The fourth principle of QRM focuses on the implementation of the
enterprise QRM concept with suppliers and consumers to reduce the CPP. QRM encourages
flow efficiency supported by supplementary capacity (20% unutilized and kept as safety)
to keep the job moving, rather than keeping additional inventory and employing pull
production systems. This concept is explained in Figure 3 below. QRM strategy proposes
that the production system must be designed to cope with some variability. In the preceding
paragraphs, it is explained that the statistical figures of companies that implemented
QRM have improved substantially in terms of reducing the lead time and increasing the
production quality, delivery, and flexibility to improve the profit. In the presented research,
a POLCA integrated QRM approach is implemented to explore its potential benefits.
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1.2. POLCA and QRM Approach

POLCA is currently gaining a great deal of attention in industrial production control
systems for high-mix, low-volume, and custom-made products. POLCA stands for paired
cell overlapping loops of cards with authorization. QRM supports the use of POLCA card
systems, which is a hybrid push-pull strategy used between cells to reduce lead times.
To implement POLCA we need a cellular layout [32,33] and HL/MRP (High Level/Material
Requirements Planning) scheduling [34,35], or we can say that they are the prerequisites
for implementing POLCA. POLCA uses two cards, unlike Kanban, which only uses one
card and neglects whether the downstream station has the available capacity free or not.
The card priority is set according to the customers’ order delivery targets, so the upstream
operations are forced to their maximum capacities to meet the demands of downstream
operations. Since the production is oriented to the customers’ orders, it prevents undue
work-in-process (WIP), which results in no unexpected bottlenecks [36]. The main strength
of POLCA is that it does not involve complex formulation or simulations and can be
integrated with existing MRP and ERP (Enterprise Resource Planning) systems [37,38].

POLCA is well suited for customized parts as the jobs are transferred differently from
one machining cell to another. Each pair of machines or cells is looped by means of a
POLCA card. POLCA differs from Kanban or CONWIP because the POLCA card system
sets the priority of cards according to the order release dates for the different jobs at each
cell or machine. For example, a Kanban card signals a supplying workstation regarding
the need for replenishment of any specific materials, whereas a POLCA card signals a
supplying workstation about the free capacity to be worked on in the form of semi-finished
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and new parts to start with. No working stations accept jobs without order priority set
by the ERP system. The workstations are connected by circulating cards according to the
level of the workload. The overlapping terms explain that an intermediate workstation
needs two POLCA cards to start production, as that workstation receives parts from two
different workstations. According to this concept, POLCA avoids overloading workstations
because it checks the work-in-progress at the next processing sections and releases jobs to
the receiving workstations if a signal of free capacity is received.

To address the issues (customers’ product delivery dates and overlapping of cards with
different workstations) associated with the Pull/Push/Kanban system [39–42], a paired cell
overlapping loops of cards with authorization (POLCA) was introduced by Krishnamurthy
et al. (2009) [43] and then extended by Suri (2010) [1]. This was considered one of the
integral components of the overall quick response manufacturing (QRM) strategy for
a company-wide approach. Suri (2010) [1] explained that scheduling should be done
on capacity rather than the need for materials at a specific workstation. Subsequently,
several researchers investigated the benefits of the POLCA system. Pieffers and Riezebos
(2006) [44] provided a critical description of the main features of POLCA and provided
details on the design and a performance analysis of a system operating under POLCA
control. Some researchers compared the efficiency of POLCA with other material control
systems, such as the workload balancing capability of CONWIP, POLCA, and multiple
CONWIP (m-CONWIP) [17]. Likewise, Bhatewara et al. (2010) [45] investigated POLCA
and GPOLCA (Generic POLCA) material control strategies and concluded that GPOLCA
has lower WIP than POLCA to attain the same throughput on the shop floor. Braglia et al.
(2013) [46] suggested a simulation-driven genetic algorithm as a legitimate supporting tool
to increase POLCA’s capability.

2. Research Methodology and Approach—Case Study
2.1. Realization of POLCA Integrated QRM Strategy

A precision parts manufacturing industry in Pakistan that is dealing with ETO prod-
ucts was targeted. The company manufactures a wide variety of highly precise electronic
components with tight delivery schedules. Numerous state-of-the-art technologies along
with advanced automation system applications are the main strengths of the company.
Currently, the organization is using the Push/MRP scheduling system for the management
of all development, production, and after-sales service activities. However, due to the
high variety of products and a very tight delivery schedule, the development and delivery
schedule needs frequent adjustment. According to the statistical estimates, 55% of the
company products are not delivered on time to customers, which results in a total financial
loss of USD 2.08 Million per year. The company is striving to overcome this loss in profit
by analyzing the existing delays in terms of overtime, warranty claims, and outsourcing
at a higher cost, etc. To investigate the prospects and advantages of POLCA integrated
QRM strategy in the company, a framework was developed and executed considering the
strengths and limitations of the selected manufacturing setup. This is explained in Figure 4.
MRP scheduling is a prerequisite for implementing QRM. It is also important to set realistic
performance indicators, i.e., reducing the lead time by considering demand and delivery.

The company manufactures a wide variety of products. In this study, only two
products were selected and the POLCA integrated QRM approach was implemented
within the existing production layout. Products A and B require different processing steps.
The processing sequences of products A and B are shown in Figures 5 and 6, respectively.
LT represents the lead time, ALT is the actual lead time during manufacturing, and CLT
is the calculated lead time for a product to be manufactured from start to end without
any stoppage or delay (it is calculated from the part’s process sheets, including machine
setup time and material handling time). CHR is the calculated production hours (it is the
summation of the minimum production time that a product can take on every machine
during the production process), AHR is the actual production hours (including all the
delays and breakdowns), and Qty stands for quantity.
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2.2. Research Questions

The implementation of the POLCA integrated QRM strategy was based on two main
research questions:

1. How can the POLCA and QRM-based production processes be implemented while
keeping the necessary elements intact to promise short delivery times?

2. How can optimum scheduling of production orders with POLCA be ensured to mini-
mize late delivery and penalty costs after initiating a QRM-based production process?

Based on these research questions, the outcomes and analysis of the implemented
strategy are discussed in the following sections.

2.3. Inputs for QRM—Aggregate Production Planning (APP)

The company follows an aggregate production plan (APP) covering 2 to 12 months.
The APP of products A and B include the forecasted demand, HR (Human Resources)
requirements, inventory requirement, time for demanding raw materials, machinery and
equipment requirements, and finance requirement. The summarized cost estimates based
on APP for products A and B are shown in Tables 1 and 2, respectively.

Table 1. Aggregate production plan for product A.

Summary

Plan
Description Hiring Layoff Sub-

Contract
Shift
Time Overtime Shortage Excess

Inventory
Total
Cost

Exact production;
vary workforce 560,000 1,640,000 N/A 9,642,404 N/A N/A N/A 11,842,404

Constant
workforce; vary

inventory
N/A N/A N/A 9,596,160 N/A 16,218 70,152 9,682,530

Constant
workforce;
subcontract

N/A N/A 4,523,069 9,596,160 N/A N/A N/A 14,119,229

Constant work
force; overtime N/A N/A N/A 9,996,000 48,436 N/A N/A 10,044,436
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Table 2. Aggregate production plan for product B.

Plan
Description Hiring Layoff Sub-

Contract
Shift
Time Overtime Shortage Excess

Inventory
Total
Cost

Exact production;
vary workforce 1,000,000 3,200,000 N/A 43,168,285 N/A N/A N/A 47,368,285

Constant
workforce; vary

inventory
N/A N/A N/A 32,135,040 N/A 113,201 22,721 32,270,962

Constant
workforce;
subcontract

N/A N/A 48,572,941 32,135,040 N/A N/A N/A 80,707,981

Constant
workforce;
overtime

N/A N/A N/A 33,474,000 250,327 N/A N/A 33,724,327

From Table 1, it is evident that the cost (in PKR) for the constant workforce is minimal.
Since the company uses a constant workforce and varying inventory, firing the workforce
is inappropriate. Considering this, to meet the production targets, an overtime strategy
is in practice. The summarized calculated (cost estimates) aggregate production plan for
product B is given in Table 2.

From Table 2 we drew the conclusion that the cost of keeping a constant workforce,
varying the inventory, and the workforce shortage technique is most suitable for product
B due to the minimum associated cost. However, because of the company’s strategic
objectives, the overtime choice was adopted to meet the production targets.

2.4. Inputs for QRM—Material Requirement Planning (MRP)

The MRP schedule maintained by the company for product A and all its assemblies is
shown in Table 3. In this research, the authors considered the demand of 4 months starting
from January and scheduled the order placement and release data of product A. In Table 3,
the number of units of every assembly required for product A is mentioned along with the
receipt and release dates of each order. The days on which orders were not received or
released are not mentioned due to space limitations. The summarized MRP schedule of
product B is presented in Table 4. The next section analyzes the scheduling procedure and
evaluates the current performance.
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Table 3. MRP (Material Requirements Planning) of product A.

Month Month 1 Month 2 Month 3 Month 4 Total

Weeks 2 3 4 2 3 4 2 3 4 2 3 4

Days 9 11 12 13 14 16 19 21 33 35 36 37 38 40 43 45 54 56 57 58 59 61 64 66 78 80 81 82 83 85 88 90

Product A
Required 110 150 150 120 530

Order 105 150 150 120 525

Assembly B Required 105 150 150 120 525
Order 102 150 150 120 522

Assembly C Required 102 150 150 120 522
Order 100 150 150 120 520

Assembly D Required 100 150 150 120 520
Order 99 150 150 120 519

Assembly E Required 99 150 150 120 519
Order 99 150 150 120 519

Assembly F Required 98 150 150 120 518
Order 98 150 150 120 518

Assembly G Required 98 150 150 120 518
Order 98 150 150 120 518

Table 4. MRP of product B.

Month Month 1 Month 2 Month 3 Month 4
Total

Weeks 1 3 1 3 2 3 4 2 3 4

Days 2 10 12 14 19 21 26 34 36 38 43 45 47 55 57 59 64 66 71 79 81 83 88 90

Product A-1
Required 50 89 125 78 342

Order 48 89 125 78 340

Assembly B Required 48 89 125 78 340
Order 43 89 125 78 335

Assembly B-1 Required 43 89 125 78 335
Order 40 89 125 78 332

Assembly C Required 40 89 125 78 332
Order 38 89 125 78 330

Assembly C-1 Required 38 89 125 78 330
Order 3 89 125 78 329
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2.5. Inputs for QRM-Analysis of Selected Products

As explained earlier in Section 1, QRM focuses on the reduction of work in process
(WIP) and helps with managerial decisions to obtain the targets on the set lead time.
In this study, the analysis was carried out considering the major indicators as production
lead time, average delivery time, average WIP, and total loss in monetary value of the
concerned products.

2.5.1. Analysis of Product A

The analysis in terms of demand and delivery schedule data for product A is illustrated
in Figure 7. It is shown that for lot 1, a quantity of 105 was supposed to be delivered on the
19th day, according to lead time starting from raising requisition (RP) but this was delayed
until the 57th day due to work in process and clustered queues. Similarly, other respective
lots also delayed accumulatively. Figure 7 explains the overall delays and variation in
the data.
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With the help of the above data, the performance indicators were calculated, includ-
ing the delay cost and percentage of loss in profit for product A. The performance indicators
are summarized in Table 5. Note that the delay cost/day/unit was 297. The overall profit
of the company against each lot is not shown here. Table 3 only shows the percentage of
the profit lost by the company due to the delay in order delivery. The calculated and actual
lead time were 17 and 88 days, respectively. It shows a huge difference and the inadequacy
of the current methodology, which currently is in practice by the company.

Table 5. Delay and profit loss of product A.

Sr Lot Number Quantity Delay in Days Total Delay Cost % Loss in Profit

1 P1-01-15 105 57 1,779,182 32.1%
2 P1-02-15 150 89 3,964,950 50.2%
3 P1-03-15 150 81 3,611,873 45.7%
4 P1-04-15 120 71 2,532,770 40.0%

Average 74.5 11,627,110 42.0%

2.5.2. Analysis of Product B

The current demand and delivery schedule for product B is shown in Figure 8.
Figure 8 shows the variation in the actual and calculated delivery dates.
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Following the same steps, the performance indicators of product B were calculated.
In this case, the product was not penalized on day basis, instead, a lump sum amount of
PKR 321,989 was imposed for each late delivery. The overall profit of the company against
each lot is not shown here. Table 6 shows only the average loss in profit due to a delay in
order delivery of product B. The high percentage of loss in profit depicts that the company
is not using a suitable methodology for the manufacturing of product B. The actual and
calculated lead times of product B were 24 and 77 days, respectively. Such a great difference
between the calculated and actual lead time shows that the current company methodology
needs a drastic change to improve the current setup and recover the percent loss in profit.

Table 6. Delay and profit loss of product B.

Sr Lot Number Quantity Delay in Days Total Delay Cost % Loss in Profit

1 P2-01-15 50 59 2,944,592 33.3%
2 P2-02-15 89 72 6,396,254 40.6%
3 P2-03-15 125 101 12,601,857 56.9%
4 P2-04-15 78 76 5,917,134 42.8%

Average 77 26,285,728 43.4%

2.6. Implementation of POLCA Integrated QRM

From the above analysis, the company’s current methodology is not good enough
to cope with reducing the delivery delays. The high variety and complex products result
in the need for a new methodology to overcome the delayed deliveries and profit losses.
Therefore, POLCA cards implemented under the umbrella of quick response manufacturing
were considered to meet job target dates. The strategy implemented is explained in Figure 4.
Cell formation is also a prerequisite to implement QRM in any organization. To carry out
POLCA integrated QRM, the following steps are required:

(a) Cell formation.
(b) The calculation of POLCA cards; and
(c) A layout plan, POLCA card overlapping loops, and the implementation of QRM.

2.6.1. Cell Formation

A cellular layout was proposed in which similar processes are grouped together in a
cell. For example, the inspection activity taking place after every process can be grouped
together as a central inspection and storage cell. The abbreviations of the operations
involved in the manufacturing of different products by the company are detailed in Table 7.
The cell formation was based on the ranked clustering technique (ROC). The cells formed
after applying ROC are presented in Table A1 (Appendix A), given in the Appendix A.
For a better understanding, the optimized cell formation is shown in Figure 9.
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Table 7. Abbreviations of production processes involved in the company.

Process Short Key Process Short Key

Raising requisition RR Fitting FT
Store ST Earthling ET

Purchasing PR Positioning P
Initial and final

inspection IF Mold/die setting DS

Rough machining RM Filling Fill
Jig setting JS Foaming F

Rolling R Winding W
Welding WL Cutting C
Leak test LT Turning T
Grinding G Painting P

Packaging PKG Heat treatment HT
Initial inspection I.INSP Final inspection F.INSP

Inspection INSP Initial curing IC
Final machining FM Final curing FC

Initial rough
machining IRM Polishing Pos
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2.6.2. POLCA Card Calculation

The POLCA card strategy was used to control the material movement, reduce the
lead time, and improve the delivery performance of the company’s products. The number
of POLCA cards of each paired loop plays a key role in POLCA implementation. AB is
the total number (round to integer value) of cards needed for the loop between any two
processes A and B; NUM(A, B) is the number of jobs through the A–B loop within a
given time period; LT(A) and LT(B) are the lead time at process A and B, respectively,
including waiting time to initiate processing at process A (in days); MT(AB) is the transfer
time (movement time) from A to B (in days); RT(BA) is the POLCA card return time from B
to A; and D is the number of days. According to Suri (2010) [1], the following equation can
be applied to calculate the number of POLCA cards over a particular time in days:

AB =
LT(A) + MT(AB) + LT(B) + RT(BA).NUM(A, B)

D
(1 + S) (1)
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A POLCA card resembles a domino, with the supplying workstation (SW) on one side
and the receiving workstation (RW) on the other side. In this case, therefore, station SW
needs a POLCA-card SW/RW to start with this specific order. To simplify the calculations,
LTA and LTB are the estimated average lead time (in days) for the two cells in a POLCA
loop over the length of the planning period D (in days). NUMA/B is the total number of
jobs (measured in terms of the quantity) that go from cell A to cell B during the planning
period. The number of POLCA cards (NA/B) in the POLCA loop going from cell A to cell B
is given by

NA/B = [LTA + LTB]× [NUMA,B/D] (2)

For instance, the POLCA card for purchasing material (PR) to store (ST) is calculated as

NA/B = [5 + 0] × [1/5]

NA/B = 1

Small products are placed in bins and a POLCA card is attached to each bin. Bin size
is decided based on the dimensions and units of each type of product. The number of bins
is based on demand, size, and other factors. For simplification, a general formula is used to
calculate the number of bins:

Number of bins = Demand/POLCA card

Number of bins = 518/1 = 518

This means that one POLCA card is needed to meet the demand of 518 products in five
days and 518 bins. However, considering a greater lead time for a product, more POLCA
cards are to be floated in the streamlined operations (referring to Figure 3, QRM has
a margin of 20% unutilized production), keeping in view the available resources and
customer delivery dates. The calculations of POLCA cards based on the lead time of
product A are shown in Table 8. The total actual lead time for the manufacturing of the
front shape of product 1 (P1) is 7 days. The allocated lead time provides us an estimate of
how much we reduced our lead time, which was 4.73 days.

Table 8. POLCA card for front shape of product 1 (FS P1).

Front Shape Data P1

S # Process
from Process to

Lead Time
Process 1

(Days)

Lead Time
Process 2

(Days)

Allocated
Time

(Days)

Demand
Qty/Period

Number of
POLCA
Cards

No. of
Bins

1 Purchasing Store 5 0 5 518 1 518

2 Purchasing Inspection 5 3 3 518 2 324

3 Inspection HT 3 1.2 0.98 6 25 4

4 HT Inspection 1.2 1 1.28 6 10 2

5 Inspection R&F
machining 1 3.8 0.88 6 32 5

6
Rough &

Finish
machining

Inspection 3.8 1 0.88 6 32 5

7 Inspection Store 1 0 0.70 6 8 1

7 4.73

The respective number of POLCA cards for each of the over-looped paired cells for P1
and P2 front shape manufacturing are shown in Tables 8 and 9, respectively. The paired
loop analysis for FS P1 is shown in Figure 10. The system initiates with an order released
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by the ERP system. For example, as shown in Figures 10 and 11, the PR station receives a
POLCA card, then pre-production activities commence at ST as step 1. Next, the unfinished
part is routed with either a P1/FS card or a P2/FS card to INSP for material testing before
the actual machining operations. The priority of the card for P1 or P2 is followed by the
customer order delivery date. After inspection, the material is sent to the next processing
cells, HT, RM, and FM. The part tracks back to the INSP with the relevant card in semi-
finished or finished states. After passing the INSP station, the products are handed over to
the ST station and subsequently delivered to the customers.

Table 9. POLCA cards for FS P2.

Front Shape Data P2

S # Process
from

Process
to

Lead
Time

Process 1
(Days)

Lead
Time

Process 2
(Days)

Allocated
Time

(Days)

Demand
Qty/Period

Number of
POLCA Cards

No. of
Bins

Average Allocated
Time

1 Purchasing Store 5 0 5 342 1 342 5.00

2 Purchasing Inspection 5 3 3 342 2 214 3.00

3 Inspection HT 3 1.4 1.17 4 15 4 1.17

4 HT Inspection 1.4 1 1.37 4 7 2 1.37

5 Inspection R&F ma-
chining 1 4 0.88 4 22 6 0.88

6 R&F
machining Inspection 4 1 1.00 4 19 5 1.00

7 Inspection Store 1 0 0.80 4 5 1 0.80

7.4 5.22 5.23
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The POLCA card is closed and kept for the record for any future data analysis and cus-
tomer complaints. Therefore, the two types of POLCA cards are needed for PR supplying
to receiving ST workstations. The paired loops for FS P2 are shown in Figure 11.

As the front shape and end shapes for both products are the same, the number of
POLCA cards for each is routed simultaneously to reduce the lead time over the complete
processing sequence; however, the cards are prioritized according to the customers’ delivery
dates. The actual lead time of front shape (FS) for both P1 and P2 is 14.4 days, which was
reduced to 5.23 days. In Table 10, the allocated time shows the greater value of time in
days which was observed for manufacturing of the front shape (FS) either for P1 or P2.
This allocated time becomes the demand accomplishing horizon and POLCA cards are
calculated respectively for each process. This is explained in Table 10. The paired loop
analysis for the FS manufacturing of P1 and P2 by simultaneously routing POLCA cards is
shown in Figure 12.

Table 10. Front shape MNF P1 and P2.

Front Shape MNF P1 and P2

Sr Process
from Process to

Lead Time
Process 1

(Days)

Lead Time
Process 2

(Days)

Allocated
Time

(Days)

Demand
Qty/Period

Number of
POLCA
Cards

No. of
Bins

1 Purchasing Store 5 0 5 860 1 860

2 Purchasing Inspection 5 3 3 860 2 538

3 Inspection HT 3 1.4 1.17 10 37 4

4 HT Inspection 1.4 1 1.37 10 17 2

5 Inspection R&F
machining 1 4 0.88 10 55 6

6
Rough &

Finish
machining

Inspection 4 1 1.00 10 49 5

7 Inspection Store 1 0 0.80 10 12 1

Total 14.4 5.23
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2.6.3. Analysis after POLCA Card Implementation

After calculating basic inputs for implementing the POLCA integrated QRM strategy
on the existing setup, the POLCA card implementation was executed and significant
reduction in lead time was achieved. A comparison of pre- and post-implementation of
this strategy is presented in Figure 13.
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After implementing POLCA cards in the current system (Table 11), the “delay in days”
was reduced to 1 day for lot number A1-05/1-2015 or even zero for the lot at serial numbers
2 and 3. This clearly demonstrates the benefit of the POLCA integrated QRM strategy in
this case.

Table 11. Post-POLCA delays.

Sr Number Lot Number Demand
Qty Due Date Start Date MNF Date Delay in

Days

1 A1-05/1-2015 50 6-May-15 1-May-15 7-May-15 1
2 A1-05/2-2015 53 14-May-15 8-May-15 14-May-15 0
3 A1-05/3-2015 47 20-May-15 15-May-15 21-May-15 1
4 A1-05/4-2015 50 28-May-15 22-May-15 28-May-15 0

3. Economic Analysis of POLCA Integrated QRM

Post QRM analysis was carried out to verify the improvements attained in terms of
lead time and net profit loss. The same criteria were applied for production lead time,
average delivery time, average WIP, and total production loss of the selected products.
The results of the analysis in terms of demand and delivery data for Product A are given
in Figure 14. It is shown that for lot 1, according to the lead time from the MRP schedule,
the quantity of 50 was delayed only by one day. Similarly, a drastic improvement in on-time
delivery was noted for product A.
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With the help of the above data, the performance indicators, including delay cost and
percentage of loss in profit, were calculated were product A. These are shown in Table 12.
It can be clearly observed that the percentage of profit loss due to a delay was reduced
significantly to 0.3% (averaged estimated), which was originally more than 40 percent
(Table 6). This depicts the effectiveness of the POLCA integrated QRM strategy. The actual
and calculated lead times for product A were 19 and 17 days, respectively. Similarly,
the current demand and delivery dates of product B are shown in Figure 15. It can
be analyzed that the variation was greatly after applying the POLCA integrated QRM
approach. The profit loss for product B was also reduced to a great extent, which is shown in
Table 13. Considering these performance parameters, it can be concluded that the POLCA
integrated QRM is a better choice by the company for the manufacturing of products A
and B. The actual and calculated lead times of product B were 77 and 24 days, respectively.
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Table 12. Profit loss detail of product A after POLCA integrated QRM.

Product A

Sr Number Lot Number Quantity Delay in
Days

Total Delay
Cost

Lost in
Profit MNF

% Loss in
Profit

1 A1-05/1-2015 50 1 14,864 14,864 0.6%
2 A1-05/2-2015 53 0 0 0 0.0%
3 A1-05/3-2015 47 1 14,269 14,269 0.5%
4 A1-05/4-2015 50 0 0 0 0.0%

Average 0.5 29,727 29,727 0.3%

Sustainability 2021, 13, x FOR PEER REVIEW 18 of 22 
 

Table 12. Profit loss detail of product A after POLCA integrated QRM. 

 Product A 

Sr Number Lot Number Quantity Delay in 
Days 

Total Delay  
Cost 

Lost in Profit 
MNF 

% Loss in 
Profit 

1 A1-05/1-2015 50 1 14,864 14,864 0.6% 

2 A1-05/2-2015 53 0 0 0 0.0% 

3 A1-05/3-2015 47 1 14,269 14,269 0.5% 

4 A1-05/4-2015 50 0 0 0 0.0% 

Average  0.5 29,727 29,727 0.3% 

 
Figure 15. Demand vs. delivery for product B. 

Table 13. Loss of profit of product B after the POLCA integrated QRM strategy. 

Sr. Number Lot Number Quantity 
Delay in 

Days 
Total Delay 

Cost 

Lost in Profit 
Due to Delay 

in MNF 

% Loss in 
Profit 

1 A1-01-15 21 0 0 0 0% 
2 A1-02-15 20 1 6237 6237 0.5% 
3 A1-03-15 19 1 5643 5643 0.5% 
4 A1-04-15 23 0 0 0 0% 

Average 83 0.5 5940 5940 0.3% 

With the help of the calculated data, the performance indicators, including delay cost 
and percentage of loss in profit, were analyzed for product B. These are shown in Table 
13. The percentage of profit loss due to a delay in product B was significantly reduced. 

4. Conclusions 
This paper explained the advantages of the POLCA integrated QRM framework, 

which is grounded on exploiting the variability and system dynamics by implementing a 
case study. The findings of the research and its methodology directly contribute to the 
knowledge in the field of manufacturing product management. The main contributions of 
the presented research are: 
1. At present, the implementation and acceptance of QRM and POLCA are gaining mo-

mentum in different industrial sectors. To the best of our knowledge, this is the first 
study that encapsulates the implementation of POLCA integrated QRM practices. 

Figure 15. Demand vs. delivery for product B.

Table 13. Loss of profit of product B after the POLCA integrated QRM strategy.

Sr. Number Lot
Number Quantity Delay in

Days
Total Delay

Cost

Lost in Profit
Due to Delay in

MNF

% Loss in
Profit

1 A1-01-15 21 0 0 0 0%
2 A1-02-15 20 1 6237 6237 0.5%
3 A1-03-15 19 1 5643 5643 0.5%
4 A1-04-15 23 0 0 0 0%

Average 83 0.5 5940 5940 0.3%

With the help of the calculated data, the performance indicators, including delay cost
and percentage of loss in profit, were analyzed for product B. These are shown in Table 13.
The percentage of profit loss due to a delay in product B was significantly reduced.

4. Conclusions

This paper explained the advantages of the POLCA integrated QRM framework,
which is grounded on exploiting the variability and system dynamics by implementing
a case study. The findings of the research and its methodology directly contribute to the
knowledge in the field of manufacturing product management. The main contributions of
the presented research are:

1. At present, the implementation and acceptance of QRM and POLCA are gaining
momentum in different industrial sectors. To the best of our knowledge, this is the
first study that encapsulates the implementation of POLCA integrated QRM practices.
The proposed strategy will support SME (small and medium-sized enterprises) ad-
ministrators to comprehend the impact that utilization can be improved by reducing
the lead-time by implementing POLCA cards in the QRM environment.

2. The published literature on QRM mostly covers the description and development
of QRM’s principles. None of the research that has been noted on manufacturing
management strategies presents any specific approach or methodology that focuses
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on QRM and the integration of POLCA as a case study. This research identified
POLCA integrated QRM as an innovative framework and a promising approach.
By implementing a case study, it was determined that QRM can be used by organi-
zations as a self-assessment tool to identify improvement opportunities by reducing
lead time.

3. This research also contributes to advancing the knowledge of QRM and POLCA.
This knowledge covers various process parameters, theoretical perceptions, and in-
sights into QRM and POLCA strategies by comparing them with other existing
production management approaches, for example, the drawbacks associated with
Push/MRP and Pull/Kanban, and limitations of lean manufacturing, etc.

4. After implementing POLCA integrated QRM, the company’s statistical figures im-
proved substantially in terms of reducing the lead time and increasing the production
quality, delivery, and flexibility to improve the profit. This shows that the QRM con-
cept provides improvement opportunities for ETO products by integrating real-time
information flow from production activities. This knowledge motivates the imple-
mentation of the innovative POLCA integrated approach presented in this research.

5. The case study also evaluated that companies can implement POLCA and QRM
approaches by keeping their existing production elements intact to promise short
delivery times. Moreover, optimum utilization can be achieved without compromis-
ing the critical capacity of actual machining, inspection, and assembly operations.
These motivating factors provide an urge to adopt the new hybrid approaches for
production management activities to reduce the overall lead time.

The implemented case study shows that the company’s product delivery delay was
reduced considerably, from 74.5 days to 1 for product A and from 77 days to 1 for product
B. The delay was also totally reduced to zero for some lots, for example, product A lot
number A1-05/1-2015 and product B lot numbers A1-01-15 and A1-04-15. This clearly
demonstrated the benefit of the POLCA integrated QRM strategy. By reducing the delivery
delays (focusing on lead time), the percent of total profit loss was significantly reduced to
0.3% (averaged estimated), which was originally more than 40% before the implementation
of the POLCA integrated QRM strategy. In this research, only two products were selected
for analysis due to time constraints. For future research, the scope of work can be extended
by including more products to get a better comprehension of the implemented strategy
and its impact on the overall performance.
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Appendix A

Table A1. Cell formation after ROC.

Processes Product(s) Product Cell

FS TS G F E D C B A FS TS C-1 C B-1 B A-1
RR A and B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ST A and B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
PR A and B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
ST A and B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
HT A and B 2 2 0 0 0 0 0 0 0 2 2 2 0 0 0 0 2
RM A and B 3 3 0 0 0 0 0 0 0 3 3 0 0 0 0 0 3
FM A and B 3 3 0 0 0 0 0 0 0 3 3 0 0 0 0 0 3
DS A and B 0 0 4 0 0 0 4 4 0 0 0 0 4 4 4 0 4
JS A and B 0 0 0 4 4 0 0 0 0 0 0 4 0 0 0 0 4
W A and B 0 0 5 0 0 0 0 5 0 0 0 0 5 0 5 0 5
IC A and B 0 0 6 6 0 0 5 6 0 0 0 0 6 0 6 0 6
FC A and B 0 0 6 6 0 6 6 6 0 0 0 0 6 6 6 0 6

IRM INSP (1) A and B 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7
HT INSP (2) A and B 7 7 0 0 0 0 0 0 0 7 7 7 0 0 0 0 7

RM and FM INSP (3) A and B 7 7 0 0 0 0 0 0 0 7 7 0 0 0 0 0 7
Final RM/FM INSP A and B 7 7 0 0 0 0 0 0 0 7 7 0 0 0 0 0 7

DS INSP (4) B 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 7
INSP W (5) B 0 0 0 0 0 0 0 0 0 0 0 7 0 0 0 0 7
IC INSP (6) A and B 0 0 7 6 0 0 7 7 0 0 0 0 7 0 7 0 7

INSP R, W, F (8) A and B 0 0 0 7 0 0 0 0 0 0 0 7 0 0 0 0 7
INSP LT (9) A and B 0 0 0 0 0 0 0 0 7 0 0 7 0 0 0 0 7

ET INSP (10) A and B 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 0 7
(11) A and B 0 0 0 0 0 7 0 0 0 0 0 0 0 0 0 0 7

Fill and F INSP (12) A and B 0 0 0 0 0 0 7 0 0 0 0 0 7 7 0 0 7
T and G INSP (13) A and B 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 7 7

P INSP (14) A and B 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 7 7
I.INSP (15) A and B 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 7 7

PKG. INSP (16) A and B 0 0 0 0 0 0 0 0 7 0 0 0 0 0 0 7 7
R B 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 8
W B 0 0 0 0 0 0 0 0 0 0 0 8 0 0 0 0 8
F A and B 0 0 0 8 0 0 0 0 0 0 0 8 0 0 0 0 8

LT B 0 0 0 0 0 0 0 0 9 0 0 9 0 0 0 0 9
ET A 0 0 0 0 10 0 0 0 0 0 0 0 0 0 0 0 10
Pos A 0 0 0 0 0 11 0 0 0 0 0 0 0 0 0 0 11

Filling A and B 0 0 0 0 0 0 12 0 0 0 0 0 12 0 0 0 12
F B 0 0 0 0 0 0 0 0 0 0 0 0 0 12 0 0 12
T A and B 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 13 13
G A and B 0 0 0 0 0 0 0 0 13 0 0 0 0 0 0 13 13
P A and B 0 0 0 0 0 0 0 0 14 0 0 0 0 0 0 14 14
F.I A and B 0 0 0 0 0 0 0 0 15 0 0 0 0 0 0 15 15

PKG A and B 0 0 0 0 0 0 0 0 16 0 0 0 0 0 0 16 16
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