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งานวิจัยท่ีผ่านมาแสดงให้เห็นว่าความพิการแต่กำเนิดอาจมีผลทางกายภาพและการรับรู้คล้ายกับความ

พิการอันมีผลเนื่องมาจากสถานการณ์ที่พบในผู้ประกอบอาชีพ เทคโนโลยีอำนวยความสะดวกหลายประเภทท่ี

ออกแบบมาสำหรับคนพิการ ได้นำไปใช้กับผู้ใช้ทั่วไปที่มีการดำเนินงานในสภาพแวดล้อมที่รุนแรง งานวิจัยก่อน

หน้านี้ของคณะผู้วิจัย (ได้รับการสนับสนุนจาก สกว.) ได้ดำเนินการศึกษาเปรียบเทียบสภาพทางกายภาพของ

เกษตรกร (ชาวนา) และผู้พิการแต่กำเนิดหรือความพิการที่เกิดจากโรค (กลุ่มผู้ป่วยสมองพิการ (cerebral 

palsy, CP)) ผลการศึกษาแสดงให้เห็นว่าประชากรทั้งสองกลุ่มสามารถเชื่อมโยงกันได้ในแง่ของความชุกของ

อาการผิดรูปของอาการผิดรูปของการหมุนของเท้าเข้าข้างใน (foot pronation) และข้อเข่าแบบโค้งเข้า (knee 

valgus)  ระดับการรับรู้อาการปวดเข่า และสาเหตุความเจ็บปวดเนื่องมาจากระบบกระดูกและกล้ามเนื้อเท้า

และเข่าที่บกพร่อง จากการศึกษาที่ผ่านมานี้แสดงให้เห็นว่าการออกแบบเทคโนโลยีอำนวยความสะดวกสำหรับ

สองกลุ่มประชากรนี้มีความเป็นไปได้ การศึกษานี้มีวัตถุประสงค์เพื่อพัฒนาออกแบบและทดสอบต้นแบบของ

เทคโนโลยีอำนวยความสะดวกสำหรับการป้องกันความผิดปกติของระบบกระดูกและกล้ามเนื้อเท้าและเข่าท่ี

เกิดจากการประกอบอาชีพของชาวนาโดยพ้ืนฐานจากกายอุปกรณ์กายของกลุ่มผู้ป่วยสมองพิการ 



ในงานวิจัยนี้คณะผู้วิจัยดำเนินการศึกษาเพื่อตรวจสอบอาการและสาเหตุของความผิดปกติของกระดูก

และกล้ามเนื้อและสภาพความพิการของรยางค์ส่วนล่างของผู้ป่วย CP ที่มีโรคสมองพิการชนิดหดเกร็งประเภท 

spastic diplegia (มีอาการของขา 2 ข้างหดเกร็งมากกว่าแขน) เพิ่มจากการศึกษาคร้ังก่อนอีกเป็นจำนวน 24 

คน (อายุ 13.4 ± 2.3 ปี) ผลจากการศึกษาพบว่าอาสาสมัครผู้ป่วย CP ส่วนใหญ่ มีอาการผิดรูป การรับรู้อาการ

ปวด และสาเหตุความเจ็บปวด ในลักษณะเช่นเดียวกับการศึกษาเบื้องต้น และสอดคล้องกับผลการศึกษาใน

ชาวนาในการศึกษาครั้งก่อน ผลการเปรียบเทียบของชาวนาและอาสาสมัครผู้ป่วย CP เป็นการยืนยันให้เห็นว่า

ประชากรทั้งสามารถเชื่อมโยงกันเช่นเดียวกับการศึกษาเบื้องต้นที่ผ่านมา นอกจากนี้ผลการศึกษาของการ

ทดลองเพิ่มเติมเพ่ือเปรียบเทียบกิจกรรมของกล้ามเนื้อระหว่างขณะท่ีชาวนาเดินบนพื้นแข็งและพื้นโคลนแสดง

ให้เห็นว่า การเดินพื้นดินโคลนทำให้ระดับของกล้ามเนื้อต้นขาด้านหลัง (biceps femoris ที่ใช้ในการงอเข่า) 

และ กล้ามเนื้อน่อง (gastrocnemius ที่ใช้ในการงอข้อเท้า) มีค่ามากกว่าการเดินพื้นแข็ง ดังนั้นปัญหาระบบ

กระดูกและกล้ามเนื้อและความบกพร่องที่เท้าและเข่าจึงเป็นส่วนสำคัญที่ควรเน้นต่อการพัฒนาออกแบบ

เทคโนโลยีอำนวยความสะดวกเพื่อป้องกันความเสี่ยงต่อการบาดเจ็บรยางค์ส่วนล่างของทั้งชาวนาและผู้ป่วย 

CP  

การทบทวนวรรณกรรมเกี่ยวกับเทคโนโลยีกายอุปกรณ์ของผู้พิการ พบว่าอุปกรณ์รองรับเท้าและข้อ

เท้าที่มีความยืดหยุ่นและแผ่นเสริมพื้นรองเท้าเป็นเทคโนโลยีที่เป็นไปได้ในการช่วยเหลือชาวนาในกระบวนการ

เพาะปลูกข้าว โดยพอลิเมอร์ชีวภาพและยางพาราเป็นวัสดุท่ีมีความเป็นไปได้ในการผลิตเทคโนโลยีอำนวยความ

สะดวกสำหรับชาวนา จากการทดสอบเชิงกลและเชิงเคมีพบว่าอัตราส่วนพอลิเมอร์ชีวภาพต่อยางพาราท่ี

เหมาะสมต่อการใช้งานในสภาพพื้นที่ที ่เป็นโคลนได้แก่ 3:2 ส่วนผสมของวัสดุดังกล่าวได้นำมาพัฒนาเป็น

ต้นแบบของเทคโนโลยีอำนวยความสะดวกในรูปแบบของรองเท้า ประกอบกับแผ่นเสริมเท้าซึ่งออกแบบโดยใช้

เทคโนโลยีการแสกนเท้าและสร้างต้นแบบอย่างรวดเร็วเพื่อแก้ไขอาการผิดรูปของการหมุนของเท้าของแต่ละ

บุคคล การทดลองเพื่อเปรียบเทียบกิจกรรมของกล้ามเนื้อระหว่างการจำลองการดำนาโดยไม่ใส่รองเท้า ใส่

รองเท้าบูท และใส่ต้นแบบของเทคโนโลยีอำนวยความสะดวกในรูปแบบของรองเท้า โดยมีอาสาสมัครที่มี

อาการผิดรูปของ foot pronation พบว่าเทคโนโลยีอำนวยความสะดวกในรูปแบบของรองเท้าทำให้การใช้งาน

กล้ามเนื้อ gastrocnemius มีค่าน้อยที่สุด และลดการใช้งานของกล้ามเนื้อ biceps femoris เมื่อเทียบกับการ

ใส่รองเท้าบูทในขณะยกเท้าออกจากพื้นดินโคลน นอกจากนี้เทคโนโลยีอำนวยความสะดวกในรูปแบบของ

รองเท้าสามารถช่วยให้กล้ามท่ีหน้าแข้งด้านหน้า (Tibialis Anterior ท่ีใช้ในการชะลอการเกิด pronate ของ

เท้า) มีค่าน้อยที่สุดในขณะยืนบนพื้นโคลน ดังนั้นเทคโนโลยีอำนวยความสะดวกในรูปแบบของรองเท้าที่เสนอ

ในงานวิจัยนี้จึงมีความเป็นไปได้ท่ีจะสามารถลดและป้องกันความเสี่ยงต่อการบาดเจ็บรยางค์ส่วนล่างของ

ชาวนาในการประกอบอาชีพได้ 

 



Previous research indicates congenital disabilities may have similar physical and 

cognitive outcomes to circumstantial disabilities encountered by workers in occupational tasks.  

There have been a number of studies conducted on assistive technology (AT) design for 

persons with disabilities that can be also applied to healthy workers who function in extreme 

environments. Our previous studies (previously funded by the Thailand Research Fund (TRF)) 

preliminarily identified correspondences between physical conditions of agricultural workers 

(rice farmers) and persons with congenital or disease-related disabilities (cerebral palsy (CP)). 

The studies found the farmers and CP participants to be potentially associated in terms of: 

foot pronation and knee valgus prevalence; knee pain perception and; foot and knee 

musculoskeletal impairments related pain. Through our previous studies, designing dual-use 

AT for working populations with MSDs and disabled populations was proved to be possible. 

This study aims to develop and preliminarily test a prototype of novel AT to target specific 

physical conditions and MSDs of knees and feet for rice farmers based on technology for CP 

populations. 

In this study, we conducted additional examination of symptoms and causes of 

musculoskeletal and disability conditions of lower extremity (LE) in 24 CP patients (age: 13.4 ± 

2.3 years) with spastic diplegia. In line with previous preliminary results of the CP and farmer 

investigation, CP participants were found to exhibit similar characteristics of deformity, pain 

perception and origin of pain. The comparison results of farmers and CP participants confirmed 

the association between two populations, as previously identified in our preliminary study. 

Moreover, results of additional experiment, comparing muscle activity between when farmers 

walking on rigid and muddy ground, showed muddy ground to induce significantly higher levels 

of biceps femoris (BiF; knee flexor) and gastrocnemius (GA; ankle plantar flexor) muscle 

exertion, as compared with rigid ground. Therefore, knee and foot impairments and MSDs were 

emphasized in the development of our AT designs to prevent risk of LE injury for both farmer 

and CP populations. 

The reviews of current orthotic technologies indicated a flexible ankle-footwear with 

corrective insoles to be a possible intervention to farmers in rice cultivation work. Biopolymer 

and natural rubber were selected as potential materials for AT design for farmers. Based on 

mechanical and chemical property tests, the ratio of biopolymer to rubber that was suitable 

for use in muddy areas was 3:2. The mixture of such materials was then developed as a 

prototype of AT in a form of footwear. The AT was equipped with corrective insoles designed 

using foot scanning technology and rapid prototyping to provide individual correction of foot 



deformation. Experimental study was conducted with participants with foot pronation to 

compare muscle activity during simulated planting task with: barefoot, wearing common boots 

and wearing AT footwear. Results showed that during lifting the feet off the muddy ground, 

the AT footwear required the lowest levels of GA muscle exertion and lower levels of BiF 

muscle, as compared with wearing common boots. In addition, the AT footwear induced the 

lowest levels of tibialis anterior (TA; used to decelerate foot pronation) while standing on the 

mud. Therefore, the AT footwear proposed in this research provided a potential intervention 

for reducing and preventing risk of LE injury for farmer in their occupational tasks. 

 

Keywords : Assistive technology; circumstantial disability; congenital disability; musculoskeletal 

conditions 

(คำหลัก)    เทคโนโลยีอำนวยความสะดวก; ความพิการอันมีผลเนื่องมาจากสถานการณ์; ความพิการแต่

กำเนิด; สภาพระบบกระดูกและกล้ามเน้ือ 
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รายละเอียดรายงานวิจัยฉบับสมบูรณ์  

 

 

1. Executive summary  

 

Previous research indicates congenital disabilities may have similar physical and 

cognitive outcomes to circumstantial disabilities encountered by workers in occupational tasks. 

The nature of certain work environments results in healthy workers having performance 

comparable to a disabled population. There have been a number of studies conducted on 

assistive technology (AT) design for persons with disabilities that can be also applied to healthy 

workers who function in extreme environments. Therefore, studying non-occupational 

disabilities can be used as a basis for AT design for occupational persons since AT designs for 

the former population are common (e.g., back braces, foot orthotics, leg braces, etc.) and are 

ubiquitous in the commercial market. Whereas, technological intervention designs for 

preventing worker disadvantage in extreme conditions are limited.  

This project is motivated by prior collaborative research between the faculties of 

Production Technology and Physical Therapy at Khon Kaen University (KKU) with partners in 

industrial engineering at North Carolina State University (currently moved to University of 

Florida) and physical therapists at the University of North Carolina at Chapel Hill (funded by 

the Thailand Research Fund (TRF)). The study preliminarily identified correspondences 

between foot and knee musculoskeletal disorders (MSDs) of agricultural workers (rice farmers) 

due to repetitive strain injuries (RSIs) with musculoskeletal conditions of persons with 

congenital or disease-related disabilities (cerebral palsy (CP)). Through our previous studies, 

designing dual-use AT for working populations with MSDs and disabled populations towards 

improving ergonomics in work and daily living tasks was proved to be possible. This study aims 

to develop and preliminarily test a prototype of novel AT to target specific physical conditions 

and MSDs of knees and feet for rice farmers based on technology for CP populations. The new 

AT design may be slightly different for use in rice farmers and CP patients due to objective and 

usage environment differences. 

In this study, additional examination of symptoms and causes of musculoskeletal and 

disability conditions of lower extremity (LE) was conducted in 24 CP patients (age: 13.4 ± 2.3 

years) with spastic diplegia. Results showed participants perceived greater pain in knee and 

hip, as compared with foot region. However, malalignment examination indicated the 
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prevalence of LE characteristics was found to be highest in knee valgus (83.3%) and foot 

pronation (75.0%). Original of pain was mainly found at knee joints and LE muscles. The findings 

were also in line with results of previous farmer investigation. Therefore, the musculoskeletal 

and disability conditions of the two populations were confirmed to be mapped to each other 

in terms of symptoms (malalignment and pain perception) and causes (origin of structural 

damage). In addition, the environment condition of muddy work terrain may also increase 

force on LE joints and muscles due to adverse effects of ground viscous force on legs and feet. 

Results of additional experiment, comparing muscle activity between when farmers walking on 

rigid and muddy ground, showed muddy ground to induce significantly higher levels of biceps 

femoris (BiF; knee flexor) and gastrocnemius (GA; ankle plantar flexor) muscle exertion, as 

compared with rigid ground. Therefore, knee and foot impairments and MSDs were emphasized 

in the development of our AT designs. 

The reviews of current orthotic technologies indicated a flexible ankle-footwear with 

corrective insoles to be a possible intervention to farmers in rice cultivation work. Biopolymer 

and natural rubber were selected as potential materials for AT design for farmers. Mechanical 

and chemical property tests were conducted to find the best proportion of biopolymer-rubber 

composite when working with a specific muddy environment of rice cultivation. Results 

showed a suitable ratio of biopolymer to rubber to be 3:2. The mixture of such materials was 

then developed as a prototype of AT in a form of footwear. The AT was designed to be 

equipped with corrective insoles, which developed using foot scanning technology and rapid 

prototyping to provide individual correction of foot deformation.  

The proposed design for novel AT for farmers was subsequently assessed using 

ergonomic measurement methods in laboratory mock-ups of rice planting tasks. Experimental 

study was conducted with participants with foot pronation in order to compare LE muscle 

activity during simulated planting task with 3 conditions, including: barefoot, wearing common 

boots and wearing AT footwear. Results showed that during lifting the feet off the muddy 

ground, the AT footwear required the lowest levels of GA muscle exertion among all 

conditions, and required lower levels of BiF muscle, as compared with wearing common boots. 

In addition, the AT footwear induced the lowest levels of tibialis anterior (TA; used to 

decelerate foot pronation) while standing on the mud. Therefore, the AT footwear proposed 

in this research provided a potential intervention for reducing and preventing risk of LE injury 

for farmer in their occupational tasks. This research can be used as a basis for designing dual-
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use AT with applicability across the farmers and CP populations towards improving ergonomics 

in work and daily living tasks. 

 

2. วัตถุประสงค์ของโครงการ 

The results of the research are expected to be transformative with respect to disability 

engineering research on the design and development of occupational AT based on congenital 

disability assistive devices. The proposed project will address the following objectives:  

(a) Formulate extensive mapping of physical conditions in farmers to congenital 

disabilities of CP patients; 

(b) Design low-cost, highly usable AT prototypes for assisting farmers in extreme 

environments and reducing ergonomic risk exposure during planting tasks based on ATs for 

congenital disabled CP persons; 

(c) Preliminarily conduct empirical evaluation of ATs using high-fidelity lab mock-ups 

of work tasks; and 

(d) Provide dual-use potential of the design interventions for assisting farmers in 

extreme environments and reducing ergonomic risk exposure, as well as supporting and 

improving CP patients’ daily living tasks. 

Figure 1 presents a diagram of the previous findings of correspondences of symptoms, 

causes and musculoskeletal impairment risk factors for CP patients and rice farmers as a basis 

for design and prototyping of novel AT for both populations in this project. The results of the 

research are expected to be transformative with respect to disability engineering research on 

the design and development of dual-population AT. 

 

 
Figure 1. Overall findings in previous studies as a basis for the proposed research 
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3. ระเบียบวิธีวิจัย 

 

3.1. Participants 

Twenty-four CP patients were recruited for the first phase (survey phase) of this study. 

CP participants (12 male and 12 female patients with age > 12 years) with spastic diplegia were 

recruited from the Srisangvalya Khon Kaen School for children with special needs and the 

Physical Rehabilitation Center of Saint Louis Hospital in Bangkok. CP patients participated in 

this study would have had no surgeries on their LEs within the 12 months prior to enrollment 

in the study. Participants also had LE pain that is related to knee and foot mechanics. 

A small number (9) of farmers, who exhibits foot pronation condition, were recruited 

for participating in the last phase (experimental phase) of the study. This samples size 

estimated based on previous customized orthoses testing for disabled population, in which 

sample size ranged from 9-70 subjects (Branthwaite et al., 2004; Chen et al., 2003). Experienced 

rice farmers (4 male and 5 female farmers with age between 20-59 years) in rice farming villages 

located in Sawathee district, Khon Kaen Province, were recruited to participate in the study. 

Participants were required to have at least one year of experience in rice planting process. All 

participants had no current injury to the LEs or any previous history that would affect LE 

alignment, such as a fracture and/or surgery. Participants were excluded from the study if they 

have had chronic leg and foot pain within two weeks prior to testing, such as gouty arthritis, 

rheumatoid arthritis, or ankylosing spondilitis. 

 

3.2. Methods 

Participants were asked to read and sign a consent form that had been approved by 

the human ethics committee of Khon Kaen University (for farmer study) and Saint Louis College 

(for CP study) before participation. The studies were done separately between rice farmers and 

CP participants. The scope of this research will include 6 sub-studies as illustrated in Figure 2. 

The details of each study were described as followed: 
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Figure 2. Conceptual research framework 

 

3.1.1. Study 1: Examination of LE musculoskeletal conditions of CP patients  

 We and our partner, Dr. Usa Karukunchit (Physical Therapy, Saint Louis College), 

conducted surveys of musculoskeletal pain and lower quadrant malalignment examination 

with additional 9 CP patients (6 males and 3 females) with spastic diplegia. The participants 

were recruited from the Physical Rehabilitation Center of Saint Louis Hospital in Bangkok. 

Based on literature reviews, Face Pain Scale (FPS) was used for pain survey in the study (see 

Figure 3). Pain rating scales range from 0 to 10 points, where 0 represents no pain and 10 is 

intolerable pain. Due to inability to comprehend questions and pain scales of CP participants, 

the nonverbal scale should be appropriate for use with patients with a low mental level 

(Boldingh et al., 2004). Because mental deficiency is not associated with a disturbance of face 

recognition and interpretation (Weisman & Brosgole, 1994), previous study (Frank et al., 1982; 

Boldingh et al., 2004) suggested a pain scale expressed in facial expressions to be used for 

people with low levels of mental development.  

 

 
Figure 3.  Face Pain Scale (FPS) used for pain survey in CP patients 
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 The clinical measures of LE alignment and structural associated with pain were 

conducted by licensed and expert physical therapists. LE alignment characteristics examined 

in this study included pelvic angle, femoral antetorsion, quadriceps (Q) angle, tibiofemoral 

angle, genu recuvatum, tibial torsion, rearfoot angle, and medial longitudinal arch angle. An 

assessment of the LE region was conducted to identify the common musculoskeletal 

impairments related to pain including dysfunction of the joint, neural tissue and muscle. All 

measurements were repeated 3 times.  

 

3.1.2. Study 2: Reviews of current orthotic technologies for AT design for farmers 

 Based on interventions that have been applied for CP patients (e.g., Novak et al., 2013), 

we have reviewed and identify types of assistive technology that may be applicable for rice 

farmers including, molded limb orthoses, removable external orthotic devices, corrective 

insoles, and breathable orthotic garments.  

 Although detailed reviews indicated molded orthoses have been successfully 

enhanced range of motion (ROM) of the lower limbs (Autti-Ramo et al., 2006; Blackmore et al., 

2007), they also have some adverse effects. Plaster casts orthoses are expensive, time 

consuming to produce and difficult to fit into footwear (Chapman, 1999; Stell & Buckley, 1998). 

Other reported adverse effects of casting included: skin irritation (Glanzman et al., 2004; Corry 

et al., 1995; Blackmore et al., 2007; Cottalorda et al., 2000), foot and calf pain (Corry et al., 

1998; Cottalorda et al., 2000), cast breakdown (Watt et al., 1986), continuing impairment 

conditions (Blackmore et al., 2007; Glanzman et al., 2004), and difficulty bathing (Flett et al., 

1999).  

 Removable external orthotic devices, such as knee braces, ankle foot orthoses (AFO) 

and knee ankle-foot orthoses (KAFO), are generally used to control movement, provide an 

opposing force, and support ineffective joints or muscles (Brouwer et al., 2005). However, 

conventional rigid designs have a functional disadvantage as the restriction of movement 

causes significant reduction in flexion during the swing phase (Rethlefsen et al., 1999; Thomas 

et al., 2000; Richards et al., 2005) as they provide stability during walking by keeping the knee 

and ankle in a fixed position during the complete gait cycle (Yakimovich et al., 2009). More 

recent designs include adaptive control for joint restriction using pneumatic or electric 

actuators, for example, a powered lower limb orthosis with electrical motor and locking system 

(Font-Llagunes et al., 2012), robot-assisted lower limb orthosis (Meyer-Heim and van Hedel, 

2013; Byl, 2012) and, joint active system ankle orthosis (Costa et al., 2012). However, the costly 
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and complicated systems and the need of an external power source is the main drawback 

(Cullell et al., 2009). 

 Simple corrective insoles are less expensive and can be used to reduce foot eversion 

in footwear that has restricted space (Branthwaite et al., 2004). Previous research showed 

corrective simple insoles to reduce a maximum eversion of 3.1° (Branthwaite et al., 2004). A 5° 

wedge insert was successfully tested for the treatment of flexible flatfoot (Chen et al., 2003). 

It was estimated that simple insoles can be manufactured with 2.5 times cheaper and 3 times 

faster, as compared molded orthotics (McCourt, 1990).  

 Breathable orthotic garment, such as TheraSuit (Alagesan and Shetty, 2011; Bailes et 

al., 2011), lycra garments (Rennie et al., 2000; Nicholson et al., 2001; Knox, 2003), and Adeli 

suit treatment (Bar-Haim et al., 2006), is another possible intervention that found to help 

improve gross motor function. There are no serious safety events or skin abrasions reported 

during the treatment using the lightweight orthotic garments (Bailes et al., 2011). The suit is 

also designed to wear with bungee cords; however, the additional cords did not add any 

benefit when comparing with wearing the suit alone (Bailes et al., 2011). Therefore, it might be 

a possible intervention to farmers in field work.  

 

3.1.3. Study 3: Reviews and test of potential materials for AT design for farmers 

 The ATs are designed using various types of materials, including metal structure with 

leather upholstery, alloy plate combined with biodegradable plastics and, metal/polymer 

custom molded to the lower limb shapes (Yakimovich et al., 2009; Alam et al., 2015). Among 

these materials, polymer, in both natural and synthetic forms, has been primarily used to 

manufacturing AT for neurological disorder patients (e.g., Hsu et al., 2007; Mavroidis et al., 2011; 

Telfer et al., 2010). In Thailand, natural rubber is one of the major economic products. Natural 

rubber has excellent mechanical properties such as high elasticity property, tensile strength, 

and tear resistance (Sae-oui et al., 2007). Chemical compositions of fresh natural rubber latex 

comprise of cis-1,4-polyisoprene (rubber particles) in the range of 35 - 42%, water in the range 

58 – 60%, protein in the range 2 – 3%, sterol glycosides in the range 0.1 - 0.5%, resins in the 

range 2.5 - 3.5%, ash in the range 0.5 - 1.0%, and sugars in the range 1.0 - 2.0% (Kuntanoo et 

al., 2015b). However, it has disadvantages of low oil resistance, air permeability, ozone 

resistance, compression set, and thermal aging resistance (Jovanovic et al., 2018; Witinuntakit 

et al., 2018; Sae-oui et al., 2007). Due to these weaknesses, natural rubber is commonly mixed 

with other synthetic rubbers or polymers (Sae-oui et al., 2007).  
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 Polyhydroxyalkanoates (PHAs) are promising natural polymers, with biodegradable and 

biocompatible properties (Kaewkannetra and Promkotra, 2013), that have been developed to 

successfully fulfill certain demands that required in both medical and industrial sectors (Abou-

Zeid, 2001). The PHAs are naturally synthesized from renewable sources, made using microbial 

process on sugar-based medium, where they work as carbon and energy storage materials 

(Kuntanoo et al., 2013). Polyhydroxybutyrate-co-hydroxyvalerate (PHBV) is one of PHAs sub-

group member, making by many microorganisms and achieved good biodegradability 

(Kuntanoo et al., 2015b). However, a drawback of PHBV is too rigid, brittle and lack of superior 

mechanical properties (Kuntanoo et al., 2013). This weakness limits the PHBV for advanced 

application. It is possible to improve the PBHV by making some modifications on its mechanical 

property, such as chemical modification or physical blending. The blending process is preferred 

due to fast, simple, and low cost working method (Weng et al., 2010). Kuntanoo et al. (2015a) 

successfully improved the properties of PHBV by mixing with natural rubber. The elasticity of 

natural rubber can eliminate the disadvantage properties of PBHV. The reviews and previous 

work on materials indicated the natural rubber mixed with PHBV to have promising properties 

of high elasticity, tensile strength, tear resistance, and biocompatibility. Therefore, we and our 

partner, Dr. Sarunya Promkotra (Geotechnology, KKU), adopted this PHBV copolymer and 

natural rubber for AT development.  

Concentrated researches related to filler types is to develop the mechanical properties 

of elastomeric materials as natural rubber, such as carbon nanotubes, carbon black, and some 

clays (Jovanović et al., 2013; Le et al., 2015). Another substance for blending in natural rubber 

is vegetable oils (Richtler and Knaut, 1983; Nandanan et al., 1997; Kundu, 2000). They have 

plenty of free fatty acids which are useful for mixing in rubber compounds. Vegetable oils 

behave as a coupling agent for development of rubber-filler interaction in carbon black (Kundu, 

2000). One of vegetable oils is coconut oil which contains high saturated fat content or fatty 

acid, known as medium chain triglycerides, such as lauric acid, capric acid, caprylic acid, and 

caproic acid. However, this coconut oil is still contained a small amount of long chain 

triglycerides. To improve physical properties of PHBV and natural latex blends, coconut oil was 

selected to be an additive in a natural latex composition containing the oil-extended latex 

rubber as a component.  

The natural latex rubber was obtained from The Rubber Authority of Thailand: Rubber 

Learning Center Khon Kaen Province. The creamy liquid latex rubber was kept in a refrigerator 

in 4–6° C. The native pH of field latex is around 7.0 with a density between 0.9 and 0.98 
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(Blackley, 1997). However, the pH decreases with the storage indicating less stability of the 

rubber (Ho, 1989). The isoelectric pH of the natural rubber latex particles is estimated to be 

between 4 and 4.7 (Ho et al., 1996). At the isoelectric pH, the protein becomes unstable. A pH 

measurement was initially conducted for determining the pH of rubber before mixing with 

PHBV. PHBV dissolved in chloroform solution (P) (2% and 3% w/v) was first agitated with 

coconut oil at room temperature. Subsequently, these mixtures of PHBV and coconut oil (virgin 

(VC) and cooking (CC)) were vigorous blended with the natural latex (L) in three different 

portions including, ratios of 3:2, 1:1, and 2:3 (P:L), and controlled the temperature at 50oC 

during mixing. According to Kuntanoo et al., (2015a) and Promkotra and Kangsadan (2015), 

these three ratios gave the best results in term of morphologial-based and mechanical 

properties results. After energetic blending, shaping biopolymeric films were shaped with 

extruder and dried at 50oC for 3 days in the oven.  

Thermal characteristics of these biopolymer products were examined by the 

differential scanning calorimetry (DSC), based on ASTM E794 – 06 (Standard Test Method for 

Melting and Crystallization Temperatures by Thermal Analysis). The DSC results revealed 

certain aspects of melting temperature (Tm), enthalpy (ΔH), and crystallinity (%). Mechanical 

test was performed by using Universal Testing Machine (UTM, Instron 5567A). Specimen size 

measuring referred to ASTM D882-10 with a rectangular shape of specimens, dimension 

specifications as 100 mm in total length, 20 mm width, and 50 mm in gauge length 

(benchmark). Thickness of the specimen was closely to 1.0 mm. Three specimens of each 

composite film were tested for calculating the average of a set of tensile data. Before the test, 

the specimens were hold tightly with pneumatic grips and controlled a crosshead speed of 5 

mm/min. Lastly, an investigation of effect of mud viscous force to varied formula of composites 

was performed by examining force differences between dry specimens and specimens 

immersed in mud. 

 

3.1.4. Study 4: Investigation of effects of muddy work terrain  

 Since most rice cultivation tasks were performed in muddy terrain, we also investigated 

an additional experiment to compare muscle activity between when 30 experienced farmers 

(15 males and 15 females) walking on rigid and muddy ground. The experimental mud samples 

were prepared in an 85 cm x 120 cm tray filled with a mud layer height of 18 cm. The height 

of the layer was based on the average immersion depth of farmer’s legs in the mud (13 cm) 

retrieved from previous measurements conducted directly in the rice field (Juntaracena and 
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Swangnetr, 2016), and extended by an additional 5 cm to compensate for any possible 

variations. Electromyography (EMG) electrodes were placed over the right side of the subject’s 

LE muscles, including rectus femoris (RF; part of the quadriceps group), biceps femoris (BiF; 

part of the hamstring group) and gastrocnemius (GA). The muscle selection was based on LE 

joint angles during gait initiation in specific rice planting tasks affected by mud viscous force.  

 The participants were asked to perform the simulated rice planting task at 2 conditions 

(see Figure 4): 1) No-Force condition (rigid surface) and; 2) Mud-Force condition (muddy 

surface). In both experimental conditions, participants were asked to carry a bundle of wood 

sticks, simulating rice sprouts with a typical weight force of 3 kg, in the left hand and 0.3 kg 

(weight force of one tenth of a bundle) in the right hand. Muscle activity was captured using 

EMG during a 10-session simulated planting task. 

 

 
Figure 4. Simulated planting task performance: (a) No-Force condition; (b) Mud-Force 

condition; (c) direction of movement. 

 

3.1.5. Study 5: AT design and prototype  

Proposed AT design was based on the reviews of current orthotic technologies and 

potential materials. The design of pronate foot correction was developed based on literatures 

and recommendations from our partner, Dr. Gross, an expert physical therapist who has been 

working with patients with foot deformity for more than 30 years. The AT designs and 

prototypes were customized for individual farmer participants. 

 

3.1.6. Study 6: Investigation of effects of proposed AT   

Last part of the study included an investigation a small number (9) of farmers with foot 

pronation. The experiment was to compare muscle activity when experienced farmers 

performing a simulated rice planting task on muddy environment with 3 conditions, including: 

1) bare feet (BF); 2) using common footwear (CF); and 3) using proposed AT (AT). The 
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experimental setup and mud samples were prepared in the same ways as described in the 

Section 3.1.4. EMG electrodes were placed over the right side of the subject’s LE muscles, 

including: BiF and GA associated with lifting the feet off the muddy ground and; tibialis anterior 

(TA; used to decelerate foot pronation) associated with standing on the mud.  

 

4. ผลและอภิปรายผลการดำเนินงานของโครงการ 

 

4.1. Study 1: Results of LE musculoskeletal conditions of CP patients  

 Average scores of pain ratings of each LE parts perceived by CP patients were showed in 

Table 1. The perceived pain of rice farmers (conducted in previous study) during planting 

performance was also illustrated for comparison purposes. It can be seen that both CP and 

farmer participants perceived greater pain in hips and knees, with less pain perception in feet. 

 

Table 1. Perceived pain ratings of lower extremity parts for CP patients and farmers 

Body part CP patients Farmers 

Hip 1.96 (2.51) 6.51 (4.01) 

Knee 1.83 (2.28) 4.02 (3.00) 

Ankle/foot 1.75 (1.98) 1.74 (0.60) 

 

For the prevalence of LE malalignment, the average of three alignment measurements 

was used for analyses. Table 2 presented a comparison between the prevalence of LE 

malalignment for CP participants observed in this study and rice farmers (conducted in previous 

study). Among LEs, foot pronation and knee valgus were found to be the highest prevalence, 

for both CPs and farmers. Other lower extremity malalignment included external tibial torsion, 

posterior pelvic tilt, femoral antetorsion, knee hyperextension, and knee varus. No anterior 

pelvic tilt and supinate foot conditions were observed in the studies.   

The prevalence of lower extremity impairments related pain characteristics of CP 

patients and rice farmers (conducted in previous study) presented in Table 3. Physical 

examination of functional and diagnostic tests indicated that the origins of pain in both CP 

patients and farmers were due to impairments of knee joint and LE muscles.  
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Table 2. Prevalence of lower extremity malalignment for CP patients and farmers   

Characteristics Malalignment (%) 

 CP patients                   Farmers 

Posterior pelvic tilt 58.33 30.52 

Excessive femoral antetorsion 66.67 28.11 

Knee valgus 83.33 34.94 

Knee varus 37.50 30.92 

Knee hyperextension 29.17 11.24 

External tibial torsion 45.83 21.29 

Foot pronation 75.00 36.14 

 

Table 3. Prevalence of lower extremity impairments for CP patients and farmers   

Origin of pain 
Musculoskeletal impairment (%) 

CP Patients Farmers 

Joint 

• Hip 

• Knee 

• Ankle and foot 

 

41.67 

70.83 

62.50 

 

22.18 

54.61 

05.12 

Muscle 

• Hip 

• Knee 

• Ankle and foot 

 

50.00 

62.50 

75.00 

 

30.38 

36.18 

26.28 

Neural tissue 0 26.62 

 

This study found the highest prevalence of LE was foot pronation and knee valgus. Both 

CPs and farmers perceived highest hip pain among all lower limb regions. Although both 

populations experienced less knee and foot pain during daily activities and cultivation 

activities, malalignment examination results indicated higher prevalence in foot pronation 

and knee valgus. Excessive foot pronation may also originate from other malalignment 

conditions, including excessive internal femoral rotation, external tibial rotation or anterior 

pelvic tilt position (Khamis and Yizhar, 2007; Barwick et al., 2012), which might contribute to 

hip muscle pain (Chuter et al., 2012). The structural origin of pain in both populations was 
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also found at the knee joints and LE muscles. Therefore, the musculoskeletal and disability 

conditions of the two populations were confirmed to be mapped to each other in terms of 

symptoms (malalignment and pain perception) and causes (origin of structural damage). 

 

4.2. Study 2: Results of orthotic technologies for AT design for farmers 

Based on the reviews, it can be seen that simple corrective insoles and lightweight 

orthotic garment are possible orthotic technologies to be used as a basis for designing 

interventions for farmers in field work. The collected results from Study 1 revealed knee and 

foot to be priority LE parts for AT development. However, foot pronation and knee valgus are 

linked deformities. Foot pronation will drive medial collapse of the entire LE and move the 

knee in the direction of valgus deformity.  Therefore, controlling foot pronation might not only 

address foot and ankle issues, it might also decrease the valgus loading at the knee. Therefore, 

we decided to develop a flexible and lightweight ankle-footwear with corrective insoles for 

assisting farmers’ feet on rice cultivation performance. 

 

4.3. Study 3: Results of materials for AT design for farmers 

The formulation of the blends presents in Table 4. Three components with several 

concentrations and the mixing ratios were varied in two series. 

 

Differential Scanning Calorimetry (DSC) 

Thermograms attained from the first heating scan for the PHBV-Latex biocomposites (P-

L), and PHBV-Latex-Coconut oil (P-L-C) blends are shown in Figure 5. Melting temperature (Tm) 

and enthalpy were obtained from the first heating scan. The degree of crystallinity of blends 

was calculated by computing the heat associated with melting (fusion) of these composites. 

This heat was stated as crystallinity in percent by normalizing with respect to the fusion heat 

of a 100 % PHBV crystalline sample, as indicated in Equation (1). 

 

Degree of crystallinity = (Δ Hf  - Δ Hc)/Δ Hf, 100%) x 100%                                   (1) 

 

where Δ Hf is the enthalpy of melting, Δ Hc is the enthalpy of crystallization, and Δ 

Hf,100% is the enthalpy of melting for a fully PHBV crystalline polymer based upon 55.40 J/g. 
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Table 4.  Formula of PHBV-Latex-Vegetable oil composites which vegetable oil is virgin 

coconut oil (VC) and cooking coconut oil (CC)      

Item PHBV-L-C (2% w/v) PHBV-L-C (3% w/v) 

1 2P3-L2 3P3-L2 

2 2P1-L1 3P1-L1 

3 2P2-L3 3P2-L3 

4 2P12-L8-VC1 3P12-L8-VC1 

5 2P10-L10-VC1 3P10-L10-VC1 

6 2P8-L12-VC1 3P8-L12-VC1 

7 2P6-L4-VC1 3P6-L4-VC1 

8 2P5-L5-VC1 3P5-L5-VC1 

9 2P4-L6-VC1 3P4-L6-VC1 

10 2P12-L8-CC1 3P12-L8-CC1 

11 2P10-L10-CC1 3P10-L10-CC1 

12 2P8-L12-CC1 3P8-L12-CC1 

13 2P6-L4-CC1 3P6-L4-CC1 

14 2P5-L5-CC1 3P5-L5-CC1 

15 2P4-L6-CC1 3P4-L6-CC1 

16 PHBV 

17 Rubber 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 5. Melting endotherms for biopolymer films in different compositions of PHBV-Latex-

Coconut oil (Px-Lx-Cx) by vary the concentrations of PHBV (2%, 3% w/v) 
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The coconut oil mixes showed a lower melting temperature (166-167oC) compared to 

the mixture without coconut oil (xPx-Lx) (168-169oC) (Figure 6). For 3Px-Lx-C1 compositions, an 

increase proportion in both virgin- and cooking coconut oil produced lower melting points for 

about 1.0-1.5oC. Results showed overall degree of crystallinity for the 3% w/v of PHBV blends 

(3Px-Lx-Cx) to be higher than the 2% w/v of PHBV blends (2Px-Lx-Cx), except for the series of 

2P6-L4-VC1 and 2P5-L5-VC1 (Figure 7). In general, the virgin coconut oil mixes indicated the 

physical properties of a poor inconsistency of Tm, enthalpy, and degree of crystallinity.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  Melting temperature related to the composite materials of PHBV-Latex-Coconut oil 

in different mixing ratio, corresponding to Table 4 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.  Crystallinity (%) related to the composite materials of PHBV-Latex-Coconut oil in 

different mixing ratio, corresponding to Table 4 
 

Tensile Testing 

The addition of the coconut oil to the 2% w/v PHBV-Latex matrix resulted in a 10% 

increase in tensile modulus, as compared to the 3% w/v PHBV-Latex matrix, especially for 

cooking coconut oil (CC) of 2P12-L8-CC1 (Figure 8). However, there were very important 

0

2

4

6

8

10

12

14

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

C
ry

st
al

lin
ity

 (
%

)

PHBV/Latex/Coconut oil Composites

3Px-Lx-C1
2Px-Lx-C1

2P6-L4-VC1 

2P5-L5-VC1 

165.5

166.0

166.5

167.0

167.5

168.0

168.5

169.0

169.5

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

M
el

tin
g 

Te
m

pe
ra

tu
re

 (o C
)

PHBV/Latex/Coconut oil Composites

3Px-Lx-C1
2Px-Lx-C1



 16 

variations in the tensile elastic modulus and yield strength for the 2% w/v PHBV-Latex-Virgin 

coconut oil (2Px-Lx-VC1). The reason was that the virgin coconut oil has an extra 55% saturated 

fat, but the cooking coconut oil has nil. According to Figures 6-7, the degree of crystallinity 

increased in 3Px-Lx-C1, however, their melting temperatures presented lower values than 

those of 2Px-Lx-C1. The effect of low melting temperature obviously influenced to a reduction 

in modulus and yield strength of both 3Px-Lx-VC1 and 3Px-Lx-CC1 composites. The presents 

of the coconut oil in the blends attributed to conformity declaration of plastic deformation 

after yield until break, particularly the cooking coconut oil. Increase the amount of coconut 

oil twice to the PHBV-Latex matrix affected the short elongation at break of this composite 

and resulted in 50% faster in failures. 
  

     
 

 

 

 

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 

 

Figure 8.  Tensile stress as a function of tensile strain of P/L samples in two PHBV 

concentrations (2% and 3% w/v of PHBV-2P, 3P) with the addition of virgin coconut oil (VC) 

and cooking coconut oil (CC) to the P/L components by two composition series in the ratio of 

(I)12:8:1, 10:10:1, 8:12:1, and (II) 6:4:1, 5:5:1, 4:6:1 (a) 2Px-Lx-VC1, (b) 2Px-Lx-CC1, (c) 3Px-Lx-VC1, 

and (d) 3Px-Lx-CC1 
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Compressive Testing 

The addition of the coconut oil to the 3% w/v PHBV-Latex matrix resulted in a less 

shortening as compressive load increased, as compared to the 2% w/v PHBV-Latex matrix, 

especially for cooking coconut oil (CC) (Figure 9). The compositions of P6-L4-CC1 and P5-L5-

CC1 indicated consistency physical properties of degree of crystallinity, which deformation of 

the 3% w/v of PHBV blends (3Px-Lx-Cx) was less than the 2% w/v of PHBV blends (2Px-Lx-Cx).   

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 9.  Compressive Load-shortening curves of P/L samples in two PHBV concentrations 

(2% and 3% w/v of PHBV-2P, 3P) with the addition of virgin coconut oil (VC) and cooking 

coconut oil (CC) to the P/L components by two composition series in the ratio of (I)12:8:1, 

10:10:1, 8:12:1, and (II) 6:4:1, 5:5:1, 4:6:1 (a) 2Px-Lx-VC1, (b) 2Px-Lx-CC1, (c) 3Px-Lx-VC1, and (d) 

3Px-Lx-CC1 
 

Mud Viscous Force Test 

Force differences between dry specimens and specimens immersed in mud are 

presented in Figure 10. Results showed all composites to induce less force resulted from mud 

adhering to specimen, as compared with rubber. Cooking coconut oil biopolymer-rubber 

composite presented a consistency trend, which 2Px-Lx-CC drew less mud than 3Px-Lx-CC. 

Virgin coconut oil mixes, although presented very little additional weight by some formulas, 

produced inexplicit trends.  
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Figure 10.  Force differences dry specimens and specimens immersed in mud 

 

Material Composition Selection  

 A selection of composition of P/L/C composites were considered for 2 parts of the 

proposed AT. 

- Material composition for flexible and lightweight footwear shells: a suitable material for 

footwear shells should pose acceptable yield strength to withstand tensile force from 

mud viscosity. Based on laboratory testing of the viscosity parameters using a Rotational 

Rheometer (Gemini 200Hr nano), the average viscosity property of the mud samples 

collected from rice planting site was 3.6 ± 0.22 kPa. Therefore, all composition would 

be able to endure mud tensile force. When considered the tensile modulus, it can be 

seen that 2% w/v PHBV-Latex matrix resulted in an increase in tensile modulus, as 

compared to the 3% w/v PHBV-Latex matrix, especially for adding cooking coconut oil 

as an additive.  Among 2% w/v PHBV-Latex matrix, the 2P12-L8-CC1 was not only 

generated the highest yield strength, but also longest elongation at break. This property 

allowed the material to be manufactured into very thin sheets but still high shear 

resistance. Another aspect of a suitable material for footwear shells was to help reduce 

mud viscous force for wearer’s legs. Results of force differences between dry specimens 

and specimens immersed in mud also showed cooking coconut oil biopolymer-rubber 

composite with 2% w/v PHBV to attract less mud than 3% w/v PHBV. In line with tensile 

test results, the 2P12-L8-CC1 yielded one of the lowest weight after immersing in mud, 

and therefore, was selected as the suitable material for footwear shells. 
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- Material composition for corrective insoles: a suitable material for corrective insole 

should pose high degree of crystallinity and high compressive strength in order to support 

wearer’s weight and force during gait. Results showed cooking coconut oil biopolymer-

rubber composite with 3% w/v PHBV to consistently generate higher degree of 

crystallinity, as compared with 2% w/v PHBV. Conform to degree of crystallinity, the 

compositions of P6-L4-CC1 and P5-L5-CC1 yielded less deformation when composed of 

3% w/v of PHBV, as compared with 2% w/v of PHBV blends. With the 3P6-L4-CC1 was 

slightly superior in terms of both degree of crystallinity and compressive strength, the 

3P6-L4-CC1 was selected as the suitable material for corrective insoles. 

 

4.4. Study 4: Results of muscle activity when walking on rigid and muddy ground  

 According to computation results, the knee and ankle was found to be exposed to the 

greatest force increase due to mud resistance (see Figure 11). EMG results showed muddy 

ground to induce significantly higher levels of BiF and GA (knee and ankle) muscle exertion, as 

compared with rigid ground. Participants utilized higher activity levels of a certain set of BiF 

and GA muscles to compensate for mud viscous force.  Substantially higher GA activity might 

result from a higher propulsion force from plantar flexion required for backward gait initiation. 

Such high GA activity requirements also complement the result of foot pain perception 

induced by excessive force. Prolonged repetition of GA exertion might lead to muscle fatigue 

and increase of risk of structural malalignment of the feet (Nguyen and Shultz, 2009), which 

correlates well with the high prevalence of abnormal alignment found in foot condition. The 

resulting high force required from knees and ankles of rice farmers is expected to be attenuated 

by our proposed AT in the next phases. 

 

 
Figure 11. Muscle activity for muddy (Mud-Force condition) and rigid (No-Force condition) 

surface 
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4.5. Study 5: Results of AT design and prototype  

A process of design and prototype proposed AT was divided into 2 parts as follows: 

- Footwear shells: the shell parts of footwear were cut and sized according to the patterns.  

The material sheets were then assembled by heat press to form a boot-like shape 

footwear. 

- Corrective insoles: To design corrective insole parts, we integrated the use of 3-dimensional 

optical scan of individual foot, a clinical examination by physical therapists, computer-

aided (CAD) modeling and rapid prototyping processes. The corrective wedge was designed 

to correct individual rearfoot angle, forefoot varus, and filling in of the arch. The first 

prototype was developed as a 3D printed polymer insert with P/L/C composites padded. 

Figure 12 illustrates an example of polymer insert design and a P/L/C composites pad. 

 

 

 

 

(a) (b) 

Figure 12. Example of corrective insole components: (a) polymer insert and; (b) PHBV-Latex -

Cooking coconut oil composites pad 

 

4.6. Study 6: Results of investigation of effects of proposed AT  

The experiment was conducted to investigate effects of proposed AT, as compared with 

barefoot and common footwear, in terms of muscle use during standing and lifting foot from 

the mud. The descriptive results (Table 5) showed the proposed AT footwear to induce the 

lowest levels of tibialis anterior (TA) muscle exertion while standing on the mud. While standing 

in muddy terrain, participants adopted excessive foot pronation due to compensation for ankle 

and foot instability and control of body alignment. Such condition required TA muscle activity 

decelerate foot pronation. It is evident that corrective insoles incorporated in the proposed 

AT footwear helped reduce degree of foot eversion, and therefore alleviated requirements of 

TA activity. 
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During lifting the feet off the muddy ground, results showed that the proposed AT 

footwear required the lowest levels of GA muscle exertion and lower levels of BiF muscle, as 

compared with wearing common boots. The selected material of AT footwear attenuated force 

requirement from participants to compensate for mud viscous force, especially for propulsion 

force from plantar flexion (GA activity). Although BiF muscle activity generated when wearing 

the AT footwear was higher than when participants were walking barefoot, the higher muscle 

activity might be due to additional weight of footwear. When comparing with heavy common 

boots, the lightweight AT footwear still required less BiF to flex the knees out of mud. Since 

footwear is important personal protective equipment (PPE) to protect slip and cut injury for 

rice farmer while working in the field, the AT footwear proposed in this research provided a 

potential intervention for use as PPE for rice farmers. The proposed AT footwear would also 

help reducing and preventing risk from overexertion of muscles and potential of abnormal 

alignments of farmers’ LE in their occupational tasks. 

 

Table 5. Muscle activity (mean (SD) during standing and foot lifting from muddy terrain for 

varied footwear conditions 

Conditions Standing phase Foot lifting phase 

Tibialis Anterior (TA) Biceps Femoris (BiF) Gastrocnemius (GA) 

Barefoot 9.58 (0.46) 21.50 (3.36) 28.19 (1.68) 

Common footwear 9.44 (0.14) 24.82 (0.97) 21.57 (1.15) 

AT footwear 8.35 (0.33) 23.58 (0.98) 19.23 (0.47) 

 

5. สรุป 

This research attempted to map the musculoskeletal and disability conditions of non-

occupational disabled population (CP patients) and work-related disabilities of the LE of rice 

farmers. Results revealed the prevalence of LE malalignments of CP patients to be highest in 

foot pronation and knee valgus. Such malalignments were in line with results of previous 

farmer investigation. Related to this, results of surveys of musculoskeletal pain and 

examination of origin of pain showed similar characteristics between the two populations. 

Therefore, these associations could be used as a basis for extending AT designs for patients in 

daily living activities to farmers in work tasks. 

A work-related risk factor of muddy work surface was also investigated in order to 

examine effects of such work terrain to muscle activity requirement. Results showed muddy 
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ground to induce significantly higher levels of BiF and GA muscle exertion, as compared with 

rigid ground. Therefore, such working terrain as well as knee and foot exertion were focused 

when developing AT for farmers.  

Another main objective of this research was to develop AT design for rice farmers based 

on orthotic devices of CP patients. Based on literature reviews, current orthotic technologies 

of flexible footwear and corrective insoles were identified as possible interventions to farmers 

in rice cultivation work. Biopolymer and natural rubber were indicated as potential materials 

for AT design for farmers. Mechanical and chemical property tests were conducted for varied 

ratios of P/L/C composite. The test results illustrated that the biopolymer to rubber ratio of 

3:2 was suitable for AT footwear shells and corrective insoles application in muddy terrain. The 

AT footwear equipped with corrective insoles was subsequently designed and prototyped 

using foot scanning technology and rapid prototyping to provide individual correction of foot 

deformation. 

A small-scale experimental study was conducted with participants with foot pronation 

using custom design AT footwear for each individual. A planting task was simulated to compare 

knee and foot muscle activities when working with: barefoot, wearing common boots and 

wearing AT footwear. The results showed the proposed AT footwear to induce the lowest 

levels of TA, used to impede foot eversion, while standing on the mud. The AT footwear also 

required the lowest GA exertion and lower BiF activity, as compared with wearing common 

boots, during lifting the feet off the muddy terrain.  

This research provided a potential intervention for reducing and preventing risk of LE 

injury for rice farmers. However, a limited numbers of rice farmers, who exhibits foot pronation 

condition, was investigated in the study. Follow-on research is expected to include more 

numbers of farmers, both with and without foot pronation conditions, in order to collectively 

correct and prevent risk of LE injury. Furthermore, the future research will also include 

improvement of AT design in terms of design of aesthetics, design of manufacturing and 

assembly, and dual-population usage. 
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6. Output จากโครงการวิจัยท่ีได้รับทุนจาก สกว. 

 

6.1.  ผลงานตีพิมพ์ในวารสารวิชาการนานาชาติ  

6.1.1. Journal articles 

1 .  Juntaracena, K., Neubert, M. S. & Puntumetakul, R. (2018). Effects of muddy terrain 

on lower extremity muscle activity and discomfort during the rice planting process. 

International Journal of Industrial Ergonomics. 66, 187-193. 

2 .  Kristanto, A., Neubert, M. S., Promkotra, S., & Sessomboon, W. (2019). Fabrication 

and thermo-mechanical characteristics of PHBV/latex/vegetable oil composites-modifying on 

biocomposites. Journal of Mechanical Engineering Research and Developments. 42(5), 124-127. 

3. Kristanto, A., Neubert, M. S., Puntumetakul, R., & Sessomboon, W. (in review). 

Adaptable ergonomics interventions for patients with cerebral palsy to rice farmers activities: 

reviews and recommendations. Submitted to Asia-Pacific Journal of Science and Technology. 

6.1.2. Refereed conference proceedings  

1.  Neubert, M. S., Puntumetakul, R., & Karukunchit, U. (2018). Work postural and 

environmental factors for lower extremity pain and malalignment in rice farmers. The 20th 

Congress International Ergonomics Association (IEA2018). Florence, Italy (August 26-30). 

 

6.2. การนำผลงานวิจัยไปใช้ประโยชน์ 

6.2.1. เชิงสาธารณะ (มีเครือข่ายความร่วมมือ) 

This research is a multidisciplinary study involving team members with human 

factors (Dr. Neubert, PI) and materials science (Assoc. Prof. Dr. Sarunya Promkotra, 

Geotechnology, KKU) and physical therapy (Assoc. Prof. Dr. Rungthip Puntumetakul, Mentor, 

KKU; Dr. Usa Karukunchit, Physical Therapy, Saint Louis College) backgrounds. 

The project is also for an international collaborative research with the U.S. 

partners in industrial engineering at University of Florida (Prof. Dr. David Kaber, formerly worked 

at North Carolina State University (NCSU)) and physical therapists at the University of North 

Carolina at Chapel Hill (UNC-CH) (Prof. Dr. Michael Gross). 

6.2.2. เชิงวิชาการ (มีการพัฒนาการเรียนการสอน/สร้างนักวิจัยใหม่) 

พัฒนาและสร้างนักศึกษาระดับปริญญาเอก 1 คน และนักศึกษาระดับปริญญาโท 1 คน ได้แก่  

- Mr. Agung Kristanto,  KKU Doctor of Engineering, Industrial Engineering (In 

progress) (Chair). (อาจารย ์จาก  Department of Industrial Engineering, Faculty of 
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Industrial Technology, Universitas Ahmad Dahlan ประเทศอินโดนีเซีย ได้มาศึกษา

งานวิจัยต่อยอดในระดับปริญญาเอก เนื่องจากมีความสนใจจากการไปนำเสนอผลงานวิจัย

ก่อนหน้าท่ีได้รับทุนสนับสนุนจาก สกว. รหัสสัญญาเลขท่ี MRG5680009) 

- Mr. Komkrit Juntaracena,  KKU Master of Engineering, Industrial Engineering 

(Graduated) (Chair). 

  

6.3. ผลงานอ่ืนๆ  

6.3.1. Conference presentation 

1. Neubert, M. S., Puntumetakul, R., Gross, M. T. & Kaber, D. B. (2019). Investigation of 

work-related risk factors and comparison with musculoskeletal conditions from congenital 

disability: rationale and design for assistive technology aiding agricultural workers. Oral 

presentation at The 18th TRF-OHEC Annual Congress. Phetchaburi, Thailand (January 9-11).  

6.3.2. Invited presentation   

1. Neubert, M. S. (June 28, 2018). Research from Thailand: Paddy Field. Work Health 

and Safety: Research to Practice Workshop, KKU, Khon Kaen, Thailand. 

2. Neubert, M. S. (April 1, 2019). Case-study: Research in Occupational Health and 

Safety Technology. Seminar presentation to faculty and graduate students of School of Public 

Health, Khon Kaen University, Khon Kaen, Thailand. 

6.3.3. Exhibition 

1. งานเปิดศูนย์การเรียนรู้อุตสาหกรรมเกษตร TE Outlet, Faculty of Technology, Khon Kaen 

University. จัดแสดงนิทรรศการผลงานวิจัยและนวัตกรรมเกี่ยวกับอุตสาหกรรมเกษตรในงานเปิดศูนย์การ

เรียนรู้อุตสาหกรรมเกษตร TE Outlet วันที่ 27 สิงหาคม 2562 โดยแสดงผลงานวิจัยใน theme “Rapid 

Prototyping for Agricultural Application” ซึ่งมีผู ้เข้าร่วมงานได้แก่ ที่ปรึกษารักษาการแทนอธิการบดี

มหาวิทยาลัยขอนแก่น ประธานสภาอุตสาหกรรมจังหวัดขอนแก่น ผู ้เข้าร่วมงานจากสภาอุตสาหกรรม 

หอการค้าจังหวัดขอนแก่น ผู้บริหารมหาวิทยาลัย ประธานสมาคมศิษย์เก่า พร้อมผู้สนใจจากทั้งภาครัฐและ

เอกชนอีกจำนวนมาก 
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A B S T R A C T

The agricultural industry in Thailand and many Southeast Asian countries relies heavily on manual labor with
little utilization of advanced machinery. Prior investigation of the rice cultivation process indicated a high
prevalence of musculoskeletal disorders and abnormal alignments in lower extremities (LEs) of Thai farmers.
Since most tasks are typically performed with bare feet in heavy, muddy terrain, higher LE muscular force is
required to compensate for mud viscosity. Consequently, this study investigated effects of muddy terrain on LEs
of 30 experienced famers during simulated planting tasks of the rice cultivation process. Muscle activity and
discomfort perception of LE joints were compared between rigid (“No-Force”) and muddy (“Mud-Force”) surface
conditions, revealing significantly increased muscle activity and discomfort perception of knee and ankle in
muddy work environments. The resulting high risk of knee and ankle injury for rice farmers should therefore be
attenuated by development of appropriate protective equipment or assistive devices.
Relevance to industry: The working surface constitutes a physical workplace environments with potential direct
impact on productivity and safety of the workforce. In the agricultural industry, workers typically perform tasks
on muddy terrain where, besides common slips, trips and falls, mud viscosity might intensify the force and lead
to potential injury to the lower limbs.

1. Introduction

The agricultural sector represents the major industrial branch of
Thailand and of most Southeast Asian countries. While some production
processes incorporate advanced agricultural machinery, most tasks
primarily require manual work efforts involving strenuous activities. In
Thailand, the rice production industry is of significant importance and
generates the second-largest market volume of exported agricultural
products (Ministry of Commerce of Thailand, 2017). However, the rice-
farming activity is, by nature, ergonomically hazardous due to com-
monly requiring repetitive performance of awkward postures and for-
ceful exertions (Reid et al., 2010; Fathallah, 2010). The rice cultivation
process includes multiple stages (Mokkamul, 2006), of which most re-
quire farmers to perform cultivation activities in muddy work terrain.
Such a heavy and viscous muddy work environment causes farmers to
preferably perform tasks without footwear. Unsurprisingly, a high
prevalence of musculoskeletal disorder (MSD) in lower extremities
(LEs) was therefore observed among rice farmers in Thailand
(10.29–41.16%) (Puntumetakul et al., 2011). Karukunchit et al. (2015)

reported Thai rice farmers to exhibit a high percentage of abnormality
of LE alignment (11.24–36.14%) and identified specific demographic
factors, i.e. gender, body mass index, age and years of farming ex-
perience, to be associated with LE malalignment. Several previous
studies evaluated the ergonomic risk of agricultural work (e.g., Meyers
et al., 1997; Fathallah et al., 2008; Fathallah, 2010; Kirkhorn et al.,
2010), including a study conducted in our group focusing on the spe-
cific analysis of the rice cultivation process (Karukunchit et al., 2014b).
A literature review revealed the cultivation task performance to pose a
high risk in terms of repetitive movement, awkward postures and ex-
cessive force. Such occupational factors create high loading on the
trunk and lower limbs (Reid et al., 2010), leading to tissue injury and
inflammatory responses. Moreover, long-term exposures may result in
pain and therefore limit work productivity (Barbe and Barr, 2006;
Marras et al., 2009). Beyond this, as mentioned previously, rice culti-
vation activities are typically performed with bare feet on muddy ter-
rain, thus intensifying the extent of force on the lower limbs (Tropea
et al., 2007).

Mud is a suspension of water and soil often categorized as non-
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Newtonian fluid. The viscosity characteristics of mud are mainly de-
termined by the ratio of water and solid particles in the suspension and
vary with external force and time of exposure (Schramm, 2006). When
farmers perform work activity on muddy terrain, the force resulting
from body and tool weight induces high mud viscosity and, therefore,
increases both the force acting on joints and the muscular force re-
quirements in the LEs of farmers (Tropea et al., 2007). Despite the
obvious impact on the health and performance of the agricultural
workforce, studies of the relationship between muddy ground condi-
tions and risk of injury has mostly been restricted to the area of sport
sciences. For example, Ramirez et al. (2006) collected evidence for an
increased injury rate of American footballers when playing on wet or
muddy surfaces, as compared with on normal (dry) surfaces. More
specifically, Bartlett (2002) indicated that mud-based grounds increase
the likelihood of inversion injuries of the ankle joints. However, these
studies were mostly focused on slip injury, with less consideration
about potential injury from excessive muscular force. Recent in-
vestigations of locomotion performance (e.g., speed, force and effi-
ciency) for robots walking on soft, muddy substrates (Ren et al., 2013;
Zhang et al., 2016) revealed that, when the ground characteristics re-
sembled that of a thick fluid, the robot's resultant speed, propulsive
force, and propulsion efficiency decreased markedly. Another inter-
esting implication of this study was the influence of an adjustable leg
geometry on the propulsion efficiency in media of varying viscosity,
which could be successfully adapted to enhance overall locomotion
performance in different environments. In analogy, human gait beha-
vior is adapted during walking on muddy terrain to compensate for the
loss of walking/propulsion efficiency experienced in fluid-like material.
Consequently, different activity levels and/or sets of muscles are uti-
lized compared to normal gait on solid ground. Unfortunately, only a
limited number of studies investigating the effects of muddy ground
conditions on human performance in industrial areas have been con-
ducted to date.

A preliminary study conducted recently in our group investigated
the effects of viscous force of muddy terrain on LE joints during the
performance of planting tasks in the rice cultivation process
(Juntaracena and Swangnetr, 2016). The planting process was selected
as the required tasks therein were previously found to pose the most
severe ergonomics risk and to induce the highest perceived pain
thresholds on farmers (Karukunchit et al., 2014b). Juntaracena and
Swangnetr (2016) compared the force loadings on each LE joint of
human models between working on a flat hard surface (rigid ground)
and real work surface conditions (muddy terrain) by using the 3D Static
Strength Prediction Program (3DSSPP; Center of Ergonomics, Uni-
versity of Michigan). A specific posture in which the foot is lifted off the
work surface while performing planting activities was selected for the
study due to being strongly associated with tensile viscous force. The
results illustrated an increase of force on LE joints in response to the
muddy working environment. In participants assuming the selected
posture, the knee was found to be exposed to the greatest force increase
due to mud viscous force. However, a number of inherent limitations of
this study have to be considered. The viscous force was calculated using
averaged mud viscosity and by simplifying the complex shape of the
farmer's leg and foot to a single cylindrical object. Moreover, locomo-
tion in muddy terrain involves complex locomotor-ground interaction,
which is difficult to integrate into an applicable model. Due to the
complexity of the force equation for a muddy substrate, a comprehen-
sive physical model able to predict the locomotive efficiency in muddy
environments has yet remained elusive (Zhang et al., 2016). None-
theless, prior studies have investigated and developed models for esti-
mating the locomotion performance on granular substrates, albeit such
media are relatively simple compared to mud (e.g., Li et al., 2013). To
overcome this limitation, Zhang et al. (2016) suggested and conducted
experimental assessment of locomotion performance in muddy terrain.

Previous studies investigating ergonomic risks of force, posture and
motion in agricultural work (e.g., Reid et al., 2010; Fathallah, 2010) put

only limited emphasis on the influence of the working surface, which
can have a direct impact on efficiency and safety of the workforce.
Therefore, this study attempted to examine potential hazards from
agricultural process environments due to the muddy work terrain as-
sociated with rice cultivation. Besides common investigations of slips,
trips and falls, mud viscosity associated with tensile force might in-
tensify LE muscular force of rice farmers (Tropea et al., 2007) and lead
to potential LE injury (Davis and Kotowski, 2007; Naidoo et al., 2009;
Reid et al., 2010). As adaption of human gait behavior by utilizing
different activity levels and/or sets of muscles may be induced to
compensate for the loss of propulsion efficiency during walking on
muddy terrain, physiological responses to muscle activation levels were
investigated in order to empirically identify the most affected muscles
from working on muddy terrain. Electromyography (EMG) has been
established as a sensitive tool for monitoring effects of external force on
the body in terms of work posture control, levels of muscular use and
endurance (Konrad, 2005). Perceived discomfort ratings were also in-
cluded in the assessment to subjectively confirm the effects of muddy
terrain by comparison with discomfort ratings for working on rigid
ground. The LE-part most severely affected by working on a muddy
surface is anticipated to be exposed to the highest risk of injury, and
therefore should be considered as the priority for developing personal
protective equipment or assistive devices in order to prevent LE injury
in rice farmers.

2. Methods

2.1. Participants

Thirty experienced Thai rice farmers participated in this study, in-
cluding 15 males and 15 females, within an age range of 20–40 years.
Other demographic characteristics of the participants included height
ranging from 146 to 178 cm and weight ranging from 45.3 to 78 kg,
which translated to BMIs of 16.05–26.96 kg/m2. Participants were re-
quired to have at least one year of experience in rice cultivation. None
of the participants had current injury to the LEs. Participants were
excluded from the study if they reported back, leg and foot pain within
two weeks prior to testing, such as gouty arthritis, rheumatoid arthritis,
or ankylosing spondylitis.

2.2. Experimental mud sample preparation

To emulate the characteristics of mud found at the actual planting
site, laboratory testing of the viscosity parameters based on dynamic
shear force using a Rotational Rheometer (Gemini 200Hr nano) was
conducted on “fresh” mud and a set of “experimental” mud samples
collected from a typical rice planting site (Meung district, Khon Kaen
province). The experimental mud samples were prepared in an
85 cm×120 cm tray with a mud layer height of 18 cm (see Fig. 1), and
naturally dried in a temperature-controlled room for 3 days. The height
of the layer was based on the average immersion depth of farmer's legs

Fig. 1. Mud samples contained in a tray shown in: (a) side view and; (b) top
view.
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in the mud (13 cm) retrieved from previous measurements conducted
directly in the field (Juntaracena and Swangnetr, 2016), and extended
by an additional 5 cm to compensate for any possible variations beyond
the average immersion depth. The samples were subsequently refilled
and soaked with different amounts of water for another 3 days (see
preparation procedure in Fig. 2). Applied water volumes of 42, 46, 50
and 53 L, corresponding to approximate ratios of water content to mud
of 23%, 25%, 27% and 29%, respectively, were adopted from literature
examples (Zhang et al., 2016). The test results showed that the ex-
perimental mud sample with 50 L of water exhibited the most similar
viscosity characteristics to the “fresh” mud sample. Therefore, the
preparation procedure applying 50-L water content was selected for
subsequent experimental trials.

2.3. Task and experimental conditions

In addition to the percentage of water in the mixture, mud viscous
force also depends on speed, external force and time of exposure
(Schramm, 2006). Although the influence of external force from in-
dividual weight could not be eliminated, this study endeavored to
control other factors, including hand load, work posture and movement
pace. The details of task and experimental conditions are as follows:

The participants were asked to perform the simulated rice planting
task at 2 conditions (see Fig. 3): 1) No-Force condition (performing task
on rigid surface) and; 2) Mud-Force condition (performing task on
muddy surface). In both experimental conditions, participants were
asked to carry a bundle of wood sticks, simulating rice sprouts with a
typical weight force of 3 kg, in the left hand and 0.3 kg (weight force of
one tenth of a bundle) in the right hand. A high angle side view of all
motions was recorded with a video camera during the entire planting
performance simulation. The order of experimental conditions was as-
signed randomly at the beginning of the experiment. Once the partici-
pants were assigned to a specific order of condition, they were asked to
complete a total of 10 sessions of the first condition before continuing
to perform a set of 10 sessions of the second condition. The number of
10 sessions was estimated along with the number of participants to
achieve a sufficient statistical power (significance level of 0.95 and
desired power of 0.8) for supporting all EMG analyses (Diggle, 2002).

Participants were instructed to perform the simulated planting task

by using their right hands to push a small bundle of sprouts into the
ground. Each session included the performance of 3 planting activities
per row by moving the upper body in half-circular motion from the left
to the right side, for a total of 3 rows per session (see Fig. 3 for illus-
tration). The participants were then instructed to take a backward step
of approximately 35–40 cm by lifting and placing their right feet before
staring the subsequent planting row. A metronome set to 60 beats/
minute (similar to the usual planting pace) was used to control the pace
of upper body movement and step in planting activities. Participants
initially practiced the movement tempo and step length before begin-
ning the experiment to avoid re-dos or mistakes. In addition, the me-
tronome aided in standardizing speed and time of exposure factors
across individuals. During the experimental performance, EMG signals
of muscles of the right LE side were collected throughout the test trials.
At the end of each condition, participants were asked to rate their
discomfort perception for each part of the LE resulting from task per-
formance on the corresponding condition. The break between the two
conditions was set to be 5min to avoid potential muscle fatigue
(Rullmann and Kleisinger, 2003).

2.4. Response measures

2.4.1. Muscle activity
EMG electrodes were placed over the right side of the subject's LE

muscles, including rectus femoris (RF; part of the quadriceps group),
biceps femoris (BF; part of the hamstring group) and gastrocnemius
(GA). The muscle selection was based on LE joint angles during gait
initiation in specific rice planting tasks affected by mud viscous force.
For the swing leg (i.e., the first leg to leave the ground), hip and knee
need to be flexed (Mann et al., 1979; Elble et al., 1994), resulting in
activity of RF and BF, respectively. In a typical forward gait, the ankle
starts with dorsiflexion to move the body forwards over the feet (Mann
et al., 1979; Elble et al., 1994). However, for backward gait as ex-
amined in this study, backward propulsion is accomplished by ankle
plantar flexors, which resulted mainly in activity of GA to create a re-
versed torque (Thorstensson, 1986; van Deursen et al., 1998). Although
the tibialis anterior muscle may also contract eccentrically during
backward gait initiation, this study did not investigate this muscle due
to not being a prime contributor to reversed propulsion.

Three pairs of adhesive disposable Ag/AgCl disc surface electrodes
(EL503, BIOPAC Systems, California) were placed over the anatomical
locations of each muscle (see Fig. 4) based on the guidelines from
previous research (Gazendam and Hof, 2007; Gallagher et al., 2011).
The skin at the site of electrode placement was prepared by shaving,
abrading and cleaning with alcohol to reduce skin impedance to less
than 10 kΩ (Hermens et al., 2000). An MP100 data acquisition system
(Biopac Systems, Inc.) was used to continuously record EMG signals at
1000 Hz during the test trial. The signals were post-processed using
20–500 Hz bandpass and 50 Hz notch filters for eliminating electrical
system interference. The full-wave rectified EMG signals were

Fig. 2. Experimental mud sample preparation procedure: (a) collect mud
samples from the actual planting site; (b) store samples in the controlled tem-
perature room; (c) fill samples with water.

Fig. 3. Simulated planting task performance: (a) No-Force condition; (b) Mud-Force condition; (c) direction of movement.
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normalized relative to the isometric maximal voluntary contraction
(MVC) for the same muscle. The MVCs were captured in advance of the
test trials by asking the participants to perform static maximum con-
tractions for 3–5 s from a seated position (Konrad, 2005). To generate
MVC for RF and BF, participants were asked to perform knee extension
and knee flexion, respectively, with ankles strapped with a belt. To
generate MVC for GA, participants were asked to perform a unilateral
plantar flexion with a rigid fixation applied vertically at knees. Maximal
contraction for each muscle was repeated 2 times and a 2-min rest
period was provided for each contraction. The maximum EMG ampli-
tude measured from the two MVC trials was taken as the reference
value for normalizing test trial data. Mean values of normalized EMG of
a selected interval were used for subsequent muscle activity analysis.
According to the selected gait phases, the analysis interval included a
range of EMG signals when subjects started lifting their right feet off the
floor or mud until the highest point of lifting was reached.

2.4.2. Discomfort perception
The perceived discomfort questionnaire (Thai version) was used to

collect self-report data of discomfort for each joint of the LE. The
questionnaire was based on a body part diagram presented in the
Standardized Nordic Questionnaire (SNQ; Kuorinka et al., 1987). Dis-
comfort intensity was rated on 10-cm visual analog scales (VAS), which
is sensitive to treatment effects (von Korff et al., 2000). The scales range
from 0 to 10 points, where 0 represents no discomfort and 10 denotes
intolerable discomfort. The questions included discomfort of separate
sides of each LE parts (i.e., left and right sides of hip, knee and ankle/
foot) participants experienced during the experimental process. Fig. 5
illustrates an excerpt of the questionnaire used in the present study,
which has been shown to yield acceptable reliability in previous studies
(e.g., Swangnetr et al., 2014; Udom et al., 2016).

2.5. Hypotheses

Based on the literature review, we expected an increase of LE
muscle activity when participants perform work in the muddy surface
environment (Mud-Force condition), as compared with working on the
rigid surface (No-Force condition) (Hypothesis 1). Additional force
exertion resulting from mud viscosity might overload LE muscles and
tendons (Messing et al., 2006) and, therefore, is expected to increase
perception of LE discomfort (Davis and Kotowski, 2007; Naidoo et al.,
2009; Reid et al., 2010) (Hypothesis 2). The LE part influenced by the
greatest effects from muddy terrain would be exposed to a high risk of
injury.

2.6. Statistical analyses

An EMG-based muscle activity analysis during simulated planting
tasks typical for the rice cultivation process was conducted to identify

potential effects of work surface conditions on LE muscles of rice
farmers. The segment of LE muscle activity data corresponding to the
lifting of the farmers’ right feet away from the work surface was sub-
jected to analysis. The normalized EMG response did not conform to the
normality assumption; therefore, log transformation was applied to the
response measurements. As participants were randomly assigned to one
of the conditions and then repeated measurements were taken on each
participant throughout the condition, repeated measure ANOVA was
conducted to compare effects over time of No-Force and Mud-Force
conditions on the (log-transformed) normalized muscle activity. The
sessions were treated as within-subject factors in the repeated measure
ANOVA models. Any significant changes in EMG response throughout
the sessions indicated amplified or attenuated muscle activity required
for performing the planting task in particular conditions over time. A
discomfort perception analysis using paired t-test was conducted to
compare subjective ratings of LE discomfort of subjects performing the
planting task between No-Force and Mud-Force conditions. All analyses
were performed using the SPSS version 19.0 software (IBM
Corporation) based on a significance level of α=0.05. For some re-
sponse measures, marginal significance was also reported based on an
α=0.10.

3. Results

3.1. Results of muscle activity analysis

The repeated measure ANOVA results (see Fig. 6 and Table 1) show
that the muscle activity did not significantly change during experi-
mental sessions (p > 0.05). The interaction term of conditions and
sessions also appeared insignificant. Based on this observation, no
evidence for effects of the experimental conditions on changes of
muscle activity over time could be found. BF and GA activities were
significantly higher (p < 0.05) when participants performed tasks in
the Mud-Force condition, as compared with the No-Force condition.
Notably, the results presented in Fig. 6 illustrate the non-transformed
values for better visualization. The observed ratio of GA muscle dif-
ferences (2.5 times) was higher than the ratio of BF muscle differences
(1.4 times).

3.2. Results of discomfort perception analysis

Paired t-test results (see Table 2) revealed the discomfort on the
right (the first leg to lift) knee and ankle in the Mud-Force condition to

Fig. 4. EMG electrode locations of rectus femoris (RF), biceps femoris (BF) and
gastrocnemius (GA) muscles.

Fig. 5. Body part diagram and rating scale for perceived discomfort ques-
tionnaire.
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be significantly higher than the perceived discomfort in the No-Force
condition (p < 0.05). Discomfort in the left knee and ankle also ap-
peared to be higher with marginal significance (p < 0.1) when per-
forming tasks in Mud-Force condition. However, both sides of the hip
were not perceived differently between No-Force and Mud-Force con-
ditions.

4. Discussion

Partially in line with Hypothesis 1, BF and GA muscle activities were
found to significantly increase when participants were working in the
Mud-Force condition in comparison with the No-Force condition. Mud
viscous force resulted in participants utilizing higher activity levels of a
certain set of muscles (i.e., BF and GA) as for normal gait on rigid
ground. An increase in BF and GA activity, which assisted knee flexion,
was in line with results from a previous study conducted in our group
(Juntaracena and Swangnetr, 2016), indicating the knee is exposed to
the highest force increase due to mud viscous force. Substantially
higher GA activity might result from a higher backward propulsion
force from plantar flexion required for gait initiation. In addition, based
on observations during the experimental trials, participants also

adjusted the leg geometry by flexing the ankle down to reduce the leg
area immersed in the mud. This adaptation resembles the effects of
straight leg geometry investigated by Ren et al. (2013) and Zhang et al.
(2016), which were found to produce more propulsion efficiency
compared to curve-shaped legs in muddy media. These findings are
supplemented by a physical examination study of Karukunchit (2015),
indicating the hamstring group and gastrocnemius muscles to be the
first and third most affected structures by mud force, respectively, ac-
cording to pain rating in rice farmers.

The analysis of discomfort perception was partially in line with
Hypothesis 2. The collected results revealed that participants perceived
significantly higher discomfort in the right knee and ankle during task
performance on the Mud-Force surface, as compared with the No-Force
surface. The significant discomfort perceived in the right knee and
ankle by the participants also correlated with the more pronounced
effects of muddy terrain on the BF and GA muscles. There was only
marginal evidence of effects of muddy terrain on the perceived dis-
comfort in the left knee and ankle (the second leg to leave the ground)
(p= 0.09 and 0.08, respectively). Although the participants were at-
tached with EMG electrodes on the right legs only, the discomfort
perception was presumably not caused by equipment-induced dis-
comfort, as the perceived discomfort of left and right side within the
same conditions was not statistically different (p=0.2–0.8). A less
pronounced discomfort in the left knee and foot might arise from the
shift of the center of gravity towards the back of the body after lifting
the right leg. Furthermore, participants were able to utilize the mo-
mentum generated by body weight and additional muscles to help
pulling the left leg off the mud. Although our previous study
(Juntaracena and Swangnetr, 2016) also illustrated an increase of force
on hip joints due to working on a muddy surface, the absence of dis-
comfort perception in the hip of participants observed in the present
study might be due to the fact that pain associated with muscles is more
pronounced during active movement, as compared with joint pain
(Diaz, 2013). In this study, the GA muscle activation induced by task
performance on muddy terrain displayed the highest increase (ap-
proximately 2.5 times) compared to the activation during rigid ground
condition. Since GA is associated with knee flexion and ankle plantar
flexion, participants might feel more noticeable discomfort in these
parts. Initially, participants might only notice muscle pain in the first
leg leaving the mud, but over time (and since this study was designed to
cover only a short duration of task performance) perception of pain
associated with joints and the other side of the leg may increase due to
mud viscous force.

Related to this, prolonged walking was found to be a risk factor for
hip, knee and ankle and foot injury (Naidoo et al., 2009; Davis and
Kotowski, 2007; Reid et al., 2010; Osborne et al., 2012; Xiao et al.,
2013). Additional force exertion resulting from mud viscosity during
walking might overload certain lower extremity muscles and tendons

Fig. 6. Descriptive statistics of muscle activity for Mud-Force condition and No-Force condition.

Table 1
Results of repeated measure ANOVA of muscle activity comparison between
Mud-Force condition and No-Force condition.

Rectus femoris Biceps femoris Gastrocnemius

Condition F(1,58)=0.0002
p=0.99

F(1,58)=4.33
p = 0.04*

F(1,58)= 38.48
p < 0.0001*

Session F(9,50)=1.24
p=0.29

F(9,50)=1.28
p=0.27

F(9,50)= 0.72
p= 0.69

Condition x Session F(9,50)=0.61
p=0.79

F(9,50)=1.10
p=0.38

F(9,50)= 1.07
p= 0.40

Note: * indicates significant difference at p < 0.05.

Table 2
Results on comparison of LE pain perception between Mud-Force condition and
No-Force condition using paired t-test.

Left side Right side (first lift)

Hip Knee Ankle Hip Knee Ankle

Mean discomfort
ratings (score)

No-
Force

0.44 0.56 0.52 0.44 0.60 0.54

Mud-
Force

0.49 0.67 0.64 0.48 0.88 0.73

Statistical results t 0.61 1.78 1.78 0.71 2.27 2.36
p 0.54 0.09 0.08 0.48 0.03* 0.03*

Note: * indicates significant difference at p < 0.05.
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(Messing et al., 2006), thus leading to an increased risk of foot and knee
injury and discomfort (Davis and Kotowski, 2007; Naidoo et al., 2009;
Reid et al., 2010). These findings can be used as an additional guideline
for lower limb self-care and may benefit the development of personal
protective equipment or assistive devices with focus on knees and feet,
which bears a great potential to drastically minimize the risk of LE
injury during planting tasks.

Although the experimental mud samples were attentively prepared
and designed to emulate the most commonly encountered real working
situations, the fact that the mud layer height used in the experiment
may still not cover the whole range of possible mud environments in a
real rice field represents a limitation of the current study. As a result,
the greater depth of the mud layer in a real rice field may provide better
support of body weight than determined experimentally in this work. A
future study should therefore employ an extended mud layer in order to
better reflect the actual work conditions in a real rice field environ-
ment. Regarding experimental conditions, the current study did not
control the immersion depth of individual participants’ legs due to
weight; and therefore, this might result in different contact area and
resistance force levels. The simulated mud field was also not reposi-
tioned after each session, which might lead to inconsistency of mud
resistance force. A future investigation should attempt to control such
conditions to ensure consistent mud force throughout the experiment.
Furthermore, this study included the investigation of muscle activity
limited to one side of the LE and focused on a specific movement pat-
tern, initiated by lifting the leg off the muddy surface before starting to
move backward. As a result of this specific movement, the muscle ac-
tivity level of the left leg might be different from the first-lifted (right)
leg. Compared to other forms of movement, forward walking might
involve more ankle dorsiflexion instead of plantar flexion activity.
Other phases of gait, for example the stance phase, might require dif-
ferent sets of muscles to stabilize LEs immersed in soft terrain and to
control body alignment (Donatelli and Wooden, 2009). In addition,
extended periods of experimental trials might provide more insightful
results of LE discomfort experienced during task performance on muddy
terrain.

5. Conclusion

The collected results of this study revealed muddy work terrain to
pose substantial risks to LE parts, specifically knee and foot. These
findings provide additional evidence for the high prevalence of LE
MSDs in farmers reported in previous studies (e.g., Puntumetakul et al.,
2011; Osborne et al., 2012; Xiao et al., 2013). Exposure to planting
activities involving repetitive movements and awkward knee bending
postures, combined with heavy loads are unambiguously associated
with knee pain due to the excessive loading on the knee joint and ul-
timately lead to fatigue and pain (Jones et al., 2007; Allen et al., 2010;
D'Souza et al., 2008; Baker et al., 2003). The present study revealed the
performance of certain tasks of the rice planting process in muddy
ground to induce significantly higher levels of BF and GA (knee and
ankle) muscle exertion due to mud viscosity, as compared with per-
formance on rigid ground without mud (conformed to Hypothesis 1).
This finding is supported by the greater perceived discomfort in knee
and ankle areas in response to task performance on a muddy surface, as
expected in Hypothesis 2. Prolonged repetition of such force exertion
might overload LE muscles and increase risk of foot and knee injury
(Davis and Kotowski, 2007; Naidoo et al., 2009; Reid et al., 2010;
Messing et al., 2006). The results of this work correlated with a pre-
vious study focused on work-related injury for Thai rice farmers
(Karukunchit et al., 2014b), in which expert ergonomist assessment
revealed that during planting activity, LE parts are exposed to a high
risk of injury due to excessive force. Structural malalignments of the
knee and foot were also found to have a high prevalence among Thai
rice farmers (Karukunchit et al., 2014a). Due to the significant detri-
mental effects from working on muddy terrain, emphasis should be put

on developing self-care programs, personal protective equipment and/
or assistive devices to prevent LE injury to the knees and feet of farmers
during rice cultivation task performance. Examples of possible inter-
ventions include the implementation of exercises that focus on
strengthening hamstring group and gastrocnemius muscles, as well as
the development of footwear coated with materials that reduce the
resistive force upon extricating the feet from the mud. Future research
will extend the investigation to forward walking conditions and other
locomotion phases with the ultimate goal to develop assistive tech-
nology for the knees and feet of farmers to prevent or, at least, attenuate
the ergonomic risks of the rice cultivation process.
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ABSTRACT

Polyhydroxybutyrate-co-hydroxyvalerate (PHBV, P) and natural latex (L) are mixed together to improve 
biostructures due to very stiff PHBV and high resilient natural latex. Another raw material added in PHBV/L 
mixtures is a vegetable oil which is vary between virgin coconut oil (VC) and cooking coconut oil (CC). Then, the 
three mixtures are known for P-L-C biocomposites. These three different components among PHBV, natural latex, 
and the coconut oil are considered to obtain their proper mechanical properties. The 2% and 3% (w/v) of PHBV 
concentrations (2P, 3P) in chloroform are started as the main component, and mixed to natural latex (L) and coconut 
oil (VC or CC) as the blended films in the ratio of 12:8:1, 10:10:1, 8:12:1, and compared to 6:4:1, 5:5:1, 4:6:1, 
respectively. The blends are specified the thermal property by the differential scanning calorimetry and also 
distinguished with their crystallinity. Besides, they are also characterized the tensile strength by universal testing 
machine. The degree of crystallinity is inversely proportional to the melting temperature particularly for 3Px-Lx-C1. 
The 3% w/v of PHBV-Latex-Coconut oil blends presents higher melting temperature than the 2% w/v of PHBV-
Latex-Coconut oil mixtures. Adding coconut oil mixes show a lower melting temperature at 166-167oC when is 
compared to the mixture without coconut oil at 168-169oC. The virgin coconut oil mixes specify no inconsistency of 
the melting temperature, enthalpy, and degree of crystallinity. The addition of the coconut oil can diminish the 50% 
of tensile strength and the 6-7% of tensile modulus. The cooking coconut oil added in the 2% w/v PHBV-Latex matrix 
affects a 10% increase in tensile modulus related to the 3% w/v PHBV-Latex matrix. The appearance of the coconut 
oil in the blend is suitable for conformity of plastic deformation. 

 KEYWORDS 

Mechanical characteristics, Tensile strength, Latex, PHBV, Coconut Oil, Biocomposite. 

1. INTRODUCTION 

Bio-based complexes are extremely experimented in recent years due to 

their certain properties and obviously explicit environmental influence. 

Polyhydroxylalkanoates (PHAs) are one of biodegradable polymers on 

aliphatic polyesters, produced organically from microbial activity on 

sugar-based medium. A type of polyhydroxybutyrate-co-hydroxyvalerate 

(PHBV) is a distinctive instance of PHAs, with decent biodegradability 

fabricating by many microorganisms [1]. Crystalline configurations of 

PHBV chains and co- monomer contributions are statistically arbitrary 

forms. The HV contents of 3HB (hydroxybutyrate) and 3HV 

(hydroxyvalerate) copolymers provide their property changes. The major 

concerning properties of PHBV biopolymers are basically rigid, brittle and 

low resilient materials which are unapproachability of outstanding 

mechanical property [2]. To improve their mechanical properties, various 

revision has been suggested and processed of PHBV and mixed with 

natural rubber latex, for example the chemical variation and physical 

mingling. The mechanical examinations indicate complex specific 

configurations of mechanical properties of the PHBV/Latex blends which 

higher PHBV content signifies the better elastic modulus [3]. The 

outcomes of mechanical and thermal properties express that the blended 

PHBV are capable to develop their properties by more elasticity and broad 

range of temperature. Moreover, the biodegradable PHBV is mixed with a 

green tea polyphenol (TP) as toughened. Mechanical and thermal 

properties of composites show that PHBV/TP matrix is able to improve the 

toughness of the composites [4]. The results of the differential scanning 

calorimetric (DSC) present a single glass transition and an inferior 

melting temperature. Several matters based on PHBV are improved  

their properties by blending to other biodegradable polymers, such as 

natural rubber, epoxide natural rubber [5], polybutylene adipate-co-

terephthalate [6]. 

Natural latex rubber is a material that has gained much scientific attention 

due to the present extensive utilization of non-renewable supplies and the 

naturally toxic discarding required for conventional polymers. Property of 

natural rubber presents a soft and high elastic material. Some 

nanoparticles are used as filler to improve strength and ultimate 

deformation. The mainly important of rubber is the enhanced 

reinforcement by stiff objects, such as dispersed additives or phase-

separated organic parts [7]. Compatibility of the rubber blended to other 

components contributes extra interrelated phases, which can develop the 

properties. Block copolymers are useful for congruent phase-segregated 

combinations, by diminishing the surface tension [8] and instantaneously 

increasing the strength of the interfacial sections [9–10]. Concentrated 

researches related to filler types is to develop the mechanical properties 

of elastomeric materials as natural rubber, such as carbon nanotubes, 

carbon black, and some clays [11-12]. Another substance for blending in 

natural rubber is vegetable oils. They have plenty of free fatty acids which 

are useful for mixing in rubber compounds. Some vegetable oils act as a 

vulcanizing agent in carboxylate nitrile rubber blends [13]. To develop 

their mechanical properties and processability, linseed oil is beneficial 

additive in rubber compound. Soybean oil is exploited as a plasticizer in 

natural rubber [14]. Also, castor oil is acted as a plasticizer in 

nitrocellulose and rubbers containing styrene. Basically, vegetable oils 

behave as a coupling agent for development of rubber-filler interaction in 

carbon black [15]. 
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One of vegetable oils is coconut oil which contains high saturated fat 

content or fatty acid, known as medium chain triglycerides, such as lauric 

acid, capric acid, caprylic acid, and caproic acid. However, this coconut oil 

is still contained a small amount of long chain triglycerides. To improve 

physical properties of PHBV and natural latex blends, coconut oil is 

selected to be an additive in a natural latex composition containing the oil-

extended latex rubber as a component. The purpose of this research is to 

provide a coconut oil as a plasticizer- increased latex containing PHBV 

component. The PHBV concentration is controlled in two series of 2% and 

3% w/v in chloroform blending with fresh creamy latex. The coconut oil is 

compared to both virgin coconut oil and cooking coconut oil. This 

biopolymer product is intended to reveal the mechanical characteristics of 

the blends related on its thermal property, focusing the attention on 

vegetable oil in terms of thermo-mechanical properties. 

2. MATERIALS AND METHODS 

Powder PHBV (trade name ENMAT Y1000), commercial grade, is provided 
from Ningbo Tianan Biologic Material Co. Ltd., China. It dissolves in 
chloroform (A.R. grade) at 2% and 3% w/v around 4 hr and controls 

temperature at 65-70oC. This PHBV solution (P) is ready to mix with other 
two components, creamy latex and coconut oil. The natural latex (L) is 
supplied by Rubber Authority of Thailand (Khon Kaen Branch) where is 
cultivated from the rubber tree (hevea brasiliensis) in the northeast of 
Thailand. The last component is coconut oil, commercial grade, and 
acquired from a local market. Two different types of coconut oil (C) are 
produced in Thailand and varied in this experiment as a plasticizer. They 
are virgin coconut oil (VC) and cooking coconut oil (CC). The total fat and 
saturated fat in the virgin coconut oil are 18% and 55%, respectively. 
However, the total fat in the cooking coconut oil is 18%, and no saturated 
fat in the portion. 

The PHBV solutions in different concentration of 2% and 3% w/v (2P, 3P) 
are first agitated with coconut oil at room temperature. Subsequently, 
these mixtures of PHBV and coconut oil are vigorous blended with the 
natural latex (L) in three different portions and controlled the 

temperature at 50oC during mixing. Only the three different ratios of 
PHBV-Latex-Coconut oil, compared to the two series of 12:8:1, 10:10:1, 
8:12:1, and 6:4:1, 5:5:1, 4:6:1, are produced and examined for thermo-
mechanical test (Table 1). After energetic blending, shaping biopolymeric 

film with extruder allows a dried sheet at 50oC for 3 days in the oven. 
Thermal characteristics of these biopolymer products are examined by the 
differential scanning calorimetry (DSC), NETZSCH DSC 214 Polyma, 
Germany, based on ASTM E794 – 06 (Standard Test Method for Melting 
and Crystallization Temperatures by Thermal Analysis). The DSC results 

reveal certain aspects of melting temperature (Tm), enthalpy (ΔH), and 

crystallinity (%). 

Mechanical test is performed by using Universal Testing Machine (UTM, 
Instron 5567A). Specimen size measuring refers to ASTM D882-10 with a 
rectangular shape of specimens, dimension specifications as 100 mm in 
total length, 20 mm width, and 50 mm in gauge length (benchmark). 
Thickness of the specimen is closely to 1.0 mm which is measured by a 
vernier caliper. Three specimens of each composite film are tested for 
calculating the average of a set of tensile data. Before the test, the 
specimens are hold tightly with pneumatic grips and controlled a 
crosshead speed of 5 mm/min. 

3. RESULTS AND DISCUSSION 

The PHBV has been mixed with natural latex and vegetable oil that affords 

reinforcing appearance for the intention of formulating value-added 

outcomes. The challenge to discover proper blend affiliates for PHBV is to 

develop PHBV properties. The formulation of the blends is presented in 

Table 1. Three components with several concentrations and the mixing 

ratios are varied in two series, entirely compared their physical properties 

together. 

3.1 Differential Scanning Calorimetry (DSC): 

The biopolymer films are examined for thermal and mechanical properties 

by the differential scanning calorimetry (DSC) which specifies a prompt 

method for verifying polymer crystallinity depended on the heat involved 

to their melts. This technique measures heat flow in/out of a biopolymer 

as a function of temperature. Thermograms attained from the first heating 

scan for the PHBV-Latex biocomposites (P-L), and PHBV-Latex- Coconut 

oil (P-L-C) blends are shown in Figure 1. Melting temperature (Tm) and 

enthalpy are obtained from the first heating scan. However, the degree of 

crystallinity of blends is calculated by computing the heat associated with 

melting (fusion) of these composites. This heat is stated as crystallinity in 

percent by normalizing with respect to the fusion heat of a 100 % PHBV 

crystalline sample, as indicated in Equation (1). 

Degree of crystallinity = (Δ Hf  Δ Hc)/Δ Hf, 100%) x 100%    (1) 

where Δ Hf is the enthalpy of melting, Δ Hc is the enthalpy of 

crystallization, and Δ Hf,100% is the enthalpy of melting for a fully PHBV 
crystalline polymer based upon 55.40 J/g. 

Table 1: Thermal property of PHBV-Latex-Vegetable oil composite which vegetable oil is virgin coconut oil (VC) and cooking coconut oil (CC) (Remark: Tm 
is melting temperature.) 

The area under a main peak is the enthalpy. The results of crystallinities 

(%) for the blend products are summarized in Table 1. The comprehension 

of the degree of crystallinity is significant to reveal the affected physical 

properties, for instance melting temperature, elastic modulus, and density. 

Mostly these appearances of crystallinity provide a primary property to 

predict other physical properties. Overall degree of crystallinity for the 3% 

w/v of PHBV blends (3Px-Lx-Cx) presents higher than the 2% w/v of PHBV 

blends (2Px-Lx-Cx), except for the series of 2P6-L4-VC1 and 2P5-L5-VC1  

(Figure 2). The coconut oil mixes show a lower melting temperature (166-

167oC) compared to the mixture without coconut oil (xPx-Lx) (168-

169oC). Moreover, the virgin coconut oil mixes indicate the physical 

properties of a poor inconsistency of Tm, enthalpy, and degree of 

crystallinity. Melting points of 3Px-Lx-C1, in which increase both virgin- 

and cooking coconut oil, obviously decrease in the range of 1.0-1.5oC, as 
indicated in Figure 3.  

Item PHBV-L-C 
(2% w/v) 

Tm (oC) Enthalpy 
(ΔH) (J/g) 

Crystallinity 
(%) 

PHBV-L-C 
(3% w/v) 

Tm (oC) Enthalpy 
(ΔH) (J/g) 

Crystallinity 
(%) 

1 2P3-L2 169.0 3.39 6.12 3P3-L2 168.9 6.81 12.29 
2 2P1-L1 167.5 3.54 6.39 3P1-L1 167.6 4.74 8.56 
3 2P2-L3 167.8 3.81 6.88 3P2-L3 167.8 6.05 10.92 
4 2P12-L8-VC1 167.3 3.64 6.57 3P12-L8-VC1 167.5 5.76 10.40 
5 2P10-L10-VC1 167.6 3.58 6.46 3P10-L10-VC1 167.6 5.23 9.44 
6 2P8-L12-VC1 167.8 3.12 5.63 3P8-L12-VC1 167.6 3.90 7.04 
7 2P6-L4-VC1 167.6 4.69 8.47 3P6-L4-VC1 166.9 4.15 7.49 
8 2P5-L5-VC1 167.6 6.12 11.05 3P5-L5-VC1 165.9 4.46 8.05 
9 2P4-L6-VC1 167.2 1.60 2.89 3P4-L6-VC1 166.4 3.35 6.05 
10 2P12-L8-CC1 166.8 3.92 7.08 3P12-L8-CC1 167.0 6.08 10.97 
11 2P10-L10-CC1 167.3 3.79 6.84 3P10-L10-CC1 167.2 5.65 10.20 
12 2P8-L12-CC1 166.9 3.41 6.16 3P8-L12-CC1 166.4 5.42 9.78 
13 2P6-L4-CC1 167.1 2.25 4.06 3P6-L4-CC1 166.5 5.58 10.07 
14 2P5-L5-CC1 166.9 2.82 5.09 3P5-L5-CC1 166.0 5.40 9.75 
15 2P4-L6-CC1 167.6 2.74 4.95 3P4-L6-CC1 166.3 3.77 6.81 
16 PHBV 175.0 55.40 
17 Rubber 204.1 9.12 
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Figure 1: Melting endotherms for biopolymer films in different 

compositions of PHBV-Latex-Coconut oil (Px- Lx-Cx) by vary the 

concentrations of PHBV (2%, 3% w/v) and the ratio of PHBV, latex, and 

both virgin coconut oil (VC) and cooking coconut oil (CC), corresponding 

to Table 1 

PHBV/Latex/Coconut oil Composites 

Figure 2: Crystallinity (%) related to the composite materials of PHBV-
Latex-Coconut oil in different mixing ratio, corresponding to Table 1  

PHBV/Latex/Coconut oil Composites 

Figure 3: Melting temperature related to the composite materials of PHBV-
Latex-Coconut oil in different mixing ratio, corresponding to Table 1 

3.2 Tensile Testing 

The tensile stress as a function of the tensile strain of the 2-3% w/v PHBV-

Latex composite made without coconut oil, 2Px-Lx and 3Px-Lx, shows the 

ultimate strengths of 130-160 KPa and 60-120 KPa, as given in Figure 4, 

respectively. The addition of the virgin coconut oil and cooking coconut oil 

can decrease the tensile strength of PHBV by 50% (Figure 5) and the 

tensile modulus by 6-7% (Figure 6). The addition of the coconut oil to the 

2% w/v PHBV-Latex matrix results in a 10% increase in tensile modulus 

compared to the 3% w/v PHBV-Latex matrix, especially for cooking 

coconut oil (CC) of 2P12-L8-CC1 (Figure 5b). However, there are very 

important variations in the tensile elastic modulus and yield strength for 

the 2% w/v PHBV-Latex-Virgin coconut oil (2Px-Lx-VC1). The reason is 

that the virgin coconut oil has an extra 55% saturated fat, but the cooking 

coconut oil has nil. According to Figure 2-3, the degree of crystallinity is 

increase in 3Px-Lx-C1, however, its melting temperature presents lower 

than 2Px-Lx-C1. The effect of low melting temperature obviously 

influences to the reduction in modulus and yield strength of both 3Px-Lx-

VC1 and 3Px-Lx-CC1 composites. The presents of the coconut oil in the 

blends are attributed to conformity declaration of plastic deformation 

after yield until break, particularly the cooking coconut oil. Without the 

coconut oil, this property is not dominated. Increase the amount of 

coconut oil twice to the PHBV-Latex matrix affects the short elongation at 

break of this composite and also quickly 50% failures. 

Figure 4: Tensile stress as a function of tensile strain of PHBV (P) and 

latex (L) in two PHBV concentrations (2% and 3% w/v of PHBV: 2P, 3P), 

with the blend composition ratio of 3:2, 1:1, and 2:3; for example, 2P2-L3 

represents 2% (w/v) of PHBV with the addition of latex in the ratio of 

2:3; compared to rubber 

Figure 5: Tensile stress as a function of tensile strain of P/L samples in 
two PHBV concentrations (2% and 3% w/v of PHBV-2P, 3P) with the 
addition of virgin coconut oil (VC) and cooking coconut oil (CC) to the 

P/L components by two composition series in the ratio of (I)12:8:1 
10:10:1, 8:12:1, and (II) 6:4:1, 5:5:1, 4:6:1 (a) 2Px-Lx-VC1, (b) 2Px-Lx-

CC1, (c) 3Px-Lx-VC1, and (d) 3Px-Lx-CC1 

Figure 6: Modulus of elasticity related to yield strength of 
PHBV/Latex/Vegetable oil in two PHBV concentrations (2% and 3% w/v 
of PHBV-2P, 3P) with the addition of virgin coconut oil (VC) and cooking 
coconut oil (CC) to the P/L components which are compared to 3 groups 

of mix- and unmix vegetable coconut oils (a) 2% PHBV-Latex-Virgin 
coconut oil, (b) 2% PHBV-Latex-Cooking coconut oil, (c) 3% PHBV-Latex- 

Virgin coconut oil, and (d) 3% PHBV-Latex-Cooking coconut oil 
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4. CONCLUSIONS 

The results acquired outstandingly that adding the coconut oil in PHBV 

and natural latex mixtures can develop the physical characterizations of 

the PHBV-Latex blends, specifically their thermal and mechanical 

properties. The degree of crystallinity is inversely proportional to the 

melting temperature for 3Px-Lx-C1 which is lower than 2Px-Lx-C1. The 

3% w/v of PHBV-Latex-Coconut oil blends presents higher melting 

temperature than the 2% w/v of PHBV-Latex-Coconut oil mixtures. 

Adding coconut oil mixes show a lower melting temperature (166-167oC) 

compared to the mixture without coconut oil (168-169oC). The virgin 

coconut oil mixes specify poor inconsistency of the melting temperature, 

enthalpy, and degree of crystallinity. Melting points of 3Px-Lx- C1 with the 

coconut oil obviously decrease melting temperature in the range of 1.0-

1.5oC. No coconut oil (2Px- Lx and 3Px-Lx) shows the ultimate tensile 
strengths at 130-160 KPa and 60-120 KPa, respectively. The addition of 

the coconut oil can decrease the 50% of tensile strength and the 6-7% of 

tensile modulus. The cooking coconut oil added to the 2% w/v PHBV-Latex 

matrix causes a 10% increase in tensile modulus compared to the 3% w/v 

PHBV-Latex matrix. The presents of the coconut oil in the blends are 

qualified to correspondence of plastic deformation after yield. 
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Abstract 
 
People with cerebral palsy (CP) are functionally restricted to differing degrees due to a decrease of main control 
and coordination of movements. Although inherently different in causation, a previous study demonstrated that 
physical disabilities faced by CP patients might also be experienced by rice farmers due to the risky working 
environment and unsafe working posture. Research on assistive technology (AT) for CP population was 
extensively conducted, whereas AT studies for preventing farmer disadvantage were limited. Certain ATs 
developed for patients with CP might also be benefit to healthy rice farmers exposed to extreme working 
environments to prevent occupational injuries. This article provides a constrained review of available ergonomic 
interventions for patients with CP disability that bear prospect to be applicable to rice farmers. All papers were 
retrieved from the last 20-years collection from nine major search engines, including: “Scopus”, “Web of 
Science”, “CINAHL”, “Cochrane Database of Systematic Reviews”, “Education Source”, “ERIC”, 
“Journals@OVID”, “MEDLINE”, and “PASCAL”. Specified terms of “ergonomic interventions”, “congenital 
disability”, “cerebral palsy”, and “orthoses” were used as search keywords. Two independent reviewers defined 
whether the articles complied to the inclusion criteria of: (1) a review or the next best available; (2) contains 
ergonomic interventions; and (3) more than 25% of participants were persons with CP. So far, there were 21 
articles relating to the research of ergonomic interventions for people with CP. The interventions studied in 
those articles were categorized as: (1) engineering, (2) administrative and, (3) behavioral interventions. Detailed 
discussions regarding to adaptability of each intervention were then provided in terms of capability for 
assistance, improvement and prevention of MSD problems. Most studies reported engineering and 
administrative interventions to significantly improve motor function and gait characteristics. Behavioral 
interventions successfully promoted positive mood and behavior, as well as reduced stress and oppositional 
behavior. Types of intervention for CP patients that might be adaptable for farmers were discussed, along with 
related examples that had been proposed for reducing risk of injury among paddy field farming workers. In 
general, the findings indicated most adapted interventions were based on educational programs, with no attempt 
to adapt engineering interventions from CPs for farmers. We recommended that a certain combination of 
engineering and administrative interventions for CPs treatment, with slight modifications, may be applicable to 
farmers for preventing risky environmental conditions and unsafe working postures. 
 
Keywords: Ergonomic interventions, Congenital disability, Cerebral palsy, Paddy field farming 
__________________________________________________________________________________________ 

1.  Introduction 

Disability can be generally divided into two main groups based on the causation, namely congenital 
disabilities and circumstantial disabilities [1]. Congenitally disabled people with cerebral palsy (CP) display a 
walking-related disability or muscular weakness, which is often caused by upper neuron disorders [2]. Previous 
studies indicated that certain characteristics of the working environment can potentially render healthy workers 
to have performances comparable to that of disabled people. It was also noted that indirect disabilities induced 
by various work-related tasks may possibly lead to physical and cognitive conditions resembling congenital 
disabilities [1 & 3]. With this possible association, muscle injury encountered by CP patients might, also be 
developed by rice farmers due to the unsafe work posture and environmental conditions experienced while 
paddy field [4]. 
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The most common tasks during rice cultivation in Asian countries are still performed in a traditional 
fashion, involving awkward work posture and harsh environmental conditions. Typical examples for such 
processes of paddy field farming include plowing, seeding, planting, nursing, fertilizing, and harvesting [5]. 
Notably, almost all stages of paddy farming involve repetitive motions, uncomfortable postures, heavy lifting 
and carrying, prolonged standing, and control of heavy and vibrating machinery [6]. Specifically, the plowing 
task is conducted by using a heavy vibrating plowing machine, while the seeding, nursing, and fertilizing 
activities implicate heavy lifting and carrying. The planting stage involves repetitive forward trunk bending and 
twisting and prolonged stooping and walking is required during harvest. All these tasks clearly represent risk 
factors for biomechanical malfunction and chronic musculoskeletal disorders (MSDs) [6], which is further 
emphasized by a previous study reporting the rate of occurrence for MSDs among Thai rice farmers ranging 
between 10.3-73.3% [7]. In addition, a high prevalence for foot pronation and knee valgus has been found with 
percentages of 20.9% and 18.5%, respectively [8]. This situation is exacerbated by the preference of farmers to 
perform their work with bare feet, since the muddy work environment in the paddy field has previously been 
found to increase force loading on foot and knee joints and muscles due to adverse effects of ground viscous 
force [4]. However, the development of technological interventions protecting workers, in particular rice 
farmers, from extreme occupational harm are still rare and limited [9 & 10]. 

A previous study revealed preliminarily evidence that both rice farmers and CP patients are potentially 
related in terms of perceived foot and knee soreness and MSDs injuries [11]. Although inherently different in 
causation, physical disabilities typically associated with CP patients, including knee and foot muscles and joints 
damage, were also experienced by rice farmers due to the risky environment and unsafe working posture (see 
detailed investigation in [11]). Likewise, a similarity between the standing posture of CP patients and that of rice 
farmers during the performance of cultivation activities has been observed, as both population were found to 
have a high prevalence of knee valgus and foot pronation. Therefore, knee and foot injuries and MSDs should 
be the main focus of intervention designs in order to avoid the potential risk of lower extremity (LE) harm for 
paddy farmers. Such interventions could potentially be based on assistive technology previously developed for 
the CP population. Non-occupational disabilities research can be used as a solid basis for assistive technology 
(AT) development studies for the agricultural workforce, as available AT designs for the disabled population are 
already widely available in the commercial market (e.g., back braces, foot orthotics, leg braces, wheelchair, etc.) 
A broad range of research with focus on AT development for people with disabilities has already been 
conducted which could also benefit healthy workers exposed to extreme working environments to ease daily life 
activities or prevent occupational-related injuries (e.g., [12]). 

This article aims to provide a constrained review of available interventions for CP disabled people that 
could be applicable to rice farmers. Ergonomic interventions reviewed in this article were categorized into: (1) 
engineering, (2) administrative and (3) behavioral control measures [13]. Engineering interventions involve 
designing systems, equipment or process for eliminating or reducing exposure to dangers (i.e., combining 
engineering controls and personal protective equipment in the traditional ergonomic/safety preventive measures 
[14]). Administrative interventions focus on controlling procedures and work practices for example work 
rotation, task units, and policies. Behavioral interventions, separated from traditional administrative controls in 
this article, as they concentrate on modifying personal behaviors, which includes behavior support and stress 
management [13]. Subsequent section provided detailed discussions regarding to adaptability of each 
intervention in terms of assistance capability, ability improvement and MSD prevention. The intervention types 
of CP population that might be applicable for farmers were then discussed, along with related intervention 
examples that had been proposed for reducing risk of injury among paddy field farming workers.  

2. Material and Method 

In this study, we focused on the literature regarding ergonomic interventions for CP patients. A constrained 
review was performed using nine article databases, including: “Scopus”, “Web of Science”, “CINAHL”, 
“Cochrane Database of Systematic Reviews”, “Education Source”, “ERIC”, “Journals@OVID”, “MEDLINE”, 
and “PASCAL”. Specified terms of “ergonomic interventions”, “congenital disability”, “cerebral palsy”, and 
“orthoses” were used as search keywords in this study. In the first stage, we recognized 256 pertinent 
manuscripts which were further refined by the restrictions of being in English language and published within the 
last 20 years. 

Subsequently, two independent reviewers defined whether the articles complied to the inclusion criteria of: 
(1) the article was a review or the next best available; (2) it contained of ergonomic interventions; and (3) more 
than 25% of participants were persons with CP. Ergonomic interventions were categorized into control measures 
involving adjusting workers’ environment, tools, work methods and behavior, as well as long-term 
educational/training approaches to treat and prevent further damage due to MSDs [15]. Finally, after in-depth 
analysis of abstract and full text articles, 21 articles were included in this study. These comprise 8 papers from 
Scopus, 4 papers from Web of Science, 4 papers from CINAHL, and 5 papers from MEDLINE. No papers were 
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met the inclusion criteria in Cochrane, Education Source, ERIC, Journals@OVID, and PASCAL. The whole 
screening and acceptance process is described in Figure 1. 
 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 1 Article screening process 

3. Results and Discussion 

Selected papers focused on ergonomic interventions for people with CP were reviewed in detail. The results 
in brief are shown on Tables 1 to 3. Although the prior research showed that farmers and CP patients share 
similar problems at foot and knee regions, the present review was conducted for the whole body, since some 
interventions might be adaptable to lower limb parts.   

The following subsections discuss interventions for people with CP that could also be applied by healthy 
rice farmers working in extreme environment to prevent or treat occupation-related injuries. Subsequently, a 
similar literature search was conducted for interventions that had previously been proposed for rice farmers. 
Specified terms of “ergonomic interventions”, “rice”, and “paddy” were used as search keywords. Table 4 
shows the interventions developed for CP patients that might be adaptable for rice farmers, along with related 
examples that had been proposed in previous studies. 

3.1 Engineering Interventions 

Adaptive devices have been shown to be effective in both disabled and aging population [16]. Adaptive 
devices successfully assist people with disability in functional problems, including difficulty with activities of 
daily living (ADLs), as evidenced by high percentage improvement of desired outcomes. However, most 
devices were designed for home use or with environmental modifications (e.g., ramps). Therefore, adaptive 
devices might not be suitable for the environmental conditions in a paddy field. 

Orthotic devices, including casted orthoses, have been demonstrated to successfully enhance the range of 
motion (ROM) of the lower extremities [17 &18]. However, this type of orthosis is also associated with some 
adverse effects, including: high price, time-consuming production, difficulty to fit into footwear, skin irritation, 
foot and calf pain, cast breakdown, and continuing impairment conditions [18,37-39]. Removable external 
orthotic devices, such as knee braces, ankle foot orthoses (AFO) and knee ankle foot orthoses (KAFO), are 
generally used to control movement, provide an opposing force, and support ineffective joints or muscles [19]. 
Previous research found braces to improve gait parameters as compared with standard treatment [19]. However, 
conventional rigid designs restrict movement as they keep the knee and ankle in a fixed position to provide 
stability during walking [40]. More recent designs include adaptive control for joint restriction using pneumatic 

Total no. of 
articles 

(n = 265) 

 
Scopus  n = 41 
Web of Science n = 27 
CINAHL               n = 36 
Cochrane              n = 18 
Edu Source           n = 14 
ERIC                     n = 16 
OVID                     n = 34 
MEDLINE          n = 56 
PASCAL             n = 23 

Total no. of 
articles after screening  

(n = 21) 

 
Screening using inclusion 
criteria 

 

The total number of 
selected articles after 
in-depth abstract and 

full text reading  
(n = 21) 

Scopus                 n = 8 
Web of Science n = 4 
CINAHL             n = 4 
Cochrane             n = - 
Edu Source          n = - 
ERIC                   n = - 
OVID                  n = - 
MEDLINE          n = 5 
PASCAL             n = - 
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or electric actuators [20]. However, these are costly, often complicated, and need an external power source [41]. 
Simple corrective insoles are less expensive and require significantly less time to produce [42]. Previous 
research showed the corrective insoles to be successfully tested for the treatment of flexible flatfoot [43] and 
reduction of foot eversion in footwear that has restricted space [44]. 

Breathable orthotic garment, such as TheraSuit [21], is another possible intervention that has been found to 
help improve gross motor function without any serious safety issues or skin abrasions reported during the 
treatment [21]. The suit was originally designed to be worn with bungee cords; however, the additional cords 
did not add any benefit when compared with wearing the suit alone [21]. Although the suit might provide only 
small percentage of improvement, noncompulsory requirement of supportive cords contributes a mobility of the 
device.  Therefore, it might represent a possible intervention applicable to farmers performing field work. 

Seating and positioning devices enable a person with CP to sit in a comfortable posture and help improving 
postural control in general [22]. A variant of the device comprising an air inflated seat has been introduced to 
farmers for postural control during the harvesting process [45].    

3.2 Administrative Interventions 

Educational programs and training, such as manual training, conductive education, and early intervention, 
developed and successfully improved motor performance and safety for CP patients, may also be applied to rice 
farmers [23-25]. Regarding the educational programs, prior research [46 & 47] proposed to impart appropriate 
knowledge and control for safe rice farming work. Health education, as part of the Injury and Illness Preventive 
(IIP) intervention program [46], was conducted to support risk awareness and to provide safe work conditions 
during rice field farming. Training provided knowledge regarding work-related injury and illness, and 
ergonomic guidelines at work (e.g., appropriate work posture, material handling, tool use and working 
environment). Another part of the IIP program, safety inspection, included a training for inspecting equipment 
safety and working conditions, in order to help farmers to be able to recognize unsafety behaviors and working 
environment.  

Goal-directed functional training [26] using a motor learning approach might also be beneficial to rice 
farmers similar to the approach used for CP patients. A previous study reported medium effect size of 
improvement when comparing goal-directed functional training and physical therapy based on normalization of 
the quality movement [26]. In a simulated paddy field plowing task, the researcher [48] found experienced 
farmers to generate higher grip force, to use and balance muscles more effectively, and display a lower fatigue 
rate, as compared to novice farmers. It was suggested to develop motor learning training for farmers to achieve 
effective muscle use and minimize risk of injuries. 

Fitness and strength training found to significantly improve and maintain physical fitness and muscle 
strength for CP patients, when compared with regular physical therapy sessions [31& 32]. These specific 
training programs were also proved to help increasing muscle endurance and physical function, as well as 
reducing pain in rice farmers with chronic low back pain [49]. Simple physical exercises during the normal 
work schedule were also proved to reduce musculoskeletal pain [50] and improve the productivity [51]. 
Massage therapy also found to induce greater reduction in perception of pain and spasticity, as compared with a 
reading control group of CP patients [29]. Such corrective intervention might also alleviate pain experienced in 
rice farmers. In addition, manual stretching applied to CP patients to prevent muscle contracture [30], would be 
applicable to rice farmers. It was suggested to encourage farmers to perform simple stretching exercises during 
the lunch break. Furthermore, the application of massage therapy was suggested as a practical treatment to help 
relieve muscle pain and stiffness experienced by farmers [52] as in CP patients [29].  

3.3 Behavioral Interventions       

Caregivers successfully used animal assistance to improve patients’ socialization and mood, reduce stress, 
and assist in ADLs [34]. In the rice cultivation context, paddy field preparation and the threshing process is 
sometimes conducted with the aid of farm animals [9-10, 53-54]. Besides use of farm animal assistance as a 
low-cost and environment-friendly farming technique, the farmer’s relationship with the animal contributes to 
the concept of social and economic sustainability [54]. In some communities, farm animals are sometimes given 
as a gift to relatives, friends or in marriage, and used in religious functions.  

Behavior therapy, developed to support positive behavior in children with CPs [35], was identified as 
another form of possible interventions that could be adapted for promoting safety awareness and behavior for 
rice farmers. A previous study demonstrated considerable reduction of oppositional behavior of CP children 
when a family group actively participating in the therapy, as compared with a wait-list control group [35]. 
Safety communication, as part of the IIP program [46], applied risk communication processes to deliver 
information regarding possible occupational hazards, health effects and techniques for hazard prevention to rice 
farmers. Health surveillance programs required paddy field farming workers to report their injury or illness in 
order to identify the root cause of the incident.  
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Table 1 Reviews of selected articles - Engineering interventions 
No Intervention Reference Outcome 
1 Assistive devices: equipment or devices to improve 

independence, such as walking frames, wheelchairs, adapted 
computer access 

[16] Improvement of desired outcomes in activities of daily living tasks (PDcontrol = 
66%, PDintervention = 75%); slower decline in functional level of independent 
(PDcontrol = -3.8%, PDintervention = -1.8%) 

2 Casting: plaster casts applied to limbs for muscle lengthening or 
reduce spasticity 

[17 & 18] Improvement of passive range of motion (ROM) of lower limbs and stride length  

3 Orthotics: removable external devices designed to support weak 
or ineffective joints or muscles 

[17, 19-20] Improvement of stride length, ROM and walking distance (RPD =45%), and 
reduction of abnormal alignment (RPD = -1.1%)  

4 Orthotic garments: breathable soft dynamic orthotic full body 
suit, designed to improve proprioception, reduce reflexes, 
restore synergies and provide resistance 

[21] Gross motor function improvement (PDcontrol, suit only = 5.9%, PDintervention, 
suit with supportive cords = 4.5%) 

5 Seating and positioning: assistive device that enables a person to 
sit upright with functional, symmetrical or comfortable posture 

[22] Improvement of posture and postural control  

Abbreviations: PD, percentage of difference from baseline; RPD, relative percentage of difference of control vs intervention. 
 
Table 2 Reviews of selected articles – Administrative interventions 
No Intervention Reference Outcome 
1 Manual training: repetitive task training in the use of one hand or 

two hands together 
[23] Hand function improvement; reduce time to complete Jebsen-Taylor Test of Hand 

Function (PDunimanual = -37.8%, PDbimanual = -34.5%)  
2 Conductive education (CE): an educational classroom-based 

approach to teaching movement using rhythmic intention, 
routines and groups 

[24] Improvement of motor responses (percentage of participants that improved = 23-
100%) 

3 Early intervention (EI): therapy and early education to promote 
acquisition of milestones, via group or individual stimulus 

[25] Motor outcomes improvement  
 

4 Goal-directed training/functional training: task specific practice 
of goal-based activities using a motor learning approach 

[26] Improvement of mobility of functional skill (effect size = 0.61) 

5 Hip surveillance: active surveillance and treatment for hip joint 
integrity to prevent hip dislocation 

[27] Reduction of need for surgery on hip dislocation (requirement of reconstructive 
surgery reduced from 37.1% to 29%; and salvage surgery reduced from 11.4% to 
0%) 

6 Home programs: therapeutic practice of goal-based tasks by the 
child, led by the parent and supported by the therapist, in the 
home environment 

[28] Improvement of performance of functional activities  

7 Massage: therapeutic stroking and circular motions applied by a 
massage therapist to muscles  

[29] Pain and spasticity reduction (PDcontrol = -9.1%, PDintervention =-33.3%) 

8 Stretching: use of an external passive force exerted upon the 
limb to move it into a new and lengthened position 

[30] Improvement of joint ROM and functional ability  

9 Fitness training: planned structured activities involving repeated [31] Aerobic fitness improvement (RPD =18-22% for short-term training; RPD = 26-
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No Intervention Reference Outcome 
movement of skeletal muscles that result in energy expenditure  41% for long-term training) and increase activity (RPD = 0-13% for short-term 

training; RPD = 2-9% for long-term training) 
10 Strength training: use of progressively more challenging 

resistance to muscular contraction  
[32] Muscle strength improvement (effect size = 1.16 – 5.27) 

11 Treadmill training: walking practice on a treadmill, with and 
without partial body support 

[33] Improvement of body structures and function, and gross motor function 

Abbreviations: PD, percentage of difference from baseline; RPD, relative percentage of difference of control vs intervention. 
 
Table 3 Reviews of selected articles – Behavioral interventions 
No Intervention Reference Outcome 
1 Animal assistance: use of animals to give companionship and 

help with independence 
[34] Improvement of mood, behavior and self-perception  

2 Behavior therapy: positive behavior support, behavior 
interventions, and positive parenting 

[35] Reduction of oppositional behaviors (PDcontrol = {-40}-20%, PDintervention ={-
75}-{89.7}%) 

3 Respite: temporary caregiving break for parents where the child 
is usually accommodated outside home 

[36] Reduction of life and parental stress 
 

Abbreviations: PD, percentage of difference from baseline. 
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Table 4. Possible interventions of CP patients adaptable for rice farmers 

Adaptable 
intervention  

Related intervention proposed for rice farmers Reference 

Engineering intervention 

Orthotics Not have yet implemented  

Orthotic garments Not have yet implemented  

Seating and 
positioning 

An air inflated pillow, like a floating seat in paddy field harvesting 
posture 

[45] 

Administrative intervention 

Bimanual training/ 
Conductive education/ 
Early intervention 

Health education for rice farmer groups via the Injury and Illness 
Prevention (IIP) program 

[46] 

Safety inspection for rice farmers via the Injury and Illness 
Prevention (IIP) program 

[46] 

Model development for health promotion and control of agricultural 
occupation health hazards and accidents 

[47] 

Goal-directed 
training/ 
Functional training 

Not have yet implemented  

Massage Not have yet implemented  

Stretching Not have yet implemented  

Fitness training/ 
Strength training 

Intervention based on the Transtheoretical Model (TTM) on back 
muscle endurance, physical function and pain in rice farmers with 
chronic low back pain 

[49] 

Behavioral intervention 
Animal assistance Paddy field preparation and threshing process were conducted by 

farm animals (e.g., buffalo, bullock) 
[9-10,53-54] 

Behavior therapy 

Safety Communication for rice farmers via the Injury and Illness 
Prevention (IIP) program  

[46] 

Health surveillance for rice farmer groups via the Injury and Illness 
Prevention (IIP) program 

[46] 

 
4. Conclusion 

As farmers face severe ergonomic problems physically, assistive tools and proper work process design by 
considering the ergonomic perspective are urgently needed for MSD prevention in paddy farming workplaces. 
Farmers experience severe ergonomic problems; for example, MSDs, tool-related accidents and injuries, and 
lack of safety training. Ergonomic interventions are an effective method for micro-ergonomic occupational 
related problem prevention. Based on the literature review, engineering and administrative interventions, 
developed for CP patients, contributed to significantly improvement of motor function and gait characteristics. 
Behavioral interventions successfully promoted positive emotion and appropriate behavior, as well as reduced 
stress and oppositional behavior in CP patients. Discussions of adaptability of interventions revealed that a 
multitude of interventions developed for CP patients might be easily adapted to rice farmers. However, most of 
the proposed interventions for farmers are based on educational programs, which are closely related to 
administrative and behavioral interventions. Although in previous research engineering interventions had been 
developed through tool design for paddy cultivation, including seeding, planting, threshing and harvesting (e.g., 
[10],[55] and [56]), none of these approaches attempted to adapt already available interventions for congenital 
disabilities, including CPs, for farmers. Similarly, despite modern harvesting and planting machines have been 
introduced, limitations for widespread use of such mechanical power still persist, not least due to socio-
economic conditions and infra-structural limitations of the society [45 & 57]. Based on interventions that have 
been applied for CP patients, orthotic devices and breathable orthotic garments might be applicable for rice 
farmers, however, have not yet been implemented in previous studies.  

In summary, farmer interventions should emphasize on both tool design and educational programs. The 
following key points were recommended to prevent MSDs and improve occupational health and safety in the 
rice farming industry: 

� Design and develop specific job descriptions according to ergonomic guidance; 

� Design and develop assistive devices considering ergonomic guidance; 

� Promote fitness and strength training, as well as design motor learning training for effective movement;   
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� Implement assessment tools and reviewing systems for MSD and injury prevention, as well as accident and 
risk factor reduction among rice farmers; 

� Create supportive collaborations with involved farmers through intervention programs and assessments and; 

� Support campaign for safety and health programs and drive rice farmers’ awareness for work safety. 
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Abstract. In many Southeast Asian Countries, most tasks of the rice cultivation 
rely heavily on manual labor and require prolonged working in muddy terrain. 
Due to the lack of comprehensive ergonomic assessment and interventions, a se-
ries of studies were conducted to examine work postural and environmental fac-
tors contributing to lower extremity (LE) pain and malalignment in Thai rice 
farmers. This paper evaluates the collective results of our previous studies, which 
can be divided into two stages. The initial stage included a survey of pain per-
ception and physical examination of LE alignment to specify the most problem-
atic LE parts in a large group of 250 farmers, revealing that farmers generally 
perceived elevated hip pain. However, physical examination identified a high 
prevalence of foot pronation and knee valgus. A subsequent detailed analytical 
stage, conducted to identify factors of LE pain on a smaller group of 30 farmers, 
included two-stage ergonomic risk assessment and investigation of effects of 
muddy work terrain in different laboratory settings. The ergonomic assessment 
results indicated the planting process to pose the highest risk for LE injury, spe-
cifically leading to perception of knee pain induced by motion and posture fac-
tors, and foot pain induced by force exertion. Experiential results showed muddy 
ground to induce significantly higher force on knees and higher levels of knee 
and ankle muscle exertion. The findings suggest that further development of in-
terventions should focus on reducing awkward posture and muscular exertion due 
to mud resistive force, particularly for knee and foot during the planting process.  

Keywords: Lower Extremity Pain, Risk Assessment, Muddy Work Environ-
ment, Muscle Activity, Rice Cultivation Process. 
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1 Introduction 

Agricultural work has been known to pose ergonomic hazards due to requiring repeti-
tive force exertion and awkward postures [1-2]. In Thailand and many Southeast Asian 
Countries, the rice production industry generates a significant market volume of agri-
cultural products [3]. With the increase in production demands and concomitant lack of 
technological interventions for the majority of the workforce, farmer health and safety 
has become a key factor to ensure high efficiency and productivity of the agricultural 
sector. The rice cultivation process involves multiple stages, including field prepara-
tion, seeding, planting, nursing and fertilization, and harvesting [4]. Most tasks rely 
heavily on strenuous manual efforts and require prolonged working in muddy terrain. 
Such viscous muddy environment causes farmers to preferably perform tasks without 
footwear. As a result of these extreme work conditions, a previous study indicated a 
high prevalence of musculoskeletal disorder (MSD) in the lower extremities (LE) 
among Thai rice farmers (10.29–41.16%) [5]. LE MSDs have been found to cause 
chronic leg pain and may promote the development of LE malalignment [6-7]. Clearly, 
such detrimental health conditions severely impact the working capability and require 
costly medicine and healthcare service.  

Although epidemiological studies of the prevalence of LE pain among rice farmers 
have already been reported [5], there is still a lack of comprehensive ergonomics as-
sessment and intervention programs for rice farmers. Therefore, we conducted a series 
of studies to examine work postural and environmental factors contributing to LE pain 
and malalignment in Thai rice farmers. This paper aims to present a comprehensive 
assessment of the collective results of our previous studies, which can be divided into 
two stages (see Fig. 1). An initial stage included a survey of pain perception and phys-
ical examination of LE alignment to specify the most problematic LE parts. The subse-
quent detailed analytical stage, conducted to identify factors of LE pain, included two-
stage ergonomic risk assessment and investigation of effects of muddy work terrain in 
different laboratory settings. The objectives of this study were to specify the most prob-
lematic LE parts and to identify factors of LE pain of rice farmers. The implications of 
this research are anticipated to benefit the development of work guidelines and inter-
ventions for rice farmers that minimize specified risk factors of the LE parts, of which 
pain and malalignment are of most concern. 
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Fig. 1. Overall study framework 

2 Methods and Results of Stage I 

2.1 Participants 

Two hundred and fifty (250) experienced rice farmers (108 male and 142 female farm-
ers with age between 20-59 years) in rice farming villages located in Sila district, Khon 
Kaen Province, were recruited to participate in the study. Participants were required to 
have at least one year of experience in rice cultivation. One participant was excluded 
from the study due to the following exclusion criteria: 1) chronic leg and foot pain 
within two weeks prior to testing, such as gouty arthritis, rheumatoid arthritis, or anky-
losing spondilitis; 2) previous or current injury to the lower extremities or; 3) any pre-
vious history that would affect lower extremity alignment, such as a fracture and/or 
surgery.  

 
2.2 Examination of LE Malalignments 

LE alignment measurements examined in our study [8] included pelvic angle, femoral 
antetorsion, quadriceps (Q) angle, tibiofemoral angle, genu recuvatum, tibial torsion, 
rearfoot angle, and medial longitudinal arch angle. All measurements were repeated 3 
times by a single examiner who had excellent test-retest reliability on all lower extrem-
ity measures (ICC range of 0.89-0.98). Participants were asked to wear shorts that ex-
posed lower limb parts for testing. Abnormal ranges of alignment were subsequently 
classified into malalignment characteristics of hip (anterior pelvic tilt, posterior pelvic 
tilt and excessive femoral antetorsion), knee (genu valgus, genu varus, knee hyperten-
sion and tibial torsion) and foot (pronate and supinate foot). The details of LE alignment 
measurement and classification methods were described in [8].  

The average of three LE alignment measurements was used for analyses. The find-
ings (see Table 1) indicated foot and knee malalignment to be common among Thai 
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rice farmers. The prevalence of LE malalignments of rice farmers was found to be high-
est for foot pronation (36.14%), followed by knee valgus (34.94%). The highest 
malalignment characteristics of hip was found in terms of anterior pelvic tilt (30.52%). 
No posterior pelvic tilt and supinate foot conditions were observed in this study. 

Table 1. Prevalence of LE malalignment 

Malalignment characteristics Number % 
Anterior pelvic tilt 76 30.52 
Excessive femoral antetorsion 70 28.11 
Knee valgus 87 34.94 
Knee varus 77 30.92 
Knee hyperextension 28 11.24 
External tibial torsion 53 21.29 
Foot pronation 90 36.14 

 
2.3 Survey of LE Pain Perception 

LE pain investigation was conducted to compare pain perceived by rice farmers for 
each cultivation step. Rice farmers were asked to rate the Thai version of the Visual 
Analog Scale (VAS) using a body chart region modified from the Standardized Nordic 
Questionnaire [9] for LE part discomfort before and after each farming stage for the 
complete cultivation cycle. The VAS for pain rating scales ranged from 0 to 10 points, 
where 0 represents no pain and 10 was intolerable pain.  

Results of perceived pain ratings for each LE parts for rice farmers in each cultiva-
tion steps are shown in Fig. 2. Analysis of Variance (ANOVA) demonstrated that rice 
farmers perceived significantly greater LE pain during performance of rice cultivation 
tasks than before the cultivation activity. Pain rating results further indicated that farm-
ers perceived the highest LE pain during the planting task. Results of paired t-test com-
paring each LE part revealed that, in general, farmers perceived higher pain in the hip, 
as compared with knee and foot.  
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Fig. 2. Results of LE pain for each cultivation stage (Mean with the asterisk (*) and different 
letters are significantly different at alpha = 0.05) 

 
2.4 Problematic LE Parts 

Although rice farmers experienced less knee and foot pain during cultivation activities, 
malalignment examination results indicated higher prevalence in foot pronation and 
knee valgus. Excessive foot pronation may also originate from other malalignment con-
ditions, including excessive internal femoral rotation, external tibial rotation or anterior 
pelvic tilt position [10-11], which might contribute to hip muscle pain [12]. Therefore, 
all LE parts were still considered for further investigation in subsequent detailed        
analyses.  

3 Methods and Results of Stage II 

3.1 Participants 

The same set of 250 participants was used to identify risk factors of LE abnormal align-
ments. For detailed analyses of ergonomic risk and environmental factors, a smaller 
group of 30 farmers was randomly selected to participate in the experiments.  

 
3.2 Risk Factor Identification of LE Malalignments 

Analysis of demographic factors (age, gender and body mass index (BMI)) and work-
related factors (average working hours per day and years of work experience) for LE 
malalignments was conducted for 250 rice farmers in our previous study [8]. The ob-
jective of the analysis was to investigate whether common malalignment conditions 
among farmers were caused by performing farming activities. This paper presents only 
specific malalignment conditions of: anterior pelvic tilt, knee valgus and foot pronation, 
since these conditions were found to be associated with the highest prevalence of hip, 
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knee and foot, respectively. Table 2 indicates female gender to correlate (increased risk) 
with abnormal Q angle and tibiofemoral angle. Overweight individuals were associated 
with abnormal pelvic tilt angle, Q angle and tibiofemoral angle. Number of years of 
farming experience was associated with abnormal Q angle, tibiofemoral angle, and foot 
alignment. Every increase of 1 year of farming work increased the odds ratio for abnor-
mal angle of knee and foot by 4 - 6%. 

Table 2. LE malalignments and related factors in multiple logistic regression analysis 

Factors Adjusted Odds Ratio (95% Confidence Interval) 
Pelvic tilt angle Q angle Tibiofemoral angle Foot alignment 

Sex: Female 1.70 (0.88-2.37) 2.40 (1.32-4.39)* 1.90 (1.03-3.51)*  
BMI: Overweight 8.6 (4.7-16.15)* 1.94 (1.07-3.55)* 2.05 (1.11-3.78)* 1.56(0.87-2.81) 
Age 1.03 (0.99-1.07)    
Daily working hours  1.18 (0.91-1.51) 1.23 (.95-1.58)  
Years of experience  1.04 (1.01-1.08)* 1.04 (1.01-1.08)* 1.06 (1.03-1.1)* 

Note: * indicates a significance at p < 0.05. 
 

3.3 Ergonomic Risk Factor Identification of LE Pain 

The two-stage ergonomic risk assessment included first-stage worst case risk assess-
ment and the second-stage risk assessment for 30 individual participants based on the 
highest-risk subtask (see detailed in [13])). The assessments were conducted inde-
pendently by 3 expert analysts based on direct and video-based observation during task 
performance in each stage of the rice cultivation. The evaluation method was based on 
the modified Rapid Upper Limb Assessment (RULA) [14] tool with an extension to 
cover whole body parts for ergonomic risks in terms of improper posture, motion and 
force. In line with the previous analysis of pain, ANOVA results also indicated the 
planting process to pose the highest ergonomic risk for LE injury in rice farmers (p 
<0.0001).  

Subsequent multiple linear regression analyses were conducted to identify ergo-
nomic risk factors associated with LE pain during the planting process. Unfortunately, 
hip pain did not establish a linear relationship with risk factors (p >0.05, R2 <0.3). 
Therefore, a more detailed investigation of the complex relationship between these fac-
tors using a non-linear modelling approach will be required in future studies. For other 
significantly associated factors of perceived pain, results showed knee pain perception 
to be significantly induced by motion and posture factors (p = 0.017 and 0.008, respec-
tively); while foot pain perception was primarily caused by force exertion (p =0.014).  

 

3.4 Environmental Factor Identification of LE Pain 

A unique work condition encountered in rice cultivation results from most tasks being 
typically performed with bare feet in muddy terrain. Such working environments might 
lead to increasing both the force acting on joints as well as the muscular force require-
ments in the LEs of farmers, which increase due to force resulting from body weight 
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and mud viscosity [15]. The environmental factor of muddy work terrain was investi-
gated in a group of 30 participants during the simulated planting setup on rigid and 
muddy work surface. A specific posture, involving lifting one foot off the work surface, 
was selected due to strong association with tensile viscous force. A 3D Static Strength 
Prediction Program (3DSSPP; Center of Ergonomics, University of Michigan ref) was 
used to estimate tensile force loading on the LE joints. Muscle activity was captured 
using electromyography (EMG) during a 10-session simulated task. Both investigations 
were conducted for only one side of the legs. Details of 3DSSPP analysis and muscle 
activity analysis along with laboratory settings were described in [16] and [17], respec-
tively. According to 3DSSPP computation results, the knee joint was found to be ex-
posed to the greatest force increase due to mud resistance (see Fig. 3). Results of re-
peated measure ANOVA of EMGs (see Fig. 4) showed muddy ground to induce sig-
nificantly higher levels of biceps femoris (BF; knee flexor) and gastrocnemius (GA; 
ankle plantar flexor) muscle exertion, as compared with rigid ground. 

 
Fig. 3. Results of force on LE joints for muddy and rigid ground conditions. 

 
Fig. 4. Results of LE muscle activity for muddy and rigid ground conditions. 
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4 Discussion  

The study found the highest prevalence of LE malalignments among rice farmers in 
foot pronation, followed by knee valgus. The highest malalignment characteristics for 
the hip was found in terms of anterior pelvic tilt. These conditions might be associated 
to each other. Excessive foot pronation may be a result of knee valgus or anterior pelvic 
tilt position [10-11]. Also, abnormal knee alignment may be caused by hip, ankle, or 
foot malalignment [18-19]. Detailed analysis of risk factors showed this specific type 
of hip and knee malalignments to be associated with individual factors of BMI. Over-
weight individuals have a high risk for developing abnormal pelvic tilt angle, Q angle 
and tibiofemoral angle, since an increase in joint loading can produce injury to weight-
bearing joints of the LEs [20-21]. Knee malalignment was also found to be associated 
with gender. Female individuals were found prone to increased risk of abnormal Q an-
gle and tibiofemoral alignment. Knee malalignment in females may result from wider 
pelvic width and amplified internal rotation of the hips, as compared with males [22]. 
Moreover, female individuals on average have lower knee muscle strength, which may 
lead to excessive abnormal loading on the knee joint, in turn leading to knee malalign-
ment [23-24].  

The work-related factor of years of farming experience was found to be associated 
with knee and foot malalignments. However, hip malalignment could not be proved to 
relate to rice farming experience. Since most farming tasks are performed in awkward 
postures with repetitive LE motion and involving heavy loads, lifting or carrying ex-
cessive weight may overload muscles and tendons of knee and foot [1, 21]. Exposure 
to such working conditions was found to be associated with degeneration of joints, 
which is a risk factor for malalignment [1]. Repetitive awkward postures, such as stoop-
ing and twisting, are associated with chronic knee musculoskeletal symptoms. As a 
result, increased abnormal knee loading may lead to injury, such as osteoarthritis (OA) 
and patellofemoral pain syndrome, and might develop into knee malalignment [18-19]. 
Moreover, farming activities also involved working on slippery uneven surface of 
muddy terrain.  Such environmental conditions may be challenging for farmers to con-
trol leg alignment and may lead to increased foot and knee pain arising from postural 
instability and fatigue [25]. Years of exposure to such risk factors could lead to pro-
gressive abnormal biomechanical function and result in increasing risk of LE malalign-
ments [18-19]. 

Contrary to the malalignment examination, pain analysis results showed that farm-
ers perceived higher pain in the hip, as compared with knee and foot. As mentioned 
previously, hip pain due to malalignment may originate from foot pronation and knee 
valgus [12]. However, analyses using linear models could not establish strong relation-
ships between ergonomic risk factors and hip pain. With regard to the the cultivation 
stages, the study showed that rice farmers perceived the highest LE pain during the 
planting task. Detailed analyses indicated that, for the planting stage, perceived knee 
pain was significantly induced by motion and posture factors, while foot pain percep-
tion was primarily caused by force exertion. During the planting activities, the typical 
farming work posture constitutes a combination of squatting, forward bending and ro-
tation of the trunk, assumed for several hours during a work shift. These activities were 
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found to induce knee discomfort, especially in the hamstring muscle group, as a result 
of maintaining stooped postures leading to overuse and fatigue of affected knee muscles 
[26]. With respect to foot pain perception induced by the force factor, performing plant-
ing work while carrying heavy load on a muddy walking surface was found to create 
excessive loading on trunk and foot muscles [1]. 

To further investigate the force factor due to the adverse environmental conditions 
of muddy work terrain, a simulated rice planting task was conducted to compare the 
force acting on joints as well as the muscular force requirements to the LEs of farmers 
on muddy vs. rigid working surface. Experiment results revealed BF and GA muscle 
activities to significantly increase when participants were working on muddy ground in 
comparison with the rigid ground condition. Participants utilized higher activity levels 
of a certain set of BF and GA muscles to compensate for mud viscous force. An increase 
in BF and GA activity, which assisted knee flexion, was in line with results from the 
biomechanical model estimation of tensile force loading on LE joints, indicating the 
knee is exposed to the highest force increase due to mud viscosity. Substantially higher 
GA activity might result from a higher propulsion force from plantar flexion required 
for backward gait initiation. Such high GA activity requirements also complement the 
result of foot pain perception induced by excessive force. Prolonged repetition of GA 
exertion might lead to muscle fatigue and increase of risk of structural malalignment of 
the feet [25], which correlates well with the high prevalence of abnormal alignment 
found in foot condition. 

5 Conclusion and Future Research  

The collected results of our studies revealed the knee and foot to be priority LE parts 
that need to be addressed due to the high prevalence of knee valgus and foot pronation. 
The environment condition of muddy work terrain also increased force loading on the 
knee and foot joints and muscles due to adverse effects of ground viscous force on the 
legs. Although the hip was found to be the most problematic part in terms of pain per-
ception, there is currently no evidence of relationships between hip pain and rice culti-
vation activities. Moreover, hip pain might be attributed to abnormal alignments of foot 
and knee. Based on these findings, future research should emphasize on developing 
self-care programs, personal protective equipment and/or assistive devices to prevent 
knee and feet injury during rice planting task performance. More specifically, the de-
velopment of protective and assistive interventions should focus on reducing awkward 
posture and repetitive motion of the knee, and on alleviating forceful exertion of knee 
and foot during work on muddy terrain. Self-care programs should be designed to de-
velop self-awareness of improper work postures, excessive load and repetitive move-
ment, and to implement exercises that focus on strengthening the hamstring group and 
gastrocnemius muscles. 

Regarding future research in our group, a particular focus is set on designing cus-
tomized footwear with medical wedging at various places underneath the foot to reduce 
eversion. Such footwear is anticipated to have beneficial impact on preventing knee 
arthritis attributable to knee valgus as well as soft tissue and joint injuries of the foot 
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and ankle secondary to foot pronation. In addition, the use of skin-comfort materials 
will be investigated where the footwear contacts the skin. The resulting footwear de-
signs are expected to be useable alongside with adaptive knee braces, which can be 
manually or automatically locked to prevent or support specific motions and work pos-
tures. Such a design concept may also be applicable for farmers, who demonstrate ex-
cessive foot pronation and knee valgus due to the extreme work conditions in the field, 
by incorporating materials that may help reduce mud viscous force for footwear shells.  
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