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Abstract 

Improving production efficiency of furniture manufacturing is a daunting task. It needs 

to take account of a complex manufacturing process, production efficiency 

improvement techniques and procedures, and its implementation on the production 

floor. Most efficiency improvement strategies are data-driven. Due to the lack of 

advanced manufacturing systems, the evaluation of production efficiency for future 

improvement is generally rather difficult to perform. Furthermore, a method for 

assessing wood recovery in the furniture manufacturing process, which is a paramount 

production metric, has not been developed yet. This hinders the possibility for 

improvements in production efficiency of the furniture industry. In Indonesia, one of 

the largest furniture producers in the world, the technical attempts to enhance 

production efficiency are even more challenging due to the nature of Indonesian 

manufacturers, which have low levels of industrialization, mechanization, technology 

usage, and many small-scale individual businesses. 

The aim of this PhD study was to identify ways to improve the production efficiency 

of the Indonesian furniture manufacturing industry. This was achieved by developing a 

production efficiency improvement schema comprising elaborated metrics, expanded 

strategies, and adaptable tools. The schema was developed, tested, and validated in six 

furniture companies that primarily utilise teak (Tectona grandis). The specific 

objectives were to: 

 establish a simple and effective protocol to assess wood recovery in the furniture 

manufacturing process; 

 assess and examine the wood recovery assessment protocol of furniture 

manufacturing in distinct production systems, including comparing the wood 

recovery rates between different production systems; 

 develop a generic production efficiency evaluation method to assess current 

furniture manufacturing efficiency in Indonesia as a baseline for future 

improvements; 

 propose a furniture production efficiency improvement framework and validate 

the framework in other furniture companies with an optimisation process. 

The study found that the application of a machining station approach, with the 

measurement of 30 specimens at each station, was a simple and effective protocol for 

wood recovery rate assessment during furniture production. Measurement methods for 
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assessing wood recovery rates, volume and mass, were reliable because of insignificant 

differences in the wood recovery rates. However, the mass method was more efficient, 

practical, and the most acceptable method according to the measurement systems 

analysis. 

The proposed production efficiency improvement framework comprises 5 stages: 1) 

evaluation of production efficiency; 2) analysis of causes of inefficiency; 3) the 

exploration of strategies and tools for improvement of production efficiency; 4) the 

selection of the strategies and tools; and 5) assessment of improvements in production 

efficiency. A production cost analysis with standardized variables was used as a typical 

method to evaluate production efficiency in multi furniture companies, followed by 

applying a wood recovery assessment, a Pareto analysis, an X-Y matrix, and process 

capability analysis. The log quality assessment technique was the prioritised tool in 

increasing wood recovery. Quality control based on product specifications and rolled 

throughput yield techniques were marked as main tools to reduce machining defects. 

An ABC inventory system was found to be the most appropriate tool to reduce 

production delays, supported by a timber procurement system. The heartwood 

proportion of teak (Tectona grandis) has been determined as a key potential efficiency 

metric to control and monitor teak sawn board quality and its utilisation. Applying 

process capability analysis with a setting of lower specification limits to the distribution 

of heartwood rates for teak timber produced a model to simulate optimal teak utilisation. 

The results of the implementation of the framework in the furniture manufacturing 

process showed that wood recovery rates, rolled throughput yield rates and efficiency 

levels (per worker per hour) increased, while the rates of rework and scrap, the periods 

of total cycle and total production times decreased. Ultimately, the methodology and 

results of this study could potentially expedite the implementation of initiatives for 

improvements in efficiency of furniture production by internal management of 

companies. The framework could also be easily adapted by furniture companies to 

achieve a significant impact on production efficiency. 
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Preface 

This PhD thesis comprises six chapters. The first chapter introduces the study and 

includes background, research problems, and a review of the relevant literature, 

followed by key knowledge gaps, objectives of the study, its limitations, and its 

contributions to science and industry. This is followed by five chapters, which consist 

of three published papers, one unpublished paper, and a synthesis chapter. 

Chapter 2 is based on a research paper in which the objective was to develop a simple 

and effective method to measure the wood recovery rate in the furniture manufacturing 

process. An examination and comparison of two different measurement methods, for 

volume and mass, was undertaken for measuring the wood recovery rate in the furniture 

manufacturing process. Ultimately, to validate the proposed methods, a measurement 

gage analysis (MSA) was performed. 

Chapter 3 is based on a research paper that aimed to assess the wood recovery protocol 

used in two companies, which operated batch and cellular production systems, 

respectively. The assessment was followed by examining and comparing the wood 

recovery of furniture production in these distinct production systems. The proposed 

methodology was adjusted based on the additional parameters of production methods. 

This study was the validation of the method of wood recovery assessment in the 

furniture manufacturing process described in Chapter 2. 

Chapter 4 is based on a research paper that developed a generic evaluation approach to 

determining the efficiency of furniture production. The development of the evaluation 

method was conducted in Indonesia. Additionally, a new potential metric to assess 

furniture production efficiency in the Indonesian context was undertaken. 

Chapter 5 is based on a research paper for which the main objective was to improve the 

production efficiency of the furniture manufacturing process by developing a 

production efficiency improvement framework. The development of the framework 

was tested by implementing the framework in furniture manufacturing companies to 

assess the adaptability and compatibility of the framework for the companies. A 

validation phase using the refined framework from the development and test stages, 

including an optimisation process, was demonstrated in different furniture companies. 

Chapter 6 is a synthesis of the PhD study and includes recommendations for future 

research. 
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The major research for these papers was carried out independently with the 

contributions from co-authors in the form of supervision of the experimental design 

components and the presentation of the research findings in manuscript form. 

The citations for the work published, accepted, or under review are as follow: 

Chapter 2 

Prasetyo, V. E., Belleville, B., & Ozarska, B. (2018). A proposed method and its 

development for wood recovery assessment in the furniture manufacturing 

process. Bioresources, 13 (2), 3846-3867. DOI: 10.15376/biores.13.2.3846-

3867 

Chapter 3 

Prasetyo, V. E., Belleville, B., Ozarska, B., & Mo, J. P. T. (2019). A wood recovery 

assessment method comparison between batch and cellular production 

systems in the furniture industry. Smart and Sustainable Manufacturing 

Systems, 3 (1), 1-17. DOI: 10.1520/SSMS20190001 

Chapter 4 

Prasetyo, V. E., Barbara, O., & Belleville, B. (2018). Furniture production efficiency 

in the Indonesian context. In Proceedings of 29th International Conference 

on Wood Science and Technology (ICWST), Dec 6-7, Zagreb, Croatia. Pp. 

131-140. 

Chapter 5 

Prasetyo, V. E., Belleville, B., Ozarska, B., & Mo, J. P. T. (2019). Furniture 
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submit to International Journal of Production Research. 
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Chapter 1. Background, Problems, and Review of the Literature 

1.1. Introduction 

1.1.1. Production efficiency 

Over the past few decades, the strength of manufacturing has essentially relied on 

efficiency, reliability, flexibility, delivery performance, and innovation (Wheelwright, 

1978; Leong et al., 1990; Garvin, 1993). Efficiency is generally defined as the 

conversion of inputs into the output, which directly influences costs, profits and capital 

investments (Singh and Nautiyal, 1986). In the manufacturing process, efficiency is 

technically determined as the ability of a unit or a certain volume of input to gain 

outputs with the minimum level of resources (Wheelwright, 1978). Efficiency involves 

three performance metrics: speed, quality, and cost. Speed relates to the period of time 

to produce products; the quality defines the value of products that customers are willing 

to purchase; and the cost describes the material, manufacturing process, labour, and 

energy expenditures to generate a certain volume of products. These criteria are of 

paramount importance for evaluating manufacturing performance, business 

performance, and competitive benefits. In the end, efficiency is a key manufacturing 

strength for gaining high profitability, consequently achieving industry success 

(Mitchell et al., 2005). 

Industry success in various primary and secondary wood processing operations also 

depends on enhancing efficiency (Salehirad and Sowlati, 2006). Studies of productivity 

and efficiency assessments of primary and secondary wood processing industries were 

conducted in Canada to determine their performance. Meil and Nautiyal (1988) 

investigated production cost in the lumber industry between 1965 and 1981 and found 

that it was significantly influenced by the price of roundwood, followed by labour costs. 

Rao and Preston (1984) stated that lower capacity utilisation rates, and higher energy 

and raw material costs in the pulp and paper industry combined to decrease efficiency 

and returns from 1967 to 1979. Martinello (1987) found that smaller log size and 

reduced quality affected negatively cost efficiency in sawmills, shake mills, veneer and 

plywood mills from 1963 to 1979. These studies assessed efficiency by comparing the 

same inputs (prices for capital services, labour, timber, and energy) and the same output 

(lumber products). Salehirad and Sowlati (2006) published a study they undertook from 

1993 to 2003 of efficiency assessment in the wood industry in Canada and found that 

improvements in technical and managerial knowledge had a stronger positive impact 
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on efficiencies in sawmills; veneer and plywood mills; structural wood products, 

particleboard, and fibreboard mills; and waferboard mills. The number of employees, 

total costs of materials, and total costs of energy were inputs used to compare with 

output (revenue). Performance measurements of the wood products industry, covering 

sawmills, drying operations, cabinet and pallet producers, were conducted in the USA 

by Ray et al. (2006). The results showed that the reduction of energy consumption, 

including out-sourcing of energy-intensive operations, e.g. drying, and flexible and 

trustworthy suppliers played paramount roles in maintaining efficient manufacturing 

processes. Apparently, based on the aforementioned examples, efficiency keys varied 

depending on the types of wood processing operations, including the regions where the 

operations were conducted. 

In furniture production, the main strengths of furniture manufacturing have been 

identified as: innovation, delivery, flexibility, and value. Moreover, these main 

strengths have impacts on product quality and production cost (Vickery et al., 1997) 

and mostly represent efficiency in furniture production (Wheelwright, 1978). 

Ultimately, production efficiency is one of the main criteria of manufacturing strength 

in furniture production (Vickery et al., 1997). 

Studies on improving furniture production efficiency, e.g. addressing timber quality 

issues, enhancing product quality, reducing production time and delays, eliminating 

customer’s complaints, have been investigated in many countries. Sabri and Shayan 

(2004) utilised value stream mapping (VSM) to increase the ratio of non-value-added 

activity (NVAA) to value-added activity (VAA) by reducing production time and 

customer lead-time in an Australian furniture company. The key issues faced by the 

company were production delays, which were caused by the high volume of furniture 

products and processes involved. The VSM tool was supported by ABC analysis or 

Pareto chart, and production flow analysis techniques to resolve bottlenecks in the 

production floor. These strategies increased the production lead time by 85% by 

reducing material-handling time. 

Sadraoui and Ghorbel (2011) used the Six Sigma strategy for decreasing the number of 

customer’s complaint about the furniture industry in Tunisia. The preliminary process 

of baseline assessment, data of the evaluation of costs, production, complaint, export, 

and import were investigated to set the goals of the improvements. To measure the 

production cycle, histogram, Pareto chart, control charts, and statistical analysis were 

employed. Major potential causes were the quality of furniture products and delivery 
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time. The causes were then determined by comprehensively brainstorming and using a 

fishbone diagram, also called a cause and effect diagram or Ishikawa diagram to analyse 

characteristics and their relations. 

Guerrero et al. (2017) performed a Lean Six Sigma (LSS) strategy to a small Mexican 

furniture company to reduce the number of defects and waste. The researchers 

established a baseline of furniture production by assessing the number of defects per 

product. The defect source was then analysed using a Pareto analysis. A system for 

measuring quality and process variation was developed through a reproducibility and 

repeatability (R&R) study using ANOVA. The results showed that the application of 

LSS resulted in reduced defects and waste by 25 % and 13 %, respectively; and increase 

sales productivity in the first year by 14 %.  

Chowdhury et al. (2015) implemented a Lean strategy in a Bangladeshi furniture 

company using Single-Minute Exchange of Dies (SMED), Gemba (the real place), and 

Short Interval Control (SIC) tools. To identify and improve the efficiency and 

effectiveness in a structured process, SIC and Gemba techniques were applied. The SIC 

technique identified the opportunities of the production process that could be improved. 

The Gemba tool investigated problematic stations where the production is running by 

placing troubleshooting workers in charge to the stations. SIC and Gemba were 

production-time tools to eliminate NVAA. The NVAA was evaluated by measuring 

downtime minutes, total-reject quantity, and slower production rates in the production 

floor. Metrics employed to evaluate the improvements using the lean tools were worker 

traveling distance, overall equipment effectiveness (OEE), total-downtime minutes, the 

number of reject quantity, and material wastage. The improvements in the average 

travelling distance, OEE, total downtime minutes, reject quantity, and material wastage 

were 59%, 12%, 40%,14%, and 32%, respectively. This strategy was successfully 

implemented in the furniture manufacturing industry. 

Wang and Chen (2012) applied LSS to validate continuous improvement in projecting 

the manufacturing costs of panel products in a Chinese panel equipment manufacturer. 

To obtain a baseline of their production for future improvements, the current process of 

standard performance in the panel production was verified by defining voice of 

customer (VOC), high-level production process, and defect assessment techniques. 

Deploying data collection was then applied, followed by process capability 

measurement and analysis. For advanced analysis, root cause analysis using ANOVA, 

Pareto diagram, and FMEA tools were subsequently performed. The significant results 
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were increases in the process capability of the reality process performance (Cp and Cpk) 

from 0.78 and 0.64 to 1.62 and 1.48, respectively. This resulted ultimately in a cost 

saving of US$ 4,71 million in 2007. 

Suhardi et al. (2015) used Lean Manufacturing strategy to reduce procrastination of 

delivery time and production delays in an Indonesian wood garden furniture company. 

SMED and standardisation work techniques were employed to reduce NVAA of setup 

and production times. The study demonstrated that the reduction of procrastination time 

by 104.6 minutes/day raised production (2.5 units/day) and operator performance 

(67%).  

1.1.2. Furniture manufacturing 

Furniture manufacturing comprises a series of wood machining processes, including 

rip-sawing, planing, cross-cutting, moulding, routing, mortising, gluing and jointing, 

sanding, and assembling (Ozarska, 1998; Motsenbocker et al., 2005; Ozarska and 

Sugiyanto, 2015). Furniture production also requires many sophisticated furniture 

component manufacturing processes that create irregular shapes and sizes, such as 

moulding, routing, tenon and mortising, turning, and conventional hand carving. 

Furniture manufacturing relates to the complexity of the furniture production system, 

involving product marketing process, raw material procurement, raw material 

conversion, timber drying process, timber preservation, furniture production, 

machinery maintenance, human resource management, and the shipping process. The 

production flow and manufacturing layout of a furniture manufacturer vary according 

to the types of furniture products requiring various ranges of different raw materials 

and different design (Sabri and Shayan, 2004). 

1.1.3. Indonesian wood furniture industry 

The Indonesian furniture industry comprises around 140,000 enterprises and generates 

over 437,000 employment (Bizvibe, 2018). The total investment value in the sector is 

approximately 5.8 trillion Rupiah (AUD$ 5.8 Billion). The sector is an export-oriented 

operation in Indonesia. Furniture is one of the main export commodities and is exported 

to more than 22 countries worldwide. This has been positioning Indonesia as the 4th 

largest furniture exporters in the Association of Southeast Asian Nations (ASEAN) 

region. 

The Indonesian wood furniture industry has a solid foundation to exist and compete in 

international markets. Timber resources, land supply for building manufactures, a large 
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workforce with low working wage, and native Indonesian designs are strongly 

favourable characteristics of Indonesian wood furniture. There is a wealth of tropical 

hardwood sources with a wide range of species and high-quality timbers. Land supply 

for plantations and factories are abundant. Human resources are adequately supplied 

with high-end skills at carvings and craftsmanship (Furniture and Furnishing Export 

International, 2018). 

However, Indonesian furniture manufacturing enterprises find it difficult to compete 

with other Asian furniture enterprises, primarily because of low production efficiency, 

outdated technology, poor marketing strategies and unfashionable design (Loebis and 

Schmitz, 2005). Furthermore, Indonesian furniture companies are facing challenges due 

to lack of old-growth timber resources, and therefore are forced using young plantation 

timber which is of lower quality and smaller dimensions. Plantation timber needs to be 

processed with the use of different facilities and specific technologies and production 

methods (Bendsten, 1978; Belleville et al., 2016a; Belleville et al., 2016b). The main 

causes of these challenges for Indonesian furniture companies are inappropriate 

processing technologies, inadequate understanding of wood properties, poor production 

management, and lack of optimization in production systems which result in low 

production efficiency, low timber recovery rates, and low-quality products. As a result, 

the companies are struggling to compete on international markets since the furniture 

products including their furniture manufacturing are not competitive in price, design, 

and technology. 

Most of the Indonesian furniture companies have not adapted to data-driven production 

systems due to their low levels of industrialisation, mechanisation, and technology 

usage. The characteristics of Indonesian small and medium sized furniture enterprises 

are centralistic business operation led by the company owner, lack of production 

planning and improvement strategies, and the fact that they are not system oriented 

(Kusumawardhani and McCarthy, 2013). These attributes inhibit the performance 

improvement initiatives of furniture production using reliable data-based improvement 

strategies of furniture production. However, the small and medium sized furniture 

companies can produce and export their products by supplying to bigger companies, 

that have good production and marketing systems. Another common way of exporting 

Indonesian products is that furniture buyers purchase furniture products using 

middlemen or third parties. The middlemen or third parties select and purchase furniture 

products according to buyer’s specifications. Shipping process from Indonesia to export 

destinations is also arranged by the buyers through the middlemen or third parties. 
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However, this system has disadvantages as furniture supply chain is long; the 

Indonesian furniture companies do not gain fully developed furniture production and 

marketing systems; and it is easy for the companies to be driven by buyers and markets. 

1.1.4. Approaches for improving production efficiency in the furniture industry 

The efficiency of manufacturing performances can be evaluated in several ways, using 

performance measurement methods (Salehirad and Sowlati, 2006). Efficiency 

evaluation closely corresponds with the attempts to remove inefficiency using 

performance improvement initiatives strategies, e.g. lean manufacturing (LM), Six 

Sigma (SS), and Lean Six Sigma (LSS) (Womack and Jones, 1996; Zare Mehrjerdi, 

2011; Drohomeretski et al., 2014). 

The performance measurement methods generally consist of two approaches: 1) a 

parametric approach, which requires the data of inputs and outputs of units of a 

manufacturer; and 2) a non-parametric approach, which involves scoring and assigning 

weights of each manufactured unit using data envelopment analysis (DEA) or the 

Charnes, Cooper, and Rhodes (CCR) method (Coelli et al., 1998). The parametric 

approach can be applied using a mathematical function and statistical analysis. The 

function can be a production function, a cost function, a revenue function or a profit 

function. The production function defines maximum levels of output generated by the 

given levels of inputs. The cost function expresses the minimum cost of output 

production produced by the given input cost. The revenue function describes the 

maximum revenue achieved from the given input and maximal output costs. Lastly, the 

profit function states the maximum profit gained from the given input and output costs. 

The parametric approach with the cost function method is the most common method 

employed by the wood industry in Canada for assessing productivity and efficiency 

from 1984 to 2006. The cost function (e.g. $/month) is often easier to use since the data 

of outputs and inputs of units are easily obtained and derived from the accounting unit 

of a wood company. Another common method is the parametric approach with the 

profit function (e.g. $/month). Nevertheless, the profit function is slightly difficult to 

perform as the actual profit data tends to be nonreliable (Singh and Nautiyal, 1986; 

Salehirad and Sowlati, 2006). 

The parametric approach with the cost function has been performed in various primary 

and secondary wood and wood-fibre processing operations. In sawmills, the parametric 

cost function approach records low productivity and efficiency due to the inferior 

quality of wood or the use limitations on labour regulation, wood supply, energy usage, 
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and environmental control (Banskota et al., 1985; Martinello, 1985; Martinello, 1987). 

In pulp and paper mills, higher energy and raw material prices, and lower capacity 

utilisation rates are reported to impact on the returns, which were declining. The low 

efficiency caused low technical improvements in their production process (Rao and 

Preston, 1984). In veneer and plywood mills, cost efficiency and the quality of raw 

material, including size, decreased over time (Martinello, 1987). In the Canadian 

lumber industry, larger softwood manufacturers had a different production structure and 

behaviour. The key factor influencing productivity in the hardwood industry was 

improvements in technical production (Meil and Nautiyal, 1988; Puttock and Prescott, 

1992). A cost analysis derived from cost assessments, which is classified as the 

parametric cost function approach was applied in a panel manufacturing process (Wang 

and Chen, 2012). The cost analysis was performed as a part of the investigation into the 

process stage of the high-level production mapping. The cost analysis evaluated 

production cost per production unit compared to the total cost calculation. These 

analyses identified inefficiency problems in production process: non-value-added 

activities, rework, and material issues. These analyses were successful in reducing the 

distinctive cost rates of projected processes in their panel production. Another 

efficiency evaluation of the wood manufacturing process using cost assessment with 

standardised variables emphasised the reduction of energy consumption, including 

outsourcing drying operations, and the leanness of non-wood component suppliers in 

relation to quantity and delivery times (Ray et al., 2006). The variables analysed were 

energy usage, material consumption, final product generation, and inventories. This 

method was used to analyse primary and secondary wood manufacturing operations. 

There are several concepts such as rapid assessment and improvement strategies that 

can be used within the framework to improve the production efficiency of furniture 

manufacturing enterprises worldwide. Lean Six Sigma (LSS) is a robust methodology 

that combines lean manufacturing and Six Sigma (SS) tools to eliminate waste, control 

processes and productivity, increase system flexibility, reduce variability and improve 

production efficiency (Atmaca and Girenes, 2013; Drohomeretski et al., 2014). Lean 

manufacturing focuses on the improvement of speed and process flow in 

manufacturing, while SS concentrates on product quality. Industries that implement 

LSS as an improvement strategy gain a wider range of competitive priorities compared 

to those that implement other strategies (Kandebo, 1999; Sheridan, 2000; Sharma, 

2003; Kumar et al., 2006; Rahani and al-Ashraf, 2012; Atmaca and Girenes, 2013). 
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Other strategies are total quality management (TQM) and International Organisation 

for Standardisation (ISO). 

1.1.4.1. Total Quality Management 

Total quality management (TQM) is described as a management standardisation that 

can be able to generate quality products and services that will meet customer 

satisfaction (Yusof and Aspinwall, 2000; Zare Mehrjerdi, 2011). This concept focuses 

on management results rather than production systems to achieve standard quality 

products. Conducive working situation and organisation, such as a culture of trust, 

participation, teamwork, quality-mindedness, continuous improvement, continuous 

learning, working culture, will be created by the total quality management concept. The 

generic methodology of total quality management is plan, do, check and act (PDCA). 

1.1.4.2. International Organisation for Standardisation (ISO) 

The International Organisation for Standardisation (ISO) is one of the leading 

organisations for standards worldwide. It has been implemented in a wide range of 

businesses and manufacturing units to ensure products and services are standardised 

(Wang and Tsai, 2009). The concept of international standards is also a strategic and 

robust tool that can help reduce defects and errors, ensure product quality, and increase 

productivity. The massive benefit from implementing an ISO standard is that it can help 

producers expand their range of products and services to new markets, and 

accommodate competitive and free global trade. 

The most relevant ISO standards for the furniture manufacturing industry are the 

Quality Management System standard (ISO 9001) and the Environmental Management 

System standard (ISO 14001) (Ratnasingam et al., 2010). These standards are generic 

management system standards that are commonly applied to the manufacturing sectors. 

The Quality Management System standard (ISO 9001) consists of two basic standards, 

quality assurance and quality management. The quality assurance component 

represents the capability of a manufacture to ensure that all products and services 

generated meet customer requirements. The quality management component describes 

the capabilities of a manufacturer to manage their workplace and workforce to be 

efficient, well-organised, and productive. Ultimately, the Quality Management System 

(ISO 9001) is aimed at providing an orderly and systematic way of generating quality 

products and services to customers. 
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1.1.4.3. Six Sigma 

Six Sigma (SS) is a business strategy that implements statistical approaches to 

overcome business shortcomings (Feld, 2000). The application of Six Sigma aims to 

eliminate variation and define ideal process averages, so that the output stays within 

limitations defined by customer satisfaction requirements. Applying the Six Sigma 

concept to a business operation can improve the organisation and its profitability by 

increasing yield, minimising production costs, helping to deal with technical and 

practical problems, and removing waste (Zare Mehrjerdi, 2011; Drohomeretski et al., 

2014). 

A core method for improving business processes using Six Sigma is the DMAIC 

method, which stands for define, measure, analysis, improve, and control (Zare 

Mehrjerdi, 2011). This method aims to improve the quality of existing products and 

production processes. It is recommended for manufacturing processes where problems 

are not well-defined and there are many opportunities for solutions that would improve 

quality and processes. A statistical approach is often used to apply Six Sigma using the 

DMAIC methodology to improve the quality and quantity of products produced in a 

manufacturing system. 

The various strategies of the DMAIC methodology, including application of the 

techniques can be defined as: 

a. Define 

The selection of an area of problems is a fundamental step at this stage and involves 

using process maps and process metrics, e.g. voice of the customer (VOC) and cost of 

poor quality (COPQ). The manufacturing process is a repetitive and systematic series 

of steps or activities where inputs are modified to gain a value-added output. The 

manufacturing process maps identify the complexity of the process, including work 

stations, supporting activities, and labour, to finally focus on problem-solving. Voice 

of customer (VOC) metric represents customer requirements depicted by product 

specifications, e.g. product features, manufacturing integrity, delivery time, and price 

of products. The VOC metric is measured by critical to quality (CTQ) metric or cost of 

poor quality (COPQ) metric that is determined from decreased profit, declined return 

of investment, scrap or reject, and defects. Defects can be represented as defects per 

unit (DPU), parts per million (PPM), defects per million opportunities (DPMO), first 

time yield (FTY), rolled throughput yield (RTY), or sigma value (Feld, 2000). 
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b. Measure 

The process discovery of problems is the core action at the measure stage, followed by 

performing SS statistical analysis, measurement system analysis (MSA), and process 

capability analysis (PCA) (Drohomeretski et al., 2014). The applications of cause and 

effect diagrams, detailed process mapping, and failure modes effect analysis (FMEA) 

techniques are used to discover problems in a process. The mapping of cause and effect 

diagram or fishbone diagram is a simple technique to produce ideas on possible causes 

for defects, which are generally classified into three types: controllable factors (e.g. 

materials, machines, calibration tools), procedural factors (e.g. people, systems), and 

noise factors (e.g. external or uncontrollable factors). 

A detailed process mapping technique is used for identifying a process to investigate 

activities, workflow, purpose of activities, and job description (Feld, 2000). Important 

characteristics and observations using the process mapping are process inputs (X’s) and 

output (Y’s), supplier requirements, actual customer requirements, all value-added and 

non-value-added process tasks and steps, data collection points (cycle times, production 

times, defects, rework levels, inventory levels), decision points, inefficiency issues, and 

process control needs. The types of detailed process maps are linear flow process maps, 

flow or swim lane process maps, SIPOC (Supplier-Input-Process-Output-Customer) 

process maps, and value stream maps (VSM). The VSM is a powerful mapping tool to 

identify the velocity of process transactions, queue levels, and value-added ratios in a 

manufacturing process. The SIPOC map is useful after the VSM has been constructed 

as the map gathers other pertinent data that influence the process in a systematic way. 

The linear, and flow or swim lane process maps, show the process steps in a sequential 

flow, commonly ordered from the upper left corner of the map toward the right side. 

The swim lane process map depicts timeline and sequential processes to investigate 

workflow and queue forms. 

Inefficiency causes observed by detailed process maps are then gathered and analysed 

using an X-Y matrix tool (Feld, 2000). The tool serves to collect and identify potential 

causes of inputs (X’s) and assess their relative impact on multiple outputs (Y’s), which 

are customer requirements. This technique is a team-based prioritization tool conducted 

through the brainstorming of management of a manufacturer for the potentially multiple 

outputs (Y’s). The result of this technique is the discovery of key causes of inputs (X’s), 

which is paramount in a process (the vital few). The identification of the vital few is 
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supported by 3 primary techniques: process mapping, fishbone analysis, and graphical 

and statistical analysis. 

A failure modes effect analysis (FMEA) is an advanced technique that predicts failures, 

prevents their occurrence in a process, identifies the ways in which a process can fail to 

meet customer requirements, estimates the severity and occurrence of defects, evaluates 

the current control plans, and prioritizes the preventative actions using a risk priority 

number (RPN) system. This technique is generally used in an initial quality planning 

stage of manufacturing to analyse fail modes in manufacturing and transactional 

processes (Chowdhury et al., 2015). 

SS statistics is a critical analysis tool for sampling data that represents population, 

processes, or results derived from inferential statistics. A normality test using an 

Anderson-Darling test or a normal probability test allows analysis of the behaviour of 

the distribution of sample reflected in the data from many processes in nature. In 

statistics, normal distribution is the most recognised distribution to further analyse to 

generate inferential statistics. However, non-normal distribution often occurs because 

of variation that occurs in nature and errors that occurs in a process. The non-normal 

distribution is classified as an opportunity where inefficiency problems are encountered 

(Drohomeretski et al., 2014). 

Measurement systems analysis (MSA) is a mathematical method to quantify variation 

that occurs in a process by the act of measuring (Feld, 2000). The aim of this method is 

to assess error due to measurement systems. The method investigates the reliability of 

operator, reference, manufacturing procedure, processing equipment, and environment 

involved in a process. The source of the error is categorised into one of two types: 

precision and accuracy. The precision error includes repeatability (within an operator 

or piece of equipment) and reproducibility (operator to operator or attribute gauge to 

attribute gauge). The accuracy error involves stability (accuracy over time), linearity 

(accuracy throughout the measurement gauge), resolution (scale of measurement 

gauge), and bias (off-set from true value). A good measurement system analysed using 

MSA is one in which the rate of contribution of variance component of the repeatability 

and reproducibility of a gauge is significantly lower than the rate of contribution of 

variance component of part variation. The definition of gauge acceptance is shown in 

Table 1 (Automotive Industry Action Group, 2010). 

Process capability is the inherent ability of a process to meet the expectations of the 

customer without any additional efforts (Feld, 2000). The process analyses a centering 
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issue (relative to specification limits), a variation issue, a combination of centering and 

variation issues, and inappropriate specification limits. Shifting means and reducing 

variation of a process are the options to meet the specification limits of customer 

requirements. The result of the process capability is mathematically analysed by 

determining the reality capability value of a process performance (Cpk and Ppk). 

Table 1. Assessment scale of measurement systems analysis (Automotive Industry 

Action Group, 2010). 

 

c. Analyse 

This stage has three major techniques to analyse causes of inefficiency of inputs (X’s) 

by shifting X’s, describing inferential statistics, and testing a hypothesis (Feld, 2000). 

X shifting is conducted by performing multi-variance analysis to investigate samples 

suspected of contributing to the inefficiency. The distribution of the samples is also 

analysed using a normality test to investigate potential causes of skewness, mixed 

distributions, non-linear relationship, and kurtosis. These techniques enable 

determination in detail of the root causes of the inefficiencies. To support these 

techniques, a hypothesis testing technique is used to construct fact-based decisions on 

whether there are distinct population parameters or differences in expected sample 

variation. 

d. Improve 

A process modelling (regression and multiple linear regression) and a design of 

experiment (DoE) are used in this stage. The process modelling is performed by 

assessing linear correlation analysis to measure the strength of linear association 

between two variable inputs (an X) and outputs (a Y). The linear correlation analysis 

generates a regression equation, which is the best fit for the plotted data. The equation 

mathematically predicts Y for any given X. A non-linear regression analysis enables 

the maximisation of the best equation to simulate a model of the data. A multiple linear 

Tolerance or study 
variance 

(%) 

Contribution of 
variance component 

(%) 
System level 

< 10 < 1 Ideal 
10 - 20 1 - 4 Acceptable 
20 - 30 5 - 9 Marginal 

> 30 ≥10  Poor 
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regression is used to scrutinise the impact of multi X’s on a Y to show individual 

correlations (Feld, 2000). 

DoE is a scientific method of planning and conducting an experiment to yield the true 

cause and effect relationship between inputs’ (X’s) and outputs’ (Y’s) variables of 

interest (Feld, 2000). DoE allows experimenting with the effect of many input variables 

influencing the product or process and producing an interaction effect. The purpose of 

the experiment is to describe the results as a mathematical function. Ultimately, the key 

aim of DoE is to define a design that generates the optimum value at a minimum cost. 

e. Control 

An advanced capability analysis and a statistical process control technique are used to 

control a process to produce desired results according to customer requirements (Zare 

Mehrjerdi, 2011; Drohomeretski et al., 2014). P chart (for attribute data), U chart (for 

continuous data), and process capability analysis (PCA) are utilised as capability 

monitoring techniques. In these techniques, lower and upper specification limits are set 

to investigate outliers as defects. The statistical process control indicates when a process 

is out of control or exhibiting special cause variation. This tool allows workers or 

supervisors to maintain improved process performance. 

1.1.4.4. Lean manufacturing 

The core aim of lean manufacturing is to eliminate waste. Lean manufacturing also aims 

to increase processing speed by improving flow and by introducing pull processes, and 

optimising value-added work (Feld, 2000). There are five key principles of lean 

manufacturing, namely: value (understanding of waste), understanding the value chain, 

value stream mapping, pull production, and continuous improvement (i.e. seeking 

perfection) (Womack and Jones, 1996; Drohomeretski et al., 2014). 

The basic purpose of lean manufacturing is to eliminate the seven components of waste 

(overproduction, inventory, defects, over-processing, waiting, motion, and 

transportation) and implement ‘the 5S’ (sorting, set in order, shine, standardise, and 

sustaining) (Fargher, 2006). Overproduction is the production of more than the next 

step needs or more than the customers purchase, e.g. over-ordering materials, 

machining more parts, preparing extra reports. This affects the excessive accumulation 

of work-in-progress (WIP) or finished goods inventory. Defects reduce efficiency or 

profit or quality and include the waste of materials and labour time involved in handling 

and fixing mistakes. Defects are evidently waste to be corrected, e.g. bad products, 
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procrastination of delivery time, paying the wrong vendor. Poor management of 

inventory is the liability of materials that are purchased and invested and not 

immediately sold or used, e.g. over ordering materials, delaying transactions or 

procurement processes. Poor management of motion is the unnecessary movement of 

people and equipment, e.g. the extra steps required in looking for manufacturing 

components. Examination of the motion shows how people conduct a transport process 

to ensure that the process is productive and efficient. Waste caused by over-processing 

involves tasks, activities, and materials that do not add value regarding customer 

requirements. This can be caused by poor product or tool design due to not 

understanding what the customers want, e.g. utilising inferior wood quality. The 

conveyance component of waste is the unnecessary movement of material and goods, 

e.g. extra steps in a process, distance travelled. Waste can also be caused by non-

productive time of ‘waiting’, which is the cost of idle resources and processes, and can 

be caused by lack of materials, people, or equipment, e.g. broken machines, delayed 

delivery time, delayed production time. 

There are five lean techniques to eliminate defects in a manufacturing environment: 5S 

workplace organisation, visual factory management, standardised work, kaizen, and 

Kanban techniques (Zare Mehrjerdi, 2011; Drohomeretski et al., 2014). The 5S stands 

for sorting (clearing), straightening (organising), shining (cleaning), standardizing, and 

sustaining (training and discipline). This tool guides all workers and operations in a 

process of standardisation and maintains the workplace, so it is visually well-managed. 

Kaizen, which is defined as a philosophy of continual improvement, evaluates the 

resultant quality and other manufacturing workflows and management aspects relevant 

to the process. The kaizen involves management support, measurable processes, 

analysis tools, and operator support. Finally, Kanban is a lean technique used to 

accelerate the manufacturing process. 

1.1.4.5. Lean Six Sigma 

Lean Six Sigma (LSS) is a comprehensive methodology that combines the concepts of 

lean manufacturing and Six Sigma by integrating the DMAIC of Six Sigma with lean 

manufacturing and statistical tools (Feld, 2000; Wedgwood, 2007; Drohomeretski et 

al., 2014). These tools work together to eliminate waste, control processes and 

productivity, increase system flexibility, reduce variability, and gain improvements. 

To evaluate production efficiency using these manufacturing performance efficiency 

tools, reliable data-driven management is required (Ray et al., 2006; Wang and Chen, 
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2012). A real-time data collection system can help the improvement tools optimise 

efficient production metrics. Without these supporting systems, evaluating current 

production as a baseline for future improvements would be difficult. Take the case of 

evaluating furniture production in a small furniture company as an example, studied by 

Guerrero et al. (2017) in Western Mexico. The critical challenges in applying LSS in 

that company were related to a poor-quality management system, lack of formality, and 

a lack of procedures and quality records.   

Wood recovery and production output were the most important performance measures 

at the primary operation level of secondary wood manufacturing (Cumbo et al., 2006). 

Ray et al. (2006) utilised the metrics of a lean production strategy in the wood product 

industry. The metrics considered by the authors were wood consumption, production, 

energy consumption, non-wood material consumption, inventory, by-product 

production, supplies consumption, raw turnover, inventory turnover, and product 

turnover. 

Manufacturing performance metrics have been used in the furniture industry to assess 

improvements in the production efficiency of furniture production using the 

aforementioned techniques. Wang and Chen (2012) used actual process capability 

values (Cpk) as a key metric to validate continuous improvement in projecting the 

manufacturing costs of panel products in a Chinese wood panel manufacturer. Sabri 

and Sahyan (2004) used production lead time to reduce production time and customer 

lead time in an Australian furniture company. Guerrero et al. (2017) employed defect 

rates, waste, and sales productivity as the main metrics to eliminate the number of 

defects and waste in a small Mexican furniture manufacturing company. Chowdhury et 

al. (2015) used average travelling distance, overall equipment effectiveness (OEE), 

total downtime, reject quantity, and material wastage as core measures to enhance 

productivity. However, a wood recovery metric has evidently not been used to assess 

the performance of furniture manufacturing process; only waste production in general, 

and material wastage, have been used by Guerrero et al. (2017) and Chowdhury et al. 

(2015). 

Reliable scientific methods for quantifying wood recovery rates in furniture 

manufacturing have not been yet developed. ITTO (2014) used a method of assessing 

wood recovery in Indonesia that measured the type and quantity of wood waste 

generated at the end of the manufacturing process, i.e. when larger amounts of wood 

waste were produced, wood recovery and wood processing efficiency were lower. 
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According to ITTO, the wood recovery rate of the Indonesian furniture manufacturing 

industry was 38 percent. However, ITTO’s method is inappropriate because it does not 

clearly define both the input (the amount of timber utilised) and output (the products 

and waste generated) of the manufacturing process as defined by USDA (2014). 

Moreover, ITTO’s method does not measure wood recovery at each processing step. 

Internationally, methods for measuring wood recovery have been developed for 

sawmills and rough-mills, where cross-cutting and rip sawing are the main production 

processes. Furthermore, sophisticated technologies, such as detectors and software, 

have been applied to simplify the measurement of wood recovery rates in such mills 

(Wiedenbeck and Araman, 1995; Buehlmann et al., 2008). However, a method of wood 

recovery assessment has not yet been developed for furniture manufacturing processes, 

due to the complexity of the production process (Ozarska and Sugiyanto, 2015). This 

hampers the assessment and control of production efficiency, making it difficult to 

enhance furniture making performance, especially production efficiency. 

1.1.5. Ways to improve production efficiency in the Indonesian furniture 

manufacturing industry 

The literature on improving production efficiency in the Indonesian furniture 

manufacturing industry is scarce. A study conducted by Suhardi et al. (2015) improved 

furniture manufacturing performance in an Indonesian furniture enterprise by 

eliminating procrastination in delivery and production times. The authors utilised the 

lean manufacturing (LM) strategy by applying single-minute exchange of dies (SMED) 

and standardisation work tools to machinery setup times and the job descriptions of 

employees. To employ and implement these strategies, however, Suhardi et al. (2015) 

did not explain the performance improvement framework, including the baseline 

evaluation of their production. The study only addressed delay issues. Although 

eliminating delay included an efficiency effort, the metrics of the implementation were 

also limited to setup time reduction (minutes/day) and the number of units produced 

per day, but did not cover other efficiency metrics. Other studies into the enhancement 

of the capacity of Indonesian furniture enterprises focused on applied research to 

improve the technology of wood processing, in-house training to enhance worker’s 

skills, and technology development (Nainggolan et al., 2007; ISWA, 2009; ITTO, 

2014; Ozarska and Sugiyanto, 2015). These studies were mainly undertaken through 

updating technologies and manufacturing process, and worker capacity. Improvements 

in production efficiency have not been covered in these projects. Therefore, methods 
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for rapidly assessing furniture production efficiency have not yet been established for 

Indonesian wood furniture manufacturing enterprises. Thus, an appropriate framework 

for improving the production efficiency of Indonesian furniture manufacturing 

enterprises needs to be developed that could also be applied in other developing 

countries. The framework will require robust production efficiency improvement tools 

for evaluating current production, identifying inefficiency causes, selecting 

improvement strategies and techniques, and implementing the strategies in the furniture 

companies. The study of framework development includes the development of 

efficiency metrics that are suitable for the Indonesian furniture production context. The 

framework is used to guide the implementation of production efficiency improvements 

in Indonesian furniture companies. Furthermore, the framework needs to be able to be 

adapted to the inefficiencies and limited resources of Indonesian furniture companies. 

Many performance improvement projects with problem-solving methodologies tend to 

overcome manufacturing problems in the improvement stage without understanding the 

baseline performance of a manufacturer (Jie et al., 2014). Implementing the 

methodologies with a failure to discover the underlying causes of the problems without 

sufficient data would not address the problems, causing loss with a great deal of time 

and money. For a problem-solving methodology, there are five measurement and 

analytical tools that could not all be used due to the lack of the capability and the 

adaptation of the firm to use the tools. The core of LM is to eliminate seven components 

of waste: overproduction, inventory, defects, over-processing, waiting, motion, and 

transportation (Fargher, 2006). The elimination of these waste items is conducted 

through an understanding of waste, value chain, value stream mapping, pull production, 

and continuous improvement (Womack and Jones, 1996; Drohomeretski et al., 2014). 

TQM has a unique approach to production improvement to be implemented in the 

Indonesian furniture industry context as it has a generic methodology, which is PDCA 

(plan, do, check, act). Furthermore, TQM facilitates customised working situations and 

organisations, e.g. a culture of trust, participation, teamwork, quality-mindedness, 

continuous improvement, continuous learning, and working culture. This 

accommodates the complex conditions of Indonesian furniture manufacturing 

enterprises (Yusof and Aspinwall, 2000; Zare Mehrjerdi, 2011). ISO 9001 on quality 

management system also supports TQM, where ISO 9001 strengthens the structure and 

capability of furniture production management through enhancing quality assurance 

and quality management (Wang and Tsai, 2009). SS is a business strategy to eliminate 

variation and help to define a proper average in process output to under control. The 
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limitations are defined by the requirements of customer satisfaction using statistical 

approaches (Zare Mehrjerdi, 2011). Finally, LSS is a comprehensive methodology that 

emerged from the conceptual combination of the lean manufacturing methodology with 

the SS methodology (Drohomeretski et al., 2014). This methodology applies effective 

statistical tools and lean manufacturing tools that work together in order to: eliminate 

waste, control process and productivity; increase system flexibility; reduce variability; 

and gain improvement. Ultimately, the production efficiency improvement framework 

for the Indonesian furniture manufacturing industry combines these manufacturing 

performance improvement strategies to formulate a simple, efficient, and robust 

framework. 

The production efficiency improvement framework is supported by using a parametric 

approach with cost function analysis. The cost function analysis as a common method 

to assess manufacturing performance is promising for evaluating the efficiency of the 

furniture manufacturing process. Indeed, this method is reliable when standardised 

variables are used to reduce bias in the production system (e.g. worker scheduling) (Ray 

et al., 2006). The method is also practical compared to a Pareto analysis for quality 

issues against costs, employed by Guerrero et al. (2017). The cost function analysis is 

used for assessing manufacturing performances of several manufacturers together, 

where the Pareto analysis evaluates a single manufacturer. Other efficiency evaluation 

tools deployed from SS or LSS strategies were used at the first three stages (define, 

measure and analysis stages) of the DMAIC (define, measure, analyse, improve, 

control) method. This procedure is intended to evaluate the baselines of furniture 

production performance to gauge future improvement. 

Based on a study conducted by Antony et al. (2005) in small and medium sized 

manufacturing companies in the United Kingdom, process mapping, cause and effect 

analysis, histogram, FMEA, and process capability analysis (PCA) were the most useful 

for these companies to evaluate their performance. Other tools considered included 

scatter plot, control charts, regression analysis, hypothesis testing, poka-yoke, and 

benchmarking. For the LM strategy, value stream mapping (VSM), and 5S were the 

common tools to assess the production cycle, system, and production time (Jie et al., 

2014; Kumar and Kajal, 2015). Although the tools appear to be complex, some of these 

techniques could be used within the framework and implemented in Indonesian 

furniture manufacturing companies. The tools employed in the proposed framework are 

practical and adaptable to Indonesian furniture companies that employ a conventional 

furniture production system. 
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1.2. Key knowledge gaps 

The literature review presented here has summarised the current state of production 

efficiency in the wood processing industry and identified ways of improving production 

efficiency. Although several approaches have been used previously to improve 

production efficiency, the review of the current literature revealed that there are 

problems and limitations which need further investigation: 

1. A wood recovery rate (38%) of the Indonesian furniture industry stated by ITTO 

(2014) was not supported by a reliable wood recovery assessment method. The 

method did not include the wood recovery rate and efficiency of each processing 

step to be assessed. Indeed, a wood recovery assessment protocol and its study in 

the furniture manufacturing industry are scarce. Therefore, a new method for 

calculating the wood recovery rate of each process along the furniture production 

line is required. 

2. A framework for improving the production efficiency of Indonesian furniture 

manufacturing enterprises has not been established. The need for the framework is 

supported by the fact that most Indonesian furniture companies have not adapted to 

data-driven production systems due to a low level of industrialisation, 

mechanisation, and/or technology usage (Kusumawardhani and McCarthy, 2013). 

The proposed framework consists of an evaluation and implementation procedures, 

and production efficiency improvement tools. 

3. There is no information on the production efficiency performance of the Indonesian 

furniture industry since the performance has not been evaluated yet. 

4. The existing strategies and techniques for improving production efficiency in the 

furniture industry are not directly applicable to the furniture manufacturing systems 

and are not suitable for the Indonesian context. Therefore, production efficiency 

improvement techniques as parts of the proposed framework are formulated for 

being practical and adaptable to the Indonesian furniture companies. In particular, 

the use of young plantation timbers, which have inferior characteristics versus old-

growth timber, and the current state of processing facilities and technologies affect 

the production efficiency of furniture making in Indonesia. 

1.3. Research objectives 

The aim of this PhD study was to improve the production efficiency of the Indonesian 

furniture manufacturing industry by developing a production efficiency improvement 

schema that comprises elaborated metrics, expanded strategies, and adaptable tools. 
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The specific objectives were to: 

 establish a simple and effective protocol to assess wood recovery in a furniture 

manufacturing process; 

 assess and examine the wood recovery assessment protocol of furniture 

manufacturing in distinct production systems, followed by comparison of wood 

recovery rates between the different production systems. The adjustment of the 

protocol was undertaken based on the additional parameters of furniture 

production methods; 

 develop a generic production efficiency evaluation method to assess the current 

furniture manufacturing efficiency in Indonesia as a baseline for future 

improvements; 

 advance a furniture production efficiency improvement framework and validate 

the framework in other furniture companies with an optimisation process. 

1.4. Limitations of the research 

1. This study focused on improving production efficiency through assessing 

furniture production element, i.e. raw materials, wood recovery, workplace 

organisation, production system, and product quality. It examined the 

furniture making processes from the initial production of components from 

seasoned rough sawn timbers to the final production of furniture. Processing 

of raw material (e.g. log conversion, timber drying, timber preservation) was 

not within the scope of this study. 

2. This research focused on medium sized wood furniture manufacturing 

enterprises. Small and large sized wood furniture enterprises were not 

included in this study. 

3. The management or administration (including human resources) of medium 

sized wood furniture manufacturing companies was not within the scope of 

this research. 

1.5.  Expected contribution to science and industry 

This study provides a significant contribution to science and the forestry sectors by: 

1. Generating a scientific method for assessing wood recovery that is applicable to 

medium sized wood furniture companies and can ultimately be tailored to different 

furniture manufacturing processes. The development of the method is a significant 
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contribution to research focused on furniture manufacturing processes and 

production efficiency.  

2. Establishing a method of evaluating production efficiency for assessing medium 

sized furniture companies. The method will provide benefits for such companies by 

enabling them to maintain and enhance their manufacturing performance.  

3. Proposing a simple and robust framework for improving production efficiency in 

the furniture manufacturing process. The framework for the implementation of 

production efficiency improvements can be adapted to other medium sized furniture 

companies in Indonesia. This will help researchers, engineers, manufacturing 

experts, managers and owners enhance their furniture production processes and 

broaden their project improvement initiatives. 

All findings of this study are reproducible and can be implemented in other medium 

sized wood furniture companies around the world. 
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Chapter 2. A Proposed Method and Its Development for Wood Recovery 

Assessment in the Furniture Manufacturing Process 

Prasetyo, V. E., Belleville, B., & Ozarska, B. (2018). A proposed method and its 

development for wood recovery assessment in the furniture manufacturing 

process. Bioresources, 13 (2), 3846-3867. 

Abstract 

A proposed method for assessing wood recovery involves application of a machining 

station approach with volume and mass measurements. A medium sized wood furniture 

company located in Jepara, Indonesia was selected to develop the method. Batch 

measurements of the inputs and outputs for different types of indoor-furniture products 

at every station were collected and analysed. For the volume method, three dimensions 

were measured on each specimen: the length, width, and thickness. For the mass 

method, the specimens were weighed before and after each processing station using a 

balance. Based on the mass method, the average total wood recovery rate was 26.2% ± 

2.3%. For individual products and per station, the significant difference in the wood 

recovery rate occurred only at the resawing and edging, and trimming stations. The 

relationship between the teak quality, product dimensions, and type of finish was 

significantly different, where A-quality teak, large dimensions, and polyurethane finish 

resulted in a higher wood recovery rate. Both methods were reliable because of 

insignificant differences in the wood recovery rates. However, the mass method was 

more efficient and practical. The proposed protocol using the mass method is a suitable 

and effective system because the contribution of the variance component of the method 

was 2.71%. 

2.1. Introduction 

Wood recovery can be defined as the quantity of wood utilised for manufacturing 

products divided by the quantity of products generated in a year (USDA, 2014), while 

yield is an efficiency metric of wood converting operations by dividing useful wood 

parts to rough sawn timber (Mitchell et al., 2005). In mill applications, wood recovery 

is frequently described as the ratio between the lumber output and input. The wood 

recovery rate of a wood manufacturing company depends on how the wood is processed 

to maximise the product quantity and quality (Buehlmann et al., 2003). The wood 

recovery rate is the most commonly applicable efficiency measurement in sawmilling 
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converting operations (Huber et al., 1985; Buehlmann et al., 2003; Missanjo and 

Magodi, 2015). 

The wood processing industry has continually been striving to evaluate wood recovery 

rates to enhance profits. Ultimately, improved wood recovery plays a major role in a 

successful wood manufacturing operation (Huber et al., 1985). Obtaining increased 

wood recovery is an economic strategy for minimizing raw material expenditure 

(Buehlmann et al., 2011). It can lead to creating potential savings in production costs. 

Moreover, by increasing wood recovery, less raw material is required to generate the 

same quantity of products. Thus, it enhances the production capacity towards an optimal 

wood manufacturing operation (Buehlmann et al., 2003). 

Two measurement methods are commonly used to quantify the wood recovery: volume 

and mass. In sawmilling, a volume basis is usually applied to measure the wood 

recovery (Fahey and Woodfin, 1982; Keegan et al., 2010; Olufemi, 2012; Olufemi et 

al., 2012). For pulp and paper processing, mass is frequently used for measuring the 

pulping recovery (Bowyer et al., 2007). For assessing the wood recovery rate in 

furniture manufacturing processes, some companies have developed methods to assess 

the recovery rate, but they are for internal use only; no standard method has yet been 

developed and designed as a published standard for wood recovery rate assessment. 

The methods need to be assessed and justified before being applied in a furniture 

production operation, including the measures, object measurements, measurement 

system, and reliability of the wood recovery rate data. 

The wood recovery rate in wood processing operations is influenced by several factors, 

which include the cutting bill, wood quality, machinery, and production system. A 

cutting bill, which is described as the quality and quantity requirements based on the 

customer order, is the most important factor that affects wood recovery (Buehlmann et 

al., 2003). The relationship between the cutting bill and wood recovery is complex 

because the bill is determined by the required geometry, quality, and quantity of the 

wood components (Buehlmann, 1998; Buehlmann et al., 1998; Buehlmann et al., 

2003). The geometry characteristics relate to the lumber dimensions (Wiedenbeck and 

Araman, 1995; Buehlmann, 1998; Mitchell et al., 2005). The quality and quantity 

requirements correlate to the size and type of wood defects allowed, one-face or both-

face quality requirements, and lumber grade (Cumbo, 1999; Buehlmann et al., 2011). 

Wood quality can be defined as the combination of all of the wood characteristics that 

affect the value recovery chain and serviceability of the end products (Zhang, 2003). A 
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higher wood quality usually generates a higher wood recovery rate (Mitchell et al., 

2005). The recovery rates for furniture production are also probably influenced by those 

factors, where the timber grade and species affect the wood recovery. Machinery can 

influence the recovery rate of wood processing by affecting the precision and accuracy 

during wood machining (ITTO, 2014). Inappropriate maintenance of wood processing 

machinery notably can translate into low recovery rates during wood processing 

(Nainggolen et al., 2007b). Ultimately, poor production systems and untrained human 

resources can cause inefficiencies because they lower wood recovery rates. For 

instance, a failure in the wood processing technique and worker capacity to eliminate 

thoroughly unacceptable wood defects can result in a reduction in the wood recovery 

rates (Huber et al., 1985; ISWA, 2009). 

Studies of wood recovery during secondary wood processing are scarce compared with 

primary processing, and this is particularly evident in the furniture manufacturing 

industry. Furniture production consists of a series of wood machining processes, 

including rip-sawing, planing, cross-cutting, moulding, routing, mortising, gluing and 

jointing, sanding, and assembling (Ozarska, 1998; Motsenbocker et al., 2005; Ozarska 

and Sugiyanto, 2015). The processes are also associated with the complexity of the 

furniture production system, where the production flow and layout vary according to 

the furniture producer. Furniture production also employs many sophisticated furniture 

component manufacturing processes that create irregular shapes and sizes, such as 

moulding, routing, tenon and mortising, turning, and conventional hand carving. 

Production is exacerbated by many products requiring various ranges of different raw 

materials (Sabri and Shayan, 2004). All of the aforementioned factors make it difficult 

to assess the wood recovery rate in the furniture manufacturing industry. For instance, 

a study conducted by Nainggolan et al. (2007a) in Indonesia, which has been positioned 

one of top twenty biggest wood furniture exporting nations worldwide (Globe, 2016), 

mentioned that the wood recovery rate during furniture production is 38%. However, 

the report was not based on any standard, as the industry lacks a standard procedure to 

assess the wood recovery rate in furniture production. This case could be different to 

many furniture manufacturers worldwide, where the recovery rates are under 

continuous control and improvement. A volumetric calculation is commonly used to 

compute wood recovery rates for this type of production. 

Several methods to enhance wood recovery during furniture production have been used 

and analysed to increase the wood recovery rate for primary processing operations, 

which utilise multiple rip-sawing and cross-cutting processes to produce parts with a 
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specific size, wood quality standard, and quantity from rough sawn lumber (Thomas 

and Buehlmann, 2007). However, the study by Thomas and Buehlmann (2007) was 

conducted at the primary processing stations only, and it did not cover the entire 

furniture production process, i.e. conversion from rough sawn timber to the finished 

product. Character-marked lumber, wood species, cutting bill requirements, lumber 

size, and dimensions have been analysed in conjunction with the use of rip-first rough 

mill simulation software and data banks to mimic real manufacturing processes to 

optimize the wood recovery rate in the studies by Wiedenbeck and Araman (1995), 

Buehlmann (1998), Buehlmann et al. (1998), Hamner et al. (2002), and Buehlmann et 

al. (2003, 2008). Again, these studies did not involve the whole furniture making 

process or machining stations. 

A decrease in the availability of large diameter trees and an increasing demand for wood 

products is forcing wood processing manufacturers to utilise short rotation plantation 

trees to produce their products. Young plantation trees, such as a great proportion of 

juvenile wood with relatively small dimensions and uncertain wood properties, are 

characterised as having an inferior wood quality (Kojima et al., 2009; Ozarska, 2009). 

By utilising these trees to manufacture high-value products, these characteristics require 

technically sophisticated facilities and advanced technologies (Ozarska, 1998). Wood 

recovery as an efficiency measurement can then determine the conformity between the 

characteristics of young plantation timber and the wood processing facilities and 

technologies employed. When the wood processing technologies are incompatible with 

utilising young plantation timber, the processes might lower the wood recovery rate. 

Furthermore, a standard wood recovery rate assessment methodology could assist in 

determining the optimum wood utilisation as an environmentally sustainable way to 

achieve maximum added-value from forest resources. 

The present study was part of a research project that attempted to develop specific 

efficiency metrics for assessing improvements in furniture production. Therefore, the 

aim of this study was to develop a simple and effective method to measure the wood 

recovery rate in the furniture manufacturing process. The specific objectives of this 

study were: (1) to develop a simple and effective method for assessing the wood 

recovery rate at every machining station, (2) to examine and compare methods that use 

two different measurement methods (volume and mass), and (3) to analyse the proposed 

methods using measurement gage analysis. 
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2.2. Experimental 

2.2.1. Selection of the wood furniture manufacturing companies 

Three representative medium sized wood furniture manufacturing companies in the 

Jepara region of Central Java Province, Indonesia were randomly selected to conduct 

the wood recovery rate analysis. The criteria for company selection were that the 

company: 1) employed between 20 and 99 people as defined by the Indonesian Central 

Bureau of Statistics (BPS, 2016); 2) produced all of the furniture in-house; 3) used 

plantation-grown timber; and 4) was willing to be part of the research project and 

implement future recommendations arising from the study. The production system, 

capacity, and use of common furniture raw materials, Tectona grandis in this case, was 

also considered in the selection process. 

One of the three companies, subsequently called company A, was chosen for the 

development of a method to measure the wood recovery rate in the furniture 

manufacturing process, while the other two companies, B and C, will be considered for 

the upcoming validation of the proposed method. 

Company A typically produces four containers per month of a wide variety of wood 

furniture products, which are equivalent to approximately 200 m3 of wood. The 

company mainly exports its products to the Netherlands, Taiwan, and South Korea. The 

company employs a total of 63 full-time highly skilled furniture makers, has a 

production system based on the products ordered, and each worker produces a certain 

volume of a specific furniture product. 

2.2.2. Wood Recovery Rate Assessment 

The development of a method for measuring the wood recovery rate in the furniture 

manufacturing process was divided into three stages: planning, investigation of the 

current furniture production stages, and data collection.  

a. Planning stage 

The aim of the project was initially presented to production managers/supervisors and 

the plan to develop a wood recovery rate assessment method was considered. The 

objectives, stages of the assessment, and a detailed procedure on how the wood 

recovery rate data would be collected were also explained. A factory tour was then 

conducted so that the researchers could become familiar with the furniture production 

layout and material flow on the production floor. In the present study, the units that 

were measured (sawn boards and furniture components) were defined as specimens. 
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Plans for specimen measurements and data collection were arranged on the production 

floor. The aspects that were considered consisted of a visual assessment of the 

production flow, production and worker scheduling, product specifications, machining 

processes, specimen measurements and data acquisition, manual and digital data 

recording, and photo and video documentation. Four researchers were involved in the 

present experimental study. 

b. Investigation of the current furniture production stages 

Three aspects of the production process were investigated before assessing the wood 

recovery, which were the production time, production flow, and auxiliary information 

related to the production system. The production time included identifying the current 

furniture production scheduling, type of furniture produced, processing time, and 

duration of furniture production. In an Indonesian furniture manufacturing context, 

understanding that scheduling of the workers is part of the production scheduling was 

inevitably important because producing a type of furniture product (cabinets, tables, 

chairs, etc.) requires a furniture maker with specific skills. Highly-skilled furniture 

makers are commonly referred to as contract workers, who have a duty and 

remuneration to accomplish a particular task and make a certain volume of a product 

within a specific timeframe. An investigation into the production time then informed 

the researchers about the starting time, research duration, and products assessed. 

A total of eight products were examined: two types of bedside tables, two types of table 

tops, a side cabinet, a TV cabinet, a dining table, and a sofa frame (Table 2). The whole 

study from the planning stage to the data collection stage was conducted over seven 

days. The production flow determined the factory layout, placement and use of the 

machinery, and the stock area and its control. Each stage of the furniture manufacturing 

process was assessed. Detailed drawings of the furniture production and specimen 

flows were made, and included the position of the workers, specimen stacking before 

and after machining, and pathways of the workers and timber (Fig. 1). 

c. Data collection 

The material assessment included the quality, dimensions, and moisture content of the 

sawn boards utilised for the wood recovery rate study. A visual assessment of each 

board quality was conducted based on the Indonesian National Standards SNI 

7539.1:2010 (2010) and SNI 7537.2:2010 (2010). The moisture content was assessed 

using the Australian and New Zealand standard AS/NZS 4787:2001 (2001) with a 

standard resistance moisture meter. 
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Table 2. Specifications of the furniture products examined at company A 

Type of 
Product 

Dimensions 

(D/T x W x L) 
(cm) 

Teak Quality 
Classes 
Used* 

Type of 
Finish 

Customer 

Bedside table 1 45 x 48 x 55 B and C Polyurethane Taiwan 

Table top 1 3 x 110 x 210 A and B Polyurethane Taiwan 

Bedside table 2 55 x 49 x 55 B and C Polyurethane Taiwan 

Side cabinet 60 x 45 x 200 A Polyurethane Indonesia 

Table top 2 3 x 90 x 210 A and B Polyurethane Taiwan 

TV cabinet 45 x 77 x 85 A Teak oil The Netherlands 

Dining table 74.5 x 100 x 240 A Teak oil The Netherlands 

Sofa frame 71 x 82 x 144 B and C Polyurethane Taiwan 

D: depth; T: thickness; W: width; L: length; *as classified by the standard of company A; A: 
highest quality (no knots, no sapwood, no decay, no oil canal, and uniform colour); B: medium 
quality (≤ 45-mm knots, small proportion of sapwood (≤ 20%), no decay, small oil canal, and 
non-uniform colour); C: lowest quality (allows knots, big proportion of sapwood (> 20%), 
decay, oil canal, and non-uniform colour) 

 

Each individual component was marked and tracked along the manufacturing process. 

At the resawing and edging station, the faces and edges of the specimens were marked 

if further sampling was anticipated for smaller sections of the specimens. At the surface 

planing, thickness planing, and sanding stations, only the tips of the specimens were 

marked. At the gluing and jointing station and assembling station, the visible faces and 

tips were marked to anticipate the jointing and assembling processes generating new 

dimensional specimens. 

A minimum of 30 specimens were measured per station. Batch measurements involved 

measuring a number of specimens machined together at each processing station, which 

were then collectively conveyed to the next station (Fig. 1). The inputs and outputs were 

measured for each processing station. However, from the gluing and jointing station to 

the final stations, the number of specimens decreased as some of the specimens were 

jointed to become new specimens. 
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Figure 1. Flow of the wood recovery rate measurement of the products at stations 2 
(circular saw), 4 (thickness planer), and 8 (spindle moulder) 

 

The production layout in company A started at the resawing and edging station, and 

was followed by the surface planing, thickness planing, and end trimming stations (Fig. 

2). The machines used at the resawing and edging station included a small band saw 

and two circular saws. From this station, the dry rough sawn timber that came from 

storage was converted into pieces of furniture specimens based on a cutting bill. The 

use of a small band saw and the circular saws depended on the grade and dimension of 

the sawn timber, wood defect types, and cutting bills. The specimens produced were 

then processed at the surface planing station, where two or four sides of the specimens 

were evenly planed at an angle perpendicular to the cutting edge. True square specimens 

were then planed by the thickness planers to generate a consistent or similar thickness. 

The end trimming station cut the specimens to similar lengths. However, specimens 

that were used for creating a large number of furniture components using a gluing and 

jointing process were not cut at the end trimming station, but were directly moved to 

the routing or moulding processes. 
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Figure 2. Furniture production layout: 1: edging; 2: resawing; 3: surface planing; 4: 
thickness planing; 5: end trimming; 6: routing and assembling; 7: tenon and 

mortising; 8: moulding; 9: gluing; 10: trimming; 11: jointing and assembling; and 12: 
sanding 

 

The router was most commonly used as a plunging machine or a router edge to make 

hollows, curves, and varied corners. To make a mortise and tenon joint to connect two 

furniture specimens, mortising and tenon stations were used. A mortise produces a 

cavity, while a tenon produces a tongue. To produce long joints and decorative edges 

and to bend shapes on the furniture specimens, a moulding process was used. Gluing 

and jointing were mostly used to produce large scale furniture specimens and merge 

different furniture components. The trimming station was generally used to cut the 

furniture specimens to the desired lengths using circular and hand saws before the 

assembly of the specimens. The sanding station was the final stage of the furniture 

making process before the specimens were sent to the finishing department. 

Two methods were used for measuring the inputs and outputs at each station, which 

were the volume and mass measurement methods. For the volume method, three 

dimensions were measured on each specimen, which were the length (L), width (W), 

and thickness (T). The L was measured at one position in the middle of the widest 

section of a specimen. The W and T were measured at three positions, i.e. a 

measurement at each end and another in the middle. A digital veneer calliper (± 0.01 

mm) was used to measure the T, while a measuring tape (± 0.1 cm) was used for 

measuring the L and W. The mass method was conducted using a standard balance (± 
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0.1 kg), and the specimens were weighed before and after each processing station. 

When the output measurements were done to quantify the processed specimens, the 

usable offcuts were collected separately and also measured if they were further utilised. 

The procedure for quantifying the inputs and outputs for different scenarios is presented 

in Table 3. 

A cutting bill, including the specification of a product, is a guide to understanding the 

number of furniture specimens measured, including the sizes and shapes. It is related to 

the type of measurement employed, which was either the volume method using callipers 

and measuring tapes or the mass method using a balance. 

 

Table 3. Procedure for quantifying the output from the input 

Input Station Output Scenario Measurement 

 

Edging and 

resawing (1 & 2), 
and end trimming 

(5) 

2 outputs 

 

L 

2 outputs and 1 offcut 

L 

1 output and 1 offcut 

W 

Surface planing 

(3) and thickness 
planing (4) 

1 output 

 

W and T 

Routing (6), tenon 

and mortise (7), 
moulding (8), 

gluing and jointing 

(9), trimming (10), 
assembling (11), 

and sanding (12) 

 

Weighing 
specimens 

L: length; W: width; T: thickness 
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The formulas for calculating the recovery rate of a specimen using the volume and mass 

methods at each processing station are as follows (adapted from USDA 2014), 

 ��		�,�,�,…,�= 
Volume output S1,2,3,…,n

Volume input S1,2,3,…,n
 x 100      (1) 

 ��		�,�,�,…,� = 
Mass output S1,2,3,…,n

 Mass input S1,2,3,…,n
 x 100       (2) 

where Rv is the recovery rate using the volume method (%), Rw is the recovery rate 

using the mass method (%), and S1,2,3,…,n is a specimen (1, 2, 3, etc.). 

The calculations of the average recovery rate of n specimens using the volume and mass 

methods at one processing station are given by Eqs. 3 and 4, respectively, 

RAv V = 
∑ RV

n
i=1

n
           (3) 

RAv W  = 
∑ RW

n
i=1

n
          (4) 

where RAv V is the average recovery rate using the volume method (%), RAv W is the 

average recovery rate using the mass method (%), and n is the number of specimens. 

The calculation of the overall rate of all of the processes using the volume and mass 

methods with the assumption that the furniture manufacturing stations included edging 

(e), end trimming (c), planing (p), routing (r), and sanding (s) used the following 

equation (USDA 2014): 

R = Re x Rc x Rp x Rr x Rs         (5) 

where R is the overall recovery rate of the furniture manufacturing process (%). 

All of the data collected was analysed using SigmaXL software supplied by SigmaXL 

Inc. (V.8, Kitchener, Canada) for graphical and statistical analysis, and measurement 

systems analysis (MSA). 

2.3. Results and Discussion 

Quality assessments were conducted on dry rough sawn timber based on Indonesian 

National Standards (SNI 7537.2:2010, 2010; SNI 7539.1:2010, 2010) and an Australian 

and New Zealand standard (AS/NZS 4787:2001, 2001). However, the quality of the 

sawn timber did not meet the criteria of SNI 7539.1:2010 (2010). This was because the 

teak logs were purchased by a saw miller and converted into rough sawn timber without 

applying the SNI standard. The logs were purchased from different sources, such as 

well-managed plantations, agroforestry, and farms. Additionally, the customer 

requirements did not rely on the SNI standard. For the above reasons, this case is 
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incomparable with a recovery studies in furniture companies conducted by Wiedenbeck 

and Araman (1995), Buehlmann (1998), Buehlmann et al. (1998), Hamner et al. (2002), 

Buehlmann et al. (2003), Buehlmann et al. (2008), and Thomas and Buehlmann (2007). 

The cited authors assessed and improved the wood recovery rates in primary processing 

stations of furniture manufacturing using graded sawn timber, which was based on the 

National Hardwood Lumber Association (NLHA) standard. The graded sawn timber 

generated better recovery rates and the ease of wood recovery assessment, monitoring, 

and improvement. The teak quality was therefore substantially derived from the 

customer requirements to ease categorising in this paper and selecting sawn timber for 

each product specification. Three classifications of teak quality were consistently used 

as the in-house specifications by company A to fulfil the customer requirements: quality 

A (no knots, no sapwood, no decay, no oil canal, and uniform colour); quality B (≤ 45-

mm knots, small proportion of sapwood (≤ 20%), no decay, small oil canal, and non-

uniform colour); and quality C (allows knots, big proportion of sapwood (> 20%), 

decay, oil canal, and non-uniform colour). When selecting the sawn timber according 

to the cutting bill, some combinations of different teak quality classes were applied to 

optimise the recovery. The moisture content of the timber was assessed based on the 

company standard (≥ 12% and ≤ 16%) or customer requirements regarding the final 

destinations of the products. 

2.3.1. Wood Recovery Assessment of the Furniture Manufacturing Process 

Table 5 shows the wood recovery rate assessment of the eight types of furniture 

products at every station using the mass and volume methods. The wood recovery rates 

for each method were determined based on the individual station recovery rates per 

product and the total wood recovery rate, which resulted in the determination of the 

wood recovery rates for all of the stations employed per product. The method for 

measuring the wood recovery rate in the furniture manufacturing process applied a 

machining station approach. The wood recovery rate was measured at every station, 

which was done by following the production flow of a type of furniture product. 

Ultimately, all of the selected products, which were manufactured at all of the stations, 

were involved. 

A variance analysis was also performed to compare the wood recovery rates of 

individual products and stations (Table 4). To compare individual products, several 

parameters were derived from the product specifications: 1) teak quality classes used 

for each product (A, A-B, and B-C); 2) product dimensions: small (bedside table 1, 
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bedside table 2, and TV cabinet) and large (table top 1, table top 2, side cabinet, dining 

table, and sofa frame); and 3) type of finish (polyurethane and teak oil). A multi-

variance chart and two statistical analyses (t-test and analysis of variance (ANOVA)) 

were applied, which were then followed by the advanced post HOC multiple 

comparison tests using Tukey’s honest significant difference (HSD) test with a subset 

group. A significant difference in the wood recovery rate only occurred at the resawing 

and edging, and trimming stations. 

The resawing and edging process generated the lowest wood recovery rate of all of the 

stations no matter which product was manufactured, and ranged from 47.9% ± 14.5% 

to 79.0% ± 11.7% (Table 5). When looking at the individual products, the recovery 

rates at the resawing and edging station varied, and the bedside table products had the 

lowest rates of recovery (53.5% ± 9.2% to 56.9% ± 7.5%). The low levels of recovery 

were caused by the small dimensions, which were 45 cm x 48 cm x 55 cm and 55 cm x 

49 cm x 55 cm, and the polyurethane finish, which required a mix of teak qualities (B 

and C). This relationship resulted in the significantly lowest wood recovery rate (F-

value = 91.68) compared with the relationships between the large dimensions and teak 

oil, large dimensions and polyurethane, and small dimensions and teak oil (Table 4). 

The TV cabinet and dining table products had similar recovery rates (58.3% ± 15.8% 

to 59.9% ± 15.2%), while the table top and side cabinet products had higher recovery 

rates (63.3% ± 4.7% to 79.0% ± 11.7%) compared with the other products. These 

products had large dimensions and were made using quality A teak with a polyurethane 

finish. This interaction of three parameters resulted in a significantly higher recovery 

rate than the other interactions (F-value = 31.06). Although the sofa frame product also 

had large dimensions (71 cm x 82 cm x 144 cm), the product did not have the same 

recovery rate as the other large-dimension products (47.9% ± 14.5% to 48.6% ± 12.9%) 

because it was produced using mixed teak qualities (B and C) and was finished with 

polyurethane (F-value = 13.20). Despite the fact that the resawing and edging station is 

an initial machining station, the low wood recovery rate at this station was influenced 

by the removal of undesirable edges and defects, such as knots, sapwood, resin canals, 

and brittle heart. This result corresponded to Mitchell et al. (2005) and Wiedenbeck 

(2001), who stated that the considerations of the initial machining operations are related 

to the dimensions/design and quality of the utilised timber. 

The surface planing station achieved wood recovery rates for all of the products that 

were between 90.3% ± 2.7% and 96.4% ± 2.2%. This meant that when machining all 

of the furniture specimens at the surface planing station, the wood recovery rate was 
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between 90.3% ± 3.7% and 96.4% ± 2.2%. This station did not remove a high volume 

of wood from each product because it only addressed the surface of two or four sides 

of a specimen to provide a square finish before it was processed by a thickness planer. 

The rate of wood recovery at the thickness planing station was between 74.6% ± 12.9% 

and 90.9% ± 8.5% for all of the products. The wood recovery rate for all of the products 

at this station was critical as it could be influenced by the cutting bill and selection of 

sawn timber with an appropriate thickness. Therefore, the calculation of the thickness 

allowance from log conversion and drying processes was a major factor for limiting 

wood removal at the thickness planing station. The wood recovery rate of the end 

trimming process was between 71.9% ± 16.6% and 97.2% ± 2.6% for all of the 

products. 

Table 4. Analysis of the wood recovery rate according to the product specification 
parameters and station 

Parameter 
Statistical 
Analysis 

Method 

Station 

Resawing and Edging Trimming 

n t/F 
Subset group and Tukey’s 

HSD test 
n t/F 

Teak quality classes 

used (TQ) 

One-way 
ANOVA 

(F) 
61 48.87** 

AA; ABB; BCB; Tukey’s 

HSD = 6.22 
N.S. N.S. 

Product dimension 
(PD) 

t-test (t) 90 -8.29** N.A. 30 
-

11.26** 

Type of finish (TF) t-test (t) 60 -5.09** N.A. N.S. N.S. 

TQ x PD 
One-way 
ANOVA 

(F) 
60 31.06** 

Large dimensions: quality 
AA; quality ABA; quality 

BCB; Tukey’s HSD = 8.81 
N.S. N.S. 

TQ x TF 
One-way 
ANOVA 

(F) 
60 13.20** 

Polyurethane: quality AA; 
quality ABA; quality BCB; 

Tukey’s HSD = 7.49 
N.S. N.S. 

PD x TF 
One-way 
ANOVA 

(F) 
60 91.68** 

Large dimension and teak 
oilA; large dimension and 

polyurethaneB; small 
dimension and teak oilC; 

small dimension and 

polyurethaneC; Tukey’s HSD 
= 7.95 

N.S. N.S. 

TQ x PD x TF 

One-way 

ANOVA 
(F) 

30 31.06** 

Large dimension and 

polyurethane: quality AA; 
quality ABA; quality BCB; 

Tukey’s HSD = 8.81 

N.S. N.S. 

**significant at an α of 0.01 according to the Mann-Whitney t-test (t); for a given test, values followed 
by the same letter in the subset group did not differ significantly (α = 0.01) according to the one-way 
ANOVA (F); N.A. = not applicable; N.S. = not significant.
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Table 5. Total and individual wood recovery results (%) per product using the mass and volume methods 

Product Method 

Station 

Resawing 
and 

Edging 

Surface 
Planing 

Thickness 
Planing 

End 
Trimming 

Routing Mortising Moulding 
Gluing 

and 
Jointing 

Trimming Assembly Sanding 

Bedside 
table 1 

Mass 
Individual 

56.9 A 

7.5 B 

30 C 

90.3 
3.7 
30 

88.5 
3.8 
30 

71.9 
16.6 
30 

98.5 
0.4 
30 

94.4 
4.6 
30 

91.4 
3.1 
30 

100 
0 

30 

69.7 
1.5 
30 

100 
0 
8 

N.M. 

Total 56.9 51.4 45.5 32.7 32.3 30.4 27.8 27.8 19.4 19.4 N.M. 

Volume 
Individual 

56.0 
8.8 
30 

90.9 
3.8 
30 

86.6 
3.6 
30 

73.1 
16.8 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 56.0 50.9 44.1 32.3 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Table top 
1 

Mass 
Individual 

65.0 
5.7 
30 

94.6 
2.7 
30 

88.8 
2.7 
30 

N.A. 
98.4 
0.3 
30 

N.A. N.A. 
99.7 
0.1 
12 

95.9 
0.5 
12 

100 
0 
12 

N.A. 

Total 65.0 61.5 54.6 N.A. 53.8 N.A. N.A. 53.6 51.4 51.4 N.A. 

Volume 
Individual 

63.3 
4.7 
30 

96.4 
2.2 
30 

87.8 
2.2 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 63.3 61.0 53.6 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Bedside 
table 2 

Mass 
Individual 

53.5 
9.2 
30 

92.3 
5.6 
30 

84.9 
10.4 
30 

72.8 
6.9 
30 

96.4 
3.5 
30 

N.A. 
83.3 
10.8 
30 

92.1 
5.6 
30 

88.7 
2.9 
30 

100 
0 
8 

N.M. 

Total 53.5 49.4 41.9 30.5 29.4 N.A. 24.5 22.6 20.0 20.0 N.M. 

Volume 
Individual 

54.6 
9.4 
30 

94.6 
5.1 
30 

86.2 
9.7 
30 

70.2 
6.5 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 54.6 51.7 44.5 31.3 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Side 
cabinet 

Mass 
Individual 

69.7 
13.5 
30 

92.4 
4.9 
30 

80.0 
11.0 
30 

97.2 
2.6 
30 

N.A. N.A. N.A. N.A. N.A. 
100 
0 
12 

N.A. 

Total 69.7 64.4 51.5 50.1 N.A. N.A. N.A. N.A. N.A. 50.1 N.A. 

Volume Individual 
77.9 
14.6 
30 

92.6 
4.8 
30 

79.8 
14.0 
30 

89.9 
2.9 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. 
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Total 77.9 72.1 57.6 51.8 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Table top 
2 

Mass 
Individual 

79.0 
11.7 
30 N.M. 

74.6 
12.9 
30 

N.A. 
99.0 
0.1 
30 

N.A. N.A. 
96.0 
0.8 
15 

99.5 
0.2 
15 

100 
0 
15 

N.A. 

Total 79.0 58.9 N.A. 58.3 N.A. N.A. 56.0 55.7 55.7 N.A. 

Volume 
Individual 

75.3 
12.3 
30 N.M. 

83.8 
11.8 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 75.3 63.1 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

TV 
cabinet 

Mass 
Individual 

58.3 
15.9 
30 

94.8 
3.9 
30 

88.3 
11.7 
30 

87.9 
6.5 
30 

N.A. 
93.6 
5.1 
30 

N.A. 
94.8 
0.3 
30 

N.A. 
100 
0 
10 

94.8 
0.3 
10 

Total 58.3 55.2 48.8 42.9 N.A. 40.1 N.A. 38.0 N.A. 38.0 36.1 

Volume 
Individual 

59.0 
15.8 
30 

91.7 
3.9 
30 

90.9 
8.5 
30 

92.0 
5.2 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 59.0 54.1 49.2 45.3 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Dining 
table 

Mass 
Individual 

59.9 
15.2 
30 

95.0 
1.6 
30 

89.2 
6.8 
30 

N.A. 
99.2 
0.1 
30 

80.0 
10.8 
30 

N.A. 
98.6 
0.2 
8 

N.A. 
100 
0 
8 

N.A. 

Total 59.9 56.9 50.7 N.A. 50.3 40.3 N.A. 39.7 N.A. 39.7 N.A. 

Volume 
Individual 

58.7 
15.3 
30 

96.9 
1.9 
30 

88.5 
6.5 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 58.7 56.9 50.3 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Sofa 
frame 

Mass 
Individual 

48.6 
12.9 
30 

94.2 
3.7 
30 

90.2 
6.0 
30 

87.9 
6.0 
30 

95.2 
2.2 
30 

95.1 
3.3 
30 

N.A. N.A. N.A. 
100 
0 
8 

N.M. 

Total 48.6 45.8 41.3 36.3 34.6 32.9 N.A. N.A. N.A. 32.9 N.M. 

Volume 
Individual 

47.9 
14.5 
30 

95.6 
3.9 
30 

90.4 
6.1 
30 

86.7 
6.6 
30 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Total 47.9 45.8 41.4 35.9 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

N.A. = not applicable; N.M. = not measured; A = average wood recovery rate (%); B = standard deviation; C = number of specimens measured 
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Table 6. Average total wood recovery rate (%) and individual wood recovery rates for all of the products (%) per station 

Method 

Station 

Resawing 
and 

Edging 

Surface 
Planing 

Thickness 
Planing 

End 
Trimming 

Routing Mortising Moulding 
Gluing 

and 
Jointing 

Trimming Assembly Sanding 

Mass 
Individual 

61.5 A 

17.3 B 

240 C 

93.4 
6.1 
210 

87.2 
12.5 
240 

83.6 
12.1 
150 

97.8 
1.2 
180 

90.8 
8.2 
120 

87.4 
9.4 
60 

96.5 
3.5 
125 

88.5 
10.6 
57 

100 
0 
81 

94.8 
0.3 
10 

Total 61.5 57.4 50.0 41.8 40.9 37.1 35.8 31.7 27.7 27.7 26.2 

Volume 
Individual 

61.6 
18.3 
240 

94.1 
5.9 
210 

87.2 
12.2 
240 

82.4 
12.1 
150 

N.A. N.A. N.A. N.A.  N.A. N.A. N.A. 

Total 61.6 58.0 50.5 41.6 N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

A = average wood recovery rate (%); B = standard deviation; C = number of specimens measured, N.A. = not applicable 
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After the first four machining stations, the remaining machining operations formed the 

specimens into various furniture components using the routing, mortising, moulding, gluing 

and jointing, trimming, assembling, and sanding stations. The use of these stations depended 

on the furniture component type; therefore, not every station was involved in producing a 

product. The wood recovery rate at the routing station was between 98.4% ± 0.3% and 99.2% 

± 0.1%. The routing station was required to produce the bedside table, table top, and dining 

table products, but was not required for producing the cabinet products. The wood recovery 

rate of the routing station was relatively similar for all of the products, and was a representation 

of all of the furniture manufacturing stations. 

The mortising station had a wood recovery rate between 80.0% ± 10.8% and 95.1% ± 3.3%, 

and generated the bedside table, TV cabinet, dining table, and sofa frame products. A wood 

recovery rate between 83.3% ± 10.8% and 91.4% ± 3.1% was determined for the moulding 

station. The wood recovery rate at the gluing and jointing station ranged from 94.8% ± 0.3% 

to 100%. All of the products required the gluing and jointing station, except for the side cabinet 

and sofa frame products. The trimming station had a wood recovery rate that ranged from 

69.7% ± 1.5% to 95.9% ± 0.5%. The wood recovery rate for the individual products at the 

trimming station varied significantly, where the large products had higher wood recovery rates 

compared with the small products (t-value = -11.26). This was determined from the wood 

recovery rates from the bedside tables and table tops. The wood recovery rate of the assembling 

process was 100% because there was no removal of wood during this stage. The wood recovery 

rate at the sanding station was 94.8% ± 0.3%, which was recorded from the production of the 

TV cabinets. 

The total percentages of the wood recovery rates of the bedside table 1 and bedside table 2 

products were 19.4% and 20.0%, respectively. Manufacturing of bedside table 1 involved ten 

stations, while bedside table 2 manufacturing involved nine stations. These rates were the 

lowest total wood recovery rates among all of the products examined, and these products were 

made from teak qualities B and C. These were also classified as small products. Another 

product made with the same teak qualities, but had larger dimensions than the bedside tables, 

was the sofa frame, where the wood recovery rate was 32.9% and involved seven stations. The 

wood recovery rates of the table top 1, table top 2, and side cabinet were 51.4%, 55.7%, and 

50.1%, respectively. These products were manufactured using teak quality A. Interestingly, 

although the TV cabinet and dining table products were produced using teak quality A, the 

wood recovery rates of these products were lower than those for the table top and side cabinet 
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products, which were 38.0% and 39.7%, respectively. This was because the recovery rates of 

the TV cabinets and dining tables at the resawing and edging station were lower, and were 

similar to other lower-recovery products. 

An Anderson-Darling test, test of equal variance, and two-sample t-test were performed to test 

the difference between the wood recovery rates measured by the volume and mass methods. 

When the data was normal, whether the variance was equal or non-equal, a two-sample t-test 

was applied. For the non-normal data and when the variance was equal, a two-sample Mann-

Whitney test was applied. When the variance was not equal for the non-normal data, the 

Kruskal-Wallis test was performed. The normal and non-normal data were analysed using 

histograms and descriptive statistics. 

There was no significant difference (P> 0.05) between the volume and mass methods employed 

in the assessment of the wood recovery rate in the furniture manufacturing process. Both the 

mass and volume methods could be used for assessing the wood recovery rate at four stations: 

the resawing and edging, surface planing, thickness planing, and end trimming stations (see 

Table 4). At these stations, the rectangular shape of the furniture specimens was created and 

could be measured using the volume method. The volume method could not be applied when 

measuring specimens with curved, bent, rounded, or irregular shapes, or cavities. These were 

processed at the routing, mortising, moulding, gluing and jointing, and final trimming stations. 

The mass method could be used for measuring the wood recovery rate at all of the furniture 

manufacturing stations as this method can be applied to a wide variety of specimen shapes. 

When applying the mass method, the average time to weigh each specimen, capture the data, 

and record the data manually was 0.3 min. This process was very fast and efficient. When 

applying the volume method, 1.1 min was required on average to measure the L of a specimen 

at one point, and W and T at three points each. Only one data point per specimen was recorded 

using the mass method, while seven data points were recorded using the volume method. The 

seven data points could be used to control dimensional variations between and within the 

measured specimens. However, the precision of the data using both methods, i.e. the standard 

deviation, were not significantly different. Using scanning or sensor technologies for assessing 

dimension to calculate the wood recovery rate could be applied (Cumbo, 1999), but it requires 

substantial capital investment for an Indonesian small and medium sized furniture making 

enterprises. Ultimately, considering the pace and efficiency of the data collection for measuring 

the specimens manually during active production processes, it was concluded that the mass 

method is more suitable than the volume method. 
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When measuring the inputs and outputs to assess the wood recovery rate at a station, apart from 

the processed specimens, usable offcuts were also considered and measured. This allowed for 

the examination of the wood recovery rates of the usable offcuts kept from previous processes. 

Therefore, these examination rates could increase the wood recovery rate itself. 

The average total wood recovery rate for the 11 stations in company A was 26.2%, which was 

based on the mass method (Table 6). This was lower than the results of the previous research 

conducted by Nainggolan et al. (2007a) in Indonesia, which stated that the wood recovery level 

in the Indonesian furniture manufacturing industry is 38%. However, that study did not explain 

the method used for assessing the wood recovery rate. The resawing and edging, thickness 

planing, and end trimming stations recorded lower individual wood recovery rates than the 

remaining processes, which were 61.5% ± 17.3%, 83.6% ± 12.1%, and 87.2% ± 12.5%, 

respectively. These lower results for the average total wood recovery rates were followed by 

wood recovery rates at the moulding and trimming stations that were 87.4% ± 9.4% and 88.5% 

± 10.6%, respectively. Comparing the average total and individual wood recovery rates for the 

first four stations, both the mass and volume methods measured wood recovery rates with the 

same standard deviation. The results were also similar to the overall and individual wood 

recovery rate results per product (Table 4), which revealed no significant differences between 

the volume and mass methods. 

A furniture production system involving a different number of furniture making stations and 

various products might result in various wood recovery rates. Therefore, the number of stations 

and products used could change the recovery rates between different furniture companies. The 

wood recovery rate assessment applied in the batch production system, where a type of product 

is manufactured by a specific furniture maker, and continuous production system would also 

be different. These variables will be determined in upcoming validation studies conducted in 

other furniture companies. However, the methodology of the specimen measurement, data 

collection, and calculation of the wood recovery rate would principally be the same as that of 

the method proposed in this paper. 

2.3.2. Analysis of the Wood Recovery Rate Assessment Method 

An MSA was performed to validate the wood recovery rate assessment protocol. The analyser 

involved gage repeatability and reproducibility (R&R) analysis (crossed) and control charts for 

validating the proposed methods for the wood recovery rate assessment. The investigated 

parameters of the MSA were: 1) the specimen (i.e. five sawn boards); 2) operator (three 

workers); and 3) repeatability (five repetitions for each operator to measure similar specimens). 
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The measurement was conducted by blind and random testing at the resawing and edging 

station. 

For the volume method (Fig. 3), the wood recovery rate measurement system and the 

interaction between the system and operator were significant (P < 0.05). Meanwhile, the 

significant metric of the wood recovery rate measurement system for the mass method was the 

system itself (P < 0.01). This meant that when employing the volume method for assessing the 

wood recovery rate in the furniture making process, instead of the measurement system, the 

interaction between the system and operator had to be considered. 

 

 

 
Figure 3. Contribution of the variance component, percent total variation, and standard 

deviation of the wood recovery rate measurement metrics for both the volume (a) and mass 
(b) methods 
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According to the Automotive Industry Action Group (2010) on gage standards, the contribution 

of the variance component of the volume method was 9.3%, where the method was categorised 

as a marginal system (< 10%). Meanwhile, the contribution of the variance component of the 

mass method was 2.7%, where the method was categorised as an acceptable system (< 4%). 

Both the volume and mass methods had low standard deviations (< 2.5). In the present study, 

the total variation was 10% to 30%. 

 

 

Figure 4. R-chart by the operator of the wood recovery rate measurement system 
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(0.8) of the gage variation (Fig. 3). Similar results were obtained when applying the mass 

method; the contribution of the variance component (97.3%), total variation (98.6%), and 

standard deviation (2.2) of the part variation were larger than the contribution of the variance 

component (2.7%), total variation (16.5%), and standard deviation (0.4) of the gage variation. 

This suggested that the gage system of the wood recovery rate measurement method using both 

the mass and volume methods in the furniture manufacturing process is reliable, reproducible, 

and repeatable. Therefore, it was concluded that corrective action for the wood recovery rate 

assessment system is not required. 

The consistency of the wood recovery rate measurement conducted by the operators is depicted 

in Figure 4. When the operators assessed the wood recovery rate using the mass method, the 

differences between the largest and smallest measurements on each specimen measured by 

each operator were smaller (1.72) compared with those for the wood recovery rate assessment 

using the volume method (3.51). The average difference in the wood recovery rate 

measurements using the mass method was 0.81, while it was 1.66 for the volume method with 

a plotted point that exceeded the upper control limit. This means that the chart indicates an 

inconsistent measurement of the wood recovery using the volume method. Moreover, the 

variation in the wood recovery rate measurement among the specimens and operators using the 

mass method was smaller compared with that when using the volume method. 

2.4. Conclusion 

a. It was found that the application of a machining station approach, with the measurement of 

30 specimens at each station, was a simple and effective protocol for wood recovery rate 

assessment during furniture production. When employing the mass and volume methods to 

measure the wood recovery rate, the most reliable and practical method was the mass 

method. The mass method could be used for measuring the wood recovery rate of a wide 

range of furniture specimen shapes across all of the furniture manufacturing stations if the 

whole process is under control. However, the volume method can provide information 

regarding the variation between and within each measured piece. The measurement process 

using the mass method was also very fast and efficient. Based on the statistical analysis, 

there was no significant difference between the volume and mass methods. However, the 

volume method could only be used for assessing the wood recovery rate at the first four 

stations, which were the resawing and edging, surface planing, thickness planing, and end 

trimming stations. For individual specimens and total wood recovery rates per product and 

per station, a significant difference in the wood recovery rate occurred only at the resawing 



Page 65 of 151 

 

and edging, and trimming stations, where the removal of a large proportion of wood was 

sometimes required. 

b. Based on the mass method, the average total wood recovery rate for the 11 furniture 

manufacturing stations of company A was 26.2%. The resawing and edging, thickness 

planing, and end trimming stations recorded lower levels of individual wood recovery rates 

than the remaining processes, which was followed by the recovery rates of the moulding 

and trimming stations. The relationship between the teak quality, product dimensions, and 

type of finish was significantly different, where the quality A teak, large dimensions, and 

polyurethane finish resulted in a higher wood recovery rate compared with the other 

parameter combinations. 

c. Based on the MSA, both the volume and mass methods for the wood recovery rate 

measurement were applicable, reproducible, and repeatable because the percent 

contributions of the variance component of the gage R&R for both methods were smaller 

than for the part variation. However, the wood recovery rate measurement system and the 

interaction between the system and operator when using the volume method were 

significant. Therefore, the interaction between the system and operator should be 

considered. Meanwhile, the significant metric of the wood recovery rate measurement 

system using the mass method was the system itself. Furthermore, the mass method 

appeared to be the most acceptable system because the percent contribution of the variant 

components was between 1% and 4% (2.71%), which was in accordance with the 

Automotive Industry Action Group standards. Additionally, the R-chart by the operators 

from the mass method was more stable than the one from the volume method. 
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Abstract 

Enhanced wood recovery mirrors a successful wood manufacturing operation. Studies of wood 

recovery in secondary wood processing, however, are scarce, particularly in furniture 

manufacturing. Although recovery rates are under continuous surveillance using sophisticated 

technology, this attempt would be challenging, especially for small and medium sized furniture 

enterprises, as the capital investment in such technology would be substantial. This will hinder 

the possibility for the improvements in production efficiency of the furniture industry. A 

methodology of wood recovery assessment in the furniture industry has been developed and 

proposed but has not been validated with a cellular production system, a different layout 

process and distinctive machinery, species, and other customer requirements. The objective of 

this study is to assess the wood recovery protocol individually used in batch and cellular 

production systems, followed by examining the wood recovery of furniture manufacturing in 

these distinct production systems. Two Indonesian medium sized furniture companies which 

individually operates batch and cellular production systems were employed and two methods, 

mass and volume, were used for assessing wood recovery at each furniture making station. 

There was a significant difference in cumulative wood recovery rates between batch and 

cellular production systems. Based on species and product dimension, the average individual 

and cumulative wood recovery rates of furniture manufacturing resulted in a significant 

difference at the resawing and edging station. Large dimension product recorded higher wood 

recovery level than small dimension product. The wood recovery rates at the resawing and 

edging, surface planing, thickness planing, and trimming stations were mostly influenced by 

species, the quality of sawn timber, and cutting bills. Meanwhile, the wood recovery at other 

stations was affected by product dimension and design. The mass method was the most 

acceptable method according to the measurement systems analysis. 
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3.1. Introduction 

Wood recovery is one of the critical applicable efficiency metrics for measuring the number of 

wood products generated from the amount of timber utilised in wood manufacturing industries 

(Huber et al., 1985). Wood recovery is commonly interpreted as an input and output ratio of 

lumber. Improved wood recovery reflects a successful wood manufacturing operation as the 

improvement enhances margin through diminishing production costs by minimizing raw 

material expenditure and increasing production capacity (Buehlmann et al., 2003; Buehlmann 

et al., 2011). 

Furniture production, which comprises multiple wood machining steps, should be assessed on 

its recovery. Indeed, it is an essential evaluation for furniture manufacturers generating high 

value-added furniture products (Motsenbocker, 2005). The assessment can help monitor 

efficiency and productivity to increase profit. However, studies of wood recovery in secondary 

wood processing are scarce, particularly in furniture manufacturing, compared to primary wood 

processing, such as sawmilling (Missanjo & Magodi, 2015; Steele, 1984; Wenshu, 2011) and 

veneer production (Fahey & Richard, 1982; McGavin, 2014; Olufemi, 2012). Although 

recovery rates are under continuous surveillance and improvement using sophisticated 

technology (i.e. sensors, X-ray scanning systems), this attempt would be challenging, 

especially for small and medium sized furniture enterprises, as the capital investment in such 

technology would be substantial. This most certainly limits the possibility for the 

improvements in production efficiency of the furniture manufacturing industry. Ultimately, a 

simple and effective method to assess wood recovery which considers the pace and efficiency 

of wood recovery measurement and data collection, especially during active production 

processes, is immediately desired by small and medium sized furniture producers. 

A methodology of wood recovery assessment has been proposed by Prasetyo et al., (2018). 

The methodology was developed in a medium sized furniture manufacturing company which 

operates a batch production system, where a worker had a duty and remuneration to 

manufacture a certain volume of furniture products within a specific timeframe. However, the 

methodology has not been incorporated with a cellular production system. A cellular 

production system involves a series of flowing machining processes, where the product or 

component is processed from a machining station to the next stations throughout the entire 

required machining stations. A different layout process and distinctive machinery influence 

production and technology capabilities (Suzic et al., 2012). The wood recovery assessment 

protocol for the cellular furniture production system needs to be validated to fine-tune detailed 
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stages within the protocol. Moreover, a technical validation of the methodology is required on 

its use in other furniture companies having different machinery, species, other customer 

requirements affecting product specification, and the cutting bill. These factors have an 

influence on wood recovery. A measurement systems analysis (MSA) validates recovery 

metrics and wood recovery measurement method to control the quality of data collection 

(Automotive Industry Action Group, 2010). Ultimately, the comparison of wood recovery 

assessment method in batch and cellular furniture production systems contributes to the 

immediate interests of furniture manufacturers. This validation is an important element in 

ensuring the wood recovery assessment methodology reliable and widely implemented in the 

furniture manufacturing industry worldwide. 

The present study was part of a research project aimed at improving the production efficiency 

of the furniture manufacturing process by developing a simple and efficient wood recovery 

assessment protocol. Therefore, the aims of this study were: (1) to assess the wood recovery 

protocol used in two companies, which individually operated a batch production system and a 

cellular production system; (2) to examine and compare the wood recovery of furniture 

production in these distinct production systems; and 3) to adjust the proposed methodology 

based on the additional parameters of production methods. 

3.2. Materials and Methods 

3.2.1. Selection of the wood furniture manufacturing companies 

Two representative medium sized wood furniture manufacturing companies in the Jepara 

region of Central Java Province, Indonesia, were randomly selected for the study, subsequently 

referred to as the ‘batch’ company (operating a batch production system), and the ‘cellular’ 

company (operating a cellular production system) (Table 7). The selection criteria were 

medium sized companies employing between 20-99 workers (BPS, 2016), an in-house 

furniture production, the use of plantation-grown timber, and a willingness to be part of the 

research project and implement recommendations from the study. 

The batch furniture company operates a batch furniture production system where each worker 

produces a certain volume of a specific furniture product. The worker operates a machining 

station individually throughout all required machining stations (from the resawing and edging 

station to the assembling stations). The cellular furniture company operates a production 

system in which each worker operates a machinery to manufacture component or product with 
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a specific task. A component or product is thus processed from one machining station to the 

next stations throughout the series of machining stations required. 

Table 7. Medium sized furniture company profiles 

Profile Batch Company Cellular Company 
Production capacity, per 
month: 
- Number of containers 
- Volume, m3 

 
 
5 

270 

 
 
2 
70 

Type of furniture product Indoor Indoor and 
customisation1 

Wood species utilised Mango (Mangifera indica) 
Mahogany (Swietenia mahogany) 

Teak (Tectona grandis) 

Teak (Tectona grandis) 
White oak (Quercus 

alba) 
Number of employees 83 63 
Export destinations USA, Denmark, and France Taiwan, Hong Kong, 

Singapore, Middle East, 
and France 

1 = customisation: indoor products with specific dimensions based on customer requirements. 

3.2.2. Wood recovery assessment 

3.2.2.1. Production current furniture processes 

In the batch company, 2 types of headboard products made from mango (Mangifera indica) 

and mahogany (Swietenia mahogany) timbers with distinctive designs were examined (Table 

8). The headboard production represented the entire furniture production process as all 

furniture making stations were involved. Each machining station in the headboard 

manufacturing process was assessed. A detailed batch production layout of headboard products 

and specimen flows was created. The wood recovery assessment of a batch production system 

based on a type of product manufactured by a specific skilled worker was conducted by 

following the movement of the worker and the specimen. 

In the cellular company, a total of 4 products was investigated: 2 types of chair, a bed frame, 

and a sofa frame (Table 8). The manufacturing processes of these products represented the 

entire furniture manufacturing process as all furniture manufacturing stations were used. Each 

machining station of the furniture manufacturing process was assessed for wood recovery. As 

the cellular company implemented a cellular production system, wood recovery measurement 

was conducted by following the movement of specimens processed from one machining station 

to the next stations, throughout the series of machining stations required, while the worker’s 

movement was ignored. A detailed batch production layout of the products and specimen flows 

was created. 
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Table 8. Specifications of furniture products examined at the batch and cellular companies 

Company 
Type of 
product 

Dimension, 
D/T x W x L, cm 

Species Type of finishing 

Batch 
Headboard 1 7x205x138 Mango Coloured polyurethane 

Headboard 2 7x205x138 Mahogany Coloured polyurethane 

Cellular 

Chair 1 44x45x84 Teak Polyurethane 

Bed frame  170x210x110 Teak Polyurethane 

Sofa frame 185x74x60 Teak Polyurethane 

Chair 2 57x53x79.5 White oak Oil 
D: depth; T: thickness; W: width; L: length 

The furniture production in the batch company began at the resawing and edging station, which 

was comprised of a small headband saw and a circular saw (Fig. 5). At this station, a dry rough 

sawn timber was converted into pieces of furniture specimen according to a cutting bill. Edging 

and parallel to the grain-cutting operations were accomplished using the small band saw, 

whereas cross-cutting was manufactured using the circular saw. The following station was the 

surface planing station 1, where the two sides of the specimens were machined to be evenly 

flat and truly square. This operation anticipated an over-planning action due to the drying 

defects of timber, such as bowing, cupping, diamonding, etc. The two flat and square sides of 

the specimens were used to be guiding sides to plan the thickness in the thickness planing 

station. The square specimens were then planed in the thickness planing station to create a 

consistent and similar thickness. After gaining a consistently desired thickness, the specimens 

were planed back into the surface planing 2 to create the other unplaned sides of specimens flat 

and square. This operation was also the final checking for squareness before being glued and 

jointed. The mortising/jointer, gluing, and jointing processes were then incorporated with the 

assembling process in a closed area. In these processes, large dimension specimens were made 

using end or side-gluing techniques, and then the specimens were planed using a master planer. 

For making the desirable dimension of specimens, the end-trimming station was employed 

before sending these specimens to the assembling station. After the furniture components had 

been assembled, the furniture parts requiring carving were then carved using handy carving 

tools and a manual carving operation. The sanding station was the final station before going 

out to the finishing department. 

The first 4 furniture making stations and the functions of these stations in the cellular company 

were basically similar to the batch company, but there was only one surface planing station in 

the cellular company (Fig. 6). The surface planing process flattened 4 sides evenly and square 

at the same time. After the specimens had been trimmed at the end trimming station, the 
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specimens were processed at the tenon, mortise or spindle moulding station, depending on the 

design of products. A tenon produces a tongue, while a mortise creates a cavity. These stations 

were employed to make a mortise and tenon joint connecting two furniture specimens. A 

spindle moulder was used to create decorative edges, long connectors, and bend shapes. All 

specimens were then processed in the gluing and jointing station to generate large dimension 

specimens and assemble the furniture components. Products from furniture specimens using 

connectors, joints, and gluing techniques were constructed at the assembling station. Finally, 

rough furniture products were sanded before going to the finishing station. 

3.2.2.2. Data Collection 

The quality and dimension of sawn boards utilised for the wood recovery study were assessed 

using Indonesian National Standards, SNI.7539.1.2010 (SNI, 2010a) and SNI.7537.2.2010 

(SNI, 2010b). The moisture content was determined based on the Australian and New Zealand 

standard AS/NZS 4787 (2001) using a resistance moisture meter. 

A minimum of 30 specimens were measured per station. Each individual component was 

marked and tracked along the manufacturing process. Batch measurements in the batch and 

cellular production systems involved measuring a number of specimens machined together at 

each processing station. The specimens were then conveyed to the next station. Input and 

output were measured for each processing station, except for the gluing and jointing station. 

 

 

Figure 5. Production layout of batch company: 1: edging; 2: resawing; 3 surface planning 1; 4 
thickness planning; 5: surface planning 2; 6: mortising and jointer; 7: gluing and jointing; 8: 

master thickness planning; 9: end trimming; 10: carving and assembling; 11: sanding 
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Figure 6. Production layout of cellular company: 1: edging; 2: resawing; 3 surface planning 
1; 4 thickness planning; 7: gluing and jointing; 9: end trimming; 10: carving and assembling; 

11: sanding; 12: spindle moulding; 13: tenon; 14 mortise 

Two measures were used for the input and output at each station; namely, volume and mass 

measures (Table 9). For volume, three dimensions were measured on every specimen: 1) 

Length (L) (cm); 2) Width (W) (cm); 3) Thickness (T) (mm). L was measured at one position, 

in the middle of the widest section of a specimen. W and T were measured at three positions, 

one measure at each end and another in the middle. Mass measurement was conducted using a 

standard balance (±0.1 kg) with specimens being weighed before and after each processing 

station. When output measurements were undertaken to quantify processed specimens, usable 

offcuts were also collected and included if they were then further utilised. Standard deviation 

of wood recovery rates and a measurement systems analysis (MSA) involving specimens, 

workers, and measurement repeatability were used for maintaining quality control of data 

collection. 

The formula for calculating recovery rate of a specimen using volume and mass methods at 

every processing station is defined as follows: (adapted from USDA (2014)) 

���,�,�,…,�	= 
Volume output S1,2,3,…,n

Volume input S1,2,3,…,n
x 100       (6) 

���,�,�,…,�	= 
Mass output S1,2,3,…,n

 Mass input S1,2,3,…,n
x 100              (7) 

where: 

Rv   = recovery rate using volume method (%) 

Rw   = recovery rate using mass method (%) 
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S1,2,3,…,n = specimen 1,2,3, etc. 

The calculations of average recovery rate of n specimens using volume and mass methods at 

one processing station are respectively: 

���	� = 	
∑ ��
�
���

�
          (8) 

���	� = 	
∑ ��
�
���

�
          (9) 

where: 

RAv V = average recovery using volume method (%) 

RAv W = average recovery using mass method (%) 

n = the number of specimens 

The calculation of the overall rate of all processes using volume and mass methods with an 

assumption that the furniture manufacturing stations are cross cutting (c), edging (e), planning 

(p), shaping (h) and sanding (a), is as follows: (USDA, 2014) 

� = 	��	�	��	�	��	�	��	�	��        (10) 

where: 

R : the cumulative recovery rate at furniture manufacturing process (%) 

All data collected was analysed using Sigma XL Version 8 software (SigmaXL Inc., Kitchener, 

Canada) for graphical and statistical analysis, and using a measurement system analysis (MSA) 

method. An Anderson-Darling test, test of equal variance, and a two-sample t-test were 

performed to test the difference between the wood recovery rates measured by the volume and 

mass methods. This statistical procedure was also applied to analyse the standard deviations 

for each method to the cumulative and individual wood recovery rate results per product and 

the average individual and cumulative wood recovery rates for the first four stations. When the 

data was normal, whether the variance was equal or non-equal, a two-sample t-test was applied. 

For the non-normal data and when the variance was equal, a two-sample Mann-Whitney test 

was applied. When the variance was not equal for the non-normal data, the Kruskal-Wallis test 

was performed. The normal and non-normal data were analysed using histograms and 

descriptive statistics. 
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Table 9. The procedure for quantifying output from input 

Input Station Output Scenario Measurement 

A sawn 
board or a 
specimen 

Edging and resawing (1 & 2), and 
end trimming (9) 

2 specimens 
L, W 2 specimens and 1 offcut 

1 specimen and 1 offcut 
Surface planing (3 & 5),  

thickness planing (4), master 
thickness planing (8) 

1 specimen W and T 

Tenon and mortise (13 & 14), 
moulding (12), gluing and jointing 
(7), carving and assembling (10), 

and sanding (11) 

Irregular shape 
specimens 

Weighing 
specimens 

L: length; W: width; T: thickness 
 

3.3. Results and Discussion  

3.3.1. The case study of the batch company 

As the batch company utilised mango and mahogany timbers harvested from farm and 

agroforestry, there was no Indonesian standard of sawn timber for these species. Indeed, the 

local saw millers that converted these timbers into sawn boards were not aware of the 

application of any standard to their sawn boards. 

Table 10 depicts the wood recovery rate assessment of the two types of furniture products 

produced by the batch company at every station using the mass and volume methods. Every 

method has two calculations: individual and cumulative calculations. The individual 

calculation is the calculation of average recovery rate of n specimens per station, while the 

cumulative calculation is the multiplication of wood recovery rates from all stations involved 

in the process. The resawing and edging station used two types of saw, a small band saw and a 

circular saw. The use of the two saws depended on the defect and size of sawn timber to 

maximise wood recovery. The station had the lowest wood recovery rates of all of the stations, 

no matter which products and species were processed. When looking at the individual products 

and species, the wood recovery rate of the headboard 1 (mango) at the resawing and edging 

station ranged from 67.3 % ± 16.7 % to 77.1 % ± 17.0 %, which is the lowest rate among all 

stations. This low wood recovery rate was then followed by the rates generated by the first 

thickness planing, end trimming, and the second surface planing stations, and this result is 

similar to a study conducted by Prasetyo et al. (2018). For the headboard 1 product, the second 

surface planing was required in order to machine the specimens square due to the 

characteristics of mango sawn boards having wane or being unsquared (diamond defect). This 
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station generated a low recovery (86.4 % ± 2.6 %), followed by mortising or routing, carving, 

and first surface planing stations, which were 90.0 % ± 1.6 %, 91.0 % ± 3.4 %, and 92.5 % ± 

6.4 %, respectively. The sanding and the second thickness planing required after the jointing 

and gluing, and the assembly stations did not remove a high volume of wood. 

For the headboard 2 (mahogany), the lowest wood recovery rate was gained by the second 

thickness planing station (52.0 % ± 12.8 %). The station dressed the surface of the specimens 

after being glued and joined together. As the surface of mahogany sawn boards was wavy due 

to improper drying, the second planing station dressed a high volume of wood. The second 

highest wood recovery rate was the resawing and edging station (74.0 % ± 14.7-14.8 %), 

followed by end trimming and the first surface planing, which were 74.3% ± 8.7% and 81.3 % 

± 10.8 % to 88.3 % ± 9.8 %, respectively. The thickness planing, mortising, carving, assembly, 

sanding and jointing and gluing stations generated high recovery rates. 

The average cumulative wood recovery rate for the 11 stations in the batch company was 23.7 

%, which was based on the mass method (Table 11). The result was much lower compared to 

a study conducted by Prasetyo et al. (2018). In that study, three qualities of teak utilised in a 

batch furniture making company resulted in 26.2 % of the average cumulative wood recovery 

rate. The result from the current study was also lower than the result recorded in a study 

conducted by Nainggolan et al. (2007) in Indonesia, which recorded 38 % of the wood recovery 

level in the Indonesian furniture manufacturing industry. The resawing and edging, the second 

thickness planing, and end trimming stations recorded lower individual wood recovery rates 

than the remaining stations, which were 70.7 % ± 15.8 % to 75.6 % ±15.9 %, 75.0 % ± 7.3 %, 

and 77.7 % ± 8.7 %, respectively. These lower results for the average cumulative wood 

recovery rates were followed by wood recovery rates at the first and second surface planing, 

and the first thickness planing stations that were 86.9 % ± 8.6 % to 89.2 % ± 8.0 %, 86.4 % ± 

2.6 % to 88.9 % ± 2.9 %, and 86.6 % ± 4.9 % to 87.5 % ± 4.1 %, respectively. There was no 

significant difference (P > 0.05) between the volume and mass methods and the standard 

deviations of each method employed in the assessment of the wood recovery rate in the 

furniture manufacturing process. This statistical result was similar to the result of wood 

recovery assessment methodology proposed and developed by Prasetyo et al. (2018). 

3.3.2. The case study of the cellular company 

The quality of the sawn teak timber did not meet the criteria of SNI 7539.1:2010 (2010) as the 

teak logs were converted into rough sawn timber without applying the SNI standards. No 

standard was also performed for white oak. This case was similar to the wood quality 
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assessment conducted by Prasetyo et al. (2018). The sawn teak boards were then assessed 

according to the grading standard of the cellular company derived from the customer 

requirements. The grade of teak was classified as quality B (≤ 2.5-mm knots, a medium 

proportion of sapwood (≤ 40 %), no decay, small oil canal, and non-uniform colour). 

The resawing and edging station used small band saws and a circular saw to optimise initial 

converting process. The station generated the lowest wood recovery rate of all of the stations, 

no matter which product was manufactured, and ranged from 52.9 % ± 9.6 % to 71.3 % ± 9.1 

% (Table 12). Looking at the individual products, the products made from teak, such as the 

chair 1 and the sofa, had lower recovery rates at the resawing and edging station than the chair 

2 made from white oak. This represented the quality of teak and white oak utilised, where the 

quality of white oak was higher than the quality of teak. 

For the chair products, the resawing and edging station achieved the lowest wood recovery rate 

for both chair 1 and chair 2, which ranged from 52.9 % ± 9.6 % to 64.5 % ± 9.9 % and from 

69.5 % ± 8.8 % to 71.3 % ± 9.1 %, respectively. This was followed by the thickness planing 

and spindle moulding stations, which gained wood recovery of 83.3 % ± 2.8 % to 82.8 % ± 2.7 

% and 84.5 % ± 4.5 %, respectively for chair 1, and 80.1 % ± 11.2 % to 81.3 % ± 11.0 % and 

85.4 % ± 6.1 %, respectively for chair 2. High rates of wood recovery rates were achieved for 

both chairs at the rest of the stations. 

The manufacturing of specimens of the bed frame product started at the thickness planning 

station because the specimens of the required dimension were produced in the saw mill. The 

design of the bed frame and the sofa frame was simple and based on the product dimension, it 

was categorised as a large dimension product. 
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Table 10. Individual and cumulative wood recovery results (%) per product of the batch company 

Product Method 

Station 
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Headboard 
1 (Mango) 

Mass 
Individual 

77.1 A 

17.0 B 

30 C 

92.5 
6.4 
30 

80.2 
3.7 
30 

86.4 
2.6 
30 

90.0 
1.6 
30 

100 
0 
30 

98.0 
1.7 
30 

81.0 
8.7 
30 

100 
0 
30 

91.0 
3.4 
30 

98.0 
2.8 
30 

Cumulative 77.0 71.2 57.1 49.3 44.4 44.4 43.5 35.2 35.2 32.1 31.4 

Volume 
Individual 

67.3 
16.7 
30 

90.0 
6.2 
30 

83.0 
3.9 
30 

92.0 
2.9 
30 

N.A. 

Cumulative 67.3 60.6 50.3 46.3 

Headboard 
2 

(Mahogany) 

Mass 
Individual 

74.0 
14.7 
30 

81.3 
10.8 
30 

94.8 
4.5 
30 N.A. 

93.0 
4.6 
30 

100 
0 
30 

52.0 
12.8 
30 

74.3 
8.7 
30 

99.0 
0.3 
30 

93.0 
1.5 
30 

98.0 
1.4 
30 

Cumulative 74.0 60.2 57.0 53.0 53.0 27.6 20.5 20.3 18.9 18.5 

Volume 
Individual 

74.0 
14.8 
30 

88.3 
9.8 
30 

90.1 
5.8 
30 N.A. 

Cumulative 74.0 65.3 58.9 
N.A. = not applicable; A = average; B = standard deviation; C = number of specimens 
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Table 11. Average individual wood recovery rates (%) and cumulative wood recovery rates for the headboard products (%) per station of the batch 
company 

Method 

Station 
Resawing 

and 
Edging 

First 
Surface 
Planing 

First 
Thickness 
Planing 

Second 
Surface 
Planing 

Mortizing/ 
Routing 

Jointing 
and 

Gluing 

Second 
Thickness 

Planing 

End 
Trimming 

Assembly Carving Sanding 

Mass 
Individual 

75.6 A 

15.9 B 

60 C 

86.9 
8.6 
60 

87.5 
4.1 
60 

86.4 
2.6 
60 

91.5 
3.1 
60 

100 
0 
60 

75.0 
7.3 
60 

77.7 
8.7 
60 

99.5 
0.2 
60 

92.0 
2.5 
60 

98.0 
2.1 
60 

Cumulative 75.6 65.7 57.4 49.6 45.4 45.4 34.1 26.4 26.3 24.2 23.7 

Volume 
Individual 

70.7 
15.8 
60.0 

89.2 
8.0 
60.0 

86.6 
4.9 
60.0 

88.9 
2.9 
60.0 N.A. 

Cumulative 70.7 63.0 54.5 48.5 
N.A. = not applicable; A = average; B = standard deviation; C = number of specimens
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The thickness planing station recorded the lowest wood recovery rate (81.4 % ± 4.2 % to 83.0 

% ±4.6 %) among all stations. The lowest recovery occurred at the resawing and edging station 

(53.6 % ± 9.8 % to 56.5 % ± 10.1 %), followed by the thickness planning station (82.8 % ± 6.6 

% to 84.2 % ± 6.8 %). The rest of the stations recorded high recovery rates. Comparing wood 

recovery of all the products, there was a significant difference in cumulative wood recovery 

rates (t = -11.36) (See Table 16). The small dimension products (chair 1 and chair 2) had lower 

wood recovery levels than the large dimension products (the bed frame and the sofa frame). 

Comparing two species, teak and white oak, there was not a significant difference in the 

cumulative wood recovery of the two species (see Table 16). However, the quality of white 

oak was much better than the quality of teak. This was represented by the significantly different 

wood recovery rates at the resawing and edging station, where white oak achieved 69.5 % ± 

8.8 % to 71.3 % ± 9.1 % of wood recovery, while teak recorded 53.3 % ±9.7 % to 60.5 % ± 

9.9 % of wood recovery (Table 13). The recovery rates of the end trimming station for both 

teak and white oak were similar, which were 93.3 % ± 3.7 % and 87.5 % ± 3.2 %, respectively. 

However, the factors affecting the recovery at this station was not only the quality of species, 

but also the design of products. Furthermore, the varied wood recovery rates at the tenon station 

were mostly influenced by product design. The rest of the stations had similar wood recovery 

rates. 

The average cumulative wood recovery rate for the 8 stations in the cellular company was 29.6 

%, which was based on the mass method (Table 14). This was higher than the result of the 

batch company, which was 23.7 %, and higher than the results obtained in the previous study 

conducted by Prasetyo et al. (2018), which was 26.2 %. The wood recovery rate of the cellular 

company was lower compared to the research findings by Nainggolan et al. (2007), which was 

38 %. The resawing and edging, thickness planing, and spindle moulding recorded lower 

individual wood recovery rates than the remaining processes, which were 61.4 % ± 9.4 %, 81.8 

% ± 6.4 %, and 85.0 % ± 5.3 %, respectively. These lower results for the average cumulative 

wood recovery rates were followed by the wood recovery rates at the end trimming and tenon 

stations that were 90.4 % ± 3.5 % and 90.6 % ± 4.0 %, respectively. 

Using the same methodology to compare the average cumulative and individual wood recovery 

rates for the first four stations and the overall and individual wood recovery rate results per 

product in the batch company, no significant differences between the volume and mass 

methods were found in the cellular company, including the standard deviations of each method 

used (P >0.05). Similar results were obtained in the study by Prasetyo et al. (2018).
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Table 12. Individual and cumulative wood recovery results (%) per product of the cellular company 

Product Method 
Station 

Resawing 
and Edging 

Surface 
Planing 

Thickness 
Planing 

End 
Trimming 

Spindle 
Moulding 

Tenon Mortising Sanding 

Chair 1 

Mass 
Individual 

52.9 A 

9.6 B 

30 C 

94.6 
4.3 
30 

83.3 
2.8 
30 

93.8 
3.2 
30 

84.5 
4.5 
30 

90.6 
4.8 
30 

91.2 
2.6 
30 

95.3 
1.8 
30 

Cumulative 52.9 50.1 41.7 39.1 33.1 29.9 27.3 26.0 

Volume 
Individual 

64.5 
9.9 
30 

93.0 
4.1 
30 

82.8 
2.7 
30 

94.9 
3.3 
30 N.A. 

Cumulative 64.5 60.0 49.7 47.2 

Bed 
frame 

Mass 
Individual 

N.A. 

83.0 
4.6 
30 

92.8 
4.2 
30 N.A. 

90.9 
2.7 
30 

99.1 
0.1 
30 

97.5 
1.6 
30 

Cumulative 83.0 77.0 70.0 69.3 67.6 

Volume 
Individual 

81.4 
4.2 
30 

92.1 
4.3 
30 

N.A. 

Cumulative 81.4 74.9 

Sofa 
frame 

Mass 
Individual 

53.6 
9.8 
30 

N.A. 

84.2 
6.8 
30 

N.A. 

96.0 
1.6 
30 

94.1 
1.8 
30 

97.3 
1.4 
30 

Cumulative 53.6 45.1 43.3 40.8 39.7 

Volume 
Individual 

56.5 
10.1 
30 

82.8 
6.6 
30 N.A. 

Cumulative 56.5 46.8 

Chair 2 Mass Individual 
69.5 
8.8 

92.2 
5.3 

80.1 
11.2 

87.5 
3.2 

85.4 
6.1 

88.7 
5.7 

93.4 
1.2 

96.1 
1.4 
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30 30 30 30 30 30 30 30 

Cumulative 69.5 64.1 51.3 44.9 38.4 34.1 31.8 30.6 

Volume 
Individual 

71.3 
9.1 
30 

94.7 
5.1 
30 

81.3 
11.0 
30 N.A. 

Cumulative 71.3 67.5 54.9 
N.A. = not applicable; A = average; B = standard deviation; C = number of specimens 
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Table 13. Average individual wood recovery rates (%) and cumulative wood recovery rates for all of the products (%) per species per station of 
the cellular company 

Species Method 
Station 

Resawing and 
edging 

Surface 
planing 

Thickness 
planing 

End 
trimming 

Spindle 
moulding 

Tenon Mortising Sanding 

Teak 

Mass 
Individual 

53.3 A 

9.7 B 

90 C 

94.6 
4.3 
90 

83.5 
4.7 
90 

93.3 
3.7 
90 

84.5 
4.5 
90 

92.5 
3.2 
90 

94.8 
2.2 
90 

96.7 
1.6 
90 

Cumulative 53.3 50.4 42.1 39.3 33.2 30.7 29.1 28.2 

Volume 
Individual 

60.5 
9.9 
90 

93.0 
4.1 
90 

82.3 
4.5 
90 

93.5 
3.8 
90 N.A. 

Cumulative 60.5 56.3 46.3 43.3 

White 
oak 

Mass 
Individual 

69.5 
8.8 
30 

92.2 
5.3 
30 

80.1 
11.2 
30 

87.5 
3.2 
30 

85.4 
6.1 
30 

88.7 
5.7 
30 

93.4 
1.2 
30 

96.1 
1.4 
30 

Cumulative 69.5 64.1 51.3 44.9 38.4 34.1 31.8 30.6 

Volume 
Individual 

71.3 
9.1 
30 

94.7 
5.1 
30 

81.3 
11.0 
30 

N.A. 

Cumulative 71.3 67.5 54.9 
N.A. = not applicable; A = average; B = standard deviation; C = number of specimens 
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Table 14. Average individual wood recovery rates (%) and individual wood recovery rates for all of the products (%) per station of the cellular 
company 

Method 
Station 

Resawing 
and edging 

Surface 
planing 

Thickness 
planing 

End 
trimming 

Spindle 
moulding 

Tenon Mortising Sanding 

Mass 
Individual 

61.4 A 

9.4 B 

120 C 

93.4 
4.8 
120 

81.8 
6.4 
120 

90.4 
3.5 
120 

85.0 
5.3 
120 

90.6 
4.0 
120 

94.1 
1.9 
120 

96.4 
1.5 
120 

Cumulative 61.4 57.4 46.9 42.4 36.1 32.7 30.7 29.6 

Volume 
Individual 

65.9 
9.7 
120 

93.8 
4.6 
120 

81.8 
6.1 
120 

93.5 
3.8 
120 N.A. 

Cumulative 65.9 61.8 50.6 47.3 
N.A. = not applicable; A = average; B = standard deviation; C = number of specimens 
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3.3.3. Analysis of wood recovery assessment from the two selected companies 

Based on a two-sample Mann-Whitney test, there was a significant difference between the 

batch company and cellular company (t-test = -7.29) in cumulative wood recovery rates using 

the mass method (Table 15). The difference was mostly influenced by the production system 

as, where at the cellular company, each worker was only responsible for one specific machining 

process. It can be seen from the percentage contribution of variance component standard 

deviation of wood recovery measurement of all stations at the cellular company using the mass 

method, which was 11.2 % and 0.24, respectively (See Fig. 7). This deviation of recovery rates 

in the batch company was higher than in the cellular company, which was up to 17.0 % of the 

contribution of variance component and 0.39 of the standard deviation (the mass method). 

The average time required to perform the mass method (to weight each specimen, capture the 

data, and record the data manually) was 21 seconds at the batch company and 18 seconds at 

the cellular company. Using the volume method, 69 seconds and 63 seconds were required on 

average at the batch and cellular companies, respectively. The process of using the mass 

method was very fast and efficient. Only one data point per specimen was recorded using the 

mass method, while seven data points were recorded using the volume method. The seven data 

points were used to control dimensional variations between and within the measured 

specimens. However, the precision of the data using both methods, i.e. the standard deviation, 

was not significantly different. These results were in accordance with the wood recovery 

assessment conducted by Prasetyo et al. (2018). This indicates that the types of a production 

system, species, product, number and types of station or machinery used do not affect the 

measurement process of the wood recovery assessment. 

A variance analysis was also performed to compare the wood recovery rates of individual 

products and stations (Table 16). Two parameters were derived from the product specifications: 

1) types of species (mango, mahogany, teak, and white oak); 2) product dimensions, which 

were derived from the teak products in the cellular company: small (chair 1 and chair 2) and 

large (bed frame and sofa frame). A multi-variant chart and two statistical analyses (t-test and 

analysis of variance (ANOVA)) were applied, which were then followed by the advanced 

multiple comparison tests using Tukey’s honest significant difference (HSD) test with a subset 

group. 
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Table 15. Summary of wood recovery assessment from the two case studies 

Sets Batch company Cellular company 
Production system Batch Cellular 
Species Mango and Mahogany Teak and White oak 

Product Headboards 
Chairs, bed frame, 

and sofa frame 
Number of station 11 8 
Number of samples 60 60 
Mean percentage of the cumulative wood 
recovery rates (based on the mass 
method): 

23.7 29.6 

Standard deviation 3.2 2.1 
t-test (the mass method) -7.29* 
Mean time of measuring wood recovery 
per specimen: 
- Mass method, seconds 
- Volume method, seconds 

 
 

21 
69 

 
 

18 
63 

*significant at an α of 0.05 according to the Mann-Whitney t-test 

A significant difference in the wood recovery rate only occurred at the resawing and edging 

station for the individual wood recovery rate per station, where the product of large dimension 

recorded a higher wood recovery level than small product dimension (t= -9.56). Product 

dimension also significantly affected cumulative wood recovery, revealing that the large 

dimension product recorded higher wood recovery level than small dimension product (t= -

11.36). These results aligned with the product dimension of teak products conducted by 

Prasetyo et al. (2018), especially at the initial machining stations. The operations at the stations 

are also related to the dimensions or design and quality of the utilised timber, listed technically 

on the cutting bill ( Wiedenbeck, 2001; Mitchell et al., 2005). Furthermore, the relationship 

between wood recovery, lumber dimensions, and lumber parts have been thoroughly 

researched by Thomas (1965), Gatchell et al. (1983), Wiedenbeck and Araman (1995), and 

Hamner et al. (2002). However, this study places further emphasis on the relationship between 

wood recovery per station and cumulative recovery (whole furniture manufacturing process) 

and product dimension. 

According to the species utilised, covering the wood quality of the species, the individual wood 

recovery rate of furniture manufacturing resulted in a significant difference at the resawing and 

edging station (F = 46.21) (Table 16). This related to the wood quality, determined by the 

customer’s product requirements. White oak had the best wood quality among the species. 

Although mango and mahogany timber were of lower quality than teak, the wood recovery 

rates of teak were lower than the recovery rates of the lower quality species. This was caused 
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by customer requirements to use a high proportion of heartwood to produce uniform colour, 

high durability, and natural appearance. This result is similar to the findings of the study by 

Prasetyo et al. (2018), where different teak quality classes, determined by the heartwood 

proportion and the type of finishes were statistically different in the wood recovery rates of the 

resawing and edging station. Looking at the cumulative wood recovery, different species also 

recorded a significant difference in the cumulative wood recovery rates measured in the 

furniture manufacturing process (F = 42.98), where the recovery rates of mahogany were lower 

than the other species. This result corresponds to the study conducted by Gatchell et al. (1995) 

which concluded that wood recovery was partly affected by lumber species, mainly in terms of 

defects and grain patterns of the species. 

Table 16. Analysis of the individual and cumulative wood recovery rate according to species 
and product dimension 

Parameter 
Statistical 
Analysis 
Method 

n 

Station (Individual Wood 
Recovery) 

Cumulative Wood Recovery 

Resawing 
and edging 

t/F 

Subset group and 
Tukey’s HSD 

test 
t/F 

Subset group and 
Tukey’s HSD test 

Species 
One-way 
ANOVA 

(F) 
30 46.21* 

mangoAB; white 
oakA; teakB; 
mahoganyA; 

Tukey’s HSD = 
5.01 

42.98* 

mangoA; white 
oakA; teakA; 
mahoganyB; 

Tukey’s HSD = 
2.24 

Product 
Dimension 

t-test (t) 30 -9.56* N.A. -11.36* N.A. 

*significant at an α of 0.05 according to the Mann-Whitney t-test (t); for a given test, species 
names followed by the same letter in the subset group did not differ significantly (α = 0.05) 
according to the one-way ANOVA (F); n = number of specimens; N.A. = not applicable 

 

Ultimately, from the discussions of each case study, it can be concluded that wood recovery is 

influenced by species type, the quality of sawn timber, and product dimension. These results 

supplement the study conducted by Wengert and Lamb (1994), which found that the cost and 

wood recovery of secondary wood processing were affected by 10 factors: lumber grade, 

drying quality, cutting bill, operator’s skill and decision making, part quality, production 

layout, kerf, edging practices, lumber size and lumber grading rules. The wood recovery rates 

at the first four stations, i.e. the resawing and edging station, surface planing, thickness planing 

and trimming stations were mostly influenced by species, the quality of sawn timber and cutting 

bills (component/product dimension or design). The wood recovery at each station after the 
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first four station, e.g. mortising, moulding, carving, gluing and jointing stations, were 

influenced by product design. 

The case studies revealed consistent results from the methodology of wood recovery 

assessment proposed by Prasetyo et al. (2018). The methodology was applied successfully to 

each company. The application of the methodology for each company assisted to address the 

technical and non-technical issues of wood recovery measurement. Implementing the proper 

and well-established stages of the wood recovery assessment methodology was able to 

successfully adapt to the technical planning on the production floor, the investigation of current 

furniture production, the wood recovery measurement, and the data collection. 

Both the mass and volume methods could be used for assessing the wood recovery rate at four 

stations: the resawing and edging, surface planing, thickness planing, and end trimming 

stations, as both methods were not significantly different. The volume method could not be 

used for measuring specimens with curved, bent, rounded, or irregular shapes, or cavities. 

These specimens were processed at the routing, mortising, moulding, gluing and jointing, 

carving and the final trimming stations. The mass method could be used for measuring the 

wood recovery rate at all furniture manufacturing stations as this method can be applied to a 

wide variety of specimen shapes. 

The use of statistical analysis employed in this paper can be applied to other wood recovery 

measurement in other furniture manufacturing companies. This will ease users to analyse the 

wood recovery rates of their production system. 

It is important to point out that special attention is required when applying the method of wood 

recovery assessment in a cellular production system. The assessment method should be clearly 

explained to the operators of all stations since each operator will be involved in the wood 

recovery measuring process. In addition, as the cellular production system is faster than the 

batch system and involves many operators, the researchers and the operators should be aware 

of the codes for specimens, including tracking the specimens throughout the furniture 

machining stations. Otherwise, the specimens might be lost during the process of wood 

recovery measurement. 

Wood recovery assessment and control in the furniture manufacturing process in which 

approximately 50 % of cumulative production costs comprise raw material costs (Mitchell et 

al., 2005) is of high importance. Therefore, the development and validation of the simple and 

efficient method proposed by Prasetyo et al. (2018) should not be underestimated. The method 
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could also be employed as a manual and rapid monitoring method on the production floor. This 

could be a paramount system for controlling wood recovery in a furniture manufacturing 

company where the plant lacks a data acquisition system. The current study contributes to 

managers, supervisors and researchers of furniture manufacturing operations worldwide. 

3.3.4. Measurement systems analysis (MSA) of wood recovery assessment method 

In this study, an MSA was performed to validate the wood recovery assessment method 

employed in batch and cellular companies. The analyser involved gage repeatability and 

reproducibility (R&R) analysis (crossed) for validating the proposed methods for the wood 

recovery rate assessment. The investigated parameters of the MSA in each company were: 1) 

the specimen (i.e. five sawn boards); 2) operator (three workers); and 3) repeatability (five 

repetitions for each operator to measure similar specimens). The measurement was conducted 

by blind and random testing at the resawing and edging station. The analysis of variance with 

part and operator interaction metrics was also performed using balanced design type. 
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Figure 7. Contribution of the variance component, percent total variation, and standard 
deviation of the wood recovery rate measurement metrics for: the volume method (a) and the 

mass method (b) used in batch company; the volume method (c) and the mass method (d) 
used in cellular company. *significant at an α of 0.05 according to the analysis of variance 

with part and operator interaction. 

  

For the volume method (Fig. 7), the wood recovery rate measurement system and the 

interaction between the system and operator were significant (P < 0.05) in the batch and cellular 

companies. This means that when employing the volume method for assessing the wood 

recovery rate in the furniture making process, the interaction between the system and operator 

needs to be considered. Meanwhile, the significant metric of the wood recovery rate 

measurement system for the mass method in both companies was only the wood recovery 

measurement system (P < 0.05).  

0

0.5

1

1.5

2

2.5

3

0
10
20
30
40
50
60
70
80
90

100

S
ta

nd
ar

d
 d

ev
ia

ti
on

%
 c

o
nt

ri
b

ut
io

n 
o

f 
va

ri
an

ce
 

co
m

p
o

ne
nt

; 
%

 t
ot

al
 v

ar
ia

ti
on

Gage R&R metrics

% Contribution of
Variance Component

% Total Variation (TV)

StDev

(c)

0

0.5

1

1.5

2

2.5

0
10
20
30
40
50
60
70
80
90

100

S
ta

nd
ar

d
 d

ev
ia

ti
on

%
 c

o
nt

ri
b

ut
io

n 
o

f 
ca

ri
an

ce
 

co
m

p
o

ne
nt

; 
%

 t
ot

al
 v

ar
ia

ti
o

n

Gage R&R metrics

% Contribution of
Variance Component

% Total Variation (TV)

StDev

(d)



Page 93 of 151 

 

According to the Automotive Industry Action Group (2010) on gage standards, the contribution 

of the variance component of the part metric using the volume method in batch and cellular 

companies was 9.5 % and 8.9 %, respectively. Based on these results, the method was then 

categorised as a marginal system (4-10%). Meanwhile, the contribution of the variance 

component of the part metric using the mass method in batch and cellular companies was 3.5 

% and 2.5 %, respectively. The method was then categorised as an acceptable system (< 4%). 

Both the volume and mass methods had low standard deviations (< 2.5). 

The gage system of the wood recovery rate measurement method using both the mass and 

volume methods in batch and cellular companies was reliable, reproducible, and repeatable. 

For both methods, the contribution of the variance component, cumulative variation, and 

standard deviation of the part variation were larger than the contribution of the variance 

component, total variation, and standard deviation of the gage variation. Similar results were 

obtained when applying the mass method. The results of the MSA of wood recovery assessment 

protocol in batch and cellular companies were similar to the results of the MSA in the batch 

company conducted by Prasetyo et al. (2018). Therefore, it was concluded that corrective 

action for the wood recovery rate assessment system applied in the furniture manufacturing 

process is not required. 

3.4. Conclusions 

a. Comparing two furniture production systems, batch and cellular production systems, there 

was a significant difference in cumulative wood recovery rates between these systems. 

b. Both the mass and volume methods could be used for assessing the wood recovery rate at 

four stations: the resawing and edging, surface planing, thickness planing, and end 

trimming stations, as both methods were not significantly different in the wood recovery 

rates, including standard deviation. The mass method could be used for measuring the wood 

recovery rate at all furniture manufacturing stations.  

c. Based on species, the average individual and cumulative wood recovery rates of furniture 

manufacturing resulted in a significant difference at the resawing and edging station. Based 

on product dimension, a significant difference in the average individual and cumulative 

wood recovery rates only occurred at the resawing and edging station, where for both 

parameters, large dimension product recorded higher wood recovery level than small 

dimension product. 
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d. The wood recovery rates at the first four stations, (i.e. the resawing and edging station, 

surface planing, thickness planing and trimming stations) were mostly influenced by 

species, the quality of sawn timber and cutting bills (component/product dimension or 

design). Meanwhile, the wood recovery at each station after the first four stations, (e.g. 

mortising, moulding, carving, gluing and jointing stations) were influenced by product 

dimension and product design. 

e. Based on the MSA, both the volume and mass methods for the wood recovery rate 

measurement were applicable, reproducible, and repeatable because the percentage 

contributions of the variance component of the gage R&R for both methods were smaller 

than for the part variation. However, the interaction between the system and operator of the 

volume method should be considered since the wood recovery rate measurement system 

and the interaction between the system and operator were significant. Ultimately, the mass 

method was the most acceptable system. 
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Abstract 

Most efficiency improvement strategies implemented in furniture manufacturing are data-

driven methods. Due to a lack of production systems used in most Indonesian small and 

medium sized furniture companies, the evaluation of production efficiency for future 

improvement seems rather difficult to perform. A wide range of existing evaluation tools and 

the varying capabilities of the companies to adapt the methods contribute to a problematic 

evaluation process. Research has been undertaken with the aim to develop a generic efficiency 

evaluation method and to prioritise a new potential metric to assess and control efficiency in 

furniture manufacturing. A basic production cost analysis with standardized variables has been 

demonstrated as a typical method to evaluate production efficiency in multi furniture 

companies, followed by applying a wood recovery assessment, a Pareto analysis, an X-Y 

matrix, and process capability analysis. The heartwood proportion of teak (Tectona grandis) 

has been determined as a key potential efficiency metric to control and monitor teak sawn board 

quality and its utilisation. Applying process capability analysis with a setting of lower 

specification limits to the population of teak heartwood rates produces a model to simulate 

optimal teak utilisation. 

4.1. Introduction 

Production efficiency is critical for gaining high profitability in furniture manufacturing 

enterprises (Mitchell et al., 2005). The efficiency is one of the main strengths of manufacturing 

competition in the furniture production (Vickery et al., 1997). However, production efficiency 

in furniture manufacturing appears to be neglected, especially in Indonesia, because of the 

complexity of the efficiency measurement and evaluation process. 

To evaluate furniture production efficiency, reliable data-driven management is required as one 

of the main tools to develop performance improvement strategies (Ray et al., 2006). Without 

these supporting systems, evaluating current production as a baseline for future improvements 

would be difficult. In the Indonesian context, the implementation of production efficiency 
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evaluation of furniture manufacturing for future enhancement would be more problematic. 

Most of the furniture companies have not adapted to data-driven production systems due to 

their low levels of industrialisation, mechanisation, and technology usage. The characteristics 

of Indonesia small and medium sized furniture enterprises are centralistic business operation 

led by the company owner, lack of production planning and improvement strategies, and they 

are not system oriented (Kusumawardhani and McCarthy, 2013). These attributes inhibit the 

reliable data-based evaluation of furniture production for making improvements to the process. 

A study of Lean Manufacturing (LM) implementation in an Indonesian outdoor wood furniture 

company used Single-Minute Exchange of Dies (SMED) and standardisation work to decrease 

the delay of delivery time (Suhardi et al., 2015). To employ and implement these strategies, 

however, the study did not explain the method of baseline evaluation of production. The study 

addressed delay issues, but failed to combat other inefficiency shortcomings such as product 

quality. 

The efficiency of manufacturing performances can be evaluated in several ways, using 

performance measurement methods: 1) a parametric approach, which requires the data of inputs 

and outputs of manufactured units; and 2) a non-parametric approach, which mainly involves 

scoring and assigning a weighting to each manufactured unit using data envelopment analysis 

(DEA) or the Charnes, Cooper, and Rhodes (CCR) method (Salehirad and Sowlati, 2006). The 

parametric approach can be applied using a mathematical function, such as a production 

function, a cost function, a revenue function or a profit function over a certain period of time. 

The parametric approach with the cost function method was the most common method 

employed by the wood industry in Canada for assessing productivity and efficiency from 1984 

to 2006. The cost function was often easier to use since the data of outputs and inputs of units 

are easily obtained and derived from the accounting unit of a wood company. Ultimately, a 

cost analysis as a common method to assess manufacturing performance is promising for 

evaluating the efficiency of the furniture manufacturing process. Indeed, this method would be 

reliable when standardised variables are being used to reduce bias in the production system 

(e.g. worker scheduling) (Ray et al., 2006). The method is also practical to assess several 

manufacturers together, compared to a Pareto analysis of quality issues against costs, employed 

by Guerrero et al. (2017), where the Pareto analysis evaluates a single manufacturer. 

Production efficiency evaluation also closely corresponds with the attempts to remove 

inefficiency using performance improvement initiatives strategies, such as lean manufacturing 

(LM), Six Sigma (SS), and Lean Six Sigma (LSS) (Drohomeretski et al., 2014). Based on a 
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study conducted by Antony et al. (2005) in small and medium sized manufacturing companies 

in the United Kingdom, cause and effect analysis, histogram, and process capability analysis 

(PCA) were the most familiar usage for these companies evaluating their performance. The 

following familiar tools were scatter plot, control charts, regression analysis, and hypothesis 

testing. These evaluation tools would be applicable and practical for Indonesian furniture 

companies to use to assess efficiency of their furniture manufacturing process. 

Wood recovery and production output were the most important performance measures at the 

primary operation level of secondary wood manufacturing (Cumbo et al., 2006). For the 

furniture industry, the assessment of wood recovery has been examined by Prasetyo et al. 

(2018a; 2018b), yet production output has not been thoroughly investigated. Production output, 

defined as the amount of product generated within a certain time, is affected by production 

factors involved in the manufacturing process (e.g. the quality of raw material). Finally, during 

the development of a generic approach to evaluate the efficiency of the furniture manufacturing 

process in the Indonesian context, identifying a key potential metric of the production output 

is highly important (Cumbo et al., 2006). 

Therefore, the objectives of this study were: (1) to develop a generic approach to determining 

the efficiency of furniture production; and (2) to seek a new potential metric to assess furniture 

production efficiency. 

4.2. Methodology 

4.2.1. Cost assessment (Stage 1) 

Cost assessment was adapted from the parametric approach using cost function (Salehirad and 

Sowlati, 2006) and standardised cost analysis (Ray et al., 2006). Logbooks and accounting 

system, and realisation schedule were employed to assess production efficiency. Due to bias in 

the production system (i.e. biased worker scheduling) and lack of production data management, 

the standardisation of production variables was classified based on 30 specimens of one type 

of furniture product. The production variables were derived from basic production cost, which 

comprised raw material, labour, supplies, and energy costs. Raw material cost included wood, 

non-wood, and milling and drying costs. Labour cost consisted of labour salary, overtime, and 

repair costs. Supplies cost involved furniture accessories, packaging, maintenance, office, and 

shipping costs. Energy cost covered electricity, petrol, and transportation costs. The total labour 

hours per day was 7 hours, and the total working days per week was 6 days. The cost assessment 

was analysed as a percentage of the basic production cost. 
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4.2.2.  The exploration of potential inefficiency causes (Stage 2) 

The largest proportion of production variables were analysed to explore the characteristics 

of major potential causes of inefficiency and their locations in the production chain. A data 

collection of errors, defects, and failed processes on the production floor was deployed. To 

assess these inefficiency processes, rolled throughput yield (RTY) was used as follows: 

��� =	
����	�

����	�
	�	

����	�

����	�
	�	

����	�

����	�
	�, … , �	

����	�

����	�
     (11) 

Where TUsP is total units passed; TUsT is total units tested; 1, 2, 3, …, n  the number of 

furniture making stations. 

For timber recovery, wood recovery assessment was performed to investigate timber 

utilisation. The recovery assessment had been initially assessed by Prasetyo et al. (2018a; 

2018b) using similar selected companies. The results were then used to cross-investigate raw 

material quality, types and sources of manufacturing defects. A Pareto chart was finally 

considered for ranking product or component failure or defects on the production floor, 

including the problematic sources. 

4.2.3. Applying X-Y matrix (Stage 3) 

Meetings were arranged with company owners and production supervisors to analyse data 

collection and the Pareto analysis. The results were discussed and cross-checked with the 

existing production system and product specifications to determine the major causes identified 

during stage 2.  

An X-Y matrix was performed to analyse the relationship between the major potential causes 

and the importance of customer criteria. The importance of customer criteria, which was a 

company guideline offering products and services to customers, were determined based on 

customer requirements. The requirements identified as important to the customers were product 

quality, price, the level of scrap or the number of defect and processing time. The weighting of 

the criteria and the prioritised major potential causes were provided from the given score 

assigned by management of each company. 

4.2.4. Finding narrowed inefficiency causes (Stage 4) 

A statistical analysis (i.e. histogram, descriptive statistics, inferential statistics, hypothesis 

testing) and process capability analysis (PCA) were performed to determine the key cause (s) 

of inefficiency in the furniture manufacturing process. 
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The random selection of five representative medium sized wood furniture manufacturing 

enterprises in the Jepara region of Central Java Province, Indonesia, was conducted with 

specific selection criteria. The criteria were medium sized companies (employing between 20-

99 employees), in-house furniture production, use of plantation-grown timber, and a 

willingness to be part of the research project. This study limited the efficiency performance 

evaluation to teak (Tectona grandis) products. 

Five furniture companies, with monthly production capacity ranging from 70 m3 to 270 m3, 

were assessed. The companies typically manufactured indoor furniture from plantation-grown 

teak sourced from Perhutani, Sulawesi, and Java agroforestry plantations. All studied 

companies used a batch production system where each employee generates a certain volume 

of a specific furniture product, except for one company using a cellular production system (i.e. 

each employee works at one machine with a specific task to manufacture components or 

products). 

A case study of process capability analysis (PCA) to heartwood proportion was undertaken. A 

total of 180 teak logs processed by 5 selected companies were measured to define the 

heartwood proportion (HP) at the sawmills where the companies purchased and converted the 

logs. The HP measuring method was adapted from Fernandez Solis (2018). Therefore, 

heartwood diameter and under-bark diameter were measured at two cross-sections of a log. 

The HP measurement did not consider the height measurement at the tree base due to shape 

irregularity at that height. The formula of HP (%) was as follows: 

�� = 	
��

��
�	100         (12) 
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         (14) 

Where Vb is the under-bark volume (m3); Vh is the heartwood volume (m3); Hb is the under-

bark height (m); Hh is the height of heartwood (m); Dbm is the mean diameter of under-bark 

(m) measured at both ends; Dhm is the mean of heartwood diameter (m) measured at both ends. 

4.2.5. Statistical analysis (Stage 5) 

All data collected was analysed using SigmaXL (SigmaXL Inc. V.8, Kitchener, Canada) for 

graphical and statistical analysis. Histogram and descriptive statistics, including an Anderson-

Darling test were performed to test the normality of HP distribution. PCA was applied with 
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capability combination report (individuals non-normal) in which automatic best fit was chosen 

for transformation/distribution options. 

4.3. Results and Discussion  

The raw material expenditure accounted for 87.5% of the basic production cost (Table 17). 

Wood purchase was the highest proportion of cost variable within the basic production cost, 

accounting for 82.8%. Non-wood, milling and drying costs made up 4.7% of the raw material 

costs. Ultimately, the investigation focused on the efficiency of timber utilisation, mostly 

related to timber quality issues such as natural wood defects, wood colour, squareness. 

Table 17. Production costs of the 5 selected furniture manufacturing companies 

 

 

 

 

 

Wood recovery assessment as the most essential metric of the manufacturing process was 

applied to analyse timber utilisation (Cumbo et al., 2006). The wood recovery assessment was 

done at the 3 companies, as part of previous studies (Prasetyo et al., 2018a; Prasetyo et al., 

2018b). The average teak recovery rate was 27.2%. The main causes affecting recovery were 

a lack of quality standards applied to sawn timber at sawmills, various sources of teak from 

different suppliers, and did not rely on Indonesian standards. Therefore, large volume of wood 

was wasted contributing to the low efficiency of teak utilisation. The low rate was recorded at 

the resawing and edging, thickness planing, and end trimming stations, which were 61.5% ± 

17.3%, 83.6% ± 12.1%, and 87.2% ± 12.5%, respectively. The machining efficiency at these 

stations was affected by the necessary removal of undesirable features such as sapwood, knots, 

and resin canals. The selected companies developed and implemented internal grading rules 

for in-house production based on customer requirements and product specifications (Prasetyo 

et al., 2018a). The classifications of teak quality are shown in Table 18. 

 

 

 

Variable Average 
(%) 

Minimum 
(%) 

Maximum 
(%) 

Raw material 
- Wood 
- Non-wood 
- Milling and drying costs 

87.5 ± 4.5 
82.8 ± 7.1 
0.8 ± 0.1 
3.9 ± 1.5 

83.0 
75.7 
0.7 
2.4 

92.0 
89.9 
0.6 
5.4 

Labour 6.7 ± 0.5 6.2 7.2 
Supplies 4.1 ± 1.3 2.8 5.4 

Energy 1.7 ± 0.3 1.4 2.0 
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Table 18. Grading classes of teak (Tectona grandis) quality used at 5 selected furniture 
manufacturing companies 

Criteria 
Quality Class 

A B C 
Heartwood proportion ≥ 95% 75% - < 95% ≤ 75% 
Knots1 Not allowed ≤ 45-mm wide ≥ 45-mm wide 
Decay2 Not allowed Not allowed Tolerated 
Resin canal Not allowed Small (50 mm) Tolerated 
Wood colour variation Not allowed Accepted Accepted 

1: including sound and unsound knots; 2: including brittle heart and holes 

A Pareto chart using RTY metric allowed cross-checking quality issues between product 

specifications, manufacturing process, and timber quality (Fig. 9). Non-uniform wood colour 

between boards due to sapwood parts and oil canal (26.3%), surface smoothness (18%), and 

non-uniform colour occurring due to the finishing process (12.6%) were common defects 

identified during the manufacturing processes. This contributed to low wood recovery and 

positioned the causes as vital quality issues. Sapwood, distinctively lighter than heartwood in 

teak wood is considered to be unsuitable for producing high-quality furniture products with a 

natural finish or oil-based finish for export purposes (Moya et al., 2014). Surface smoothness 

was also affected by the different characteristics of the sapwood and heartwood. The heartwood 

responded well to planing and sanding processes because it has a higher density than sapwood, 

which tends to generate fuzzy grain or chip marks (Thulasidas and Bhat, 2012). The colour 

variation between heartwood and sapwood can also affect the finishing process, where the 

response to certain finish colours resulted in non-uniform colour after drying, especially for a 

natural effect using oil-based finish (Fig. 8). Therefore, assessing timber quality (e.g. 

heartwood proportion) at the beginning of process with product specifications has been deemed 

essential to maintain quality. Irregular shape/bend (10.8%) and end splitting (6.0%) were 

caused by a non-appropriate drying process. The defects of squareness (5.4%), glue excess 

(4.8%), knots (3.0%), and spiral grain (2.4%) occurred during furniture making processes. 

Machining defects, undersize, decay, warping, delamination, functional issues, and broken 

joints accounted individually for less than 2%. 
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Figure 8. Effect of sapwood and resin canal on teak (Tectona grandis) colour 

 

 

Figure 9. Pareto analysis according to types of defect occurring during teak (Tectona grandis) 
furniture making process at 5 selected companies. A: non-uniform wood colour; B: surface 
smoothness; C: non-uniform finishing colour; D: irregular shape/bend; E: end splitting; F: 
squareness; G: glue excess; H: knots; I: spiral grain; J: machining defects; K: undersize; L: 

decay/hole; M: warping; N: delamination; O: functional issues; P: broken joints 

 

The finishing, edging and trimming stations accounted for 72.2% of all defects (Fig. 10). The 

defects from the finishing station, where colour and smoothness are key attributes for final 

inspection, accounted for 34.4%. The edging and trimming stations made up 24.1% and 13.7% 

of the defect rates, respectively. These stations were the initial stations converting dried, rough 

sawn boards into dimensional components by removing undesirable parts of the wood due to 

natural wood defects and milling or drying defects (Prasetyo et al., 2018a). 

The rating of importance to customers, potential causes, and their weightings in the matrix 

were based on gap analysis and group expertise during brainstorming sessions (Table 19). 
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Quality scored the highest for importance to customers (9), followed by price (6), 

scraps/defects (3), and processing time (1). Quality played an important role in maintaining the 

trust of customers, which was closely related to on-time payment, complaints, and excess fees 

due to scraps or defects. A total of the assigned ratings in the cause and effect matrix provided 

guidance to forecast solutions and actions to the problems. Ultimately, heartwood proportion 

(162 of the total score) became a vital and prioritised factor contributing to inefficient furniture 

production. The heartwood proportion factor outweighed smoothness, moisture content, and 

machining defects issues, which recorded total scores of 121.8, 120.2, and 118.2, respectively. 

 

Figure 10 Pareto analysis according to the furniture making stations occurring defects at 5 

selected companies 

 

4.3.1. Case study of process capability analysis (PCA) application to heartwood 

proportion (HP) 

The HP distribution of teak was analysed using a histogram and an Anderson-Darling test to 

determine the normality of the distribution. The distribution of HP was non-normal (P<0.01) 

and skewed (P<0.01). The non-normal distribution of log HP contended with the common 

assumption that the HP will be larger with wider under-bark diameter. This information about 

the timber characteristics was critical to plan cutting bills based on the timber inventory. A 

Johnson transformation with SB-bounded type was selected to transform non-normal HP 

distribution to normal HP distribution before applying a process capability analysis (PCA). A 

lower specification limit (LSL) was set in accordance with the need to limit HP based on 

product specifications or the cutting bills of a product. The set LSL was chosen since only one 
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lower limiting value of HP was required to determine the percentage of teak logs having HP 

under the set LSL. 

Table 19. X-Y matrix of potential causes to importance to customers at 5 selected companies 

Potential Causes 

Rating of Importance to Customers 

TotalB Stations 
InvolvedC Quality Price Scrap/Defect 

Processing 
Time 

9* 6* 3* 1* 
Heartwood proportion 9A 9 9 0 162 1, 3, 9 
Surface smoothness 9 1.8 9 3 121.8 8, 9 
Wood moisture content 9 3 5.4 3 120.2 3, 9, 10 
Machining defects 9 1.2 9 3 118.2 1, 2, 3, 4, 5, 8 
Delamination 9 0 5.4 4.2 101.4 6, 9 
Drying defects 5.4 3 3 3 78.6 1, 3, 9 
Disjoint/structural issues  3 3 5.4 3 78.6 6, 7 

*= weight of importance to customers on a scale of 1, 3, 6, and 9, where 9 indicates the most 
important to the Customer; A= association/effect multiplier score for each potential cause to a 
rating of importance to customers using a scale of 0, 1, 3, 9, where 0 = None, 1 = Weak, 3 = 
Moderate, and 9 = Strong; B= sum of the multiplication between importance score to customers 
and multiplier score for each process opportunity (e.g. heartwood proportion = [9 x 9] + [9 x 
6] + [9 x 3)] + [0 x 1]); C = 1: edging; 2: planing; 3: trimming; 4: moulding; 5: boring; 6: gluing 
and jointing; 7: assembling; 8: sanding; 9: finishing; 10: storage 
 

The distribution of HP of teak was skewed to higher levels of HP, which recorded 55.1% of 

teak logs containing more than 80% of HP (Fig. 3). Only 4.5% of the teak population had less 

than 50% HP. This affected the raw material efficiency utilisation, especially for initial edging 

and trimming processes when the sapwood was removed. When 80% of HP was set, 44.8% of 

teak logs had HP under 80%. Consequently, the 44.8% HP population had to be processed 

carefully to maximise wood recovery. Considering the PCA of HP and the classification of 

teak quality used here, the rate of A-quality logs was 14.3% as opposed to 56.3% and 29.4% 

for B-quality and C-quality logs, respectively. The B-quality teak, which is characterised by 

20% of sapwood, ≤ 45-mm knots, small resin canal, and non-uniform wood colour, was the 

largest proportion, so this proportion had to be carefully utilised. Therefore, a combination of 

teak grades (A and B), the use of sapwood parts for hidden parts, gluing technology for making 

a wide dimensional component, and advanced finishing techniques were recommended to 

inhibit defects and maximise wood recovery. 
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Set Lower Specification Limit (%) 80 
Sample mean (%)                            78.7 
Sample count                                 180 
Standard deviation (overall)              0.93 
Standard deviation (within)               0.76 
Overall capability: 
Ppl   0.04 
Ppk  0.04 
Potential capability: 
Cpl   0.05 
Cpk  0.05  
Expected overall performance 
ppm < LSL  448719.93 
ppm total     448719.93 
% < LSL     44.8% 
% Total       44.8% 

 
Figure 11. Process capability analysis (PCA) of heartwood proportion (HP) of teak (Tectona 
grandis) at 80% of lower specification limit (LSL) using a Johnson transformation with SB-

bounded type 

 

A simulation of HP capability at any set LSLs was established to make it easier to control wood 

quality and its utilisation (Fig. 12). The higher the LSL was set, the larger proportion of the 

teak logs population having HP was under the set LSL. The simulation generated a polynomial 

curve order 2: 

� = 0.02�� − 1.77� + 32.81       (15) 

A key decision for the raw material procurement unit of a company was guided based on HP 

simulation and its quality to purchase timber. The PCA and its simulation could be replicated 

for any new timber purchase or supply. When selecting teak logs, age parameter (if available) 

would provide a more accurate assessment of HP instead of inside-bark diameter. The 

correlation between age and heartwood percentage was significantly stronger than the 

correlation between diameter and heartwood percentage (Moya et al., 2014; Fernandez Solis, 

2018). Ultimately, the HP could be used for a potential metric to maintain the efficiency of 

timber quality utilization in the furniture manufacturing industry. 
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Figure 12. Process capability analysis (PCA) simulation of heartwood proportion (HP) under 
any set lower specification limits (LSLs) 

 

4.4. Conclusions 

A basic production cost analysis with standardized variables provided a generic method to 

evaluate the production efficiency of multiple furniture companies, subsequently performed by 

a wood recovery assessment, a Pareto analysis of defects using rolled throughput yield, and an 

X-Y matrix application. The colour issue relating to teak (Tectona grandis) utilisation impacted 

by sapwood and resin canal was the critical production problem discovered in the furniture 

manufacturing process in Indonesia. The sources generating a high rate of the defect were 

recorded at the finishing, edging and trimming stations. The colour issue determined heartwood 

proportion as a key potential metric of inefficiency problems in Indonesian furniture 

production. Applying process capability analysis to heartwood proportion distribution with the 

setting of desired lower specification limits produced a model to simulate optimal 

manufacturing operations to gain maximal recovery according to production planning and 

product specifications. The heartwood proportion distribution of teak as a potential efficiency 

metric could be used to control and monitor teak quality and its utilisation. 
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Chapter 5. Furniture Manufacturing and Production Efficiency: How to Conceive the 
Framework and Tools 

 

Abstract 

Improving production efficiency of furniture manufacturing is a daunting task since it is 

associated with the complex manufacturing process, production efficiency improvement 

techniques and procedures, and its implementation on the production floor. For Indonesia, as 

one of the largest furniture producers in the world, the technical attempts to enhance production 

efficiency are veritably more challenging due to the nature of Indonesian manufacturers, which 

have low levels of industrialization, mechanization, technology usage, and owner centralism. 

In fact, an efficiency improvement framework including comprehensive strategies and tools to 

overcome inefficiencies in such manufacturing process in developing countries has not been 

developed. Research has been undertaken with the aim to improve production efficiency in the 

furniture manufacturing process by developing a production efficiency improvement 

framework. The framework was tested and validated with different companies to be adaptable 

and compatible with the Indonesian furniture manufacturers. There are 5 stages in the 

framework: evaluation of production efficiency, analysis of causes of inefficiency, the 

exploration and selection of strategies and tools for improvement of production efficiency, and 

assessment of improvements in production efficiency. A structured time-constraints 

methodology was adapted to explore and select strategies and techniques. A log quality 

assessment techniques had been the prioritised tool in increasing wood recovery. Quality 

control based on product specifications and rolled throughput yield techniques were  marked 

as main tools to reduce machining defects. An ABC inventory system was the primary tool to 

reduce production delays, supported by a timber procurement system. The methodology and 

results could potentially expedite the implementation of initiatives for improvements in 

efficiency of furniture production by internal management of companies.  

5.1. Introduction 

Improving production efficiency plays a significant role in the success of the secondary wood 

processing industry (Salehirad and Sowlati, 2006). Such improvements can facilitate the 

process of increasing productivity and create potential savings in production costs, ultimately 

contributing to achieving higher profitability. This principle of increased profitability through 

improved efficiency can play a similar role in furniture manufacturing (Mitchell et al., 2005).  
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The Indonesian furniture industry comprises approximately 140,000 enterprises and employs 

over 437,000 workers with an investment value of 5.8 trillion IDR. This places Indonesia as 

the 4th largest furniture exporter in the Association of Southeast Asian Nations (ASEAN) 

region (Bizvibe, 2018). Furthermore, the enterprises suffer from global competition due to 

being constrained by their low levels of industrialization, mechanization, and technology 

usage, leading to low production efficiency. However, improvements in production efficiency 

of the Indonesian furniture industry appear to be difficult to achieve. The lack of a decent 

furniture production system is one of the major problems in the Indonesian furniture industry 

that needs to be technically enhanced (Kusumawardhani and McCarthy, 2013). Indeed, a 

furniture production efficiency improvement framework for the Indonesian context has not yet 

been established. 

A study of the implementation of the Lean Manufacturing (LM) strategy in an Indonesian 

outdoor wood furniture company used a method consisting of Value Stream Mapping (VSM), 

Single-Minutes Exchange of Dies (SMED), and standardisation work tools as a framework to 

reduce the delay rates of delivery times (Suhardi et al., 2015). However, the method only 

addressed delay issue (time) on the production floor. The study did not investigate the whole 

efficiency attributes of the furniture manufacturing process, which are quality, time, and cost. 

Other studies of the enhancement of Indonesian furniture enterprises capacity focused on 

applied research to improve the technology of wood processing, in-house training to enhance 

worker’s skills, and technology development (Nainggolan et al., 2007; ISWA, 2009; ITTO, 

2014; Ozarska and Sugiyanto, 2015). Improvements in production efficiency have not been 

investigated in these projects, including establishing a structured framework to increase 

production efficiency. Therefore, the framework needs to be proposed for the adaptation by 

Indonesian furniture manufacturing enterprises to gain increasing production efficiency and 

competitive furniture production. 

A method for evaluating furniture production efficiency in the Indonesian context has been 

proposed by Prasetyo et al., (2018a). The method involved a production cost analysis with 

standardized variables as a generic method to evaluate the production efficiency of furniture 

companies. The evaluation focused on the efficiency of timber utilisation using teak (Tectona 

grandis) as the cost of purchasing timber was the highest component of the total production 

costs (87.5%). This result closely corresponded with wood recovery assessment, which was 

proposed and investigated by Prasetyo et al. (2018b; 2019). If wood recovery is low, a large 

volume of wood material will be wasted, ultimately contributing to low efficiency of teak 
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utilisation. From this evaluation, the core of the furniture production efficiency framework was 

related to timber quality and timber processing. 

The furniture production efficiency improvement framework for the Indonesian context 

involves several strategies that can be adapted and implemented on the production floor by 

management, such as Total Quality Management (TQM), ISO, LM, and Six Sigma (SS). The 

framework contains methodology, tools, and metrics to subsequently discover and combat 

inefficiency problems in furniture manufacturing. A study applying Lean Six Sigma (LSS) 

using DMAIC (define, measure, analyse, improve, control) demonstrated that timber quality 

was the main cause of inefficiency in furniture production (Guerrero et al., 2017). The study 

performed a characterisation of inefficiency problems, VSM, diagnosis and project formulation 

using repeatability and reproducibility (R&R) study, cause and effect diagram, process 

optimization, and statistical process control (SPC) tools. Other tools related to furniture 

production system issues were employed such as a product quantity sales analysis, ABC or 

Pareto analysis, production flow analysis, grouping parts, a Kanban system, supermarket model 

using Mixed Logic Chart, pull system, a product scheduling system, 5S, visual control, SMED, 

overall equipment efficiency (OEE), every part every interval (EPEI), and First In First Out 

(FIFO) lane techniques (Sabri and Shayan, 2014; Sadroui and Ghorbel, 2011; Chowdhury et 

al., 2015). Although the tools appear to be complex, some of these techniques within the 

frameworks could be used and implemented in Indonesian furniture companies. The tools 

employed in the framework are practical and adaptable to the Indonesia furniture companies 

using a conventional furniture production system. 

This paper presents a study which implemented the production efficiency improvement 

framework for furniture manufacturing companies in the development and test phases to assess 

the adaptability and compatibility of the framework to the companies. A validation phase using 

the refined framework from the development and test phases, including an optimisation 

process, has been demonstrated in a different furniture company. Therefore, the aim of this 

study is to improve the production efficiency of the furniture manufacturing process by 

developing a production efficiency improvement framework. The specific objectives were: (1) 

to develop and test the framework for improving the efficiency of furniture production; and (2) 

to validate the proposed framework in other furniture companies. 
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5.2. Methodology 

The proposed production efficiency improvement framework has been focused on wood 

furniture manufacturing, which includes four main processing stages: 1) rough-mill, which 

involves resawing, edging, planing, and trimming; 2) component making; i.e. moulding, 

routing, boring, mortising, tenoning, gluing and jointing, and carving; 3) assembly of processed 

components; and 4) finishing, which comprises sanding and application of a finishing system. 

Testing and validation of the production efficiency improvement framework (PEIF) developed 

in the present study includes all four abovementioned stages. 

5.2.1. Development and test of the production efficiency improvement framework 

(PEIF) 

5.2.1.1.  Evaluating production efficiency (Stage 1) 

The production efficiency evaluation was undertaken based on furniture production efficiency 

in the Indonesian context researched by Prasetyo et al. (2018a). The complete evaluation 

involved: a) a cost assessment using a basic production cost analysis with standardised 

variables (i.e. raw materials, labour, supplies and energy); b) an exploration of potential 

inefficiencies using the rolled throughput yield (RTY) technique; c) wood recovery assessment; 

d) a Pareto analysis; e) an X-Y matrix application; and f) the discovery of narrowed inefficiency 

causes based on process capability and statistical analysis. 

The evaluation was conducted at three randomly selected medium sized wood furniture 

manufacturing enterprises representatives of the Jepara region of Central Java Province, 

Indonesia. The criteria for selection of the companies were: employment of between 20-99 

workers (BPS, 2016), in-house furniture production, the use of plantation-grown teak (Tectona 

grandis) timber, and a willingness to be part of this research. 

Three indoor wood furniture companies, with monthly production capacities ranging from 70 

m3 to 270 m3, were selected. The companies utilised plantation-grown teak sourced from 

agroforestry plantations in Perhutani, Sulawesi, and Java. Two companies used a batch 

production system in which each employee generates a certain volume of a specific furniture 

product and one company used a cellular production system in which each employee works at 

one machine with a specific task to manufacture components or products. 
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5.2.1.2. Analysing causes of manufacturing inefficiency (Stage 2) 

A value stream mapping covering all manufacturing stations was developed to analyse causes 

of flaws related to production inefficiency. Attributes considered included: 1) timber 

utilisation; 2) final product quality; 3) production time; and 4) production management. The 

process mapping was conducted throughout all furniture manufacturing sections and stations. 

Using inefficiency attributes and the developed process mapping, causes of flaws were 

identified and analysed. Visual assessment, activities and defects accounting, and time 

measurements were used to measure production efficiency metrics. 

5.2.1.3. Exploring production efficiency improvement strategies (PEISs) (Stage 3) 

The PEISs employed were partly developed by the researchers of this study and others and 

were adapted from Lean Manufacturing, Six Sigma, ISO, and Total Quality Management 

(Table 20). Based on the need for solutions to inefficiency issues, notably increasing wood 

recovery, other strategies can also be considered. 

5.2.1.4. Selecting production efficiency improvement strategies (PEISs) (Stage 4) 

The selection process was adapted from a time-based quantitative approach developed by Amin 

and Karim (2013). The time necessary for implementing the PEISs represented a total function 

of production time, cost, human resources and technology based on the company’s facilities. 

The implementation time of PEISs consisted of planning, modifying, training, and testing 

times. Furthermore, validation time was included in this methodology to test the proposed 

PEISs in other furniture companies. 

Planning time (PT, h) = ∑ ����
�
�        (16) 

Modifying time (MT, h) = ∑ ����
�
�        (17) 

Training time (TT, h) = ∑ ����
�
�        (18) 

Testing time (ST, h) = ∑ ����
�
�        (19) 

Validating time (VT, h) = ∑ ����
�
�        (20) 

Where Si = i production efficiency improvement strategy; n = the number of the use of 

production efficiency improvement strategies. 

A systematic methodology was used to implement PEISs for each company (Fig. 13). Selected 

PEISs were chosen by identifying the most relevant strategies to combat inefficiency causes. 

Constraints of time, resources, and costs for applying PEISs were set by each company 
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management before the selection and implementation of PEISs. The appropriate PEISs and 

their implementation were determined when the implementation time of each stage was under 

the allocated time of the stage. When the implementation time of selected PEISs at any stages 

exceeded the set constraint time, the PEISs were abandoned and new PEISs were selected to 

be implemented again. 

5.2.1.5. Assessing the production efficiency improvement framework (Stage 5) 

The metrics of production efficiency improvement (PEI) in furniture manufacturing were: 

wood recovery (i.e. dry rough sawn timber, offcuts and slabs), waiting time, processing time, 

cycle time, first time yield (FTY), rework, scrap, rolled throughput yield (RTY), and efficiency. 

PEI was determined by comparing baseline performance of furniture production before and 

after the implementation of PEISs for each metric. 

The method used to assess wood recovery is based on a method proposed by Prasetyo et al. 

(2018b): 

Rv�,�,�,…,� (%)	= 
Volume output S1,2,3,…,n

Volume input S1,2,3,…,n
 x 100      (21) 

Rw�,�,�,…,� (%)	= 
Mass output S1,2,3,…,n

 Mass input S1,2,3,…,n
 x 100      (22) 

RAv V (%)	= 
∑ RV

n
i=1

n
         (23) 

RAv W (%)	= 
∑ RW

n
i=1

n
         (24) 

R (%)	= R��	�� x R��	�� x R��	�� x R��	��
 x R��	��

    (25) 

Where Rv = the recovery rate using the volume method; Rw = the recovery rate using the mass 

method; S1,2,3,…,n = a specimen (1, 2, 3, etc.); RAv V = the average recovery rate of n specimens 

using the volume method; RAv W = the average recovery rate of n specimens using the mass 

method; n = the number of specimens; R = the overall recovery rate of all of the furniture 

manufacturing process with the assumption that the furniture manufacturing stations included 

edging (e), end trimming (c), planing (p), routing (r), and sanding (s) stations. 
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Table 20. Furniture production efficiency improvement strategies (PEISs) 

Inefficiency 
attribute 

Strategy Tool Source 

Timber 
utilisation 

Increasing wood 
recovery 

1. Slabs and offcuts utilisations 
2. Logs quality 
3. Wood grades mixing 
4. Product design to reduce 

component thicknesses 
5. Substitution with other wood-

based products (plywood and 
MDF) 

Prasetyo et al. 
(2018a; 2018b;  
2018c) 

Final 
product 
quality 

Reducing 
machining 
defects 

1. Quality controls based on 
product specification or 
customer requirements 

2. Rolled throughput yield (RTY) 
3. Mistake-proofing 
4. Optimisation process using 

design of experiments (DoE) 
5. Statistical process control 

(SPC) 
6. Repeatability and 

reproducibility (R&R) study 

Feld (2000) 
Guerrero et al. 
(2017) 

Production 
time 

Reducing 
production delay: 
 Waiting time 
 Rework 
 Overproduction 

1. Value Stream Mapping 
2. ABC analysis 
3. Single-Minutes Exchange of 

Dies (SMED) 
4. Standardised work process 
5. Production flow analysis 

(PFA) 
6. A Kanban system 
7. A Pull system 
8. Worker scheduling system 
9. 5S 
10. Visual factory 
11. Overall equipment efficiency 

(OEE) 
12. First in first out (FIFO) 
13. Grouping machining station 

Sabri and Shayan 
(2004) 
Sadraoui and 
Ghorbel (2011) 
Chowdhury et al. 
(2015) 
Suhardi et al. (2015) 
Suzic et al. (2012) 
Chen et al. (2010) 
Guerrero et al (2017) 
 
 

Production 
Management 

Information 
technology and 
standardised 
work 

1. Standardised work process 
2. Visual control 
3. Job description 
4. Timber procurement system 
5. Product tagging 

Chowdhury et al. 
(2015) 
Mo (2009) 
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Figure 13. A systematic methodology for selecting production efficiency improvement 
strategies (PEISs) within the following time constraints: PTC: the time constraint of planning 
time; MTC: the time constraint of modifying time; TTC: the time constraint of training time; 

STC: the time constraint of testing time; VTC: the time constraint of validating time; Si: i 
production efficiency improvement strategy 

Identifying inefficiencies 

Analysing production inefficiencies causes 

Identifying strategies to address 

Selecting a set of inefficiency causes and associating them with 
improvement strategies 
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Waiting time (WT), processing time (PT), and cycle time (CT) were used to assess the 

efficiency of production time. PT measures value-adding activities (VAA) time, where workers 

manufacture products. WT involves non-value-adding activities (NVAA) and necessary but 

non-value-adding activities (NNVAA) times. CT wraps waiting and processing times (Chen et 

al., 2010; Chowdhury et al., 2015; Feld, 2000). 

CTn (h) = PTn + WTn         (26) 

TCT (h) = ∑ CT�
�
�          (27) 

Efficiency per worker per hour (%) = 
���	(�)

�	�	���	�	�������	�����	���	���
	�	100  (28) 

Where TCT = cycle time total; n = the number of furniture making stations; N = number of 

products produced within TCT; WPS = number of workers per station. 

For measuring the number of defects that occurred during furniture production, first time yield 

(FTY), rework, scrap, and rolled throughput yield (RTY) were used as follows: (Feld, 2000) 

FTY (%) = 
�����	�����	������

�����	�����	������
�	100       (29) 

Rework (%) = 
�����	�����	������	�������

�����	�����	������
�	100      (30) 

Scrap (%) = 
�����	�����	��������

�����	�����	������
�	100       (31) 

RTY (%) = 
TUsP 1

TUsT 1
 x	

TUsP 2

TUsT 2
 x	

TUsP 3

TUsT 3
 x,…,x	

TUsP n

TUsT n
    (32) 

Where TUsP = total units passed; TUsT = total units tested; 1, 2, 3, …, n = the number of 

furniture making stations. 

5.2.2. Validating the production efficiency improvement framework (PEIF) 

The validation of the PEIF developed was undertaken at 3 different medium sized wood 

furniture companies. The criteria for the company selection in the validation phase were the 

same as the company selection criteria in the development and test phases. The company 

profiles were similar to the company profiles employed at the development and test stages, but 

all the companies here used a batch production system instead of a cellular production system. 

The validation of the PEIF was conducted using a systematic methodology (Fig. 13). Metrics 

to assess the improvement of production efficiency were the same as the metrics employed in 

the development and test phases. An advanced optimisation process of timber utilisation to 

increase wood recovery was applied using a design of experiments (DoE). The investigated 
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parameters of the wood recovery optimisation were: 1) Timber grades (A; AB; B; BC; AC); 2) 

Thickness reduction for hidden and half-face components (0.5 mm/10 mm and 1 mm/10 mm 

reduction of thickness); and 3) Substitution with other wood-based products (20% and 40% of 

the total use of timber per item product). 

Data collected during the development and test of the PEIF, and its validation phase was 

analysed using SigmaXL software (SigmaXL Inc., V.8, Kitchener, Canada). Histogram, 

descriptive statistics, an Anderson-Darling test, a Pareto analysis, and an X-Y chart analysis, 

the calculations of wood recovery, FTY, RTY, rework, scrap, WT, PT, CT, and basic 

production costs were analysed using SigmaXL software, including the production efficiency 

optimisation process using DoE full factorial and response surface analysis. 

5.3. Results and Discussion 

5.3.1. Development and test phases of production efficiency improvement framework 

(PEIF) 

5.3.1.1. Production efficiency evaluation 

According to a basic production cost analysis (profit excluded) with standardised variables 

(Prasetyo et al., 2018a), the cost of wood as the raw material was the highest rate (82 ± 7.1%) 

of cost variable among other cost variables of teak furniture production. The average teak 

recovery rate was 27.2% where a high level of wood removal due to the elimination of 

undesirable features (e.g. sapwood, knots, resin canals) occurred at the resawing and edging, 

thickness planing, end trimming stations. Using a rolled throughput yield (RTY) tool, a Pareto 

analysis, and an X-Y matrix application, the colour issue impacted by sapwood and resin canals 

was the crucial shortcoming discovered in the furniture manufacturing process. These 

evaluation results ultimately concentrated on the efficiency of teak utilisation, covering the 

timber quality and manufacturing processes of teak. 

Based on a detailed value stream mapping (VSM), teak furniture production was depicted in 

sequent steps: preparing, manufacturing, and delivering steps (Fig. 14). Teak log purchasing, 

sawmilling, and drying processes at the preparation step were undertaken in 22 days (3.7 

weeks). This step was a long process since log procurement was undertaken by the company 

owners, making this process not flexible. From the selecting and marking process to the 

finishing process, it took 27 days to generate 50 units. Waiting time, including the times for 

non-value-adding activities (NVAA) and necessary but non-value-adding activities (NNVAA), 

was the major problem. The waiting time had an influence on the total cycle time, finally 
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affecting the efficiency rate (23.1% per worker per hour). The RTY (58.6%) was impacted by 

rework and scrap rates up to 2-18% and 2-4%, respectively. The manufacturing step involved 

issues with maintaining quality control and process control. Ultimately, the delivery step, 

packing, and loading processes took 3 days in total. The shipping process was out of the control 

of the manufacturers, where it was handed to buyers. 

The causes of inefficiency in the production system were discovered on the production floor: 

lack of timber quality classification, lack of timber inventory, low wood recovery, poor 

production layout, over production due to rework and scrap, poor timber procurement system, 

and poor production information systems. These causes were mitigated using production 

efficiency improvement strategies (PEISs) (as outlined in the methodology section) classified 

into timber utilisation, product quality, production time, and production management attributes. 

The implementation of the PEISs is shown in Table 21. 

5.3.1.2. Production efficiency improvement strategies (PEISs) selection and 

implementation 

All PEISs to increase wood recovery were successfully implemented, i.e. slabs and offcuts 

utilisation, log quality, wood classes mixing, product design to reduce component thicknesses, 

and substitution with other wood-based products (e.g. plywood, MDF) (Table 21). These tools 

overcame the lack of timber quality classification and low wood recovery. The implementation 

times of 5 PEISs were under time constraints set up by the companies. The ranks indicated the 

priority of PEISs to implement based on the decision function to overcome inefficiencies. 

Regarding the decision function, log quality was the first rank of timber utilisation attribute, 

fulfilling the functions of increasing wood recovery, reducing defects and delays, and 

standardising work. The second rank was wood grades mixing, followed by slabs and offcuts 

utilisation, product design, and part substitution as the third rank. 

Quality control based on product specification or customer requirements, RTY, and mistake 

proofing was applied to address rework, defects, and scrap in the manufacturing process. 

Optimisation process using a design of experiments (DoE), statistical process control (SPC), 

and repeatability and reproducibility (R&R) study were unsuccessfully implemented as the 

employees of the companies were not capable of using advanced optimisation technologies and 

software (e.g. statistical functions in Excel, SigmaXL). These failed implementations happened 

at the training stage, so the training times (TT) exceeded the time constraint set up by the 



Page 123 of 151 

 

companies. Quality control and RTY tools placed the first ranking of the decision functions, 

followed by the mistake-proofing tool. 
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WPS 1 1 1 1 1 1 1 1 1 1 2 1 3 4 

Waiting Time (h) 
1.6 6.4 5.6 6.4 4.0 12.8 14.4 14.4 4.0 16.0 24.0 24.0 8.0 16.0 

Processing time (h) 0.8 2.4 2.4 2.8 1.8 2.4 2.8 1.6 1.6 6.4 11.2 12.0 3.6 7.2 

Cycle Time (h) 2.4 8.8 8.0 9.2 5.8 15.2 17.2 16.0 5.6 22.4 35.2 36.0 11.6 23.2 

FTY (%) N.A. 83 96 100 100 96 100 100 100 100 100 95 98.3 82 

Rework (%) N.A. 17 4 0 0 4 0 0 0 0 0 5 2 18 

Scrap (%) N.A. 0 0 0 0 2 0 0 0 0 0 0 0 4 

RTY (%) N.A. 83.0 79.7 79.7 79.7 76.5 76.5 76.5 76.5 76.5 76.5 72.7 71.5 58.6 

Total cycle time 27 days/216.6 h 

Efficiency 23.1 % per hour per worker 

The darker shade highlights problems; WPS = number of worker(s) per station; FTY = first 
time yield; RTY = rolled throughput yield; N.A. = not applicable 
 

Figure 14. A detailed baseline value stream mapping (VSM) of the furniture manufacturing 
process 

Two tools were successfully implemented for production management: timber procurement 

system and product tagging as an information management system on the production line. 

Visual factory and job description tools were not implemented due to the capacity of workers. 

A timber procurement system was applied to reduce the long process of timber purchasing 

conducted by the company owners. This tool ranked the first, followed by product tagging as 

a communication system between stations on the production line. 

 

Log 
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Drying 
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Table 21. Production efficiency improvement strategies (PEISs) implementation in the three teak furniture companies 

Production efficiency improvement tool 

Time constraint (h) Implementation time (h) Decision function Priority 

PT MT TT ST Total PT MT TT ST Total 
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Rank 
Efficiency 
attribute 

Slabs and offcuts utilisation 1 1 1.5 3 6.5 0.6 0.8 1.2 2.3 4.9 1 0 0 0 1 3 

Timber 
utilisation 

Logs quality 1 1 1 2 5 0.5 0.8 0.5 1.7 3.5 1 1 0 1 3 1 

Wood grades mixing 1 1 1.5 3 6.5 0.5 0.5 1.4 3 5.4 1 1 0 0 2 2 

Product design to reduce component 
thicknesses 

1 1 1 2 5 0.5 0.8 0.8 1.5 3.6 1 0 0 0 1 3 

Substitution with other wood-based 
products 

1 1 1 2 5 0.6 0.6 0.8 1 3 1 0 0 0 1 3 

Quality control based on product 
specifications or customer requirements 

1 1 1 1 4 0.5 0.5 0.8 0.5 2.3 1 1 1 1 4 1 
Product 
quality Rolled throughput yield (RTY) 1 1 1 1 4 0.5 0.5 0.6 0.8 2.4 1 1 1 1 4 1 

Mistake-proofing 1 1 1 1 4 0.4 0.6 0.7 0.7 2.4 0 1 1 1 3 2 

Value stream mapping (VSM) 1 1 1.5 1.5 5 1 0.8 1.5 1.3 4.6 0 0 1 1 2 2 

Production 
time 

Worker scheduling 1 1 1 1 4 0.5 0.7 1 1 3.2 0 0 1 1 2 2 

Single-minutes exchange of dies 
(SMED) 

1 1 1.5 2 5.5 1 0.8 1.4 1.8 5 0 0 1 1 2 2 

5S 1 1 1 2 5 0.8 1 1 1.8 4.6 0 0 1 1 2 2 

Grouping machining station 1 1 2 3 7 1 1 2 2.8 6.8 0 0 1 0 1 3 

ABC inventory 1 1 1 2 5 0.5 0.7 0.8 1.5 3.5 1 0 1 1 3 1 

Timber procurement system 1 1 1 1 4 0.5 0.2 1 1 2.7 0 0 1 1 2 1 Production 
management Product tagging 1 1 1 1 4 1 1 0.8 1 3.8 0 0 0 1 1 2 

PT: planning time; MT: modifying time; TT: training time; ST: testing time; total decision function = sum of scores of decision functions; priority rank is defined by the 
highest to the lowest of total scores of the decision functions 
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The uses of offcuts and slabs were optimised through further machining processes to enhance 

wood recovery. Offcuts from seasoned rough sawn boards and slabs from logs were further 

processed to produce smaller dimension components. As investigated by Prasetyo et al. 

(2018b; 2018c), the baseline average wood recovery without offcuts utilisation at the three 

companies was 27.2 % ± 1.2% (Table 22). By processing usable offcuts to produce 

components, the wood recovery of seasoned rough sawn boards increased by 36.8% ± 1.7%. 

The offcuts recovery reached 14.0% ± 1.6%. The improved recovery rate from seasoned rough 

sawn boards was aided by slabs recovery rate, gaining 6.5% ± 0.3%. However, these two 

recovery rates from seasoned rough sawn boards and slabs could not be summed up as the 

sources were different and sawmilling recovery rates were not investigated. 

Table 22. Baseline and improved wood recovery rate at the three furniture companies 

C
o

m
p

an
y

 Baseline recovery of 
seasoned rough sawn 

boards (%) 

Improved recovery (%) 

Seasoned rough sawn boards 
Slabs 

Components Waste Components Offcuts 
Increased 
recovery 

Waste 

A 26.21 ± 2.32 73.8 ± 1.8 26.2 ± 2.3 15.9 ± 1.2 37.9 ± 1.3 62.1 ± 2.5 8.2 ± 0.3 

B 25.7 ± 2.3 76.3 ± 1.4 25.7 ± 2.3 12.4 ± 1.5 33.2 ± 2.3 66.8 ± 1.7 4.5 ± 0.2 

C 29.6 ± 1.7 70.4 ± 1.7 29.6 ± 1.7 13.8 ± 2.1 39.3 ± 1.8 60.7 ± 1.3 6.7 ± 0.5 

Mean 27.2 ± 1.2 73.5 ± 1.5 27.2 ± 1.2 14.0 ± 1.6 36.8 ± 1.7 63.2 ± 1.7 6.5 ± 0.3 

1: average wood recovery rate (%); 2: standard deviation 
 
As heartwood proportion (HP) was the most important metric of teak quality, as reported by 

Prasetyo et al. (2018a), the control of HP for teak logs population was required. The control 

was conducted by measuring the HP of teak logs based on formulas used by Fernandez Solis 

(2018) and applying process capability analysis (PCA) to HP distribution of the teak population 

by setting lower specification limits (LSLs). The LSLs were set to define the percentage(s) of 

teak logs having HP under the minimum value required. The rates of teak logs having 

heartwood proportion under LSLs were determined by looking at the percentage of the 

expected overall performance of PCA under LSLs. For instance, when 80% of HP was set as a 

LSL, 44.8% of the population of teak logs had HP under 80%. Therefore, a 44.8% HP 

population should be processed carefully to maximise wood recovery. Applying this technique 

to teak quality classes, the rates of A-quality, B-quality, and C-quality teak logs were 14.3%, 

56.3%, and 29.4%, respectively (Prasetyo et al., 2018b). 

Wood grades mixing was used to improve wood recovery as teak quality classes have a 

significant influence on wood recovery rates (Prasetyo et al., 2018b). The combination of A-
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quality and B-quality teak sawn boards and B-quality and C-quality teak sawn boards produced 

similar wood recovery rates and the statistical inference of the correlation was insignificant. It 

had also been recommended by Prasetyo et al. (2018a) to combine teak grades to inhibit defects 

and maximise wood recovery. The possible individual use of teak quality classes and its 

combination were A-quality, AB-quality, B-quality, AC-quality, and BC-quality, identified 

later as high, medium-high, medium, medium-low, and low qualities, respectively. 

Changing product design to reduce component thicknesses to increase wood recovery was 

successfully undertaken. The thicknesses of possible components of furniture products that 

could be reduced were the thicknesses of hidden or one-face components. These components 

were not structural components. The reductions considered were 0.5 mm/10 mm and 1 mm/10 

mm of the thicknesses, discussed in more detail later in the text as conservative and radical, 

respectively. For table and cabinet products, hidden components were drawer bottoms, side 

and back rails of drawers, and bottom panels. One-face components of the table and cabinet 

products were front, side, and back panels; and front rails. One-face components of bed frame 

products were side panels and headboard panels. Hidden components of sofa frame products 

were front, side, and back panels; and front, side, and back rails. 

The substitution of solid wood with other wood-based products (i.e. plywood and MDF) was 

successfully conducted. This allowed for a reduction in the high volume of wood losses as the 

products had a consistent dimension and quality to be consistently processed with a high rate 

of recovery. The applications of the wood-based products were 20% and 40% of the total 

volume of timber per item product. The types of components that could be substituted depended 

on the type of products. The substituted components of furniture products were hidden and 

one-face components. For table and cabinet products, hidden components that could be 

substituted were drawer bottoms and bottom panels, and back panels for one-face components. 

Hidden component of bed frame products was headboard panels. Hidden components of sofa 

frame products were bottom, side, and back panels. 

Quality control was undertaken at selecting and marking, assembly, and loading stations using 

weekly and monthly schedules before conducting the efficiency improvement by applying 

PEISs (see Figure 14). Quality control was accomplished by visual inspection due to the lack 

of standard quality. The internal quality control was conducted by production supervisors and 

the company owners at the three stations. For external quality control, buyer’s controllers 

conducted inspections at the loading station before the shipping process. These quality control 

systems were the weaknesses of production quality control, especially internal quality control. 
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It led to high volumes of rework at the finishing station (18%), the edging and trimming station 

(17%), the assembly station (5%), the moulding station (4%), and the sanding station (2%). 

Although the rates of FTY were high (≥ 82%) and the rates of scrap were diminished (2-4%) 

at all stations, the rate of RTY remained low, at 58.6%. RTY is an important tool in eliminating 

defects, reducing rework, and maintaining quality. RTY is a more effective metric for problem-

solving than FTY (Feld 2000). In this case, the manufacturing process produces a high volume 

of products and relatively constant recovery (highlighted by the rates of FTY and scrap), but 

the process required more time, extra spaces, extra workers, and efforts (re-machining) due to 

rework and RTY. 

After improvement, the quality control used involved product specifications derived from 

customer requirements comprising product quality or price, type of products, and type of 

finishing aspects. The product quality was defined by the timber classes used and type of 

constructions. The timber classes determined the proportion of heartwood, knots, decay, resin 

canal, and wood colour variation. Type of product determined product design or dimension and 

the manufacturing process. The product design involved the type of construction, timber 

classes mixing, timber substitutions, and thickness reduction. The manufacturing process 

included machine setting, production, and worker scheduling. The type of finishing covered 

timber quality classes and finishing methods. These aspects were used by workers at every 

manufacturing station using quality control sheets and product tags. 

To support quality control, a mistake-proofing tool was employed as this tool was very 

effective in preventing defects and is well implemented at the Indonesian furniture production 

system. The mistake-proofing tool was introduced in a simple way, so workers could focus on 

their job and have the right people’s input to promote value-adding activities without defects. 

Technical discussions performing the mistake-proofing tool were also technically used on the 

production floor using flyers of production specifications notification and defects pictures 

provided at each station. The purpose of this approach was to provide reminders, alerts, and to 

prompt corrective actions for workers to prevent defects, scraps, and reworks. 

An ABC inventory, which was adapted from ABC analysis using a Pareto analysis, was 

initially performed to classify and group a wide range of sawn boards based on quality, 

thickness, and types of finish. The aim here was to increase wood recovery, reduce delay and 

standardise work. The ABC inventory system was used to provide the workers with a supply 

of selected boards to use at each station. On the production line, storages using ABC inventory 

assisted operators, especially at the resawing and edging station, to select sawn boards 
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according to cutting bills and product specifications. The classification of sawn board 

thicknesses was 1.2 - 4.3 cm with 0.5-cm increments, 5.3 cm, 7.8 cm, and 10.3 cm. The sawn 

board classification based on teak classes and types of finish was A-quality with oil or natural 

finishes, A-quality with polyurethane finish, A-quality (all finishes), B-quality (all finishes), 

and C-quality (all finishes). For the leg components, the classifications were based on 

dimensions (5x5, 5x7, and 10x10 cm) and lengths (75 and 110 cm). These classifications 

allowed the timber procurement department to invent left-over timber stock and forecast timber 

stock. 

Grouping of machining station was undertaken to reduce time spent on NVAA and NNVAA 

such as worker and material movements throughout the manufacturing process. There were 

two types of machining station group: a machining station group for manufacturing 

components and legs (Table 23); and another group for making panels and benchtops (Table 

24). The similarity between these station groups was a rabbit-chasing system involving the 

moulding (5a), mortising (5b), and tenoning (5c) stations. This was proposed as the workers at 

the stations essentially worked in a circle through the system (Chen et al., 2010). The aim was 

to level work load at the same time for the three stations as the work started at the same time 

at different stations and all components and legs required moulding, mortising, and tenoning 

processes. The stations were moved closer together, so the system reduced the cycle time of 

the processes. For instance, from the moulding station (5a) to the mortising station (5b), the 

distance was reduced from 5.5 m to 2 m. From the mortising station (5b) to the tenoning station 

(5c), the distance was cut from 5 m to 2.5 m. 

To depict the two types of machining station groups for components and legs, and panels and 

tops, “From/To” matrixes were performed. The matrixes show that there are no returning flows, 

except for the rabbit-chasing systems. These matrixes are in accordance with a study by Suzic 

et al. (2012) on reorganising production flow to be manufacturing cell based, as determined by 

the types of components made. The matrix of components and legs manufacturing flow (Table 

3) depicted three main sections: 1) Rough-mill which includes the resawing and edging, 

planing, and trimming stations; 2) Joint and irregular shape making, which involves the 

moulding, mortising, and tenoning stations; and 3) Assembly and finishing, which covers the 

routing, gluing and jointing, carving, assembly, sanding, and finishing stations. The significant 

impact of reorganising and grouping the stations on the reduction of production time was 

gained by the reduced distance between stations in the rabbit-chasing system (joint and 

irregular shape making section), and between the rabbit-chasing system and the assembly and 
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finishing section. For instance, from the tenoning station (5c) to the gluing and jointing station, 

the distance decreased from 16 to 13.5 m. The flow of components and leg making is 1-2-3-4-

5(abc)-6-7-8-9-10-11. 

Table 23. From and To manufacturing stations matrix for components and legs 
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To 

Station 
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Station 

1  3 (3) 
4.5 

(4.5) 
          

2   
2.5 

(2.5) 
          

3    
3 

(3) 
         

4     3 (3) 
3.5 

(3.5) 
3.5 

(3.5) 
      

5a      
2 

(5.5) 
2.5 
(6) 

10 
(14) 

     

5b     
2 

(5.5) 
 

2.5 
(5) 

7.5 
(13) 

10 
(15.5) 

    

5c     
2.5 
(6) 

2.5 
(5) 

 
10.5 

(13.5) 
13.5 
(16) 

    

6         
2.5 

(2.5) 
6 (6)    

7          
3.5 

(3.5) 
9 

(9) 
15 

(15) 
 

8           
3 

(3) 
11.5 

(11.5) 
 

9            
3.5 

(3.5) 
 

10             
7 

(7) 

11              

Double borders are sections of machining stations; numbers in the column indicate the improved distance 
between From station and To machining stations (m); numbers in column with parenthesis indicate baseline 
distance before improvement between From station and To machining stations (m) 

 
For making panels and benchtops, a rearrangement of machining flow was undertaken (Table 

24). The routing and gluing and jointing processes were moved between the planing and 

trimming processes. To manufacture panels and tops, the planed sawn board was routed to 

make cavities for gluing and jointing purposes using biscuit joints. The jointed panels and tops 

were then side trimmed to desired dimensions. The flow of panels and tops according to the 

matrix (Table 4) is 1-2-3-6-7-4-5(abc)-8-9-10-11. Overall, to accommodate these two different 

manufacturing flows, a U-manufacturing cell was arranged. The rough-mill section, especially 
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the thickness planing (3) and trimming (4) stations, was located close to the assembly and 

finishing sections, especially the routing, and gluing and jointing stations. 

Table 24. From and To manufacturing stations matrix of panels and benchtops 
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To 

Station 
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Station 

1  3 (3) 
4.5 

(4.5) 
          

2   
2.5 

(2.5) 
          

3    
4.5 
(17) 

         

6     
2.5 

(2.5) 
        

7      
3.5 
(18) 

       

4       3 (3)       

5a        
2 

(5.5) 
2.5 
(6) 

10 
(13.5) 

   

5b       
2 

(5.5) 
 

2 
(5.5) 

10.5 
(14) 

   

5c       
2.5 
(6) 

2.5 
(5) 

 
10.5 
(14) 

9 
(9) 

  

8           
3 

(3) 
11.5 

(11.5) 
 

9            
3.5 

(3.5) 
 

10             
7 

(7) 

11              

Double borders represent sections of machining stations; numbers in the column indicate the improved distance 
between From station and To machining stations (m); numbers in column with parenthesis indicate baseline 
distance before improvement between From station and To machining stations (m) 

 

A single-minutes exchange of dies (SMED) tool was performed to reduce setup and 

maintenance times when these were initially conducted before commencing the manufacturing 

processes. For a complex furniture manufacturing process, the SMED approach was suitable 

and compatible to implement by eliminating non-required setup and maintenance activities 

using activities checklists (Sabri and Sahyan, 2014; Chowdhury et al., 2015). As Table 25 

shows, most setup activities containing 3-5 activities were reduced to 2-3 activities. Eliminated 

activities included movements to pick up and return tools and supporting devices, and cleaning 
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activities during production. Allocated times for cleaning were arranged 10 minutes before 

recess and dismissal times. Before implementing the SMED tool, total setup times reached 

145.2 minutes per day, ranging from 7.7 to 16.4 minutes per station per day. After SMED 

implementation, total setup time was 72 minutes per day, ranging from 2.1 to 10.2 minutes per 

station per day. The maintenance activities eliminated were lubricating the machine, changing 

knives and sand-papers, and fixing electrical lines and wires, which is an irrelevant job to the 

workers of furniture production. The companies did not seem to employ or hire maintenance 

workers to look after their facilities. These activities consumed much time, which was 

diminished in total from 358.1 minutes per day before SMED implementation to 222.9 minutes 

per day after SMED implementation. The total reduced time of setup and maintenance 

activities was 208.4 minutes per day. This contributed to less NVAA and NNVAA in the 

manufacturing process. 

Table 25. Single-minutes exchange of dies (SMED) implementation on setup and maintenance 
activities 

Station 

Before SMED After SMED 
Reduced 

Times/day 
(min) 

Setup time/day Maintenance 
time/day 

(min) 

Setup time/day Maintenance 
time/day 

(min) Activity 
Time 
(min) 

Activity 
Time 
(min) 

Resawing & 
edging 

4 13.5 32.2 2 7.9 20.3 17.5 

Surface planing 4 11.6 28.4 2 5.8 18.3 15.9 

Thickness planing 4 10.5 26.2 2 5.1 13.2 18.4 

Trimming 4 8.8 22.8 2 3.2 12.6 15.8 

Moulding 5 11.5 28.2 3 6.6 19.2 13.9 

Mortising 4 12.2 29.6 2 5.9 20.8 15.1 

Tenoning 4 13.7 32.6 2 8.1 22.4 15.8 

Routing 3 8.6 22.4 2 3.2 12.2 15.6 

Gluing & Jointing 3 16.4 38.1 2 10.2 27.8 16.5 

Carving 4 9.5 24.2 2 3.9 12.1 17.7 

Assembly 3 7.7 20.6 2 2.1 12.8 13.4 

Sanding 4 9.8 24.8 3 4.2 15.3 15.1 

Finishing 5 11.4 28.0 3 5.8 15.9 17.7 

Total 45 145.2 358.1 29 72.0 222.9 208.4 

 
Implementing 5S on the production floor was a repetitive and continuous process. Sorting 

activities and tools that were used at each manufacturing station and production management 

in the manufacturing process was initially conducted. The implementation emphasised on some 

organising and straightening commitments and job descriptions to all employees. These 

activities were supported by cleaning the production floor to make it visible to monitor and 
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control the processes. The next step was to repeat the sorting, organising, and cleaning activities 

to be standardised and regular activities conducted every day after production activities were 

completed. This process should be accomplished before proceeding to the next advanced PEISs 

(e.g. visual factory management, standardised work, Kaizen, Kanban strategies) (Feld, 2000). 

The last step after time improvements using VSM, 5S, ABC inventory, station grouping, and 

SMED tools was the implementation of a worker scheduled technique. This was aimed at 

eliminating delays due to worker capacity and the period of manufacturing processes (Table 

26). A total of 17 days to produce 50 units of furniture product were calculated based on the 

improved total cycle time shown in the improved VSM (Fig. 15). 

Table 26. An instance of working scheduling system for furniture manufacturing process 
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1 ABCDE AB             

2  CD AB AB           

3 FGHIJ EF CD AB AB          

4  GH CD CD AB A AB B       

5  IJ EF EF CD B AB A       

6   GH EF CD C CD D A AB     

7   GH GH EF D CD C B AB     

8   IJ IJ EF E EF F C AB AB    

9    IJ GH F EF E D CD AB    

10     GH G GH H E CD AB    

11     IJ H GH G F CD AB AB   

12     IJ I IJ J G EF CD AB   

13      J IJ I H EF CD AB   

14         I EF CD AB AB  

15         J GH CD CD AB AB 

16          GH EF CD CD AB 

17          GH EF CD CD AB 

 
Table 26 shows the worker scheduling system per production line, where a type of product is 

generated by a worker (a batch production). For instance, the production times for product A 

or B were 1 day at the resawing and edging station, 1.5 days at the surface and thickness planing 

stations, 0.5 day at the trimming stations, 2 days at the moulding, mortising, tenoning stations, 

2.5 days at the routing and the gluing and jointing stations, 3 days at the carving station, 3 days 

at the assembly station, 1.5 days at the sanding station, and 2 days at the finishing stations. The 
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schedule was used to monitor and control each process; in case a type of furniture production 

stopped, another product behind could move forward. The schedule could project the 

production time for each product. 

A timber procurement system was created to shift responsibility for purchasing teak logs from 

the company owner to the planning department. Teak log purchasing needed good decision 

making in terms of price, quality, and forecast wood recovery. When the company owners 

purchased teak logs, it took a long time to make a decision as capital and timber procurement 

were authorised by the owners. Using logs controlling for heartwood proportion simulation, 

teak quality classification, slabs and offcuts utilisation, and wood grade mixing, the planning 

department authorised and purchased teak logs to reduce the overall production time. 

Another improvement in the aspect of production management was the use of product tags as 

a mode of communication among workers between stations within the production line. The 

tags contained the starting date, finishing date, employee name, product code, product name, 

product quantity, production line, type of finish, colour of the finish, accessories, and additional 

notes. These tags were provided along the component making station throughout the 

manufacturing process. This was a tool to control and monitor between products generated, 

worker and production schedules, and the production line. 

The following techniques to improve production efficiency in the furniture manufacturing 

process were developed by the study researchers: slabs and offcuts utilisation, logs quality, 

wood grades mixing, product design to reduce component thicknesses, substitution with other 

wood-based products, quality control based on product specifications or customer 

requirements, worker scheduling, grouping machining stations, and timber procurement 

techniques. The techniques were developed specifically based on the inefficiency issues faced 

by the companies and the time-constraints methodology used. The implementations of the tools 

and their results highlighted significant achievements of this study. 

A new improved VSM was established to illustrate improvements in log purchasing time, 

waiting time, cycle time, rework, scrap, RTY, total cycle time, and efficiency (Fig. 15). The 

metric comparison between baseline and improved furniture production is shown in Table 27. 

The new log purchasing time was reduced from 8 to 5 days, saving 3 days of production time. 

The total waiting time decreased from 157.6 to 73 hours. The rates of rework and scrap 

decreased by 2-12% and 2-4%, respectively. The rate of RTY increased by 23.7%. The total 

cycle time was reduced from 216.6 hours (27 days) to 132 hours (16.5 days), saving 84.6 hours 
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(10.5 days) of overall production time. The total production time was reduced by 15 days (2.6 

weeks). Ultimately, efficiency per worker per hour increased by14.8%, to 37.9%. 

Table 27. Baseline and improved metrics comparison at the development and test phases of 
Production Efficiency Improvement Strategies (PEISs) 

Key metric used Baseline Improvement Improved value 
Wood recovery (%) 27.2 ± 2.7 36.8 ± 1.8  ↑ 9.6 ±1.6 
Rework (range, %) 2-18 4-6 ↓ 2-12 
Scrap (range, %) 2-4 0  ↓ 2-4 
Rolled throughput yield (RTY) (%) 58.6 82.3 ↑ 23.7 
Total cycle time 

- Days 
- Hours 

 
27 

216.6 

 
16.5 
132 

 
↓ 10.5 
↓ 84.6 

Total production time 
- Days 
- Weeks 

 
52 
8.7 

 
36.5 
6.1 

 
↓ 15.5 
↓ 2.6 

Efficiency (per worker per hour, %) 23.1 37.9 ↑ 14.8 
 
 

5.3.2. The validation of the production efficiency improvement framework 

All PEISs used in the development and test phases were successfully performed at the 

validation phase in the other three medium sized teak furniture companies (Table 28). The 

planning, modification, training, testing, and validation times of PEIS tools implemented were 

under time constraints set by the companies. The total score of each tool to decision function 

and the priority rank of each efficiency attribute were the same as the results of the total score 

and priority rank at the development and test phases. 

A teak bedside cabinet with a polyurethane finish was selected for the experimental 

optimisation process. The metrics used for the optimisation process were wood recovery and a 

basic production costs analysis (Prasetyo et al., 2018a; 2018b). An optimisation process using 

a 3-factor 8-run full factorial at the design of experiments (DoE) and response surface analyses 

on wood recovery rates and reduced production cost percentages are recapped in Table 29. 

Based on full factorial analysis (Table 30), the relationship between teak quality classes and 

thickness reduction recorded a highly significant interaction on the wood recovery rates (P < 

0.01), where the high-quality teak class with radical thickness reduction was the optimised 

parameter combination to achieve a high wood recovery rate (36.9%) (Fig. 16). The 

combination of the teak quality classes and timber substitution generated a highly significant 

interaction on the reduced basic production cost percentages (P < 0.01). The highest rate of the 
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reduced basic production cost (18.7%) was gained using a medium-high quality teak class and 

40% timber substitution (Fig. 17). 
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WPS 1 1 1 1 1 1 1 1 1 1 2 1 3 4 

Waiting time (h) 0.8 4.0 3.2 3.6 2.2 3.2 3.6 2.4 2.4 9.6 12.8 12.0 4.4 8.8 

Processing time 
(h) 

0.8 2.4 2.4 2.8 1.8 2.4 2.8 1.6 1.6 6.4 11.2 12.0 3.6 7.2 

Cycle time (h) 1.6 6.4 5.6 6.4 4.0 5.6 6.4 4.0 4.0 16.0 24.0 24.0 8.0 16.0 

FTY (%) N.A. 95 100 100 100 96 100 100 100 100 100 96 100 94 

Rework (%) N.A. 5 0 0 0 0 0 0 0 0 0 4 0 6 

Scrap (%) N.A. 0 0 0 0 0 0 0 0 0 0 0 0 0 

RTY (%) N.A. 95.0 95.0 95.0 95.0 91.2 91.2 91.2 91.2 91.2 91.2 87.6 87.6 82.3 

Total cycle time 16.5 days/132 h 

Efficiency 37.9 % per hour per worker 

WPS = number of worker(s) per station; FTY = first time yield; RTY = rolled throughput yield; 
N.A. = not applicable 
 

Figure 15. Improved values stream mapping 
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Table 28. Production efficiency improvement strategies (PEISs) implementation at the validation phase 

Production efficiency 
improvement tool 

Time constraint (h) Implementation time (h) Decision function Priority 

PT MT TT ST VT Total PT MT TT ST VT Total 
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Rank 
Efficiency 
attribute 

Slabs and offcuts utilisation 1 1 1.5 3 3 9.5 0.7 0.9 1.3 2.6 2.5 8 1 0 0 0 1 3 

Timber 
utilisation 

Logs quality 1 1 1 2 2 7 0.7 0.9 0.7 1.8 1.8 5.8 1 1 0 1 3 1 

Wood grades mixing 1 1 1.5 3 3 9.5 0.6 0.8 1.3 2.8 2.6 8.1 1 1 0 0 2 2 
Product design to reduce 
component thicknesses 

1 1 1 2 2 7 0.7 0.9 0.9 1.7 1.7 5.9 1 0 0 0 1 3 

Substitution with other wood-
based products 

1 1 1 2 2 7 0.8 0.7 0.8 1.6 1.5 5.4 1 0 0 0 1 4 

Quality control based on 
product specifications and 
customer requirements 

1 1 1 1 1 5 0.6 0.8 0.9 0.9 0.6 3.8 1 1 1 1 4 1 
Product 
quality Rolled throughput yield (RTY) 1 1 1 1 1 5 0.7 0.6 0.9 0.8 0.8 3.8 1 1 1 1 4 1 

Mistake-proofing 1 1 1 1 1 5 0.5 0.6 0.8 0.8 0.7 3.4 0 1 1 1 3 2 

Value stream mapping (VSM) 1 1 1.5 1.5 1.5 6.5 1 0.9 1.4 1.5 1.2 6 0 0 1 1 2 2 

Production 
time 

Worker scheduling 1 1 1 1 1 5 0.8 0.9 0.8 1 0.8 4.3 0 0 1 1 2 2 

Single-minutes exchange of 
dies (SMED) 

1 1 1.5 2 2 7.5 1 0.8 1.5 1.7 1.5 6.5 0 0 1 1 2 2 

5S 1 1 1 2 2 7 1 0.8 0.8 1.8 1.5 5.9 0 0 1 1 2 2 

Grouping machining station 1 1 1 2 2 7 1 0.8 0.9 2 1.2 5.9 0 0 1 0 1 3 
ABC inventory 1 1 1 2 2 7 0.9 0.8 0.8 1.7 1.6 5.8 1 0 1 1 3 1 
Wood procurement system 1 1 1 1 1 5 0.8 0.4 1 1 0.8 4 0 0 1 1 2 1 Production 

management Product tagging 1 1 1 1 1 5 0.6 0.9 0.8 1 0.8 4.1 0 0 0 1 1 2 
PT: planning time; MT: modifying time; TT: training time; ST: testing time; VT: validating time; total decision function = sum of scores of decision functions; priority rank 
is defined by the highest to the lowest of total scores of the decision function
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For individual parameters, the use of individual teak quality classes resulted in a significant 

difference in the wood recovery rates and the reduced basic production cost levels. High and 

medium qualities of teak significantly influenced the high wood recovery percentages (P < 

0.01), while medium-high quality teak significantly affected the high reduction of basic 

production cost rates (P < 0.01). The significant effect of teak quality classes on wood recovery 

rates is similar to the result of the study by Prasetyo et al. (2018b) in which a high-quality teak 

class resulted in significantly higher wood recovery rates. Both thickness reduction and timber 

substitution parameters had significant influences on both wood recovery rates and reduced 

production cost levels. The high rates of these parameters were recorded by radical thickness 

reduction and 40% timber substitution. The T values shown in Table 30 were more than 2.8 

value, which is likely to be highly significant. The models simulated by the response surface 

analysis had high adjusted R2 values, which determined highly accurate models for simulating 

the optimised parameters used. 

Table 29. Wood recovery and basic production cost optimisation 

Teak quality class Thickness reduction 
Timber substitution 

(%) 
Wood recovery 

(%) 
Reduced basic 

production cost (%) 

A 

0.5 mm/10 mm 
20 32.4 12.4 

40 33.5 13.6 

1 mm/10 mm 
20 36.4 13.1 

40 36.6 14.9 

AB 

0.5 mm/10 mm 
20 31.9 16.8 

40 33.1 17.4 

1 mm/10 mm 
20 33.0 16.4 

40 34.3 18.3 

B 

0.5 mm/10 mm 
20 25.4 15.4 

40 26.4 16.6 

1 mm/10 mm 
20 26.6 16.4 

40 28.3 16.6 

BC 

0.5 mm/10 mm 
20 23.6 13.6 

40 26.1 14.1 

1 mm/10 mm 
20 25.8 15.8 

40 26.1 14.2 

AC 

0.5 mm/10 mm 
20 24.9 14.9 

40 26.1 13.7 

1 mm/10 mm 
20 26.4 13.5 

40 26.0 13.6 

A-quality: >95% heartwood, no knots, no decay, no resin canal, and uniform colour; B-quality: 75-,95% 
heartwood, ≤ 45-mm wide knots, no decay, small (50 mm) resin canal, and non-uniform colour; C-quality: ,75% 
heartwood, ≤ 45-mm wide knots, present decay, present resin canal, and non-uniform colour 
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Table 30. Analysis of the wood recovery rate and reduced basic production cost according to 
teak quality classes, thickness reduction, and timber substitution 

Parameter 

Wood recovery (%) Reduced basic production cost (%) 

T 
Subset group and 

Tukey’s HSD 
Test/Optimised value 

T 
Subset group and Tukey’s 
HSD Test/Optimised value 

Teak quality classes (TQ) -5.24** AA; ABA; BB; BCC; ACC; 
Tukey’s HSD = 2.11 

-8.49** AB; ABA; BB; BCC; ACD; 
Tukey’s HSD = 1.89 

Thickness reduction (TR) 9.95** 10%A; 5%B 3.90** 10%A; 5%B 
Timber substitution (TS) 4.08** 40%A; 20%B 10.67** 40%A; 20%B 

TQ x TR -7.02** 

Optimised value = A-
quality class with 10% 

thickness reduction 
-1.32 N.A. 

TQ x TS 1.16 N.A. 4.61** 
Optimised value = AB-quality 

class with 40% timber 
substitution 

TR x TS -0.95 N.A. -0.17 N.A. 
TQ x TR x TS 1.16 N.A. -1.80 N.A. 

T = calculated differences represented in units of standard error; α = 95%; ** = significant at an α of 0.05; N.A. 
= not applicable 
 
 
 
 

 
Figure 16. Response surface graphic of wood recovery rate optimised by the teak quality 

classes and thickness reduction 
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Figure 17. Response surface graphic of reduced production cost optimised by the teak quality 

classes and timber substitution 

 

The models of the optimised values for wood recovery rates and the basic production costs 

percentages are as follows: 

Wood recovery (%) = 33.9 - 0.6 (Teak quality classes) + 1.2 (Thickness reduction) + 0.5 

(Timber substitution) - 0.8 (Teak quality classes x Thickness reduction) (adjusted R2 = 89.1%; 

P<0.01) 

Reduced basic production costs (%) = 15.6 - 1.1 (Teak quality classes) + 0.5 (Thickness 

reduction) + 1.4 (Timber substitution) + 0.6 (Teak quality classes x Timber substitution) 

(adjusted R2 = 90.5%; P<0.01) 

The metric comparison between baseline and improved production at the validation phase is 

shown in Table 31. The wood recovery rate using the optimisation process improved to 48.9%. 

The optimisation process contributed more than 10% in wood recovery. The interesting results 

at the validation phase were that the improved metrics at this stage have similar results with 

the results at the development and test phases. For instance, after improvements were 

implemented, the total cycle time and the total production time at the validation phase were 

similar to the total cycle time and the total production time at the test phase, which were 16.5-

17 days and 36-36.5 days, respectively. It means that the production time of a worker to 

produce 50 units of a furniture product is approximately 17 days throughout the manufacturing 

process. The total production time of a furniture manufacturer to generate 50 units of a furniture 

product is roughly 36 days. The efficiency that could be achieved was around 36.8-37.9 per 

worker per hour. Optimising furniture making using AB-quality teak class and 40% timber 
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subtitution decreased basic production costs by 18.6%, which will lead to lifting profit margins 

and competitive market prices for the goods. 

Table 31. Baseline and improved metrics comparison at the validation phase of production 
efficiency improvement strategies (PEISs) 

Key metric used Baseline Improvement Improved value 
Wood recovery (%) 
- Without optimisation 
- With optimisation1 

 
25.8 ± 3.2 

N.A. 

 
37.1 ± 2.3 
48.9± 1.6 

 
↑ 11.3 ± 1.8 

N.A. 
Rework (%) 15-23 5-8 ↓ 10-15 
Scrap (%) 2-4 0-1.2 ↓ 2-2.8 
Rolled throughput yield (RTY) (%) 52.8 84.7 ↑ 31.9 
Total cycle time 
- Days 
- Hours 

 
28 

285.6 

 
17 
136 

 
↓ 11 

↓ 149.6 
Total production time 
- Days 
- Weeks 

 
48 
8 

 
36 
6 

 
↓ 12 
↓ 2 

Efficiency (per worker per hour; %) 25.3 36.8 ↑ 11.5 
Reduced basic production cost2 (%) N.A. 18.6 N.A. 

1 = optimised wood recovery rates using A-quality teak class and 10 thickness reduction (37.1%) + offcuts 
recovery (11.5%); 2 = optimised basic production cost rates using AB-quality teak class and 40% timber 
substitution (18.6%); N.A. = not applicable 
 
 

5.4. Conclusions 

a. A production efficiency improvement framework consisted of 16 production efficiency 

improvement tools out of 29 techniques explored. The framework had been formulated for 

the furniture manufacturing process with four strategies: increasing wood recovery, 

reducing machining defects, reducing production delays, and standardising work and 

information technology. 

b. The framework was established through 5 stages: evaluating production efficiency, 

analysing causes of manufacturing inefficiency, exploring and selecting production 

improvement strategies, and assessing the production efficiency improvement framework. 

The production efficiency evaluation was conducted using a basic production cost analysis, 

rolled throughput yield tool, wood recovery assessment, a Pareto analysis, and process 

capability analysis and statistical analysis. Inefficiencies analysis was performed using a 

value stream mapping with visual assessment, activities and defects accounting, and time 

measurements. The exploration and selection of techniques were conducted by 

implementing a time-constraints methodology, where the implementation time of a 

successful technique did not exceed the set time constraints for the technique. The 
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framework was assessed using wood recovery rate, waiting time, processing time, cycle 

time, first time yield, rework and scrap rates, rolled throughput yield, and efficiency 

metrics. 

c. As this study was conducted in Indonesia, low wood recovery rates, a traditional 

bureaucracy for timber procurement, and the lack of a worker scheduling system were the 

critical inefficiency issues in furniture manufacturing. A long waiting time affecting total 

cycle time and high rates of rework and scrap, influencing a low level of rolled throughput 

yield were the common shortcomings, resulting in a low level of efficiency (per worker per 

hour).  

d. The log quality technique was the prioritised tool in increasing wood recovery. Quality 

control based on product specifications and rolled throughput yield techniques were the 

main tools to reduce machining defects. An ABC inventory system was the recommended 

technique to reduce production delays. The timber procurement system was the key tool to 

standardising the production process. 

e. Product quality attribute was the most impactful group on improving efficiency, involving 

quality control, rolled throughput yield, and mistake proofing tools. This attribute fulfilled 

almost all decision functions of efficiency (increased wood recovery, defect reduction, 

delay reduction, and standardised work). The production management attribute was the 

least impactful group. 

f. Based on the efficiency optimisation process, an optimised wood recovery rate was 

achieved by combining high-quality teak and radical thickness reduction. An optimised 

value of reduced basic production cost was achieved by applying medium-high teak quality 

class and 40% timber substitution. Individual parameters significantly affected wood 

recovery and reduced production cost. 

g. After the implementation of the framework in the companies (in both test and validation 

phases), wood recovery rates, rolled throughput yield rates and efficiency levels(per worker 

per hour) increased, while the rates of rework and scrap, the periods of total cycle and total 

production times decreased. The framework could be easily adapted by medium sized 

furniture companies to achieve a significant impact on production efficiency. 
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Chapter 6. Synthesis 
 

This dissertation focused on improving the production efficiency of the Indonesian furniture 

manufacturing industry. The approach consisted of developing a production efficiency 

improvement framework comprising elaborated metrics, expanded strategies, and adaptable 

tools. Eight representative medium sized wood furniture manufacturing companies in the 

Jepara region of Central Java Province, Indonesia, were randomly selected for the study. The 

selection criteria were: medium sized companies employing between 20-99 workers, an in-

house furniture production, the use of plantation-grown teak (Tectona grandis) timber, and a 

willingness of the management to be part of the research project and ultimately implement 

recommendations arising from the study. 

The production efficiency improvement framework involved three stages derived from 

manufacturing performance improvement strategies: evaluation, improvement, and 

implementation stages (Womack and Jones, 1996; Feld, 2000; Yusof and Asspinwall, 2000; 

Fargher, 2006; Wedgwood, 2007; Wang and Tsai, 2009; Zare Mehrjerdi, 2011; Drohomeretski 

et al., 2014). The evaluation process required a generic evaluation method for assessing 

production efficiency in Indonesian furniture manufacturing enterprises. Using the method, a 

wood recovery assessment protocol for the furniture manufacturing process was initially 

established as a critical wood processing metric that had not yet been developed. The protocol 

was then validated by being applied in different companies running different furniture 

production systems, timbers and product specifications. Ultimately, the production efficiency 

improvement framework was created by elaborating production metrics, production 

improvement strategies, and adaptable tools. In the previous chapter, the validation of the 

framework and an optimisation process of timber utilisation were performed to demonstrate 

that the implementation of the framework was reliable and adaptable to other Indonesian 

furniture manufacturing enterprises. 

The development of a wood recovery assessment protocol was conducted in a batch furniture 

production company. The application of a machining station approach, with the measurement 

of 30 specimens at each processing station, was a fundamental protocol for wood recovery rate 

assessment during furniture production (Chapter 2). A methodology of wood recovery 

assessment in the furniture manufacturing process was proposed in Prasetyo et al. (2018a). The 

study demonstrated that a mass and a volume method could be used for measuring the wood 

recovery rate in the furniture manufacturing process since there was no significant statistical 

difference between the volume and mass methods. The volume method could only be used for 
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assessing the wood recovery rate at the first four stations, which were the resawing and edging, 

surface planing, thickness planing, and end trimming stations. The volume method could 

provide information regarding the variation between and within each measured piece. 

However, the most reliable and practical method was the mass method as it could be used for 

measuring the wood recovery rate of a wide range of furniture specimen shapes across all of 

the furniture manufacturing stations if the whole process was under control. The measurement 

process using the mass method was also very fast and efficient. Furthermore, the mass method 

appeared to be the most acceptable system because the contribution of the variant components 

was between 1% and 4% (2.71%), which is in accordance with the Automotive Industry Action 

Group (2010) standards. Additionally, R-chart by the operators from the mass method was 

more stable than the one from the volume method. 

The resawing and edging, and trimming stations resulted in significant differences in the wood 

recovery rates for individual specimens and total wood recovery rates per product and per 

station. Moreover, the resawing and edging, thickness planing, and end trimming stations 

recorded lower levels of individual wood recovery rates than the remaining processes. From 

the point of view of product specifications, the relationship between the teak quality, product 

dimensions, and type of finish was significantly different, where A-quality teak, large 

dimensions, and a polyurethane finish resulted in a higher wood recovery rate compared with 

the other parameter combinations. 

The proposed wood recovery assessment methodology that was developed in the previous 

research study (Prasetyo et al., 2018a) had not been incorporated with a cellular production 

system due to different layout processes, distinctive machinery influence, various product 

specifications, and other technology capabilities. Therefore, a wood recovery assessment 

protocol comparison between batch and cellular production systems in the furniture industry 

was investigated (Prasetyo et al., 2019). The results showed that there was a significant 

difference in cumulative wood recovery rates between batch and cellular furniture production 

systems (Chapter 3). The consistently insignificant results of wood recovery rates using mass 

and volume methods, including standard deviation, were found in all machining stations. The 

wood recovery rates at the first four stations, (i.e. the resawing and edging, surface planing, 

thickness planing and trimming stations) were mostly influenced by species, the quality of 

sawn timber and cutting bills (component/product dimension or design). Meanwhile, the wood 

recovery at each of the subsequent station (i.e. mortising, moulding, carving, gluing and 

jointing stations) was influenced by product dimension and product design. Based on species, 
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the average individual and cumulative wood recovery rates of furniture manufacturing resulted 

in a significant difference at the resawing and edging station. Based on species and product 

dimension, the average individual and cumulative wood recovery rates of furniture 

manufacturing resulted in a significant difference at the resawing and edging station where, for 

both parameters, large dimension product recorded higher wood recovery levels than small 

dimension products. Finally, based on the measurement systems analysis (MSA) and 

Automotive Industry Action Group (2010) standards, the mass method was the most acceptable 

system. 

After the wood recovery assessment protocol had been established, a generic method to 

evaluate the production efficiency of multiple furniture companies was created (Prasetyo et al., 

2018b). The method comprised a basic production cost analysis with standardized variables, 

subsequently performed by a wood recovery assessment, a Pareto analysis of defects using 

rolled throughput yield, and an X-Y matrix application (Chapter 4). The critical production 

problem discovered in the furniture manufacturing process in Indonesia was related to the 

colour issue as a result of the presence of sapwood and resin canals. The finishing, edging and 

trimming stations generated the highest rates of defects. The colour issue determined 

heartwood proportion as a key potential metric of inefficiency problems in Indonesian furniture 

production. 

Further assessment of the application of process capability analysis to heartwood proportion 

distribution with the setting of desired lower specification limits produced a model to simulate 

optimal manufacturing operations. The model assisted manufacturers with gaining maximal 

recovery according to production planning and product specifications. The heartwood 

proportion distribution of teak as a potential efficiency metric could be used to control and 

monitor teak quality and its utilisation. 

Finally, to implement production efficiency improvements in Indonesian furniture enterprises, 

a production efficiency improvement framework was developed by elaborating production 

performance metrics, expanded production enhancement strategies, and adaptable 

manufacturing improvement techniques (Chapter 5). The framework consisted of 16 suitable 

production efficiency improvement tools selected from 29 techniques explored. The 

framework for the furniture manufacturing process has been formulated with four strategies: 

increasing wood recovery, reducing machining defects, reducing production delays, and 

standardising work and information technology. The validity of the framework was confirmed 

through 5 stages: evaluating production efficiency, analysing causes of manufacturing 



Page 148 of 151 
 

inefficiency, exploring and selecting production improvement strategies, and assessing the 

production efficiency improvement framework. The production efficiency evaluation used the 

same method as that which was used in the establishment of production efficiency evaluation 

method (Chapter 4). Inefficiencies analysis was performed using a value stream mapping with 

visual assessment, activities and defects accounting, and time measurements. The exploration 

and selection of production efficiency improvement techniques were conducted by 

implementing a time-constraints methodology, where the implementation time of a successful 

technique did not exceed the set time constraints of the technique. The metrics used within the 

framework were wood recovery rate, waiting time, processing time, cycle time, first time yield, 

rework and scrap rates, rolled throughput yield, and efficiency metrics. 

This study of furniture manufacturing was conducted in Indonesia, where old, outdated, or non-

existent industry standards made timber procurement a bureaucratic process. Furthermore, the 

low wood recovery rates and the lack of a worker scheduling system were also critical factors 

in the high levels of inefficiency. A long waiting time duration that affected total cycle time 

and the high rates of rework and scrap that led to a low level of rolled throughput yield were 

the common shortcomings, resulting in a low level of efficiency (per worker per hour). 

The results from exploration of the production efficiency techniques indicated that log quality 

technique was the prioritised tool in increasing wood recovery. Quality control based on 

product specifications and rolled throughput yield techniques were the main tools used to 

reduce machining defects. The ABC inventory system was the recommended technique to 

reduce production delays. The timber procurement system was the key tool for standardising 

the production process. The product quality attribute was the most impactful group on 

improving efficiency, followed by quality control, rolled throughput yield, and mistake 

proofing tools. This attribute fulfilled almost all decision functions of efficiency (increased 

wood recovery, defect reduction, delay reduction, and standardised work). The production 

management attribute was the least impactful group. 

Based on the efficiency optimisation process, an optimised wood recovery rate was gained by 

combining a high-quality teak class and radical thickness reduction. An optimised value of 

reduced basic production cost was achieved by applying medium-high quality teak class and 

40% timber substitution. Individual parameters significantly affected wood recovery and 

reduced production cost. 

The improvements in production efficiency of Indonesian furniture manufacturers using the 

framework have had a significantly positive impact on manufacturing performance. After the 
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implementation of the framework in the companies (in both test and validation phases), wood 

recovery rates, rolled throughput yield rates and efficiency levels (per worker per hour) 

increased, while the rates of rework and scrap, the periods of total cycle, and total production 

times decreased. The developed framework could also be easily adapted by medium sized 

furniture companies as the framework is practical and involves suitable strategies and 

techniques with approachable metrics. 

Overall, the study successfully demonstrated that production efficiency in the furniture 

manufacturing process can be improved in wood utilisation, product quality, and production 

system aspects. The improvements can be achieved by developing production efficiency 

improvement framework, including the establishment of production efficiency evaluation and 

wood recovery assessment methods. All methods created in this study, including the 

improvements strategies, tools, and results, have been implemented in three furniture making 

companies and validated in other three furniture manufacturing enterprises. 

Further studies are required, as outlined below: 

 The wood recovery assessment method for the furniture manufacturing process is 

complex, especially in a cellular production system. The system involves continuous 

production process and the workflow is a flowing distribution based on arranged 

production lines. It might be difficult to interrupt it to conduct measurement and 

assessment on an active production line. Therefore, specimen numbering and tracking 

system are required to develop to ease and keep measuring specimens throughout the 

manufacturing process.  

 The framework was implemented in wood furniture companies utilising teak (Tectona 

grandis). The implementation of production efficiency framework in other companies 

utilising another species is required. The framework methodology will be the same but 

will involve different production efficiency improvement strategies or tools. 

 The study should be continued in small and large size wood furniture companies using 

the same methodology to elaborate and expand production efficiency improvement 

strategies and tools. 

 An economic evaluation is necessary to assess the potential profitability of improved 

production efficiency in the furniture manufacturing process. 
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