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NUMERICAL CLOSED-FORM SOLUTIONS OF SKIN FLAP SURGERIES 

USING 3D FACE MODELS 

ABSTRACT 

A computational-based surgical simulation that typically relies on the Finite 

Element method has added value to surgical planning. A plethora of FE modeling in 

local flap surgery has been developed to better understand the biomechanics of local 

flaps. However, to the best of our knowledge, none considered using a three-

dimensional head template as a base model as well as associating ethnic and gender 

demographics. Therefore, the present work aims to address these gaps, including 

exploring the stress profiles of three common flap designs on their respective anatomic 

locations. It is expected that incorporating three-dimensional patient-like models into the 

simulations would provide better post-operative visualization of facial reconstruction 

instead of two-dimensional planar approaches as well as serves as training aids and pre-

operative patient information. The intended study began with creating a set of facial 

deformities using a Caucasian-like head template. The deformities were formed by cut-

extruding a set of local flap designs: advancement, rotation, and rhomboid flaps at three 

different facial locations: forehead, cheek, and temple, respectively. These local flaps 

were embedded in the outermost face layer (epidermis). Concurrently, a single layer of 

skin thicknesses and third-order Yeoh hyper-elastic skin properties were adopted from 

the work of existing literature and implemented into the face models to accommodate 

the realization of human skin behaviors. The post-operative simulations demonstrated 

standard local flap closures along with the commonplaces of peak tensions in which 

were found consistent with the available literature. Additionally, Burow’s triangles were 

superimposed on the advancement and rotation flaps to assist the mobility of the flaps 
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towards the defect. The study was then further in applying the original method to Asian-

like head templates with a focus on gender-related differences. Rotation and rhomboid 

flaps demonstrated maximal tension at the apex of the flap for both genders as well as 

advancement flap in the female face model. However, advancement flap closure in the 

male face model presented otherwise. Yet, the deformation patterns and the maximal 

tension of the discussed flaps were consistent with the conventional. Moreover, male 

face models generated higher stress compared to the female face models with a 70.34% 

mean difference. Overall, these operations were executed manually and the designed 

surgery models met the objectives successfully while acknowledging the study 

limitations. Future work will involve the adoption of multiple layering, pre-stress effects, 

and specific material properties according to a particular demographic.  

 

Keywords: Facial Reconstruction, Local Flap, Hyper-elastic, Deformation, and Wound 

Closure. 
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NUMERASI PENYELESAIAN PENUTUPAN PEMBEDAHAN KULIT 

MENGGUNAKAN MODEL 3D WAJAH 

 

ABSTRAK 

 

Simulasi pembedahan berasaskan komputasi yang kebiasaanya bergantung kepada 

kaedah ‘Finite Element’ mempunyai nilai tambahan pada pra-operasi pembedahan. 

Sejumlah besar pemodelan ‘Finite Element’ dalam operasi ‘local flap’ telah 

dikembangkan dengan lebih baik untuk memahami biomekanik ‘local flap’. Namun, 

sepanjang pengetahuan kami, tiada yang mempertimbangkan untuk menggunakan 

templat tiga dimensi sebagai model asas dan juga mengaplikasikan demografi etnik dan 

jantina. Oleh itu, hasil kerja ini bertujuan untuk mengatasi jurang yang sedia ada dan 

termasuk meneroka profil tekanan tiga umum reka bentuk ‘local flap’ di tiga lokasi 

anatomi. Dijangkakan dengan memasukkan tiga dimensi model seakan muka pesakit ke 

dalam simulasi akan memberikan hasil visualisasi rekonstruktif pembedahan wajah 

yang lebih baik berbanding dengan pendekatan dua dimensi yang juga akan berfungsi 

sebagai tujuan latihan dan maklumat pesakit pra-operasi. Kajian ini bermula dengan 

mencipta satu set luka di muka menggunakan templat seakan kepala Kaukasia. Luka itu 

dibentuk oleh potongan-potongan ekstrusi reka ‘local flap’: ‘advancement flap’, 

‘rotation flap’, dan ‘rhomboid flap’ di tiga lokasi muka yang berbeza iaitu dahi, pipi, 

dan pelipis. ‘Local flap’ ini terletak di lapisan muka paling luar (epidermis). Pada masa 

yang sama, satu lapisan kulit dan sifat kulit yang hiperelastik daripada Yeoh kelas 

ketiga diadaptasikan daripada karya sastera yang sedia ada dan diterapkan ke dalam 

model wajah dengan tujuan untuk merealisasikan tingkah laku kulit manusia. Simulasi 

pasca-pembedahan menunjukkan penutupan ‘local flap’ yang standard bersama dengan 
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lokasi ketegangan maksima yang sama dengan karya sastera sedia ada. Selain itu, 

‘Burow’s triangle’ dilapiskan bersama dengan ‘advancement flap’ dan ‘rotation flap’ 

untuk membantu pergerakan ‘flap’ ke arah luka. Kajian ini seterusnya menerapkan 

kaedah yang sama pada templat seakan kepala Asia dengan memfokuskan pada 

perbezaan antara jantina. ‘Rotation flap’ dan ‘rhomboid flap’ menunjukkan ketegangan 

maksima pada puncak ‘flap’ bagi kedua-dua jantina dan begitu juga dengan 

‘advancement flap’ bagi model berwajahkan wanita. Walau bagaimanapun, penutupan 

‘flap’ pada model berwajahkan lelaki menunjukkan hasil yang berbeza. Namun, corak 

ubah bentuk dan ketegangan maksima dari ‘flap’ serasi dengan konvensional. 

Tambahan pula, model berwajahkan lelaki menghasilkan tekanan yang lebih tinggi 

berbanding dengan model berwajahkan wanita dengan perbezaan minima 70.34%. 

Secara keseluruhan, operasi ini dilaksanakan secara manual dan simulasi berdasarkan 

bedah rekonstruksi memenuhi objektif dengan jaya dengan mengakui batasan yang 

wujud sepanjang kajian ini dilakukan. Di masa hadapan, kajian ini akan menggunaan 

pelbagai lapisan, kesan pra-tekanan, dan sifat bahan tertentu sesuai dengan demografi 

tertentu. 

 

Kata kunci: Rekonstruksi Muka, Analisis Elemen Hingga, Hiperelastik, Deformasi, dan 

Penutupan Luka. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Background 

 

Most of our body is covered by the skin and it is considered the largest organ with a 

surface area of 2 m2, accounting for about 15% of the body weight (Naegel et al., 2011; 

Wentrup-Byrne et al., 2020). The skin is an impressive organ where it acts as a primary 

defense against the physical interface and provides protection from harmful 

environment such as UV light, microbes, pathogens, and chemical and mechanical 

trauma (Patria et al., 2019; Yousef et al., 2019). However, despite its functionality as 

the first line of defense, it is vulnerable to injury. Regardless of the size of the injuries, 

any cuts or wounds present on the skin requires immediate surgical procedures to 

prevent skin infection and scar formation.  

The human face represents one’s identity and represents one of the most important 

features in determining physical attractiveness. Any defects, wounds, or tissue loss that 

disfigures the face would surely affect the person physically and emotionally, thus 

proper treatment such as facial reconstruction is essential to avoid skin trauma and 

provide acceptable cosmetic outcomes. One common method of closing the traumatic 

wound is to perform local flap surgery in which adjacent tissue is repositioned to cover 

and repair the defect area. The outcome of wound closure depends on the expertise of a 

surgeon and this requires a profound understanding of skin anatomy, skin biomechanics, 

and tissue geometry, at which point provides a challenging endeavor for any 

reconstruction surgeon.  
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A common problem in local flap surgery is that surgeons depend on their 

practical experience and expertise to manually measure (Chanda & Upchurch, 2018) 

and predict skin stress in a clinical setting, yet this approach is still unable to 

incorporate the skin stress quantitatively (Lee et al., 2019). Moreover, anatomical and 

geometrical estimation may no longer be feasible considering the availability of 

accurate pre-operative planning activities that may be employed prior to reconstructive 

surgery (Molinari et al., 2005). This is where computational simulations come in handy. 

With significant advancements in engineering and biological technologies, rapid 

progress in computational models has opened up the possibility to model complex 

tissues that incorporate nonlinearity, viscoelasticity, and anisotropy (De et al., 2010). 

Computer simulations that typically rely on the Finite Element (FE) analysis have 

proven to be a helpful approach in predicting how human skin reacts to physical forces 

as well as providing an outcome interface of flap reconstructive surgery. There are 

several commercially available FE software packages, including ANSYS and Abaqus. 

A plethora of FE modeling of local flap surgery has been developed by past 

researchers to better understand the biomechanics of local flaps. These lines of research 

work often focused on the mechanical movement of the flap upon closing. Such 

derivation from these simulations leads to optimization techniques and design 

improvement of the local flap itself. Likewise, the present work aimed at a similar focus 

with the objectives centered on three different local flaps. The whole concept was to 

create an inexpensive prototype of computer-assisted surgery that was capable of 

simulating wound closures on three-dimensional (3D) head templates with a focus on 

advancement, rotation, and rhomboid flaps.  
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1.2 Problem Statement 

 

Although FE modeling of facial reconstruction using local flaps has shown remarkable 

development over a period, none considered a defined approach using a 3D head 

template. Most of the existing studies focus on two-dimensional (2D) and 3D planar 

templates in their modeling while neglecting the fact that the relevant structure of the 

face is practically curved instead of a flat surface. Thus, the present work took the 

opportunity to address this gap. This can be done by importing 3D scanning head 

templates into the Computer-aided Design (CAD) realm.  

Instead of focusing on standardized models, it is best to associate 3D head 

templates with various demographics in the FE modeling. It is well-known that the Earth 

has demographic diversity. Researchers commonly use demographics to define a group 

of people or societies based on the distinct characteristics of a population. Demographics 

can be gender, age, nationality, religion, education, ethnicity, and so on. In this study, 

ethnicity and gender were chosen. 3D head templates representing Caucasian and Asian 

ethnicities for both male and female genders were obtained from available sources. The 

diversities in stress distribution upon wound closing across these demographics were 

analyzed and discussed.  

 

1.3 Research Objectives 

 

FE analysis was fully exploited and 3D head templates were obtained for use to 

visualize realistic post-operative local flap surgery results. The objectives are specified 

as follows: 
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1) To demonstrate the possibility of skin flap closures on the 3D head 

templates using ANSYS Software. 

2) To describe the stress profiles qualitatively as well as the mechanical 

movements of advancement, rotation, and rhomboid flaps. 

3) To explore the sensitivity of the local flaps associated with ethnic and 

gender groups. 

 

1.4 Novelty of Research 

 

1) 3D head templates were considered to address the gap as 3D face models 

were uncommonly employed in understanding the biomechanics of the local 

flaps realistically. Most of the existing studies focus on the 2D and 3D 

planar geometry in their models.  

2) As the gender comparison has yet to be addressed, this study is intended to 

fill this gap by exploring the stress contours of the local flap designs in 

different genders and ethnicities. 

3) Create a 3D face model from two opposite genders which is capable of 

simulating closure of wounds using local flaps with a focus on advancement, 

rotation and rhomboid flaps. 

 

1.5 Scope of Work 

 

This work focused on two populations, namely Caucasian and Asian. To enhance 

the flow of this paper, this research is divided into two case studies where Case Study 1 

focuses on the Caucasian model whereas Case Study 2 focuses on the Asian models. 

The research first approached the Caucasian model as a base study where the results 
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were analyzed with numerical evidence which in return determines the establishment of 

the post-operative simulations. Following the validation, the methodology then 

extrapolated to the Asian models with a focus on gender-related differences. The work 

involves a straightforward methodology that includes the use of ANSYS software and 

different types of deformed head templates.  

At the preceding stage, this work was spent mostly on establishing numerical 

models. The local flaps that were involved in this work include advancement, rotation, 

and rhomboid flaps. The idea was to create a surrogate model that mimicked the exact 

clinical scenario where a patient lost a part of skin tissue following tumor excision. The 

work involved preparing the head templates into the CAD realm using ANSYS® 

Spaceclaim, Release 19.0 software and embedding the local flap designs onto the 

surface of the templates at three different anatomical locations. The CAD models were 

then exported into the FE modeling where the program evaluates for stress deformation. 

The closed-form solutions were performed using ANSYS® Workbench MechanicalTM, 

Release 19.0 software. The simulation was quite straightforward as the solution required 

only a configurated displacement load to maneuver the flap towards the boundary of the 

defect, yet time-consuming as the convergence required a lot of effort and trials. The 

concluding phase includes the assessment of the numerical results where the results 

were compared with existing literature. The position of the maximum stress was used as 

a benchmark to conclude the validity of the simulations. Following this, the deformation 

of the local flap designs was evaluated and discussed with a notable remark that the 

stress values were forecasted with no justified values and solely used to compare the 

sensitivity of flap deformation on genders.  

It was important to underline that the implemented data was mostly extracted 

from available literature instead of derived from experimental studies. Therefore, the 

underlying behavioral and geometrical designs were adopted into the modeling after an 
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in-depth review to ensure that the parameters were compatible and susceptible to failure. 

This consideration was undertaken due to the complex procedures of approval and lack 

of expertise in skin biopsy. Nonetheless, this study was monitored strictly and guided by 

an experienced dermatologist to ensure the surrogate models followed the conventional 

local flap surgery.  

This thesis is arranged in the following manner. Chapter 2 describes the 

fundamentals of local flap surgery as well as reviews the structure and mechanical 

behavior of the skin. This insight is essential to understand the primary contributor to 

skin mechanical behavior. Following this, the constitutive equations used are derived in 

detail according to the proposed skin behavior. In Chapter 3, the study elaborates the 

methodology used in modeling the local flap closures. The results were presented in 

Chapter 4 and then discussed in Chapter 5 where the solutions were analyzed with 

numerical evidence along with the gender-effect. In closing, Chapter 6 draws the 

conclusion along with the discussion on the potential methods for refining the 

simulations in the near future.  
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CHAPTER 2 
 

LITERATURE REVIEW 

 

This chapter reviews the fundamental understanding of local flaps terminology, human 

skin structure, and skin mechanical properties that may contribute to the development of 

computerized reconstruction surgery using finite element analysis. From the earliest 

until recent years, researchers have presented a variety of assumptions and numerical 

modeling. Human skin is indeed a complex organ and, thus, modeling biological 

systems in the CAD realm is often explorative, meaning that breakthroughs frequently 

emerge. Therefore, there is no universal acceptance of human skin modeling. 

Nevertheless, the constitutive modeling and methodology adopted in the literature are 

the focus of interest in establishing a realistic surrogate reconstructive surgery at an 

acceptable computational intricacy. 

 

2.1 Local Flap Surgery 

 

Local flap surgery is a technique that moves a portion of tissue from its original location 

to its transplanted site with the intent of closing a wound (Kang, 2017). Most of the 

flaps, as opposed to grafts, consist of live tissue as it remains intact with the blood 

supply. Multiple terms have been used to distinguish the flaps based on the method of 

transfer (from donor tissue to the recipient). Among the terms that existed (regional, 

distant, and local flaps), local flaps are considered in this study as the flaps provide 

variable assessment options and better outcomes (Jin & Jeong, 2009; Rao & Shende, 

2016). Unlike regional and distant flaps, local flaps derive from freed tissues 
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immediately adjacent to the open wound where the freed tissues are stretched to fill in 

the gap.  

Local flaps are known to provide an endless amount of flap designs to choose 

from to cover simple to complex defects that are present in any part of the body. They 

can be classified into various types of flaps depending on the geometric configuration. 

These are pivotal flaps (rotation, interpolated, and transposition flaps), advancement 

flaps (unilateral, bilateral, V-Y, and island flaps), and hinge flaps (Oliaei & Chu, 2013). 

An illustration of several local flap techniques can be seen in Figure 2.1. The decision 

on determining which type of local flap should be used for coverage depends on the 

location and size of the wound. It is the job of the surgeon to choose the least complex 

type that will achieve the desired cosmetic outcome. Moreover, the effect of 

reconstruction surgery must be strictly focused on the aesthetic and functional aspects to 

minimize the visual impact of post-operation such as scars (Hofer & Mureau, 2011). 

 

 

Figure 2.1. Local flap techniques (a) advancement flap: moves linearly sliding forward 

over the underlying tissue (b) rotation flap: rotates about point central to the triangular-

shaped wound (c) transposition flap: rectangular flap rotates across the tissue in the 

wound. 
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Another important aspect to add when considering better cosmetic results is the 

placement of flap incisions. It is advisable to position the incision flap lines parallel to 

the relaxed skin tension lines (RSTL) where the scar would be well-hidden when healed 

(Kaufman, 2016). RSTLs, which are also known as Langer’s lines, are illusory lines that 

are mapped to the face according to the direction of tension in the skin (Kang, 2017). 

These lines can be observed in Figure 2.2 where the skin tension lines are drawn on a 

diagram of a human face. RSTLs are most visible as rhytides, wrinkles, or furrows 

where elastic properties are high, though can be less noticeable in certain people, 

especially in youngsters, in which surgical planning in incision flap designing is 

required where RSTL would be expected. While most incision flap designs align with 

RSTL, there are locations where RSTL can be more ambiguous. Specifically, laxity on 

the temple-forehead junction and central forehead can be determined by pinching the 

skin, whereas incision flap designs at free margins that include the eyelids, alar rim and 

lip border are more perpendicular to the margin (Kaufman, 2016).  

Employing the neighboring skin in the form of a local flap provides long-term 

longevity due to being similar in color-and texture-matched as well as the dermis and 

hypodermis remain attached to the body (Cuddy, 2017). Satisfaction with the post-

operative cosmetic aspect using local flaps was entirely confirmed by Lee et al. (2017) 

with a series of 119 cases in which the patients received facial reconstruction (cheek, 

nose, temple, lower eyelid, lip, periauricle, forehead, and chin) using Limberg flap and 

V-Y advancement flaps where the latter scored with a scale of 4.3 out of 5 compared to 

skin graft surgery. While nasal reconstruction requires a delicate execution and proper 

selection of flap design, post-operative esthetic results of local flaps were deemed 

satisfactory in most cases (Ebrahimi et al., 2016; Losco et al., 2020). For example, 

Salgarelli et al. (2011) evaluated 203 patients who underwent nasal reconstruction with 

bilobed, transposition and modified flaps and the majority of the patients reported no 
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irregular scar. Therefore, providing inconspicuous and less noticeable scars should be 

the aim for every reconstructive surgeon as these superior cosmetic results would 

increase the recognition of a surgeon's capability.  

 

 

Figure 2.2. Relaxed skin tension lines (RSTL) are drawn on the diagram of a human 

face. (Kaufman, 2016) 

 

 

Common expressions used in local flap reconstruction are listed in Table 2.1 to 

gain a better insight into the discussion as the chapter advances.  
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Table 2.1. The terminology used in local flap surgery. 

Terminology Description 

Defect Wound or hole 

Wound A part of a body that experiences a loss of tissue. 

Primary defect  A wound that is created by trauma or tumor and 

subsequently closed by a local flap. 

Secondary defect  A wound that is created following the primary defect 

closure (if any). 

Incision The act of cutting or slicing into the body tissues. 

Excision The act of removing a part of body tissue. 

In vivo A procedure that is done on a living subject. 

In vitro A procedure that is done in a laboratory setting within the 

test tube or Petri dishes boundaries.   

Burow’s triangle A triangular skin excision 

 

 

2.2 Surgical Techniques 

 

Facial reconstruction is a broad topic, therefore specific areas of focus are selected. 

Herein, this research focused on advancement, rotation, and rhomboid flaps as these 

flaps provide versatile options for forehead, cheek, and temple reconstruction. The 

research considers a situation where a patient was diagnosed with a tumor at a 

designated facial area and required immediate local flap surgery following tumor 

excision. The basic techniques of each local flap design are discussed in this section.  

 

2.2.1 Advancement flaps 

 

The term “advancement flaps” refers to an incision flap (freed tissue) that undergoes a 

sliding motion directly to the adjacent wound without any rotational or lateral 
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movement. There are wide variations of flaps that are listed as advancement flap 

designs. The basic design of an advancement flap consists of a wound that can be 

designed in any shape, let it be circular, oval, or rectangular, as long as it matches the 

width of the tumor (Dockery, 2012). Additionally, two parallel incision lines are also 

created by extending oppositely from the open wound. The width of the incision lines 

should be adequate to allow some mobility for the flap to advance. According to Cuddy 

(2017), the author suggested that the incision lines should be equivalent to the width of 

the wound. Apart from the classic advancement flap, the common modified designs are 

introduced as single-pedicle, H-plasty, T-plasty, and V-Y or Y-V flaps. Table 2.2 

demonstrates geometric configurations and the resulting shapes of each of the 

advancement flaps. Note that in some cases, although it may not be required, Burow’s 

triangle may be implemented at the tip of the flap to alleviate the tension on the flap 

itself and also allow more spreading to the freed flap.  

 

Table 2.2. Listing of advancement flaps. (Baker, 2015) 

Advancement Flaps The Resulting Shapes 

Classic 
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Table 2.2. Continued. 

Advancement Flaps The Resulting Shapes 

H-plasty 

 

T-plasty 

 

V-Y  

 

 

 

In clinical practice, forehead reconstruction may respond well to advancement 

flaps. Favorably, the use of these flaps may reduce the possibility of lifting the 

eyebrows and hairlines and thereby maintain the aesthetic boundaries of the forehead 

(Kaufman, 2016). Figure 2.3 demonstrates a surgical technique on a forehead using a 

horizontal advancement flap explained by Turner and Smith (2011). As such, the 

incision lines were placed within the horizontal rhytids. By doing this, the scar can be 
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camouflaged by the rhytides. Following the excision of a 3 mm tumor margin, the freed 

tissue stretches over the underlying tissues as well as the wound to cover the primary 

defect. Subsequently, the secondary defect closure was done by suturing the incision 

line to prevent any gap existing which could lead to infection. 

 

  

Figure 2.3. Classic advancement flap. (A) The defect was squared off along with the 

incision lines drawn adjacent to the forehead rhytides. (B) Wound sutured following the 

excision and reconstruction. (C) Post-operative surgery result. (Turner & Smith, 2011) 

 

 

2.2.2 Rotation flaps 

 

The term ‘rotation flaps’ refers to an incision flap (freed tissue) that undergoes rotation 

within a circle about a pivot point towards closing a triangular-or circular-shaped 

wound. Similar to advancement flaps, rotation flaps can be distributed into variations of 

designs (Table 2.3). The classic type is often described as a triangular defect with an 

(A) 

(B) 

(C) 
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ideal height-width ratio of 2:1 as well as the symmetrical arc that extends away from the 

open wound with the ratio of curve radius to triangular height being 1:2 (Starkman et al., 

2017). The length of the arc should be 4 times the width of the triangular defect 

(Momeni & Souza, 2019; Starkman et al., 2017). This concept leads to a modified 

rotation flap design to work on the high extremities and adding more rotational 

components. The modified rotation flaps include Satterfield-Jolly, Catanzariti-Wehman, 

single-lobed, and double-lobed rotation flaps.  

 

Table 2.3. Listing of rotation flaps. (Dockery, 2012)  

Rotation Flaps The Resulting Shapes 

Classic 

 

Satterfield-Jolly  
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Table 2.3. Continued. 

Rotation Flaps The Resulting Shapes 

Catanzariti-

Wehman 

 

Single-lobed (a) Schrudde Type-1: Original 90⁰ angle to the defect: 

 

(b)  Schrudde Type-2: 60⁰ angle to the defect: 
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Table 2.3. Continued. 

Single-lobed (c) Schrudde Type-3: 

 

Double-lobed (a) The 90⁰ angle between two lobes: 

 

(b) The 30⁰ angle between two lobes: 
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Table 2.3. Continued. 

Rotation Flaps The Resulting Shapes 

Double-lobed (c) The 45⁰ angle between two lobes: 

 

 

 

In clinical practice, rotation flaps work extremely well in cheek reconstruction to 

repair a defect that is 3 to 4 cm larger (Heller et al., 2008). Taken from an example by 

Kaufman (2016), the author performed a classic rotation flap on the lateral cheek after  

excision of lentigo maligna  which can be seen in Figure 2.4. The incision design of the 

rotation flap was curved upward onto the temple and then travelled downward until it 

reached the ear lobe. Considering that an oversized rotation arc was implied to 

counterbalance the undersized flap, the author suggested securing the superior flap first 

and followed by rotating the remaining flap towards the open wound at which suturing 

was then take place. This was to ensure unfavorable tension presented at the secondary 

defect closure. Contrary to the small rotation flap, suturing the primary defect was 

usually conducted first accompanied by the secondary defect closure. 
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Figure 2.4. Classic rotation flap. (A) Circular-shaped wound following the excision of a 

lentigo maligna. (B) Sutured wound after flap (C) Postoperative surgery result. 

(Kaufman, 2016) 

 

 

2.2.3 Rhomboid flap   

 

A Rhomboid flap or Limberg flap is a combination of rotation and transposition flap. In 

contrast to the rotation flap, the transposition flap is often designed as a rectangular-

shaped wound and the incised flap (freed flap) rotates over intact tissue at a pivot point 

towards the primary defect (Momeni & Souza, 2019). Rhomboid flap, as the name 

implied, is fashioned with an equilateral parallelogram of a rhombic-shaped wound. A 

typical geometric configuration is shown in Figure 2.5 where the rhombus is designed 

with 60⁰ acute angle and 120⁰ obtuse angle perpendicular to each other, whereas the 

incision of the flap is created by extending away from either two of the 120⁰ angles of 

the rhombus and continuing 60⁰ angle parallel to the first incision line where these two 

lengths are identical to the width of the rhombus. It is therefore possible to construct 

(A) (B) (C) 

Univ
ers

iti 
Mala

ya



20 

four potential directions of incisions of the flaps in which the flap options are based on 

the degree of skin laxity and the location of the closure (Momeni & Souza, 2019).   

 

 

Figure 2.5. Classic rhomboid flap. (A) 60⁰ and 120⁰ angles of a rhombus-shaped wound 

with four possible flap options. (B) The resulting shape and suture of the flap. (Momeni 

& Souza, 2019) 

 

  

A clinical procedure performed by Kaufman (2016) using a classic rhomboid flap 

to repair a temple defect can be seen in Figure 2.6. Once the incision of the flap was 

designed, the flap was raised and moved towards the open wound. In closing the wound, 

the author emphasized suturing the secondary defect followed by the primary defect to 

enable the flap to transpose into the rhombus-shaped wound. Aside from the standard 

60⁰ and 120⁰ angles, the rhomboid flap can be varied into different angles such as 

Dufourmentel and Webster with the internal angle of the parallelogram, is not limited to 

60⁰ and 120⁰ angles. 

(A) (B) 
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 Figure 2.6. Classic rhomboid flap. (A) Round-shaped wound adjacent to the eyebrow 

area. (B) Wound sutured after flap. (C) Postoperative surgery result. (Kaufman, 2016) 

 

 

2.3 Skin Anatomy 

 

2.3.1 Components and functions of human skin 

 

Human skin is made up of three basic layers, namely the epidermis, dermis, and 

subcutaneous tissue (hypodermis), which are held together by connective tissues. 

Individually, each layer has its own significant role in performing essential body 

functions and together they are considered as a dynamic system as the tissues work 

simultaneously as a single structure. Figure 2.7 illustrated the visual structure of human 

skin and accessory components that existed in each layer.  

 

(A) (B) (C) 
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Figure 2.7. Architectural representation of human skin and its components (McGrath & 

J., 2010). 

 

 

The epidermis, which is the first skin defense layer with the thinnest membrane, 

typically 0.05 mm (eyelids) to 1.5 mm (palm and soles) (Benítez & Montáns, 2017), is 

the most superficial surface of the skin. Its primary role includes skin color, pathogen 

insurance, and tactile sensation. Accessory structures such as hair follicles, glands, and 

nails are found within this layer. Most of the epidermis is made up of 95% keratinocytes 

and they are typically formed at the stratum basale (the lowermost epidermis) where 

mitosis occurs at this stage (Limbert, 2017). Keratinocytes are migrated cells and as the 

cells transit outwards to the skin surface, the keratinocytes diffuse and slowly become 

flattened through the keratinization and cellular differentiation process (Massella et al., 

2019). This process formed four-division layers, organized from the lowermost 

epidermis to the superficial surface, called the stratum basale or stratum germinativum, 

stratum spinosum, stratum granulosum, and stratum corneum (Limbert, 2017).  
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Beneath the epidermis lies the dermis with thickness varies between 0.6 mm 

(eyelids) to 3 mm (back palm and soles) (Benítez & Montáns, 2017). These two regions 

interact with each other in preserving the properties of both tissues. The dermis 

comprises the bulk of the skin and provides strength and elasticity due to the presence 

of fibers (mainly collagen) that maintain the turgidity of the skin (Kolarsick et al., 2011). 

Tough connective tissue, hair follicles, and sweat glands with ducts are mostly found in 

this layer. Moreover, blood vessels are richly found together with a network of nerve 

fibers and sensory organs to relay the stimuli responses to the brain. Due to the 

extensive production of protein and the network of blood vessels, most of the 

mechanical properties and thermal units are dependent on the dermis (Benítez & 

Montáns, 2017; Weinzweig & Weinzweig, 2010).  

Underneath the dermis lies the subcutaneous tissue, also known as hypodermis, 

which is the innermost layer of the integumentary system. The thickness of this region 

varies significantly compared to the upper layers (Groves et al., 2013; Hendriks, 2005). 

This layer is composed primarily of adipocytes which function as fat storage and 

thermal insulation. In essence, the fat contained in the subcutaneous tissue provides 

padding for the body as it protects the bones, muscles, and internal organs from physical 

damage while regulating the temperature of the body to prevent the body from 

overheating or cooling.  

 

2.3.2 Skin Thicknesses  

 

Understanding the topographic skin thickness is crucial, especially in facial 

reconstruction as it may guide in resection and restoration. Hence, the determination in 

determining human skin thickness has been attained through various methods either in 

vivo or in vitro in which both have their own advantages and disadvantages. In vitro is 
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usually implemented as a groundwork for future research as this method provides the 

possibility to alter the skin tissue and be tested until failure (skin tears). However, 

implementing the in vitro method implies that the study acknowledges the tendency to 

lose the freshness of the tested sample and precision of the measurement. Hence, in vivo 

is better suited for approaching the skin as naturally as possible, although the testing is 

unable to be pursued at a full range.  

Chopra et al. (2015) have dedicated their work to comprehensively measuring 39 

distinct anatomic locations across the facial region. All the data gathered was based on 

in vitro studies with normalizing factors, noting that the use of cadavers as specimens 

may not accurately correlate with living skin. Nonetheless, their work had contributed 

tremendously as they provided a full human facial topographic ‘map’ with epidermis 

and dermis skin thickness values. Compared to Pellacani and Seidenari (1999), they 

advocated the use of healthy subjects based on in vivo ultrasound technique with a 

limited study of only 12 facial anatomic locations including age-related variations. They 

cited a significant increase in skin thickness at all assessed facial anatomic locations, 

excluding the infraorbital area, of the elderly compared to the youth, which confirmed 

the effect of age on skin thickness.  

While age demonstrated its influence on skin thickness, so does gender. Genetic 

and hormonal discrepancies play a role as they influence the appearance of skin 

structure by causing variation between males and females (Tur, 1997). Generally, the 

skin thickness of men is greater than in women in all body regions while subcutaneous 

fat thickness is thicker in women compared to men (Igarashi et al., 2007). Such 

findings that women’s skin is thinner than men’s can be seen in the work of Ha et al. 

(2005) with a series of 3 cadaver subjects (2 females and 1 male) at 15 facial anatomic 

locations. Data grouped according to full-thickness, epidermis and dermis, were 

included and clearly indicated apparent discrepancies between these genders. 
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Accordingly, L. Overgaard Olsen et al. (1995) took a deep observation at 22 body sites 

with 18 healthy subjects from two sexes using an in vivo ultrasound scanner. The 

authors found similar findings with a notable conclusion that the female has thinner skin 

than male skin and thinner skin is acoustically denser compared to thicker skin. Figures 

2.8 and 2.9 demonstrate the distribution of skin thickness measurement on each 

investigated anatomical locations according to gender reported from the existing 

literature.  

Even so, a comprehensive analysis of facial skin thickness with a focus on ethnic 

skin types has been on a small scale. Caucasian subjects overwhelm most of the ethnic 

skin types used as samples in research, thus the literature on the skin thickness related to 

Asian subjects is limited. There is no definite conclusion about whether Caucasian skin 

is thicker than Asian skin or vice versa. However, Querleux et al. (2009) managed to 

extract a set of in vivo skin thickness values from four different ethnic groups: African 

American, Caucasian, Chinese, and Mexican. They found that the thickness of the 

dorsal and the ventral forearm was more pronounced in Caucasians, whereas the 

thickness of the cheek region was higher in Chinese, with Caucasians as the lowest. 

Laurent et al. (2007) also performed an in vivo measurement at 4 different body regions: 

thigh, waist, deltoid, and suprascapular. Ethnic differences showed that skin at the thigh 

and suprascapular areas were thicker in Caucasians, Asian skin was thicker at the waist 

area and the deltoid area had no significant difference between these two ethnic groups. 

Figures 2.10 and 2.11 represent the statistics of skin thickness measurement reported 

from each respective citation.  

 

Univ
ers

iti 
Mala

ya



26 

 

Figure 2.8. In vitro skin thickness measurement between 82 years old female and 78 

years old male cadavers against 15 head anatomical locations. [Reproduced from Ha et 

al. (2005)] 

 

 

 

Figure 2.9. In vivo skin thickness measurement between 10 females and 8 males 

subjects with a median of 26 years against 21 body sites [Reproduced from L. 

Overgaard Olsen et al. (1995)] 
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Figure 2.10. In vivo skin thickness measurement between four different ethnic groups 

against three body sites (Querleux et al., 2009). 

 

 

 

 

Figure 2.11. In vivo skin thickness measurement between three different ethnic groups 

against four body sites (Laurent et al., 2007).  

 

 

Variations in skin thickness values are inevitable since quantitative modalities 

used in topographic skin thickness research have improved considerably, although with 

different foci. This contribution, however, provides a useful clinical context for 

reconstructive choices in matching the recipient and transplanted sites. 

African American                                                                                  
Caucasian  
Chinese 
Mexican 
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2.4 Mechanical Behavior of the Skin 

 

In light of determining the appropriate constitutive model to account for the skin's 

mechanical properties, it is important to recognize the skin's behavior first. The stress-

strain relationship is often used in describing the elastic deformation experienced by the 

skin when the skin undergoes testing. Skin testing can be performed by two common 

procedures which are in vivo or in vitro experiments. Subsequently, the sample or 

subject undergoes the preferred technique to extract the stress-strain data. These 

techniques often require an alteration to the skin’s shape by either employing a 

perpendicular load on a small area of the skin (indentation), rotating the skin via an 

intermediary disk at constant torque (torsion), expanding (tension), or inflating the skin 

using a partial vacuum in an aperture (suction test) (Kalra et al., 2016). 

 

2.4.1 Nonlinear stress-strain relationship 

 

In general, the dermis plays an important role in contributing to the mechanical behavior 

of the skin (Delalleau et al., 2008). The collagen fibers within the dermis influence the 

elasticity of the skin, which provides the ability to resume its normal state after being 

stretched. This permits the competency to model the soft tissue as fiber-reinforced 

materials since 70% of the weight and 20% of volume in the dermis are mainly 

composed of collagen fibers (Benítez & Montáns, 2017). Hence, the measured skin 

properties are frequently attributed to the collagen fibers distribution in the dermis. 

The study of the collagen fibers leads to a nonlinear elastic response from the 

stress-strain relationship. It is done by converting the raw data obtained from the skin 

testing at a time interval to a stress-strain plot. Under uniaxial tension, the skin tissue 

behaves in three phases (Figure 2.12). Phase I displays a linear behavior as load 
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application to skin remains at a low level. As stress increases, the collagen fibers begin 

to straighten regardless of their resistance to deformation, and thus, nonlinearity is 

formed in Phase II.  In the final Phase III, the crimps disappear and fibers become 

aligned with the loading direction. The collagen fibers experience fracture after they 

reach their ultimate strength.   

An approach by Ni Annaidh et al. (2012) justified the skin stress-strain 

relationship theory and the three-phase dermis collagen fibers behavior. A stress-stretch 

curve corresponding to the in vitro tensile test of human back skin confirmed the 

nonlinear response. Apart from the back skin area, in vitro tensile test following 

abdominoplasty conducted by Lapeer et al. (2011) illustrated similar responses despite 

different test areas on the human body. Observation on an in vivo uniaxial tension test 

toward the forearm area by Barnhill et al. (1984) also demonstrated nonlinear behavior 

through the force-strain curve. Hence, the results performed by various researchers 

clearly revealed that human skin shows a nonlinearity response regardless of age-related, 

different body regions, or method of testing.  

 

 

Figure 2.12. J-shaped nonlinear response of the skin stress-strain curve due to the 

corresponding collagen fibers to the direction of the stress. [Redrawn and modified 

based on Kalra et al. (2016)]. 
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2.4.2 Anisotropy and viscoelasticity behavior 

 

The mechanical response of human skin tissue to external forces is known to be 

influenced by anisotropic and viscoelastic properties. This theory is agreed by numerous 

researchers through observation and evaluation that are done experimentally. These two 

effects can be observed by experimental tests involving mechanical testing on skin 

tissue at different lengths and directions.  

Anisotropic properties address the variation in the distribution of the collagen 

fibers that are much related to the natural lines of tension that appear on the skin 

(Chanda & Callaway, 2018). The overall effects reflect the skin stress-strain curve 

described from the study of the collagen fibers through varying the loads and the 

orientation of collagen fibers (Chanda & Callaway, 2018; Ni Annaidh et al., 2012). For 

reconstructive surgeons, understanding the anisotropic behavior is important as the 

arrangement of incision lines according to the orientation of collagen fibers influences 

the scar formation. Viscoelastic properties, on the other hand, are observed as a 

combination of viscous and elastic characteristics under deformation where the material 

properties show a time-dependent behavior. The effect can be observed through the 

investigation of stress relaxation (Liu & Yeung, 2008) and creep (Jee & Komvopoulos, 

2014; Lin & Lin, 2021). The basic response of the viscoelastic effect shows that stress 

relaxation occurs when stress decreases with time under constant strain, whereas creep 

occurs when strain decreases with time under constant stress.  

From those views, several past models have incorporated these effects to 

characterize the skin. However, the complexity of the skin's mechanical properties is 

still under study. This is due to the wide variability of skin behavior that depends on the 

location of the body and individuality. Joodaki and Panzer (2018) have stated the 

importance of incorporating viscoelasticity in skin modeling, yet Wong et al. (2016) 
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questioned the effect of anisotropic and viscoelastic on the skin mechanical properties 

as the interaction was unclear. Nevertheless, exploring the role of anisotropic and 

viscoelasticity in the studies of skin tissue may contribute to a considerable extent in 

medical diagnosis, surgical simulation and planning, and skin deformation. 

 

2.5 Skin Constitutive Modeling 

 

Choosing an appropriate constitutive model to account for skin mechanical behavior is 

an essential step in computer simulations. Linear-elastic and hyper-elastic materials are 

often adopted as material properties in most of the skin’s constitutive modeling. 

However, these materials have their own features when related to the stress-strain 

relationship. Thus, the rationality between these two materials to nonlinearity responses 

will be discussed accordingly.  

 

2.5.1 Linear-elastic modeling 

 

Linear-elasticity is the simplest form of material model that assumes a linear 

relationship between stress and strain under a small strain deformation. This linear 

relationship defines the general Hooke’s law and the proportionality factor represents 

the properties of a material called Young’s modulus (Pawlaczyk et al., 2013). In simple 

terms, Young’s modulus is the Hooke’s law constant. Skin stiffness has been associated 

with Young’s modulus by the earliest studies to characterize the human skin. It is 

commonly used as a straightforward constitutive model that can provide a rough 

estimation of the skin tissue’s responses to external loading. Table 2.4 shows the 

summary of the reported Young’s modulus measurement (denoted as E) through in vivo 

and in vitro skin testing found in the existing literature.  
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Several researchers viewed linear material as incompatible with imitating the 

actual human skin behavior. Chanda and Unnikrishnan (2017) emphasized that 

Young’s modulus and Poisson’s ratio were insufficient to represent soft materials. 

Joodaki and Panzer (2018) also stated in their review that incorporating linear-elastic 

modelling was inadequate to illustrate the nonlinearity, viscoelasticity, and soft tissue’s 

loading history. Delalleau et al. (2008) at first believed that Hooke’s law was not 

suitable to characterize human skin behavior. They eventually found that incorporating 

the Total and Updated Langrangian formulations into Hooke’s law could account for 

the large strains and displacements problems where the outcome found a good 

correlation with the standard Hooke’s laws. When compared to the skin’s stress-strain 

curve, the linear region at the initial and final phases are defined by Hooke’s law where 

the linear slope is Young’s modulus. This leaves uncertainty to the second phase 

whether the nonlinear region can be represented by Young’s modulus. As stated by 

Lapeer et al. (2011), Young’s modulus can be acceptable if it was used at the lowest 

and the highest modulus range only. Nevertheless, Retel et al. (2001) and Kirby et al. 

(1998) insisted that Young’s modulus could be adopted as skin’s material properties if 

the shear modulus was included to represent the nonlinear region.  
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Table 2.4. Summary of several works of literature on the skin’s Young’s modulus 

measurement. FR: forearm at rest, IFL: isometric flexor loading, IEL: isometric 

extensor loading, VO: venous occlusion. 

Tension skin testing E (MPa) Langer lines Test specimen Method 

Ni Annaidh et al. (2012) 83.33 ± 34.9 n/a Back In vitro 

Ottenio et al. (2015) 160.8 ± 53.2 

70.6 ± 59.5 

Parallel 

Perpendicular 

Back 

Back 

In vitro 

In vivo 

Suction skin testing E (kPa) Thickness (mm) Test specimen Method 

Hendriks et al. (2003) 56.4 ± 21.6 1.35  Volar forearm In vivo 

Delalleau et al. (2008) 131 

64 

41 

0.86  

1.08  

1.51  

Volar forearm 

Volar forearm 

Volar forearm 

In vivo 

In vivo 

In vivo 

Indentation skin testing E (kPa) Probe size (μm) Test specimen Method 

Zahouani et al. (2009) 8.3 ± 2.1 1000 Volar forearm In vivo 

Livarinen et al. (2011) 210 

446 

651 

254 

2000 

2000 

2000 

2000 

FR 

IFl 

IEL 

VO 

In vivo 

In vivo 

In vivo 

In vivo 

 

 

2.5.2 Hyper-elastic modeling 

 

The term ‘hyper’ defines something that is excessive or beyond normal. Therefore, 

hyper-elasticity refers to a material that has high elastic behavior such as rubbers, 

polymers, elastomers, and biological tissue materials. Hyper-elastic materials use strain 

energy functions (denoted as Ψ) to derive the stress-strain curve where the relationship 

between stress and strain is nonlinear under large deformation (Shahzad et al., 2015). 
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The most interesting property of hyper-elasticity is that it provides a means for the 

materials to model isotropic or anisotropic, incompressible, and viscoelasticity 

behaviors. A hyper-elastic model presumes its form from the derivation of the general 

form of the strain energy function based on three stress invariants I1, I2, and I3. The 

derivation eventually opens up a path to a wide range of hyper-elastic models to choose 

from, all depending on the expected range of strains, dependencies, and data sets to 

define a particular stress-strain relationship. Neo-Hookean and Mooney-Rivlin models 

were the first to be introduced as hyper-elastic models in 1948 and 1952 respectively 

and then followed by Veronda-Westmann (1970), Humphrey, Martins, Ogden (1972) 

Yeoh (1993) models, and so on (Martins et al., 2006; Shahzad et al., 2015). The strain 

energy functions of four main hyper-elastic models can be seen in Table 2.5. 

  

Table 2.5. Four commonly used hyper-elastic models. 𝑐𝑖𝑗 = material constant, 𝜇 = shear 

modulus, 𝜆𝑖 = principle stretch and 𝛼𝑖 = strain hardening exponent. 

Hyper-elastic models Strain energy functions, Ψ 

Neo-Hookean  𝛹 =  𝑐1(𝐼1 − 3) 

where 𝑐1 =  
𝜇

2
  

Mooney-Rivlin 𝛹 =  𝑐1(𝐼1 − 3) + 𝑐2(𝐼2 − 3)  

where 𝑐1 =  
𝜇1

2
  and 𝑐2 =  

−𝜇2

2
 

Ogden 
𝛹 = ∑

𝜇𝑖

𝛼𝑖
(𝜆1

𝛼𝑖 + 𝜆2
𝛼𝑖 + 𝜆3

𝛼𝑖 − 3)

𝑛

𝑖=1

 

Yeoh 
𝛹 = ∑ 𝑐𝑖0(𝐼1 − 3)𝑖

3

𝑖=1
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The modeling of hyper-elastic materials comprises the selection of an appropriate 

strain energy function that describes a close fit to the measured curve and determination 

of the referred material constants, 𝑐𝑖𝑗. This process can be determined by curve fitting 

where a data set of stress-strain relationships obtained from the experiment is input into 

the FE method and subsequently generates stress-strain curves depending on the 

referred strain energy functions. The interesting part of the FE method is that the 

software provides a convenient approach to compare different stress-strain curves of 

hyper-elastic models to the measured curve. Shahzad et al. (2015) conducted a 

comprehensive stress-strain relationship study of seven hyper-elastic models and 

compared them to the natural rubber’s experiment data. The Yeoh model was found to 

provide the best fit to match the natural rubber’s stress-strain curves at small and large 

strain values from four deformation tests.   

As such, the application of hyper-elastic models to soft-biological tissues has 

received attention from the most recent researchers. This is due to the similarity found 

between both of the stress-strain curves.  It can be seen from the work of Gasson et al. 

(2008) where they fitted three different hyper-elastic models (general polynomial (GP), 

reduced polynomial (RP), and Ogden) using raw data produced from an in vitro uniaxial 

tensile experiment on human skin and discovered an RP material such as first-term Neo-

Hookean and third-term Yeoh models produced the most favorable result towards 

human skin behavior. Owing to that, most of the researchers who pioneered in 

biomechanics recommended adopting the human skin as a hyper-elastic material rather 

than as a linear material.  
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2.6 Deriving Constitutive Model Equation 

 

Human skin is known to exhibit nonlinear anisotropic, viscoelastic, and incompressible 

mechanical properties (Delalleau et al., 2008; Lapeer et al., 2011). However, to 

describe anisotropic and viscoelastic behavior into a whole model would be complicated 

and time-consuming (Mahmud et al., 2012). This is due to the complex computational 

algorithm presented by the anisotropic properties where the behavior demands multiple 

directional variables (Cheng & Zhang, 2018) whereas the ignorance of viscoelastic 

effect is due to its strong interaction with the anisotropic properties (Benítez & Montáns, 

2017). Thus, nonlinear isotropic was considered to simplify the correlation of the 

constitutive model equations with those experimental tests and reduce computational 

time.  

It was concluded that the present work decided to implement hyper-elastic models 

as skin material properties due to their similar response to the skin stress-strain curve. 

Among the existence of hyper-elastic constitutive models, the Yeoh model was 

particularly chosen to characterize the nonlinear skin mechanical behaviour as this 

model was found fit and stable during the material fitting process from the uniaxial 

tensile experiment instead of the Ogden and GP hyper-elastic model (Gasson et al., 

2008; Lapeer et al., 2011). Of note, this study focused on incompressible hyper-elastic 

material via uniaxial tension tests and the equations presented below incorporated with 

the mentioned approaches. The isotropic strain energy functions, Ψ is dependent upon 

the right Cauchy-Green tensor or strain invariants (I1, I2, I3) and principle stretches (λ1, 

λ2, λ3) (Martins et al., 2006) where Ψ is described as  

 

Ψ𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 =  Ψ (𝐼1, 𝐼2, 𝐼3)   

 

 

(1) 
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where 

 

𝐼1 =  ∑ λ𝑖
2

3

𝑖=1

         ,        𝐼2 =  ∑ λ𝑖
2

3

𝑖,𝑗=1

λ𝑗
2 (𝑖 ≠ 𝑗)       ,         𝐼3 =  ∏ λ𝑖

2

3

𝑖=1

  

 

An interesting particularity of this model is that the Yeoh model is a polynomial 

of the first variant, I1 in which I2 and I3 are ignored (Cheng & Zhang, 2018). Thus, I1 

take the form of  

 

𝐼1 =  λ1
2 + λ2

2 + λ3
2 

 

For hyper-elastic materials subjected to uniaxial tension, the principal stretches are 

expressed as λ1 = λ and λ2 = λ3 whereas the incompressibility condition, denoted as J 

(also known as Jacobian) implies that 

 

𝐽 =  ∏ λ𝑖 = 1    𝑜𝑟    

3

𝑖=1

𝐽 =  λ1λ2λ3 = 1 

 

By accommodating the constraints of λ1 = λ and λ2 = λ3 into Equation (4),  

 

 

 

It can be concluded that,  

λ1λ2λ3 = 1 

λλ2λ2 = 1 

λ2
2 =  

1

λ
 

(2) 

(3) 

λ1λ2λ3 = 1 

λλ2λ3 = 1 

λ3
2 =  

1

λ
 

(4) 

(5) 

and 
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λ2
2 =  λ3

2 =  
1

λ
 

 

and substituting Equation (6) into Equation (3), the I1 variant achieved another form of 

 

𝐼1 =   λ2 +  
2

λ
 

Taken from Martins et al. (2006), the isotropic strain energy for the Yeoh model along 

with the incompressible condition is given by 

 

Ψ𝑌𝑒𝑜ℎ =  ∑ 𝑐𝑖0 (𝐼1 − 3)𝑖

3

𝑖=1

 

 

By expanding the above equation and then substitute Equation (7), it becomes 

 

Ψ𝑌𝑒𝑜ℎ =  𝑐10  ( λ2 + 
2

λ
− 3) +  𝑐20  ( λ2 +  

2

λ
− 3) 2 + 𝑐30  ( λ2 +  

2

λ
− 3) 3 

 

The next step is to express the strain energy function in terms of principal Cauchy stress. 

For the Yeoh model, its stress may take in the form of  

 

𝜎 =  λ
𝜕Ψ 

𝜕λ 
 

 

and by solving the equation, 

 

(6) 

(7) 

(8) 

(9) 

(10) 
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𝜎𝑌𝑒𝑜ℎ =  λ ((2λ −
2

 λ2
) (𝑐10 + 2𝑐20 ( λ2 +  

2

λ
− 3) + 3𝑐30 ( λ2 + 

2

λ
− 3)

2

)) 

 

𝜎𝑌𝑒𝑜ℎ =  λ ((2λ −
2

 λ2
) (𝑐10 + 2𝑐20(𝐼1 − 3) + 3𝑐30(𝐼1 − 3)2)) 

 

the strain energy function of the Yeoh model finally is expressed as 

 

𝜎𝑌𝑒𝑜ℎ = 2 (λ2 −
1

λ
) (𝑐10 + 2𝑐20(𝐼1 − 3) + 3𝑐30(𝐼1 − 3)2) 

 

where c10, c20, and c30 are defined as material constants and they are determined by curve 

fitting. 

 

2.7 Wound Closure Simulation 

 

Scientific interest in biomechanical modeling of human skin is not recent. 

Computational models that behave similarly to the human skin have an added value to 

the surgical planning. Computer simulations that typically rely on the FE analysis have 

proven to be a helpful approach in predicting how human skin reacts to physical forces 

as well as providing an outcome interface of flap reconstructive surgery. Among the 

existing literature, Retel et al. (2001) developed a 2D nonlinear model of Limberg and 

diamond-shaped incisions with the intent of determining the stress fields around the 

wounded skin along with resultant closure force. Orthotropic hyper-elastic and pre-

stress conditions were included to characterize the skin. Apart from them, Flynn (2010) 

tried to find the force required in closing four types of excision shapes, namely the 

(12) 

(11) 
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circular, elliptical, fusiform, and lazy S-plasty. They used Young’s modulus, shear 

modulus, and Poisson ratio as their choice of skin material. Such derivation from these 

findings will reduce the adverse stress profiles and minimize scarring.  

Other upsides are the optimization techniques and design improvement of local 

flap design. The proposed designs could lead to better wound closure effectiveness with 

a focus on improving the size of incisions to avoid dog-ear formation. In particular, 

Lovald et al. (2013) and Topp et al. (2014) studied monopedicle and rhombic 

transposition flaps respectively and both of them discussed the ideal cutting patterns 

from variations of geometric flap patterns. The second order of the Yeoh hyper-elastic 

model along with nonlinear, incompressible, and isotropic assumptions was fitted as 

material properties of skin in their 2D planar model. Meanwhile, Rajabi et al. (2015) 

suggested implementing a rhombic flap pattern similar to Z-plasty results in the 

envisaged result. A second-order Ogden hyper-elastic was added as skin material 

properties.  

Chanda and Unnikrishnan (2017) claimed that 2D model analyses provided 

limitations in surgery planning as well as clinical training. They believed that a realistic 

3D computational study addressed the limitation. Hence, they developed a 3D analytical 

model of a two-layered diamond-shaped wound using interrupted sutures to close the 

wound. Third-order Yeoh hyper-elastic material models were adopted with the presence 

of skin prestress. Tepole et al. (2014), on the other hand, explored the stress profiles of 

direct advancement flaps and double back-cut flaps. Their simulations captured the 

relationship between the maximum stress areas and tissue necrosis. Meanwhile, Lee et 

al. (2019) dealt with three local flap designs, namely advancement, transposition, and 

rotation flaps, and explored the flaps sensitivity in two different age groups. 3D planar 

models were developed in which each incision design was embedded and the Gasser-

Ogden-Holzapfel (GOH) material properties were employed. Their results showed that 
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the elder group responded more sensitively to the flap deformation compared to the 

younger group.   

Overall, earlier developments in this field used a vast array of assumptions, 

including different skin material, skin thickness and mechanical properties. As such, 

some of these assumptions adopted material parameters from the literature while others 

derived from experiments. Nevertheless, despite having countless proposals in 

computational studies, after an in-depth review, it can be concluded that all of these past 

attempts pursue identical methodology.  

 

2.8 Summary of Literature Survey 

 

Biomechanics studies on local flap surgery have been well-researched. The impact of 

this research line to the medical application has been well underlined and acknowledged. 

All of the past attempts including various used of techniques (indentation, tension, 

tensile or suction test), procedures (in vitro or in vivo), numerical modeling method (2D 

or 3D) and constitutive model (linear or hyperelastic) have been summarized and deeply 

reviewed to carefully reproduce the computational modeling with the identified gaps 

found in the literature.  

Throughout the literature review, this study identified 3D modelling approach and 

demographics comparison as the two main gaps that has not been explored. Although 

initial work using 2D and 3D planar have been much contributed to the knowledge in 

this field, this study realized that 3D head structure would give more insight to the 

wound closure mechanism as 2D approaches were believed to be within their limits 

from pragmatic approach (Chanda & Unnikrishnan, 2017). Apart from this, analysis of 

demographics comparison in this field has been on a small scale. Majority of the past 

attempts focused on a single sample, yet different objectives. Therefore, this study has 
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considered to provide extensive research of the wound closure effect on different facial 

structure that focused on gender (female and male) and ethnicity (Caucasian and Asian) 

with a hope that this knowledge can provide aids in patient applications, especially in 

diagnosing and assessing the addressed treatment.  

Overall, local flap surgery based on the finite element method should be dealt 

with effectively in order to achieve a promising result and meet the objectives 

successfully. Several of the techniques presented by the past researchers were 

manageable and adoptable  for this study. In other words, these studies in the literature 

can still be referred to in spite of having minor similarity in terms of the work done 

between the current study and the existing literature. Of note, the whole concept of this 

study was to create an inexpensive computer-assisted surgery that is capable of 

simulating wound closure on three different wound patterns using 3D head templates of 

the Caucasian male, Asian female and Asian male. As such, limitations and assumptions 

used for this study are discussed in the following chapters. 
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CHAPTER 3 

 

METHODOLOGY 

 

This chapter elaborates on all research methodologies used for all cases. The research is 

divided into two focused case studies where Case Study 1 focuses on the effect of 

wound closure on the Caucasian head template while Case Study 2 focuses on the effect 

of wound closure on Asian head templates, both cases using three different techniques. 

These techniques involved the use of local flaps in which each of the local flaps has its 

own design and method of movement to cover the excised area. The idea was to deliver 

a CAD model of a human face that had a hole in the shape that mimicked the design of 

a local flap and was able to reproduce a reconstructive phenomenon. Boundaries were 

established to eliminate complications as well as to reduce computational time. 

Moreover, the 3D procedures were run through many trials of load inputs until the hole 

was completely covered. The final solutions were expected to illustrate a realistic virtual 

post-operative of reconstructive surgery.  

 

3.1 Case Study 1: Caucasian Model 

 

The FE modeling for Case Study 1 involved the creation of surrogate surgery models, 

based on the Caucasian population. The methodology in Figure 3.1 represents a 

complete process for one flap closure where the procedures will be repeated for the next 

local flap designs.  
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Figure 3.1. The methodology used in designing a 3D wound closure.  

Start 

Data extraction from existing 
literature 

• Skin thickness data 
• Hyperelastic properties data 

Development of CAD model 

Input load parameter 

Boundary conditions 

 

End 

Submit to simulation 

Post-processing 

Mesh analysis 

 
Does  

the element size within the 
mesh criterion? 

Excised area closed? 

No 

Yes 

Yes 

No 

Redefined and solidify face 
template 

Embed incision design and extrude 

Engineering data insertion  

 

Pre-processing Univ
ers

iti 
Mala

ya



45 

Research began by gathering data values from the existing literature that were 

needed to characterize the model’s properties into the obtained 3D head template. Skin 

thickness and hyper-elastic properties were the two main data that were crucially 

important to replicating the underlying behavioral properties of human skin. These data 

were carefully selected with the consideration that was listed in the literature review. 

The next step was the development of a 3D wound closure using CAD tools. Prior to 

that, a base model was needed to create defects of varying shapes on different sites This 

was done using ANSYS® Spaceclaim, Release 19.0. The best possibility to obtain the 

head template was from an open-source website where a wide variety of 3D head 

templates were readily available to choose from. However, obtaining a free template 

required a small effort so that its quality was at its highest before proceeding to the next 

step.  

After redefining the mesh body of the head template and thickening the model, it 

was time to create a deformed part on the face model. The deformity was formed by 

designing a local flap onto the surface of the face model and extrude cut entirely. 

Following this, the deformed model was then transferred to Structural Analysis from 

ANSYS® Workbench MechanicalTM, Release 19.0 where the Engineering Data module 

was accessed to define the material properties. Subsequently, mesh generation was 

executed in the Model module to improve the FE analysis model. A number of 

decisions were required to be made to ensure the accuracy of the mesh. These decisions 

were assessed based on mesh shapes, mesh criterion, and number of elements, thus a 

number of running trials of mesh size were performed until the anticipated mesh size 

was found. Boundary conditions and loads were then applied to the model before 

submitting it for simulations.  

At this point of the workflow, the goal of closing the defect was quite challenging 

and time-consuming as numerous trials of load input were performed until the results 
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converged. The procedures were repeated for the following 3D deformed face model 

using other local flap designs. Final solutions of post-operative simulations using three 

local flap designs were gathered and analyzed. The current and existing results were 

compared by evaluating the stress profiles of three different reconstructive scenarios to 

assess the accuracy and effectiveness of the present work, which may alternatively help 

to refine for future visual reconstructive planning. 

 

3.1.1 Face model 

 

A standardized 3D head template of a Caucasian was obtained for use. A Caucasian 

male head template acquired through an open-source platform (Mad Mouse Design, 

2007) and the dimension of the head template was described in a bounding box of 306 x 

354 x 382 mm. Since the template originated from a rendered graphic, it was in the 

form of meshes where the body was covered with small discrete cells or faces. A mesh 

body is said to be efficient if it is a structured grid with quadrilateral cells in 2D and 

hexahedra cells in 3D. The head template contained quadrilateral-shaped cells and was 

already considered as a structured grid. However, it was untextured and had low face 

counts as seen in Figure 3.2. Modifications were done by filling the existing holes and 

redefined the density of faces as shown in Figure 3.3. Subsequently, half of the head 

template was excluded, starting from the ears to the back of the head, to avoid 

complications following the conversion to a 3D state. 

Thickness was then applied to accommodate the realization of an actual human 

face. Three facial anatomic locations, namely forehead, cheek, and temple were 

considered. It should be emphasized that the ANSYS software provides a limitation in 

implying multiple thicknesses in one model. Due to this constraint, three modified head 

templates were prepared where each of them was thickened relative to the mentioned 
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anatomic locations (later referred to as “face model”). Moreover, only a single layer was 

considered in the modeling process with the thickness of this layer comprising the 

combined epidermis and dermis thickness in order to minimize the complexity of the 

numerical simulation. The epidermal and dermis thicknesses were readily available 

from existing literature (Chopra et al., 2015). Noted that the available data was based 

on biopsy (in vitro) findings using cadaveric Caucasian samples. The values of the 

thicknesses are given in Table 3.1. 

 

 

 

Figure 3.2. Untextured mesh and low quadrilateral-shaped cells were observed on the 

Turbosquid 3D head template of a Caucasian male which was obtained from an open-

source platform. (A) Front view. (B) Isometric view. [Obtained from Mad Mouse 

Design (2007)] 

 

(A) (B) 
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Figure 3.3. A restructured and redefined quadrilateral-shaped cells of a Caucasian head 

template. (A) Front view. (B) Isometric view. 

 

 

Table 3.1. Skin thickness values for the corresponded anatomical location. [Obtained 

from Chopra et al. (2015)] 

Anatomical Location Skin Thickness (mm) 

Forehead 1.22 

Cheek 1.34 

Temple 1.29 

 

 

3.1.2 Local flap designs 

 

The following step was to create deformities to the face model. The local flaps 

studied were advancement, rotation, and rhomboid. These local flaps were designed 

(A) (B) 

Univ
ers

iti 
Mala

ya



49 

based on general guidelines proposed by dermatologists (Dockery, 2012; Momeni & 

Souza, 2019; Oliaei & Chu, 2013; Starkman et al., 2017) and were parameterized 

according to the defect size of 20 mm. A dimension of 1.20 mm was configured to 

indicate the incision surgery size. The deformities were formed by embedding these 

designs on the outermost face layer, which was the epidermis, and then cut extruded 

thoroughly. Each of the local flaps was assigned to its respective anatomical locations. 

Geometry schematics defining each of the local flaps are shown in Figure 3.4. Note that 

the placement of the incision designs was within RSTL except for the temple-forehead 

junction where RSTL can be more ambiguous.   

Advancement flap was an ideal option for forehead reconstruction. For this study, 

the advancement flap was designed with a defect-width to a flap-length ratio of 1:2.5 

approximately as can be seen in Figure 3.4 (a).  As such, the 20 mm defect was excised 

with a square-shaped of 25 mm. Two incision lines were made by extending away from 

the excision portion with a length of 62.50 mm in which creating a flap. Additionally, 

two Burow’s triangles were excised on each corner of the flap base to provide the 

flexibility for the flap to extend. In clinical practice, Burow’s triangles may aid in 

reducing the tension on the ends of advancement flaps. However, the excisions of 

Burow’s triangles were unnecessary in most cases due to the minimal effect on supple 

skin. Note that the Burow’s triangles were parameterized large enough to assist the flap 
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Figure 3.4. Geometrical descriptions of (A) advancement flap (B) rotation flap and (C) 

rhomboid flap. All measurements are in mm unit. 

 

 

Meanwhile, a rotation flap was chosen to repair the cheek area. The rotation flap 

was designed in a curvilinear manner with a triangular-shaped effect. In this study, the 

height-width ratio of the triangular defect was 2:1 and the length of the arc was 4 times 

the width of the triangular defect as can be seen in Figure 3.4 (b). The 20 mm defect 

size was excised with a triangular-shaped at a given height of 40 mm and width of 20 

mm. The incision line was drawn as an arc and the distance from the centre of the circle 

that made up an arc length was 40 mm. Additionally, a Burow’s triangle was excised at 

the distal end and sufficiently parameterized to allow some extension to the rotation of 

the curved incision.  

(A) 

(B) (C) 

40 5 

 4 

25
 

25 62.5 

1.
2 
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For the reconstruction of the temple area, a rhomboid flap was chosen instead. 

The rhomboid flap was designed as an equilateral parallelogram of 28 mm with an acute 

angle of 60⁰ and 120⁰, in which created a rhombus-shaped defect as shown in Figure 3.4 

(c). The incision lines were constructed with the same side length where the first 

incision was extended 120⁰ from the rhombus-shaped defect while 60⁰ was an angle 

measured from the first incision to the second incision.   

 

3.1.3 Material constitutive model 

 

The present work adopted material properties from the work of Chanda and 

Unnikrishnan (2017). It was understood that their skin model considered nonlinear, 

isotropic, and incompressible. A third-order Yeoh’s hyper-elastic model was used to 

represent the human skin. According to the literature, the skin stress-strain data was 

gained from an in vitro uniaxial tensile test on the cadaveric dermis by Ni Annaidh et al. 

(2012). The stress-strain response was fitted into the strain energy function (Equation 8) 

and the coefficients c10, c20, and c30 were estimated by curve fitting (listed in Table 3.2). 

Meanwhile, the incompressibility coefficients d1, d2, and d3 were set to zero to be taken 

as fully incompressible material (Shahzad et al., 2015). These coefficients were used for 

all models in ANSYS engineering data. It is noteworthy that the skin material properties 

were dominated by dermis properties. Although epidermis was included in the thickness, 

it was assumed to be neglected in the mechanical properties as the current literature 

(Chanda & Unnikrishnan, 2017; Ni Annaidh et al., 2012) disregarded the contribution 

of the epidermis in their study. This can be accepted as it was common to neglect the 

epidermis layer due to its minimum influence on mechanical behavior (Hendriks, 2005; 

Hendriks et al., 2003) compared to the dermis layer as the dermis plays an important 

role in contributing to the mechanical behavior of the skin (Delalleau et al., 2008). 
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Table 3.2. Material parameters of the Yeoh model. The coefficients c10, c20, and c30 are 

defined as material constants whereas d1, d2, and d3 are the incompressibility constraints. 

[Obtained from (Chanda & Unnikrishnan, 2017)] 

 

Coefficient Parameter (MPa) 

c10 0.948 

c20 4.946 

c30 0.01 

d1 = d2 = d3 0 

 

 

3.1.4 Finite element mesh 

 

The generation of the mesh demands decision-making on maintaining the accuracy of 

the solutions based on the shape of cells and their statistics. The attributes associated 

with the evaluation of mesh quality were Jacobian ratio and mesh skewness. The 

Jacobian matrix is a ratio of an ideal-shaped element to the given element in which the 

deviation should be between 1 (minimum) and 10 (maximum). It is considered 

unacceptable if the minimum and maximum possess different signs (+ve or -ve) 

(Ruggiero et al., 2019). The other important quality check is skewness. Skewness is 

defined as a measure of distortion of a given element compared to its ideal elements. It 

is advisable that the maximum value should be kept less than 0.95 for tetrahedral cells 

(Fabritius & Tabor, 2016). Off-range quality values may lead to convergence 

difficulties and inaccurate results. 

Two main polygon meshes of tetrahedral and hex dominant mesh method using 

the base Caucasian model were compared based on mesh quality criterion to conclude 

the best quality between the latter. Subsequently, a significant amount of effort was 
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used to determine the appropriate element size using the size function control. It was 

found that the 2.60 mm element size fitted within the minimum mentioned range. After 

the meshing, it can be seen that the tetrahedral mesh method (Figure 3.5) had more 

uniform elements, whereas the hex dominant mesh method (Figure 3.6) contained a mix 

of quads-and triangular-shaped cells instead of all quads-shaped cells, which will result 

in an inaccurate solution. Moreover, the generated meshes as shown in Figures 3.7 and 

3.8 suggested that the tetrahedral mesh method provided a more acceptable trade off on 

the general rule of Jacobian ratio and skewness. Subsequently, all deformed models 

were meshed using a 2.60 mm element size and tetrahedral mesh method. The results 

were presented from Figure 3.9 to 3.11. In a nutshell, a deformed face model with an 

advancement flap was discretized with 124 862 elements, whereas a rotation flap with 

124 717 elements and finally, a rhomboid flap with 124 238 elements. 
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Figure 3.5. Meshed base face model using tetrahedral mesh method. (A) Full view (B) 

Close-up view.  

(A) (B) 
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Figure 3.6. Meshed base model using hex dominant mesh method. (A) Full view (B) 

Close-up view. 

 

(A) (B) 
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Figure 3.7. Jacobian ratio of the tetrahedral mesh (left) and hex dominant mesh (right). 

 

 

 

 

 

 Figure 3.8. Skewness of the tetrahedral mesh (left) and hex dominant mesh (right). 
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Figure 3.9. Meshed geometries of advancement flap with the tetrahedral mesh 

assuming that forehead thickness was 1.22 mm, element size of 2.60 mm and a total of 

124 862 elements (A) Caucasian model with an opening advancement-shaped hole. (B) 

Area of interest at close proximity. 

(A) (B) 
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Figure 3.10. Meshed geometries of rotation flap with the tetrahedral mesh assuming 

that cheek thickness was 1.34 mm, element size of 2.60 mm and a total of 124 717 

elements (A) Caucasian model with an opening rotation-shaped hole. (B) Area of 

interest at close proximity. 

 

 

(A) (B) 
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Figure 3.11. Meshed geometries of the rhomboid flap with the tetrahedral mesh 

assuming that temple thickness was 1.29 mm, element size of 2.60 mm and a total of 

124 238 elements (A) Caucasian model with an opening rhomboid-shaped hole. (B) 

Area of interest at close proximity. 

  

(A) (B) 
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3.1.5 Boundary conditions 

 

A face patch of 1 mm thickness was perfectly bonded (using no separation and normal 

Lagrange type contact pairs) underneath the excised areas for all existing models. It was 

an ideal condition to allow the flap to deform according to the face’s curved surface. 

The outer edges of the face models were held fixed in all degrees of freedom.  

Prescribed displacements were applied along the edges of the skin flaps in X-, Y- 

and Z-axis direction and X-, Y-, Z-degree rotation (whenever applicable) to indicate the 

action of skin flap pulling towards wound closure. The direction of the pulling and the 

amount of the applied displacements to acquire wound closure using three different 

local flap techniques can be seen in Table 3.3.  

 

Table 3.3. A tabulated list of the applied displacements. The arrows show the direction 

of movement according to the applied values. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-1 

 
 

 

 

X1 = -24.50 mm 

Y1 = Free 

Z1 = Free 

Rotation X1 = Free 

Rotation Y1 = Free 

Rotation Z1 = Free 

 
 

X1 = Free 

Y1 = Free 

Z1 = 11.50 mm 

Rotation X1 = 19 ᵒ 

Rotation Y1 = Free 

Rotation Z1 = Free 

 
 

X1 = Free 

Y1 = 2.50 mm 

Z1 = -14.50 mm 

Rotation X1 = Free 

Rotation Y1 = Free 

Rotation Z1 = Free 

X1 

Z1, Xᵒ1 

Z1 
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Table 3.3. Continued. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-2 

 
 

 

 

X2 = Free 

Y2 = Free 

Z2 = 0.60 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 
 

X2 = Free 

Y2 = Free 

Z2 = 1.50 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 
 

X2 = Free 

Y2 = 25.00 mm 

Z2 = -21.00 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

Direction-3 

 
 

 

 

X3 = Free 

Y3 = Free 

Z3 = -0.60 mm 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 
 

X3 = Free 

Y3 = 2.00 mm 

Z3 = Free  

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 
 

X3 = Free 

Y3 = Free 

Z3 = -23.50 mm 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 

  

Z2 

Z2 

Y2, Z2 

Z3 
Y3 

Z3 
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Table 3.3. Continued. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-4   

 
 

X4 = Free 

Y4 = Free 

Z4 = -9.50 mm 

Rotation X4 = Free 

Rotation Y4 = Free 

Rotation Z4 = Free 

Direction-5   

 
 

X5 = Free 

Y5 = 0.10 mm 

Z5 = Free 

Rotation X5 = Free 

Rotation Y5 = Free 

Rotation Z5 = Free 

 

  

Z4 

Y5 
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3.1.6 Assumptions on the FE analysis model 

 

The assumptions made in the present work were as follows: 

1) The focus of this study was on skin recovery, thus the contour underlying the skin 

does not significantly interfere with the results. 

2) The human bone would not be included in the study. In these types of operations, the 

bone has a minimum influence on the wound closure as the human skin contains 

multiple layers, as well as the distance from the first layer to the bone, is huge. The 

bone will also be fixed in terms of position.  

3) The FE models were modelled as nonlinear, isotropic hyper-elastic, and 

incompressible models. The notion of isotropic behavior in the simulations was to 

simplify the computational algorithm and reduced the computational time by 

avoiding multiple directional variables. 

4) The FE models did not take into account the effect of the epidermis layer. Although 

the skin thickness was composed of the combined dermis and epidermis values, the 

epidermis properties were neglected due to its minimal effect on mechanical 

behaviour (Hendriks, 2005; Hendriks et al., 2003).  

 

3.2 Case Study 2: Asian Models 

 

The FE modeling for Case Study 2 involved the creation of surrogate surgery models 

based on the Asian population using two head templates from two different genders: 

female and male. The idea was to deliver two post-operative simulations of two genders 

and compare the sensitiveness of wound closure to respective local flap designs. The 

post-operative simulations were analyzed and compared based on the sensitiveness of 
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wound closure between genders. The overall workflow for Case Study 2 is summarized 

in Figure 3.12. 

Since the focus of this case study was related to the gender effect, two head 

templates of opposite genders were acquired from a creditable source. These head 

templates were used as base models to create facial injuries with different shapes of 

incision designs. From here, the procedures in modeling the 3D wound closures 

replicate the methodology used in Case Study 1 (see Figure 3.12) starting from the 

‘Development of CAD model’ until ‘Post-processing’ and repeated for the following 3D 

deformed face model using other local flap designs. Final solutions of post-operative 

simulations from two different genders were then compared and discussed.  

 

 

 

Figure 3.12. The overall workflow. 

 

 

Development of CAD model 

Pre-processing 
 

Post-processing  

Comparative assessment: 
Stress distribution and its sensitivity 

Female head template Male head template 
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3.2.1 Face model 

 

Standardized 3D head templates of Asians were obtained for use. Female and male head 

templates of Chinese adults were obtained from Dr. Yan Luximon of The Hong Kong 

Polytechnic University, China. The dimensions of each of the head templates were 

described in a bounding box of 179 x 204 x 246 mm for an Asian female and 189 x 218 

x 254 mm for an Asian male. These templates were generated using facial landmarks on 

the faces and the structure of the heads and face surfaces were formed simultaneously 

with multiple anatomic locations via 3D scanning technology. Originally, the head 

templates were in the form of triangular-shaped cells. It is said that a mesh body would 

be efficient if it is a structured grid with quadrilateral cells in 2D and hexahedra cells in 

3D. Thus, modifications to the mesh bodies were performed by converting the 

triangular-shaped cells to quadrilateral-shaped cells. Figure 3.13 presents the primary 

mesh condition of the female head template while Figure 3.14 shows the result of mesh 

conversion in quadrilateral-shaped cells. Meanwhile, mesh conversion from triangular-

shaped to quadrilateral-shaped cells for the male head template can be observed from 

Figures 3.15 to 3.16. Despite the full features provided on these templates, half of the 

areas were excluded in this study, including the ears to avoid complications following 

the conversion to a 3D state. 

A 3D state was done by thickening the head templates with the intention of 

imitating an actual human face. Similar to Case Study 1, three modified head templates 

from each gender were prepared and thickened according to the chosen anatomic 

locations (later referred to as “face models”). Hence, a total of six models existed where 

each gender possessed three models correlated to three different wound closure 

scenarios. This was due to the limitations provided by the ANSYS software, including 

the application of a single layer to simplify the numerical simulation. Even so, the 
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literature on the thickness measurement with Asian subjects was limited to the point 

where relevant data for facial skin thickness was inaccessible. The solution was to adopt 

available data from the Caucasian subjects and standardize the gender properties. The 

nearest possibility of adoption was to employ values from Case Study 1 (see Table 3.1) 

as their work comprised of a comprehensive collection of facial thicknesses data. It was 

assumed acceptable to do so due to the small differences of 10% (Querleux et al., 2009) 

and 20% (Benítez & Montáns, 2017; L.O. Olsen et al., 1995) found in the 

interindividual ethnicities and genders, respectively. 

 

 

Figure 3.13. An unstructured grid with triangular-shaped cells was observed on the 

SizeChina 3D head template of an Asian female obtained from a creditable source. (A) 

Front view. (B) Isometric view.  

 

(A) (B) 
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Figure 3.14. Quadrilateral-shaped cells of the female head template. (A) Front view. (B) 

Isometric view. 

 

 

Figure 3.15. An unstructured grid with triangular-shaped cells was observed on the 

SizeChina 3D head template of an Asian male obtained from a creditable source. (A) 

Front view. (B) Isometric view.  

(A) (B) 

(A) (B) 
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Figure 3.16. Quadrilateral-shaped cells of the male head template. (A) Front view. (B) 

Isometric view. 

 

 

3.2.2 Local flap designs 

 

Subsequently, disfigurement to the modified face models was carried out to create 

facial defects that mimicked the reconstructive phenomenon. Likewise, this study dealt 

with advancement, rotation, and rhomboid flaps. These local flaps were parameterized 

according to the defect size of 10 mm with their incision lines of 0.60 mm to indicate 

the incision surgery size. Deformities were formed by embedded these designs on the 

outermost face layer, which was the epidermis, and then cut extruded thoroughly. 

Noteworthy that each of the local flaps was assigned to its respective anatomical 

locations and the placement of these flaps was within RSTL except for the temple-

forehead junction where RSTL can be more ambiguous.  

(A) (B) 
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Geometry schematics defining each of the local flaps are shown in Figure 3.17. 

The flap designs were quite similar to the flap designs provided in Case Study 1 except 

that the parameters were reduced twice to fit the current defect size. Specifically, the 

advancement flap in Figure 3.17 (a) included an excision of a 15 mm squareshape along 

with two incision lines of 37.50 mm in length extending from the defect. Two Burow’s 

triangles were superimposed at the ends of incision lines. Next, the rotation flap in 

Figure 3.17 (b) involved an excision of a triangularshape with a height of 20 mm and a 

width of 10 mm. The arc indicated the incision lines with an arc length of 20 mm, 

drawn from the center of the circle. To allow more spreading to the movement of the 

flap, Burow’s triangle was overlaid at the distal end. Finally, the rhomboid flap on 

Figure 3.17 (c) involved an excision of 14 mm with an equilateral parallelogram in 

rhombus-shaped as well as two incision lines that extended 120⁰ from the rhombus-

shaped defect and 60⁰ from the first incision to the second incision.  

 

Figure 3.17. Geometrical descriptions of (A) advancement flap (B) rotation flap and (C) 

rhomboid flap. All measurements are in mm unit. 

(B) (C) 

(A) 
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3.2.3 Material constitutive model 

 

Since the study approach was mostly adopted from literature instead of deriving from 

experimental studies, the relevant data for material properties for Asian subjects were 

limited. Available data related to material properties that can be found in the literature 

were mostly dominated by the use of cadaveric subjects. As aforementioned, the 

difference between these ethnicities was found to be less than 10% and due to the low 

percentage difference, the study assumed the mechanical properties were closest in 

value. The study has pointed out these limitations while acknowledging that this study 

would be more accurate to differentiate the mechanical properties between genders. The 

material properties values were similar to Case Study 1 (see Table 3.2) where the 

literature assumed a third-order Yeoh model with the incompressibility coefficients d1, 

d2, and d3 were set to zero to be taken as fully incompressible material (Shahzad et al., 

2015). Note that the skin material properties were dominated by dermis properties while 

the epidermis was neglected as it was common to disregard the contribution of the 

epidermis due to its minimum influence on mechanical behaviour (Hendriks, 2005; 

Hendriks et al., 2003) compared to the dermal layer.   

 

3.2.4 Finite element mesh 

 

To ensure the accuracy of the FE analysis models, various mesh quality criteria were 

used. Similar to Case Study 1, the quality of the meshes was assessed through Jacobian 

ratio and mesh skewness. As aforementioned in 3.1.4, the general rules of Jacobian ratio 

and mesh skewness were that the Jacobian matrix should be between 1 and 10 as well as 

in the same sign (+ve or -ve) while the maximum value of skewness should be kept less 

than 0.95 (Fabritius & Tabor, 2016; Ruggiero et al., 2019).  
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Subsequently, a mesh optimization study was performed to determine the best 

option for the mesh method. Two main polygon meshes of tetrahedral and hex dominant 

mesh method using base Asian models were compared. Using the size function control, 

a significant amount of effort was used to determine the appropriate element size that 

fitted within the general rule of the selected mesh quality criterion. It was found that 

2.20 mm was the best element size for both gender models. The generated meshes in 

tetrahedral and hex dominant mesh are shown in Figures 3.18 and 3.19, respectively. It 

was clear that the tetrahedral mesh method contained more uniform elements compared 

to the hex dominant mesh method which contained a mix of quads- and triangular-

shaped cells. Likewise, when comparing between the latter based on the selected mesh 

quality criterion, the tetrahedral mesh method fitted within the general rule (see Figure 

3.20 for Jacobian ratio and Figure 3.21 for skewness). Thus, it was decided that the 

tetrahedral mesh method was the best option to employ. Subsequently, all deformed 

models were meshed using a 2.20 mm element size and tetrahedral mesh method. After 

meshing, the female face models were discretized with 63 037 elements for 

advancement flap, rotation flap with 65 221 elements and finally, rhomboid flap with 63 

029 elements. Whereas, the male face models were discretized with 64 419 elements, 

rotation flap with 63 470 elements and finally, rhomboid flap with 62 222 elements. 

These results are presented in Figures 3.22 to 3.24. 
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Figure 3.18. Meshed base face model from tetrahedral mesh method. (A) Meshed 

female face model in full view (left) and close-up view (right) (B) Meshed male face 

model in full view (left) and at close proximity (right).  

(A) 
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Figure 3.18. Continued.  

(B) 
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Figure 3.19. Meshed base face model using the hex dominant mesh method. (A) 

Meshed female face model in full view (left) and at the close-up view (B) Meshed male 

face model in full view (left) and at close-up view.  

 

(A) 
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Figure 3.19. Continued.  

(B) 
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Figure 3.20. Tethrahedral method generated the best mesh quality out of Jacobian ratio. 

(A) Meshed female face model in the tetrahedral mesh (left) and hex dominant mesh 

(right). (B) Meshed male face model in the tetrahedral mesh (left) and hex dominant 

mesh (right) 

(B) 

(A) 
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Figure 3.21. Tetrahedral method generated the best mesh quality out of skewness. (A) 

Meshed female face model in the tetrahedral mesh (left) and hex dominant mesh (right). 

(B) Meshed male face model in the tetrahedral mesh (left) and hex dominant mesh 

(right). 
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Figure 3.22. Meshed geometries of advancement flap with the tetrahedral mesh 

assuming that forehead thickness was 1.22 mm and 2.20 mm element size (A) From left 

to right: female (63 037 elements) and male (64 419 elements) face models. (B) Area of 

interest at close proximity. 

(B) 

(A) 
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Figure 3.23. Meshed geometries of rotation flap with the tetrahedral mesh assuming 

that cheek thickness was 1.34 mm and 2.20 mm element size (A) From left to right: 

female (65 221 elements) and male (63 470 elements) face models. (B) Area of interest 

at close proximity. 
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Figure 3.24. Meshed geometries of the rhomboid flap with the tetrahedral mesh 

assuming that temple thickness was 1.29 mm and 2.20 mm element size (A) From left 

to right: female (63 029 elements) and male (62 222 elements) face models. (B) Area of 

interest at close proximity. 
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3.2.5 Boundary conditions 

 

Separate ‘surfaces from faces’ were pasted underneath the excised surfaces where the 

latter were treated as no separation and normal Lagrange type contact pairs. This was 

done to ensure the flap moved according to the face’s curved surface. The separate 

surfaces were fixed at 1 mm thickness. The outer edges of the face models were held 

fixed in all directions so that the parts were unable to move.  

In closing, distributed displacements were applied along the edges of skin flaps to 

calculate the post-operative simulation. The displacements were described in X-, Y- and 

Z-axis direction and X-, Y-, Z-degree rotation (whenever applicable). The action of the 

skin pulling towards wound closure (directions) and the reported values are tabulated in 

Table 3.4 (for female face model) and Table 3.5 (for male face model).  

 

Table 3.4. A tabulated list of the applied displacements on Asian female model. The 

arrows show the direction of movement according to the applied values.  

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-1 
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Table 3.4. Continued. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

  

X1 = -14.30 mm 

Y1 = Free 

Z1 = Free 

Rotation X1 = Free 

Rotation Y1 = Free 

Rotation Z1 = Free 

 

X1 = Free 

Y1 = Free 

Z1 = 6.00 mm 

Rotation X1 = 20 ᵒ 

Rotation Y1 = Free 

Rotation Z1 = Free 

 

X1 = Free 

Y1 = 3.00 mm 

Z1 = -8.50 mm 

Rotation X1 = Free 

Rotation Y1 = Free 

Rotation Z1 = Free 

Direction-2 

 
 

 

 

X2 = Free 

Y2 = Free 

Z2 = 1.5 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 
 

X2 = Free 

Y2 = Free 

Z2 = 2.00 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 
 

X2 = Free 

Y2 = 13.50 mm 

Z2 = -7.10 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

Direction-3 

 

 

 
 

 

 

 

X3 = Free 

Y3 = Free 

Z3 = -1.50 mm 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 
 

X3 = Free 

Y3 = -1.00 mm 

Z3 = Free 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 
 

X3 = Free 

Y3 = Free 

Z3 = -9.80 mm 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

Z2 

Z2 

Y2, Z2 

Z3 

Y3 
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Table 3.4. Continued. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-4   

  
 

X4 = Free 

Y4 = Free 

Z4 = 4.00 mm 

Rotation X4 = Free 

Rotation Y4 = Free 

Rotation Z4 = Free 

Direction-5   

 
 

X5 = Free 

Y5 = 0.10 mm 

Z5 = Free 

Rotation X5 = Free 

Rotation Y5 = Free 

Rotation Z5 = Free 

 

  

Z4 

Y5 

Univ
ers

iti 
Mala

ya



84 

Table 3.5. A tabulated list of the applied displacements on Asian male model. The 

arrows show the direction of movement according to the applied values. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-1 

 
 

 

 

X1 = -14.80 mm 

Y1 = Free 

Z1 = Free 

Rotation X1 = Free 

Rotation Y1 = Free 

Rotation Z1 = Free 

 
 

X1 = Free 

Y1 = Free 

Z1 = 6.50 mm 

Rotation X1 = 18 ᵒ 

Rotation Y1 = Free 

Rotation Z1 = Free 

 
 

X1 = Free 

Y1 = 3.00 mm 

Z1 = -7.00 mm 

Rotation X1 = Free 

Rotation Y1 = Free 

Rotation Z1 = Free 

Direction-2 

 
 

 

 

X2 = Free 

Y2 = Free 

Z2 = 0.30 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 
 

X2 = Free 

Y2 = Free 

Z2 = 1.00 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 
 

X2 = Free 

Y2 = 13.80 mm 

Z2 = -7.50 mm 

Rotation X2 = Free 

Rotation Y2 = Free 

Rotation Z2 = Free 

 

  

X1 

Z1, Xᵒ1 

Y1, Z1 

Z2 

Z2 

Y2, Z2 
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Table 3.5. Continued. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-3 

 
 

 

 

X3 = Free 

Y3 = Free 

Z3 = -0.30 mm 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 
 

X3 = Free 

Y3 = -1.00 mm 

Z3 = Free 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

 
 

X3 = Free 

Y3 = Free 

Z3 = -9.50 mm 

Rotation X3 = Free 

Rotation Y3 = Free 

Rotation Z3 = Free 

Direction-4   

 
 

X4 = Free 

Y4 = -1.00 mm 

Z4 = 5.50 mm 

Rotation X4 = Free 

Rotation Y4 = Free 

Rotation Z4 = Free 

 

  

Z3 

Y3 

Z3 

Y4, Z4 
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Table 3.5. Continued. 

Displacement 
Local Flap Design 

Advancement Flap Rotation Flap Rhomboid Flap 

Direction-5   

 
 

X5 = Free 

Y5 = 0.10 mm 

Z5 = Free 

Rotation X5 = Free 

Rotation Y5 = Free 

Rotation Z5 = Free 

 

 

3.2.6 Assumptions on the FE analysis model 

 

The assumptions made in the present work were similar to Case Study 1 with an 

extension of limited options for Asian and gender simulation. The extended 

assumptions are listed as follows:  

1) Although different ethnicities and genders were examined, all of them were defined 

using the same material properties and thickness values while acknowledging that the 

said parameters were completely varied between individuals. The simulations used 

normalizing factors without taking into account gender differences with notable 

acceptance of below 20% differences (Benítez & Montáns, 2017; L.O. Olsen et al., 

1995; Querleux et al., 2009) for both material properties and thickness. 

Y5 
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2) The data used were mostly adopted from the literature since deriving the data from 

experimental studies required expertise and approval from various parties. Hence, 

relevant data, especially for Asians, were limited.    
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CHAPTER 4 
 

NUMERICAL RESULT 

 

This chapter presents the findings from the post-operative simulations. Equivalent von 

Mises stress was utilized to describe the flap tension after closure. Post-operative 

simulation displayed a variety of colors that were mapped over the models where each 

of the colors was arranged in a spectrum according to a set of range values. The contour 

spectrum around the closed-form defect areas illustrated the peak closure tension in 

which blue-, green-, and red-colored to represent minimum, medium, and maximum 

stress values, respectively. Generally, the blue-colored contour illustrated that the skin 

was in a relaxation state and up to the red-colored contour indicated that the skin 

experienced its maximum stretches. Noted that the equivalent stress values resulted 

from the local flap closures were forecasted with no justified values and they were used 

to indicate the stress comparison between genders for this study. 

 

4.1 Case Study 1: Caucasian Model 

 

Figure 4.1 demonstrated the motion of local flaps designs from initial posture to final 

closure. Each of the local flaps was advanced according to their method of movement.  

The advancement flap was seen to stretch forward until it covered the excised area. 

The color spectrum indicated the amount of elongation experienced by the flap which 

led to thickness thinning. Since the load applications followed the tensile stress theory, 

it seemed logical that the furthest part from the stretching area would experience a more 

relaxed state (from light blue- to yellow-colored contour). However, stress was found to 
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be more concentrated at one side of lateral corners near the Burow’s triangles with 

maximal stress of 23.63 MPa. The stress distribution and maximal stress position of the 

advancement flap closure can be seen in Figure 4.2.  

Meanwhile, the rotation flap was seen to advance under the damaged area in 

rotational motion. As the angle of rotation increases, the contour spectrum gradually 

tones down from a red-colored contour (started at the tip of Burow’s triangle) to a blue-

colored contour, which implies relief from the deforming stress. Moreover, stress can be 

seen concentrated along the distal border of the flap with a value of 150.57 MPa. Figure 

4.3 showcased the stress distribution as well as the location of the maximal stress 

incurred during the rotation flap closure.  

The rhomboid flap, likewise, moved in rotational motion from the 120⁰ side to the 

60⁰ side to execute the primary closure. In Figure 4.4, maximal stress was concentrated 

at the point of the rhombus edge adjacent to the primary closure with a value of 302.97 

MPa. The stress spread upward yet tamed (from red- to light blue-colored contour) 

which indicated the relaxation of tissues from tension to a composed state.  
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Figure 4.1. Sequential steps of closed-form simulations of advancement, rotation, and 

rhomboid flaps for the Caucasian face model are shown from left to right. 
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Figure 4.2. Advancement flap closure on the Caucasian face model. Maximal von 

Mises stress concentrated on one side of lateral corners.  
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Figure 4.3. Rotation flap closure on the Caucasian face model. Maximal von Mises 

stress concentrated along the distal border of the flap.  
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Figure 4.4. Rhomboid flap closure on the Caucasian face model. Maximal von Mises 

stress concentrated at the point of the edges of the rhombus adjacent to the primary 

defect closure.  
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4.2 Case Study 2: Asian Models 

 

Closed-form solution of local flap surgery from initial posture until final closure was 

further shown in Figures 4.5 and 4.6. It can be seen that each of the local flaps moves 

toward the boundary of the defect consistent with their respective method of movement.  

Advancement flaps were seen to move directly forward without any rotational 

movement in the forehead area. When subjected to tension, the amount of skin 

elongated along the incision border produced a stress distribution where the color 

spectrum indicated that the skin experienced a decrease in thickness that led to thinning 

due to the high degree of skin stretching. The displayed color spectrum varied in 

genders as the female showed a soothe stress distribution (light blue- to green-colored 

contour) compared to the male (light blue- to yellow- colored contour). However, both 

genders indicated a rational skin stretching where the stress is distributed from the 

lowest to the highest rank in the color code starting from the right to left. Moreover, the 

displacement of the maximal stress contrasted between the latter. Stress was found 

concentrated at the top vertical of Burow’s triangle with maximal von Mises stress of 

33.79 MPa in the female face model (see Figure 4.7). Whereas, in the male face model, 

this was conversely concentrated at the border of incision lines with 78.94 MPa (see 

Figure 4.8).   

Rotation flaps were seen rotating along the flap arc with an eye towards the 

triangular-shaped defect at the cheek area. As the amount of the arc rotation increased, 

stresses were revealed to be concentrated at the distal end of the flaps. This showed that 

the tip of the distal end experienced maximum stretching while enduring skin thinning. 

However, the contour tones down gradually around the incision length, indicating the 

relief from the deforming stress (from red- to light blue-colored contour). Aside from 

that, the stress distribution between the opposite genders was found to be relatively 
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similar despite the differences in the maximal stress values. Figures 4.9 and 4.10 

presented a closed-view of rotation flap with 32.82 MPa in the female face model and 

60.19 MPa in the male face model, respectively.   

A rhomboid flap was designed to cover the 60⁰ and 120⁰ of the rhombus-shaped 

defect at the temple area. The flap was seen oriented from the 120⁰ side and extended 

toward the 60⁰ side. Similar to the rotation flap scenario, both of the opposite genders 

demonstrated relatively identical stress distribution as well as the maximal stress 

location. Stress was concentrated at the point of rhombus edge adjacent to the primary 

defect closure and gradually toned down (from red- to light blue-colored contour). The 

contour spreading indicated the relaxation of tissues from tension to a composed 

condition. Corresponding to the maximal stresses, the male face model displayed higher 

stress with 431.28 MPa (see Figure 4.12) compared to the female face model with 

207.19 MPa (see Figure 4.11). 
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Figure 4.5. Sequential steps of closed-form simulations of advancement, rotation, and 

rhomboid flaps for Asian female are shown from left to right. 
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Figure 4.6. Sequential steps of closed-form simulations of advancement, rotation, and 

rhomboid flaps for the Asian male face model are shown from left to right. 
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Figure 4.7. Advancement flap closure on the Asian female face model. Maximal von 

Mises stress concentrated on one side of lateral corners.   
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Figure 4.8. Advancement flap closure on a male face model. Maximal von Mises 

concentrated at the border of the incision lines.   
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Figure 4.9. Rotation flap closure on the Asian female face model. Maximal von Mises 

stress concentrated at the tip of Burow’s triangle.  
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Figure 4.10. Rotation flap closure on a male face model. Maximal von Mises stress 

concentrated at the tip of Burow’s triangle. 
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Figure 4.11. Rhomboid flap closure on the Asian female face model. Maximal von 

Mises stress concentrated at the point of rhombus edges adjacent to the primary defect 

closure.  
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Figure 4.12. Rhomboid flap closure on the Asian male face model. Maximal von Mises 

stress concentrated at the point of rhombus edges adjacent to the primary defect closure. 
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CHAPTER 5 

 

DISCUSSION 

 

The study is intended to build inexpensive digital surgeries that are capable of 

simulating surgical outcomes as well as predicting stress contours for flaps used in 

reconstruction surgery with a focus on three common local flap designs: advancement, 

rotation, and rhomboid flaps. With lots of effort, the presented work successfully 

demonstrated the possibility of local flap closures on 3D face models using the FE 

method. These digital surgeries were carried out based on tumor diagnosis at a 

designated facial area where an local flap surgery is required following tumor excision. 

The idea was to design deformities models with local-flap-shaped holes that mimic the 

real-life defect present on the patient’s face. From there, the FE analysis calculated a 

predictive wound closure for each of the local flap designs where the motions of 

closures were practically moved according to their method of transfer. Noted that the 

applications have been in the area of the face without the attachment of the skull since 

the study focuses more on skin recovery rather than the effect of the underlying 

structures. 

These frameworks were made possible by replacing high-fidelity virtual surgery 

with efficient surrogates by modeling the human face models with nonlinear hyper-

elastic, isotropic, and incompressible behavior as material properties. Certainly, the 

nonlinearity of the hyper-elastic law played a role in providing the skin stiffness and 

manifest the outcomes. Current modeling used a third-order of Yeoh’s hyper-elastic 

parameter data from Chanda and Unnikrishnan (2017) in order to characterize the skin 

behavior. The curve fitting for the existing material coefficients, c10, c20, and c30, 

exhibited a nonlinear response that satisfactorily fit as close to the J-shaped nonlinear 
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response of a typical skin stress-strain curve (Barnhill et al., 1984; Joodaki & Panzer, 

2018; Ni Annaidh et al., 2012) as shown in Figure 5.1. As proposed by Lapeer et al. 

(2011), the Yeoh model was indeed the best choice to match the uniaxial stress-strain 

curve due to its advantages in corresponding to the experimental data at small and large 

values of strains compared to the other hyper-elastic models such as Neo-hooken, 

Mooney-Rivlin, Ogden, etc. (Shahzad et al., 2015). 

Although it was stated that Burow’s triangle may not be that useful in clinical 

settings, however, after many trials of simulations, this work decided to superimpose the 

Burow’s triangle on the advancement and rotation flaps as the movement of the flaps 

were found technically limited in the absence of Burow’s triangles. Closure by this 

approach was somehow more convenient to simulate than without the Burow’s triangle. 

This was done to free the margins to allow more mobility for the flaps to stretch, thus 

ultimately relieving the stress along the closure site. Although these have been 

described as rarely required, Burow’s triangle may still be implemented in reality as 

long as the skin laxity was insufficient to move towards the wounded site. This showed 

that the mechanical properties used may not be as flexible as the real skin elasticity, yet 

they served their purposes in providing relevant skin elasticity. 
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Figure 5.1. J-shaped nonlinear curve of the skin stress-strain generated from the 

existing material coefficients, c10, c20, and c30.  

 

 

5.1 Case Study 1 – Accuracy and Stress Evaluation 

 

The current state of computational modeling of wound closures presents a realistic 

deformation and relevant wound closing that are practical for surgical simulations. The 

incision lines for these three flaps were designed within RSTL except for the temple-

forehead junction where RSTL can be more ambiguous. The closures were executed 

manually where the magnitude and the orientation of the local flaps were determined 

with various attempts of load inputs until the opening holes were completely covered. 

Stress profiles for each opening-shaped hole were expressed in terms of equivalent von 

Mises stress. Interestingly, although these local flaps were aimed at correcting the 
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identical defect sizes as well as corresponding to similar material properties input, 

meshing sizes and boundary conditions, the resulting stress contours were found 

divergent from one another. This was possible considering that the stress distributions 

were mostly driven by the geometry of the local flap designs, unlike material behavior 

where its variation has a greater influence on the stress values compared to the stress 

contours (Lee et al., 2019). As seen in Figures 4.1, the equivalent stresses were 

predictably increased as the flaps stretched to the wounded site, which indicated the skin 

persistency towards elongation. The advancement flap demonstrated uniform stress 

along the flap, yet showed greater stress at one side of lateral corners. The rotation flap 

produced higher stress at its distal end with a band of stress surrounding the area. In the 

rhomboid flap, a band of stress confined the area of rhombus edges adjacent to the 

primary defect closure with high stress concentrated at its point. These peak locations 

can be alternatively served as validation for the present work.  

Validations were assessed by comparing current findings with the existing 

literature based on the location of the maximum stresses. Interestingly, all of the said 

peak locations were aligned with the referred literature, thereby, confirming the validity 

of the present work.  Although the methods are diverse among the referred literature, it 

is wise to baseline the comparison based on the use of hyper-elastic material properties 

so that correlation can be made despite on having different geometry of local flap 

designs. To better grasp the comparison, findings from the referred literature are 

included with initial and final posture are arranged side by side. The color code shows 

the von Mises stress where red-colored illustrates the highest stress while blue-colored 

is at the lowest of the legend.  

Figure 5.2 illustrates findings from the work of Lee et al. (2019). They dealt with 

the three most common local flaps: advancement, rotation and transpositions with 

material nonlinearities by GOH hyper-elastic model. Their advancement flap closure 
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was reported to be highest in stress at the flap’s distal ends with Burow’s triangle 

attached at its base. The rotation flap produced greater stress distal to the flap whereas 

the stress in the rhomboid flap was concentrated at the suture line of the rhombus edge 

near the secondary closure. On the other hand, Tepole et al. (2014) employed the 

Holzalphel model in their FE model to assess the direct advancement flap with different 

orientations of collagen fibers. As can be seen in Figure 5.3, they excluded the 

utilization of Burow’s triangle, yet, greater stress was still located at the distal and 

proximal edges of the flap. The red-colored spectrum was seen to be more 

heterogeneous for collagen fiber that was oriented parallel to the direction of the flap 

advancement than the perpendicular one. In viewing the result in Figure 5.4, Rajabi et 

al. (2015) studied a number of rhomboid flaps with the inclusion of Limberg flap 

configuration. Given the parametric of Limberg flap were ϕ = θ2 = 60⁰ and θ1 = 0 with 

equilateral parallelogram of 30 mm and material nonlinearities by Ogden hyper-elastic 

model, the maximum von Mises was almost identical to the work of Lee et al. (2019). 

Aside from the FE modelling, the present work is also consistent with the common 

places of peak tensions encountered in clinical practice. Starkman et al. (2017) stated 

that the amount of arc orientation in the rotation flap caused a cutaneous deformity at 

the flap base, thus exerting maximal stress at the distal border of the flap instead of at 

the length of the flap. They also added the probability of maximal stress in the 

rhomboid flap corresponded to the point of rhombus edges of secondary closure. Their 

statement agreed with the clinical investigation presented by Momeni and Souza (2019).  Univ
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Figure 5.2. Findings from the work of Lee et al. (2019) that focused on advancement, 

rotation and rhomboid flap. Advancement flap produced higher stress at the linear 

corner of the flap base. Rotation flap produced greater stress distal to the flap. The 

rhomboid flap exerted maximal stress at the point of rhombus edges near to the 

secondary closure.  
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Figure 5.3. Findings from the work of Tepole et al. (2014) focused on direct 

advancement flap with parallel and perpendicular collagen fiber orientations. Both cases 

exerted maximal stresses at the distal edges of the flaps.  
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Figure 5.4. Findings from the work of Rajabi et al. (2015). Limberg flap with ϕ = θ2 = 

60⁰ and θ1 = 0 and edges of equal lengths. The flap exerted maximal stress at a point of 

distal edges adjacent to the primary closure. 

 

 

5.2 Case Study 2 – The Sensitiveness of Local Flaps Towards Gender Group 

 

Following the results of the previous simulations, the study attempted another 

investigation using Asian-like head templates, yet adding a new approach with two 

different genders. This case study focused on exploring the sensitivity of local flaps 

associated with Asian genders. The frameworks were modelled based on a clinical 

scenario following tumour excision that required immediate local flap surgeries. As 

such, the FE modelling calculated predictive wound closures resulted from the skin flap 

deformation with an eye towards the excision border. The magnitude and the direction 

of the skin flaps were determined through many trials of load inputs until both of the 

borders’ ends of the skin flaps and defects were converged. As the skin flaps stretched 

towards the wounded site, the equivalent von Mises stresses were predictively increased, 

indicating the skin persistency towards elongation. The contour illustrated the amount 

Initial posture Final posture 
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of skin elongated to indicate the decrease in skin thickness. While the red-colored 

contour indicated the maximum stress where the skin experienced its maximum 

stretches, the blue-colored contour stated otherwise. The toning down of the contour 

was much to indicate the skin relief from the deforming stress. Special attention to the 

peak location is needed to prevent overstretching and pitfall to the donor site that could 

lead to poor aesthetic results and persistent pain. Achieving a tension-free closure is 

essential to the success of reconstruction surgery.  

The current case study presented the framework to model the head templates as 

nonlinear hyper-elastic, isotropic, and incompressible behavior. The underlying 

behavior properties were based on data from Chanda and Unnikrishnan (2017) and the 

material properties used were adopted into both genders. It is important to emphasize 

the significant variance of mechanical properties between men and women 

(Luebberding et al., 2014). However, due to the limited information available in the 

literature, the study considered using normalizing factors, specifically excluding the 

gender differences. Owing to the small differences of skin thickness below 20% 

between Asian genders (Ha et al., 2005; L.O. Olsen et al., 1995), the study assumed it is 

acceptable to generalize the mechanical properties. The study aimed to improve the 

implementation of mechanical properties separately in the near future. Nevertheless, the 

curve fitting generated from the existing material coefficients, c10, c20, and c30 produced a 

nonlinear curve that corresponded satisfactorily to the J-shaped curve of skin nonlinear 

response. 

The latest status of computational modeling of two different Asian genders 

presented appropriate wound closing that were relevant to the clinical settings and, thus, 

indicating the successfulness of the creation of these surrogate models. The credibility 

of these simulations was compared with those verified simulations in Case Study 1. 

Interestingly, stress profiles in rotation and rhomboid flaps demonstrated by both 
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genders approximately matched the stress profiles shown by the Caucasian models. 

Specifically, high-stress concentrations were observed at the apex of the rotation flaps 

whereas rhomboid flap closures showed maximal stresses located at the point of 

rhombus edges adjacent to the primary closures. This also applied to advancement flap 

closure, though the male face model demonstrated a different position of maximal than 

the female face model. Unlike the male face model, the maximal stress in the female 

face model is aligned with the previous model and thus justifies the result. Surprisingly, 

the male face model forecasted maximal stress at the border of the incision lines. 

However, the result can still be acceptable when comparing the stress distribution 

presented by previous studies (Lee et al., 2019; Tepole et al., 2014).  

Another finding to take note of was the sensitivity of the local flap closures 

between the genders. The simulations revealed that the male has twofold higher stress 

than the female. This shows that the male responded more sensitively compared to the 

female. The discrepancy of the maximal stresses between male and female face models 

can be approximated to a 70.34% mean difference. The reason behind the discrepancy 

may be due to the face structure distinction between men and women, which also 

contributed to the difference in the input displacement values. In general, men and 

women manifest different facial structures which contribute to the masculine and 

feminine appearance, respectively. Men are generally broader than women in all aspects, 

including the head and face (Ball et al., 2012; Luximon et al., 2015). The influence of 

gender on local flap closures was significant and the present work demonstrated that 

models with a broader structure generated higher stress despite having similar incised 

coordination and geometrical designs.  
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CHAPTER 6 
 

CONCLUSIONS 

 

The present work provided several local flap scenarios using numerical methods 

associated with ethnic and gender groups. Using Caucasian and Asian head templates, 

detailed simulations on the advancement, rotation, and rhomboid flap designs have been 

performed using ANSYS software and discussed. In addition to the flaps’ design, 

Burow’s triangle has been superimposed on the advancement and rotation flaps to assist 

the mobility of the flaps towards the defect. Von Mises stress has been exploited to 

describe the deformation experienced by the skin flap due to the elongation. Overall 

results have demonstrated standard local flap closures along with the common places of 

peak tension. Moreover, a correlation with the existing results has been conducted to 

ensure the accuracy of the simulations. That being said, the post-operative simulations 

were in agreement with the mentioned literature as well as what was observed clinically 

and therefore concludes the establishment of these simulations.  

The simulations first approached a Caucasian study as the base research, followed 

by Asian study where a comparative study between genders has been conducted. 

Therefore, two case studies were involved where Case Study 1 discussed the effect of 

wound closures on the Caucasian model, whereas Case Study 2 discussed the sensitivity 

of gender difference among Asians towards wound closures. The results from the Case 

Study 1 have revealed maximal stresses of 23.63 MPa for advancement flap at the tip of 

the flap base whereas rotation, and rhomboid flaps were at the forming point of the 

rotations with 150.57 MPa and 302.97 MPa, respectively. Following the validation of 

the simulations from the base research, the study was then carried forward to Case 

Study 2.  In Case Study 2, a comparative gender-related effect from the local flap 
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closures has been discussed. It can be summarized that female produced 33.79 MPa for 

advancement flap, 32.82 MPa for rotation flap and 207.19 MPa for rhomboid flap 

whereas male produced 78.94 MPa for advancement flap, 60.19 MPa for rotation flap 

and 431.28 MPa for rhomboid flap.  While rotation and rhomboid flaps of both genders 

presented maximal stresses at the apex of the flap, the advancement flap demonstrated 

otherwise for the male model, although the female model illustrated similar peak 

tension as the other flaps. Nevertheless, the results were still acceptable. Another 

finding found that male models generated high maximal stress compared to the female 

models.  

The challenges in preparing and conducting the FE analysis have been identified 

and addressed. Several limitations of the numerical simulations should be 

acknowledged as boundaries were established in light of minimizing the complicity of 

these 3D analyses. For a start, the face models neglected the effect of multiple layering. 

Geometrically, a two-layer model is able to present a realistic human face since skin 

consists of two main distinct layers called the epidermis and dermis. Incorporating 

multiple layers in the FE analysis would directly affect the current stress values, 

although maximal stress locations would be slightly affected. Moreover, the pre-stress 

effect was also neglected, although Capek et al. (2012) justified the implication of zero 

pre-stress to maximal pre-stress would contrast by 44% (Chanda & Unnikrishnan, 

2017). The inclusion of pre-stress into the models would ultimately affect the skin 

behavior as the effect would represent natural skin tension. Furthermore, the skin 

behavior model used was very straightforward where the isotropic model has the same 

behavior in tension and compression. It is known that compression does not occur in the 

skin and for that reason, accounting for anisotropic behavior may satisfy the exact skin 

behavior. Another notable limitation was the generalization of the hyper-elastic 

behavior and skin thicknesses. Mostly, the adopted parameters were collected from 
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older-aged cadaveric Caucasians. Though the parameters satisfied the underlying 

behavior in Case Study 1, there is insufficient data for the intended group in Case Study 

2. Deriving the relevant parameters from experimental studies should be the next logical 

step in refining the models as well as incorporating multiple layers, pre-stress effects, 

and an anisotropic model. Last but not least, future of work research would include 

quantitative stress study and stress distribution around stitches region.   

In summary, the findings of all case studies have been proven to be novel and thus 

met the research objectives successfully. Specifically, FE modeling using ANSYS 

software has shown its capability to impersonate the skin behavior and simulated skin-

flap closure on a curved surface, yet challenging due to its limited configurations. 

Though ANSYS software implements a manual approach in determining the magnitude 

and orientation of the flaps, the software delivered the stress profiles and the mechanical 

movements of the three local flaps successfully. Therefore, the direction of this study 

specifically in exploring the sensitivity of the local flaps associated with ethnic and 

gender groups has been successfully conducted and discussed. On a practical level, 

implementing 3D head templates into computerized surgical planning may aid in 

assessing local flap optimization techniques more realistically. Future applications of 

this simulation include educational purposes as well as to counsel patients 

preoperatively with an end goal of creating an application or software to simulate the 

outcomes.  Univ
ers
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