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Abstract 
Feeding is a complex behavior involving the synchronization of the mandible, 

maxilla, muscles of mastication and temporomandibular joint. I quantify the anatomy 
and three-dimensional architecture of the jaw adductor muscles in a sample of 
strepsirrhine primates in order to examine how bite force vectors relate to body size, jaw 
morphometrics, and diet. I hypothesized that species feeding on tough, stiff foods will 
generate high vertical bite forces on the Phase I Shearing Plane. Additionally, I 
evaluated (1) the relationship between the vertical component of bite forces to body 
mass, (2) if muscle fibers were arranged to provide the largest mechanical advantaged in 
producing a vertical component of bite force, and (3) how tooth wear affects 
performance estimates. I found that vertical bite forces were higher on the Phase I 
Crushing Plane. Furthermore, there was a link between body mass and vertical bite 
force; muscle fibers may be angled to provide a mechanical advantage depending on 
diet; and tooth wear did seem to influence the occlusal planes, thus affecting 
performance estimates. The data here provide important in situ estimates for the 
vertical component of bite force, muscle force, and the vertical component of joint forces 
which can be compared to and combined with similar studies to determine the best 
method of muscle analysis and force estimates. Understanding how the jaw adductor 
system functions we can evaluate and estimate how this system and the environment 
around it (through diet) has influenced the evolution of the skull. 
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INTRODUCTION 

Feeding is a crucial behavior for the survival of any organism and has been the 

focus of numerous studies (Meyer, 1989; Perry, 2008; Ross & Iriarte-Diaz, 2014; Taylor 

& Vinyard, 2009). Feeding behavior is critical as food supplies the energy for 

maintenance, growth, and reproduction throughout the life of an individual organism. 

Thus, understanding the biomechanics of feeding allows us to assess morphological 

characteristics that influence feeding performance across species. As non-human 

primates are our closest living relatives, studying their feeding behaviors can not only 

provide insight on how feeding varies and has evolved among primates but also has the 

potential to provide information on human feeding.  

Feeding is a complex behavior involving the synchronization of several 

physiological systems and morphological features including the mandible, maxilla, 

muscles of mastication and temporomandibular joint (TMJ). Studying the biomechanics 

of each of these structures provide important information about the physiological and 

evolutionary significance of the form-function relationships present in the masticatory 

apparatus (Hylander, 1979; Ross & Iriarte-Diaz, 2014). Here I quantify the anatomy and 

three-dimensional architecture of the jaw adductor muscles in a sample of strepsirrhine 

primates in order to reconstruct the biomechanics of these muscles and examine how 

bite force vectors relate to body size, jaw morphometrics, and diet.  
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RESEARCH QUESTION 

 While much work has been done to examine the anatomy and two-dimensional 

architecture of the jaw adductor muscles of primates (e.g., Anton, 1999; Eng et al., 

2009; Perry et al., 2011; Taylor & Vinyard, 2009), there are no data on the anatomy and 

architecture of this musculature in situ. I use iodine-enhanced micro-computed 

tomography (diceCT – Diffusible iodine-based contrast-enhancing computed 

tomography; Gignac et al., 2016); this allows for the detailed visualization of soft tissues 

like cranial muscles in situ, and is a technique new to the study of jaw adductor muscles. 

Using diceCT, I reconstruct muscle force vectors and then estimate the magnitude of the 

vertical component of bite force, in a sample of strepsirrhine primates and Tupaia, 

relative to two functionally important occlusal planes: (1) the Phase I Puncture-Crushing 

Plane (PC-Plane), and (2) the Phase I Shearing Plane (S-Plane). I then derive several 

biomechanical variables that allow me to test for differences in the magnitude of the 

vertical component of the bite force (VBF) in strepsirrhines that differ in diet, muscle 

architecture, and body size.  

 Analyzing how the VBF differs across strepsirrhines with different diet 

preferences provides a means to evaluate not only the efficiency of the jaw apparatus 

system in acquiring energy but also helps establish a method to assess feeding 

performance through morphology (Arnold, 1983). Feeding performance can be seen as 

how efficient an organism is at obtaining and acquiring energy, and can be measured by 

a variety of factors including bite force. Bite force is a key factor of performance because 

it provides an estimate of the types of foods an organism is capable of fracturing. The 

VBF relative to the PC-Plane is likely the most important force for fracturing food 

during Phase I Crushing because this phase is characterized by small amounts of 
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mediolateral motion and high muscle forces (Hylander et al., 1987; Wall et al., 2006). 

This plane also represents the orientation of the occlusal surface when the mandibular 

molar cusps are in maximal centric occlusion with the maxillary molar cusps during the 

power stroke. The VBF relative to the S-Plane is also likely to be critical for food 

breakdown during Phase I Shearing because this force will function to hold the 

maxillary and mandibular teeth shearing edges together during food fracture. At this 

time, the mandibular molars are moving upwards (vertically) and medially ending at the 

Phase I Crushing position (Wall et al., 2006).  

 I examine the jaw adductor muscles in a sample of strepsirrhines to study how 

their jaw muscle architecture influences their feeding performance through bite force 

and diet choice. I hypothesize that species feeding on tough, stiff foods such as insect 

exoskeletons, bamboo, and leaves will generate high VBFs on the S-Plane. These forces 

may be similar to or higher than the vertical forces generated during Phase I Crushing, 

and should be higher than the VBFs that a frugivore generates on the S-Plane. I also 

evaluate several important biomechanical questions. (1) What is the relationship of the 

VBF to body mass; (2) Are muscle fibers arranged in order to provide the largest 

component of vertical force (VMF) to the PC-Plane or S-Plane; and (3) Does tooth wear 

affect the orientation of the S-Plane and thus performance estimates. 
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BACKGROUND 

Anatomy of the Jaw-Adductor Muscles in Strepsirrhine Primates.   

The jaw-adductor complex of muscles is responsible for closing the jaw and the 

power stroke during feeding. The adductors include three muscles - temporalis, 

masseter, and medial pterygoid (Fig. 1). In strepsirrhine primates, the lateral pterygoid 

muscle works to open the jaw and its anatomy is not considered further here (Perry, 

2008). 

Figure 1. Jaw adductor muscles in a Loris tardigradus shown in the frontal (top) and lateral (bottom) 
planes. The muscles are depicted as follows: Green – Temporalis; red – Masseter; blue – Medial 
Pterygoid. Figure created in Avizo 9.0 using volume rendering and surface generation.  
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While the adductor muscles are distinct from one another, there is considerable 

literature (e.g., Cordell, 1991; Edgeworth, 1935; Perry, 2008; Ross, 1995) supporting a 

“transition layer” combining inferior and lateral fibers of the temporalis to superior and 

medial fibers of the masseter as the zygomatico-mandibularis and the zygomatico 

temporalis. As the names suggest, the transition muscles are located around the 

zygomatic arch (Perry, 2008). However, for the purpose of this study, the temporalis 

and masseter muscles will be considered distinct.  

 The masseter, a rhomboidal shaped muscle, is usually the second largest jaw 

muscle in strepsirrhines (Perry, 2008); it consists of three lateral layers, a superficial 

and deep layer and zygomatico-mandibularis layer in between. All fibers originate on 

the zygomatic arch, either directly or through fascial sheets originating on the zygomatic 

arch. The temporalis is typically the largest adductor muscle in a strepsirrhine (Perry, 

2008). It is fan-shaped and covers the lateral and superior aspects of the braincase. It 

also has a superficial, deep, and zygomatic portion. The superficial layer has its origin on 

a fascial sheet attached to the temporal fossa, while the deep layer directly originates 

from the temporal fossa (with some fibers originating on the posterior root of the 

zygomatic arch); the zygomatic portion originates from the medial and dorsal part of the 

zygomatic arch. The muscle inserts superficially on the anterolateral aspect of the 

coronoid process and deeply on the medial aspect of the coronoid process (Perry, 2008). 

The medial pterygoid, often considered the “sister” muscle of the masseter, is located on 

the medial surface of the mandible (as opposed to the masseter on the lateral surface). 

Medial pterygoid consists of two primary parts – the orbital and pterygoid. The orbital 

part has its origin on the medial wall of the orbit and the pterygoid portion originates on 



6 

 

the “medial surface of the lateral pterygoid plate” (Perry, 2008 p. 126) The muscle 

inserts on the medial surface of the gonial angle of the mandible (Perry, 2008). 

 Muscles are comprised of thousands of muscle fibers bundled together to form 

fascicles. Fibers are typically arranged in one of two patterns – fusiform or pinnate 

(Gans, 1982). Fusiform muscles have fibers oriented parallel to one another along the 

muscle’s longitudinal axis. While many of the body’s muscles are fusiform in nature, 

pinnation is characteristic of mammalian jaw adductors; some are even multi-pinnate 

(Herring et al., 1979). Pinnate muscles have fibers oriented in a feather-like pattern and 

generally insert on a complex series of internal tendons. Individual fibers are generally 

shorter than those in a fusiform muscle. 

Determining the muscle fiber arrangement and orientation is key to evaluating 

the force-generating capabilities of each muscle. Pinnate muscles are typically able to 

produce more force than fusiform muscles because they have a larger physiological cross 

sectional area (PCSA) per unit of muscle volume. Force production is a function of PCSA 

(Close, 1972; Powell et al, 1984; Ritchie, 1954). Therefore, the fiber architecture of the 

temporalis, masseter, and medial pterygoid muscles has a strong impact on potential 

bite force, an essential component of feeding behavior (Fukunaga et al., 1997; Gans, 

1982; Oatis, 2007; Perry & Wall, 2008).  

 In this thesis, I estimate PCSA and use previously established values for the 

specific tension for mammalian striated muscles to compute muscle force estimates. In 

addition to force estimates, understanding how a muscle’s fibers are oriented provides 

us with key information to estimate the direction of the muscle force vector with respect 

to a plane or landmark of interest and the point of application of the muscle force vector. 
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While there are few studies that examine primate jaw muscle architecture in situ, 

there have been many studies focused on jaw muscle architecture (e.g., Anapol and 

Barry, 1996; Perry, 2008; Perry et a., 2011; Taylor & Vinyard, 2004; Taylor & Vinyard, 

2008; Terhune et al., 2015). Perry et al., (2011) reconstructed jaw muscle resultants for 

a wide range of primate species using PCSA and skull landmarks. The resultant they 

constructed approximates the true force resultant, as muscle activity and fiber 

architecture affect direction and magnitude. To estimate resultant direction, the 

researchers measured the angle created by the line that intersects the centroids of the 

origin and insertion points of each muscle and the line that best intersects the 

postcanine cusps visible in labial view (Perry et al., 2011). My work here provides 

another methodology of measuring muscle force resultants and vertical bite forces and 

can be used to determine addition bite force data that can be used to compare and 

analyze the force differences and capabilities across species with different diets.  

 

Jaw Biomechanics 

 The biomechanics of the bones, muscles, and tendons of the body are generally 

reconstructed as a series of lever systems (Fig. 2).  

Figure 2. This displays a lateral two-dimensional view of a mammalian jaw adductor system as a 
Class III lever system. The joint (mandibular condyle) is depicted by the solid black circle. The forces 
of the temporalis, masseter and medial pterygoid are represented by the upwards pointing dashed 
arrows. The bite force is depicted by the right downwards pointing blue arrow, while the joint 
(reaction) force is depicted by the left downwards pointing blue arrow. In static equilibrium, the sum 
of the bite force and joint force equals the sum of the three muscle forces.  

 

 

Joint Force 

Bite Force 
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Levers can be categorized into three classes: first (Class I), second (Class II), and third  

(Class III). A Class I lever places the fulcrum between the resistance and force (Fig. 3a). 

Class II levers place the resistance between the fulcrum and the force (Fig. 3b). In a 

Class III lever, the force is applied between the resistance and the fulcrum (Fig. 3c) 

(Behnke, 2012).  

Class III levers, such as the mandible, are common in the body. In the mandible, 

the condyle is believed to act as the fulcrum, the adductor muscles produce the force, 

and the bite pressure as the resistance (Hylander, 1975) While some have questioned 

reconstructing the jaw as a simple lever (e.g., Davis, 1955; Tattersall, 1973), several 

studies (Hylander, 1979; Smith, 1978) support the lever model and provide evidence as 

to why non-lever models are not an optimal way to represent mandibular function. My 

work here uses the lever model in combination with fiber architecture data in order to 

estimate VMF. While my work views the mandible as a Class III lever and calculates bite 

forces using the lever model, I also utilize the beam model detailed by Smith (1978) in 

combination with fiber architecture data in order to determine the VMFs strepsirrhines 

and Tupaia are capable of generating.  

 

 

Figure 3. Three classes of levers. 3a – Class I Lever; 3b – Class II Lever; 3c – Class III lever. The solid 
circle represents the fulcrum, the dashed arrow represents the force, and the solid arrow represents the 
resistance.  

a
. 

b
. 

c
. 
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Mechanical Properties of Food 

 Each type of food an organism consumes possesses distinct mechanical 

properties: toughness, stiffness, and hardness (Strait & Vincent, 1998; Williams et al., 

2005; Yamashita et al., 2009). Food toughness represents how much energy is needed 

to break apart a food item (Yamashita et al., 2009). Stiffness as represented by the 

elastic modulus, indicates a material’s resistance to bending (Williams et al., 2005). 

Hardness measures a material’s resistance to indentation (Yamashita et al., 2009). 

When considering mechanical properties in relation to mastication both stiffness and 

toughness have been shown to be most relevant and the focus of many experimental 

studies (Strait & Vincent, 1998; Williams et al., 2005; Yamashita et al., 2009). These are 

the two properties I focus on as well.  

 

The Power Stroke of Mastication 

A number of studies have shown that diet is a crucial factor in determining 

magnitude and duration of jaw muscle activity and jaw movements (Hylander et al., 

2011; Vinyard et al., 2006, Wall et al., 2006). Knowing how the mechanical properties of 

food differ allows us to compare diet types to jaw anatomy and bite forces in different 

masticatory movements. There are two main phases of the power stroke of chewing: 

Phase I and Phase II. Phase I (the buccal phase) is when the mandibular teeth move 

upwards and come into contact with the maxillary teeth. This movement is associated 

with shearing in its early part and a puncture-crushing force on the basins of the molars 

in its later part (Kay & Hiiemae, 1974; Wall et al., 2006). Phase II signals the end of 

Phase I and is associated with a grinding movement along the molars at the same planes 

(Wall et al., 2006). While primates engage in the full power stroke during chewing, the 
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adductor muscles are thought to contribute significant force to food breakdown only 

during Phase I (Wall et al., 2006).  Thus, in this paper I consider the muscle vectors in 

relation to two occlusal planes: the angled S-Plane, and the comparatively horizontal 

PC-Plane.  

  

diceCT  

The now widespread use of the non-destructive x-ray microCT has greatly 

increased the ability to comprehensively detail and quantify the internal anatomy of 

dense tissues, such as bones, dentine, and enamel (Gignac and Kley, 2014; Gignac et al., 

2016; Pauwels et al., 2013). Hard tissues have been previously studied using microCT 

methodologies because soft tissues of vertebrates, such as nerves and muscles, cannot 

be well visualized in traditionally acquired microCT images due to the tissues’ inability 

to absorb x-rays. However, recent advances have made it possible for complete 

visualizations of soft tissues in post-embryonic vertebrates using contrast-enhancing 

staining agents, which increase the radio density of certain soft tissues to create 

stunning visualizations of contrast (Gignac & Key, 2014; Gignac et al., 2016). 

I used a concentrated solution of iodine-potassium iodide (I2KI) as a contrast 

enhancer. This solution, ordinarily referred to as Lugol’s iodine, is currently the most 

commonly used staining agent and has shown a wide range of utility providing well-

contrasted soft tissues in microCT (from rodents to reptiles). While other contrast-

enhancing solutions are available, such as osmium tetroxide, phosphotungstic acid, and 

phosphomolybdenic acid (Pauwel et al., 2013), the iodine solution is not only non-toxic 

and penetrates tissues readily but also shows differential affinities for major types of soft 

tissues (Fig 4.) 
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While still not completely understood, it is thought that the potassium iodine 

allows the iodine trimers (I3
+) in the stain penetrate the tissues and bind to complex 

carbohydrates and lipids, which are found in variable amounts in different soft-tissues 

(Gignac & Kley, 2014). The use of diceCT allows us to characterize the architecture of the 

jaw muscles in situ.  This form of non-destructive sampling allows fiber angles and 

cross-sectional area to be measured accurately relative to bony landmarks and internal 

tendon structures. By contrast, destructive sampling typically includes removal of the 

whole muscle from its bony attachments and estimates of fiber angles using origin and 

insertion points. This type of methodology may make any subsequent analysis of muscle 

architecture relative to skeletal architecture less accurate. 

With diceCT, I am able to collect data from microCT scans and perform three-

dimensional reconstructions of jaw musculature, from which I can calculate muscle 

force and vertical bite force vectors. Using the collected data, I then explore how bite 

Figure 4. This figure shows the capability of the iodine stain to differentiate between tissue types in a 
Loris tardigradus. Bone and muscle are differentiated by the intensity or “whiteness” of the structure 
in the image. Bone, a denser material, appears as a solid and brighter section than does muscle and 
soft tissue, which appears striated.   
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forces of jaw adductor muscles are correlated to morphological features like body size 

and jaw size and behavioral characteristics like diet.  

 

MATERIALS AND METHODS 

Formalin-fixed specimens of Tupaia glis and five strepsirrhine species were 

measured (Table 1). Tupaia glis serves as a non-primate living analogue for the 

primitive dental and muscular features that might have been present in the primate 

ancestor (Kay and Hiiemae, 1974). All samples originated from available specimen 

collections in the Department of Evolutionary Anthropology and the Wall Lab at Duke 

University.  

Table 1. Specimen Information 
Specimen Catalog Name Species Collection 
TG Miami Tupaia Tupaia glis EA Wet Specimen Collection 
MM Miami Microcebus Microcebus murinus EA Wet Specimen Collection 
Wall PV Brutus Propithecus verreauxi Wall Lab 
Wall LT Abu Loris  Loris tardigradus Wall Lab 
Wall HG Beserk Hapalemur griseus Wall Lab 
Wall ER Navajo Eulemur rubriventer Wall Lab 

 

Diet Categorization 

The diets of Tupaia glis and the strepsirrhines studied here encompass a broad 

range of food types including insects, leaves, bamboo, and fruit. Based on the literature, 

the organisms studied here can be separated into four different diet types: insectivores, 

folivores, bamboo eaters, and frugivores (Table 2). Additionally, using information 

gathered from previous studies on mechanical properties of food, I have assigned each 

diet type a toughness category and stiffness category from one to four (one meaning the 

specimen consumes the least tough/stiff food diet and four meaning the specimen 

consumes the most tough/stiff food diet) (Table 2). 
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Table 2. Assigned Toughness and Stiffness Categories for Diet Types 

 

Bamboo eaters (Hapalemur) received the highest toughness and stiffness scores 

as tests done on bamboo have shown that the outer layer – the bamboo culm – is 

actually the toughest and stiffest plant part measured. Since bamboo is physically well 

protected with its fibrous, woody structure (Yamashita et al., 2009), it presents 

formidable barriers that a Hapalemur must surpass in order to reach the desired 

nutrients. Insectivores (Loris, Tupaia, and Microcebus) received the next highest 

toughness and stiffness scores because the insect cuticle provides a strong defense that 

an organism’s tooth must get through. The cuticle consists of a layer of chitin arranged 

in a crystalline structure; while this structure does create both a tough and stiff surface 

for an insectivore to breech, when compared with bamboo and other woody plant 

material it had a lower toughness and stiffness score (Hillerton et al., 1982; Vincent & 

Wegst, 2004). Folivores (Propithecus) receive the second lowest toughness and stiffness 

scores, while frugivores (Eulemur) received the lowest toughness and stiffness scores. 

Comparisons of the average toughness of leaves to fruit showed that leaves had a slightly 

higher toughness and stiffness score to fruit, but significantly lower toughness and 

stiffness scores to insects (as leaves don’t have a chitinous exoskeleton to protect itself). 

Frugivores receive the lowest scores for both categories as studies have shown they have 

Species Diet Type Toughness Score Stiffness Score 
Tupaia glis 
Microcebus murinus 
Loris tardigradus 

Insectivore (insects) 3 3 

Propithecus 
verreauxi 

Folivore (leaves) 2 2 

Hapalemur griseus Bamboo 4 4 
Eulemur 
rubriventer 

Frugivore (fruits) 1 1 
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a low elastic modulus and toughness in comparison to other food groups such as fruits 

and seeds (Williams et al., 2005).   

 

diceCT Imaging 

 An iodine-potassium iodide (Lugol’s solution) was used to saturate each 

specimen. Lugol’s solution is an aqueous solution comprised of a one-to-two ratio (1:2) 

of I2 to KI. While a majority of previous work using the iodine staining solution has been 

with a < 1% weight by volume (Gignac & Kley, 2014; Fig. 4, above), a 3.75% weight by 

volume (w/v) solution was used here in order to increase penetration strength and 

speed of iodine. The solution prepared was 3.75% iodine and 7.50% potassium iodide. 

The stain was prepared in batches of 1 liter, which contained 1 liter of distilled water, 

37.5 grams of solid iodine, I2 (Sigma Aldrich 207772) and 75.0 grams of solid potassium 

iodide, KI (Sigma Aldrich 221945).  

After preparation of the Lugol’s solution, each specimen was placed in a closed 

container and fully immersed. The duration that the specimen was kept in the solution 

was dependent upon specimen size (Table 3), ranging from 12 to 35 days. Specimens 

were removed from stain when a weekly microCT scan demonstrated that the specimen 

was at the appropriate saturation point through routine microCT scanning. All diceCT 

images were taken using the High-Resolution X-ray Computer Tomography Scanner 

Nikon XTH 225 ST at the Duke University Shared Materials Instrumentation Facility 

(SMIF). 
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Table 3. This table displays the total duration of time each sample was immersed in stain as well as the 
“thickness” of each slice once microCT scanned. 
Species (Specimen Catalog Number) Body Mass (grams) Duration Slice Thickness 

(mm) 
Tupaia glis (Wall TG Miami Tupaia) Unknown, ~140 12 Days .036 
Microcebus murinus (Wall MM 
Miami Microcebus) 

70  12 Days .025 

Loris tardigradus (Wall LT Abu) 158  12 Days .032 
Hapalemur griseus (Wall HG 
Beserk) 

850 - 980 30 Days .039 

Eulemur rubriventer (Wall ER 
Navajo) 

Unknown, ~2000 35 Days .057 

Propithecus verreauxi (Wall PV 
Brutus) 

Unknown, ~4000 28 Days .053 

 

diceCT Reconstructions – Reorientation and Defining Occlusal Planes 

Using diceCT data, three-dimensional (3-D) anatomical reconstructions were 

created using the computer software package Avizo 9.0 (Visualization Sciences Group, 

Burlington, MA). Avizo allows for precise, three dimensional measurements (e.g., 

length, volume, etc.) because specimen size is retained in the microCT dataset (through 

the recorded voxel size, provided by the microCT scanner).  

The diceCT data were first reoriented in relation to the desired occlusal plane 

(Phase 1 Puncture-Crushing) to obtain the correct muscle force vectors. The PC-Plane 

encompasses the basins of the maxillary molars. Thus, to reorient the diceCT to this 

plane, a new label field was created using the “Edit Label Field” module to segment the 

maxillary molars. Within this module, the first and second maxillary molars on the right 

and left sides of the jaw are segmented using the “paintbrush” and “tracing” tool roughly 

10 slices apart (see slice width in Table 3). After which, spaces between the segmented 

slices were “filled in” using the “Interpolate” tool, allowing for a quick segmentation of 

the entire molar. The four molars are then added to a material within the Label Field 

module, and three-dimensional surfaces are reconstructed from those segmented slices 

using the “Generate Surface” module. Once visualized, these molars are used as a guide 
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to orient the plane of the diceCT image stack. Using the “Slice” module, a slice 

representing a new plane was aligned to intersect the deepest points of the four molars 

in the deepest basin (talon basin) by altering its x, y, and, z coordinates by 

increments/decrements of .001. Thus, this slice is oriented in a plane defined by four 

points, namely the deepest point in each of the four molars. The “Resample 

Transformed Images” module was then used to reconstruct a new microCT image set 

repositioned along the PC-Plane created in the “Slice” module (Fig. 5). From this 

occlusal plane, we can evaluate the architecture of the muscles, including fiber 

orientation relative to the PC-Plane. 

 After the reorientation of the diceCT data, the S-Plane was reconstructed by 

aligning a second slice along the maxillary Phase I Shearing facets. The angle between 

the two occlusal planes was then measured in Avizo using 3D reconstructions of the 

Figure 5. This image depicts the frontal view of Hapalemur griseus. The PC-Plane (horizontal line), S-Plane 

(angled line); first and second maxillary molars on right and left sides (purple); jaw adductor muscles (yellow 

– temporalis, blue – masseter, red – medial pterygoid). These muscles are reconstructed on the right side of the 

specimen.   
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planes (Fig. 5). Once the planes were reconstructed, the rendering was oriented in a 

position that displayed a lateral cross-sectional view of both planes. This allowed for the 

measurement of the angle between the occlusal planes (which would later be used in 

force calculations). 

 

diceCT Reconstructions – Jaw Adductor Muscles 

With the re-aligned data set, the jaw adductor muscles were mapped and 

reconstructed. The masseter, medial pterygoid, and temporalis muscles were 

reconstructed individually. First, each muscle was divided into sections of roughly 10 

slices (see slice “thickness” in Table 3). Every tenth slice of the muscle was outlined 

using the tracing tool in the “Edit Label Field” module and the interpolate tool was used 

to auto-fill the area between the outlines. After the muscles were fully selected, visual 

representations were created in Avizo’s virtual plane, allowing for an anatomically 

correct visualization of the specimen head and muscles (Fig. 5, above). 

 

Measured Variables 

 All measurements were taken in the frontal view of the diceCT data. The 

reconstructions provided by Avizo and raw diceCT slices were used to measure the 

following variables: muscle volume (mm3), muscle fiber length (mm), muscle fiber angle 

in degrees in relation to the PC-Plane, angle between occlusal planes, and lever arm 

length (mm). The first three variables were measured in the anterior third of the muscle, 

middle third, and posterior third (which were then averaged to calculate a specimen 

mean). Muscle “thirds” were determined by finding the first and last slice the muscle 

appeared in the frontal view; then using simple arithmetic, the muscles were divided 
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into three parts. The three sections were used to find anterior, middle, and posterior 

volumes. The center slice of each third (anterior, middle, and posterior) was then used 

to measure fiber length and fiber.   

 Since Avizo retains voxel sizes for inputted data, the “Material Statistics” module 

was used to compute the volumes for each of the muscles (in thirds and a total volume).  

I used the “2D measurement” tool (found in Avizo) to measure the five longest fibers 

from origin to insertion in each third of a muscle (for a total of fifteen fibers per muscle). 

The longest fibers were chosen to provide a conservative estimate for PCSA (which is 

calculated from volume and fiber length – explained below). From this, I calculated 

average fiber length for each muscle section and then for each muscle.  

To determine the average fiber angle of each of the muscles, the center slice of 

each third was examined in Image J (Rasband WS, Research Services Branch, National 

Institute of Mental Health, Bethesda, MD, USA) to identify muscle fibers and digitize 

them from origin to insertion. Roughly fifteen fibers per section of muscle (forty-five per 

muscle) were traced and the angle between the fiber and PC-Plane was measured. For 

each muscle section, the angles were averaged to determine the average angle for the 

force muscle vector in that section. The angles were measured in the direction of jaw 

movement, namely upwards and medially (Fig. 6).   
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Two-dimensional lever arm length was calculated in the lateral view of the 

specimen using Avizo. For each specimen a new slice was created and reoriented to 

provide the ideal visualization of the sagittal plane. This allows for a single view of the 

mandibular condyle, the basin of the first maxillary molar, and the anterior most points 

of the masseter and temporalis muscles. After these four points were identified, the 

perpendicular distance between the condyle and (1) the basin of the first maxillary 

molar, (2) the anterior most point of the masseter, and (3) the anterior most point of the 

temporalis was measured (Fig. 7).  

 

 

 

 

 

 

Figure 6. Frontal view of Eulemur rubriventer. Yellow – temporalis; blue – masseter; red – medial pterygoid; 
horizontal purple line – PC-Plane. The yellow angle represents the average angle of the masseter muscle fibers 
in this section in the direction of jaw movement.   
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The lever arm distances for masseter and temporalis were then halved, as it was 

assumed for this model that the muscle would be applying its force at its center. 

Additionally, since the masseter and medial pterygoid have anterior insertion points 

that are very similar, the same lever arm length measured for masseter was used for 

medial pterygoid. This provides a conservative estimate of the leverage of the medial 

pterygoid muscle because it does not account for the anterior fibers of the orbital part of 

the muscle.  These specific points were chosen in order to provide us the points at which 

each factor is applying force. The maxillary molar is where the bite force is applied, the 

condyle is where the joint force is applied, and half the distance of masseter and 

temporalis (and medial pterygoid), is where each of these muscles applies its force.   

 

Derived Biomechanical Variables  

 Using the four variables measured above, the following biomechanical variables 

were derived: muscle mass, physiological cross-sectional area (PCSA), muscle forces, 

Figure 7. Lateral view of Eulemur rubriventer created for measurements of lever arms. The vertical line 
intersects the mandibular condyle of the specimen. The horizontal lines from top to bottom measure the 
distance between the condyle and the anterior point of temporalis, anterior point of masseter/medial 
pterygoid, and center of the basin of the first maxillary molar respectively.  
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bite force, and joint force. Muscle mass and PCSA were computed for both the entire 

muscle and individual muscle sections. Muscle mass was calculated by multiplying 

muscle volume by .00106 g/mm3, the standard density of muscle (Vinyard & Taylor, 

2010). PCSA was calculated using a formula adapted from Perry et al., (2011): PCSA = 

Volume / Fiber Length. The respective section-volumes and average section-fiber-

lengths were used to find section-PCSA; total volume and average muscle-fiber-length 

were used to calculate muscle-PCSA.  

 Several muscles forces were computed using the previously measured and 

derived values. The first set of forces calculated were the resultant muscle forces for 

each section and each muscle. This was found by multiplying the PCSA by the specific 

tension of striated muscle at a sarcomere length of 2.2 µm, as maximal muscle force is a 

function of the tension producing capability of the cross section of muscle fibers (Powell 

et al., 1984). While the range of specific tensions for mammalian striated muscles is 

from .157 N/mm2 to .294 N/mm2, the specific tension used here was .225 N/mm2 

(Spector et al., 1980; Powell et al., 1984). Powell et al., (1984) recommends using a value 

of .225 N/mm2 assuming a mixed muscle composition consisting of fast and slow twitch 

fibers. After the total muscle forces were calculated (i.e. the resultant force) VMFs (for 

sections and total muscle) were derived in relation to the PC-Plane and the S-Plane. 

VMFs were computed for each muscle section using the resultant muscle force of each 

section (calculated above) and average fiber angle of each section (measured above). The 

VMF in relation to the PC-Plane was found using trigonometry (Fig. 8). 
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However, the force component calculated here only pertains to the working side 

(side of the jaw that the organism is chewing on) of the jaw adductor system. Thus, to 

determine total, bi-lateral vertical force generation capability, the VMF for the balancing 

side (non-chewing side) was also computed. After calculating the VMF for each 

balancing side muscle using trigonometry as described above, this value was multiplied 

by the inverse of the working side/balancing side ratio established in prior studies to 

account for the observation that the balancing-side muscles are recruited at much lower 

amplitudes than the working-side muscles during the power stroke (Hylander et al., 

2011; Vinyard et al, 2005; Vinyard et al., 2006; Wall, personal communication). This 

ratio varied in different species, the appropriate ratio (Table 4) was used for each 

species. The derived working side and balancing side values estimate the total vertical 

force that the left and right side jaw adductors produce during chewing in relation to the 

PC-Plane. 

 
 
 
 
 
 
 

Figure 8. This shows a simplistic view of the PC-Plane (horizontal, purple line), the S-Plane (angled, pink 
line), the 2D masseteric force resultant (solid arrow), and the vertical component of the resultant (dashed 
arrow).  
In order to calculate the vertical component of the 2D force resultant, I multiplied the magnitude of the force 
resultant by sin ().  
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Table 4. Working Side/Balancing Side Ratios for jaw muscle activity  
Working Side/Balancing Side Ratio Masseter Medial Pterygoid Temporalis 

Tupaia 2.7/1 2.7/1 2.7/1 

Microcebus 2.2/1 2.2/1 2.2/1 

Loris 2.2/1 2.2/1 2.2/1 

Hapalemur 1.19/1 1.19/1 1.4/1 

Propithecus 1.4/1 1.2/1 1.55/1 

Eulemur 1.7/1 1.7/1 1.7/1 

 

 The VMFs were then computed in relation to the S-Plane. Since the S-Plane is at 

a different angle compared to the PC-Plane in relation to the muscle force resultant, the 

vertical components also differ. To calculate the angle between the muscle force vector 

and the S-Plane for the working side, the angle measured in between the planes was 

subtracted from the average fiber angle for each section; the equation used is as follows: 

 = Average Fiber Angle – Angle Between Occlusal Planes. If  was a positive value, it 

indicated a positive vertical force; if  was a negative value, it indicated a negative 

vertical force. Taking the absolute value of this angle, trigonometry was used to find the 

vertical components and the positive components were then manually changed to 

negative values for those that had negative angles in relation to the Shearing Plane. The 

values were then summed (three per muscle) to determine the total working side 

vertical force a jaw adductor can produce in relation to the Shearing Plane. To find this 

same vertical force on the balancing side, the mirror image of the resultant (as jaw 

muscles are symmetrical) was taken and the angle between it and the original S-Plane 

was calculated. The angle between the mirror of the resultant and the mirror of the S-

Plane was not used, as this vertical value is supposed to represent the force the 

balancing side muscles can produce in relation to the S-Plane on the working side. The 

equation used to calculate this angle is as follows:  = 180 – Average Fiber Angle – 
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Angle Between Occlusal Planes. The same trigonometric methods and adjustment 

method seen above were utilized here as well. Additionally, the final value was 

multiplied by the inverse of the working side/balancing side ratio to determine the true 

balancing side vertical force component. These values were summed (three per muscle) 

to determine the total balancing side vertical force a jaw adductor is capable of 

producing in relation to this plane. The total vertical force that each adductor can 

produce in relation to the S-Plane is the sum of the working side and balancing side 

VMF for each muscle. 

 The final set of values derived were the vertical components of the bite force 

(VBF) and joint force in relation to each occlusal plane for each specimen at static 

equilibrium. These variables were found using the total vertical force generating 

capability a muscle had and the distance between the mandibular condyle and point of 

application for the given force. The following equation was used to calculate bite force:  

𝐵𝐹 =
(𝑀𝑉𝐹 ∗

𝑀𝐿𝐴
2 ) + (𝑀𝑃𝑉𝐹 ∗

𝑀𝑃𝐿𝐴
2 ) + (𝑇𝑉𝐹 ∗

𝑇𝐿𝐴
2 )

𝑀1𝐿𝐴
 

Where BF = bite force; MVF = total masseter vertical force; MLA = masseter lever arm; 

MPVF = total medial pterygoid vertical force; MPLA = medial pterygoid lever arm; TVF 

= total temporalis pterygoid vertical force; TLA = temporalis lever arm; M1LA = First 

maxillary molar lever arm (where bite force is applied).  

Since vertical muscle force, bite force and joint force must sum to zero, joint force was 

calculated with the following equation:  

𝐽𝐹 = 𝑀𝑉𝐹 + 𝑀𝑃𝑉𝐹 + 𝑇𝑉𝐹 − 𝐵𝐹 

Where JF = joint force.  
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Scaling 

The ratio of the vertical bite force capabilities between the S-Plane and PC-Plane 

was calculated to compare the relative magnitudes of these two force components. The 

muscle force estimates are in Newton units, but are based on an area measurement 

(PCSA) of the jaw adductor muscles, which is proportion to mass2/3. The vertical bite 

force estimates are in Newton units, but are based on a moment (proportional to 

mass3/3) divided by a linear dimension (proportion to mass1/3) and therefore are 

proportional to mass2/3. Therefore, in order to adjust for size and provide a preliminary 

assessment of the interaction between bite force magnitudes, body mass, and jaw 

muscle mass, the VBF to the S-Plane and VBF to the PC-Plane were scaled relative to 

body mass and muscle mass following Vogel (1988), as follows: (1) VBF PC-

Plane/(Species Average Body Mass)2/3, (2) VBF to the S-Plane/(Average Body Mass)2/3, 

(3) Vertical Crushing Force/(Adductor Mass)2/3, and (4) Vertical Shearing 

Force/(Adductor Mass)2/3. 

 

Measurement Error Study 

 In order to determine measurement error, I measured the length of one fiber 

fifteen times and the angle of one fiber angle fifteen times. For each a mean and 

standard deviation were calculated (Table 5).     

Table 5. Mean and standard deviation of error analysis on masseter of Eulemur rubriventer 

Eulemur rubriventer  Masseter Fiber Length (mm) Masseter Fiber Angle (deg) 

Mean  29.8 132.5 

Standard Deviation .13 .38 
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Based on these results, we expect that 95% of the intervals between+/- .26804 mm (2 

standard deviations) to contain the true mean fiber length. Similarly, we expect that 

95% of the intervals between +/- 1.13 degrees of the measured fiber angle to contain the 

true mean fiber angle.  The error study indicates that measurement error is less than 1% 

when measuring both distances and angles. 

A summary of the measured and derived variables can be found below in Table 6. 

Table 6. Summary of all variables measured and derived  

Variable Name Type Formula if Derived 

Muscle Volume Measured 
 

Fiber Length Measured 
 

Fiber Angles Measured 
 

Angle Between Occlusal Plane Measured 
 

Lever Arm - First Maxillary Molar Measured 
 

Lever Arm - Masseter Measured 
 

Lever Arm - Temporalis Measured 
 

Lever Arm - Medial Pterygoid Measured 
 

   
Muscle Mass Derived Muscle Volume * .00106 

Physiological Cross Sectional Area 
(PCSA) 

Derived Muscle Volume / Fiber Length 

Muscle Force (2D Resultant 
Magnitude) 

Derived Muscle PCSA * .225 

Working Side Vertical Component – 
Puncture-Crush (WS VMF CP-Plane) 

Derived sin(Fiber Angle) * Muscle Force 

Balancing Side Vertical Component – 
Puncture-Crush (BS VMF CP-Plane) 

Derived sin (Fiber Angle) * Muscle Force * WS/BS ratio 

Angle between WS Muscle Resultant 
and Shearing Plane (Alpha) 

Derived 
Average Fiber Angle - Angle Between 

Occlusal Planes 
Angle between BS Muscle Resultant 

and Shearing Plane (Beta) 
Derived 

180 - Average Fiber Angle - Angle Between 
Occlusal Planes 

Working Side Vertical Component – 
Shear (WS VMF S-Plane) 

Derived sin(Alpha) * Muscle Force 

Balancing Side Vertical Component – 
Shear (BS VMF S-Plane) 

Derived sin(Beta) * Muscle Force * WS/BS ratio 

Vertical Bite Force (VBF) Derived 

 

Vertical Joint Force (VJF) Derived 
 

VBF S-Plane/VBF CP-Plane Ratio Derived VBF S-Plane / VBF CP-Plane 

VBF CP-Plane/Body Mass Ratio Derived VBF CP-Plane / (Average Species Body Mass) 2/3 

VBF S-Plane /Body Mass Ratio Derived VBF S-Plane / (Average Species Body Mass) 2/3 

VBF CP-Plane /Jaw Adductor Mass 
Ratio 

Derived VBF CP-Plane / (Adductor Mass) 2/3 

VBF S-Plane /Jaw Adductor Mass Ratio Derived VBF S-Plane / (Adductor Mass) 2/3 
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RESULTS 

Measured Variables 

 The first set of variables obtained were the measured variables – Muscle Volume, 

Fiber Length, Fiber Angles, Angle Between Occlusal Plane, and the Lever Arms. As 

stated above, the first three variables were measured in thirds for each muscle as well as 

for the whole muscle. Total muscle volumes, average fiber lengths, and average fiber 

angles for masseter, medial pterygoid and temporalis and displayed in Tables 7.  Lever 

arm distances, also a measured variable, are displayed in Table 8.  

Table 7. Measured Variables for Masseter, Medial Pterygoid, and Temporalis. Angle measured in 
degrees; volume measured in mm3; length measured in mm 
 Tupaia Microcebus Loris Hapalemur Eulemur Propithecus 

Masseter       

Average 
Fiber Angle 

121.4 125.8 129.1 129.4 125.8 114.2 

Total 
Volume 

226.9 118.9 270.4 1540.8 4399.4 3312.2 

Average 
Fiber Length 

7.2 8.8 11.6 23.2 25.8 29.7 

Medial 
Pterygoid 

      

Average 
Fiber Angle 

50.7 59.3 49.8 68.1 42.1 69.9 

Total 
Volume 

62.1 44.1 113.8 655.8 1338.0 1643.6 

Average 
Fiber Length 

4.9 4.3 8.5 15.5 16.7 24.1 

Temporalis       

Average 
Fiber Angle 

94.4 77.3 117.1 68.2 81.1 73.1 

Total 
Volume 

249.9 195.9 690.8 2405.8 7481.8 4471.9 

Average 
Fiber Length 

9.2 8.9 10.1 17.9 28.1 25.5 

 
 
 
 
 
 
 
 
 



28 

 

Table 8. Lever Arms (measured in mm) 

Lever Arms 
1st Maxillary 

Molar 
Masseter/Medial 

Pterygoid 
Temporalis 

Tupaia 15.7 4.7 2.1 

Microcebus 12.3 4.6 2.1 

Loris 16.0 4.9 2.9 

Hapalemur 27.2 9.8 8.9 

Eulemur 34.2 12.6 12.9 

Propithecus 33.3 12.6 10.9 

 

Derived Variables 

 The second set of variables obtained were the derived variables. These were 

calculated using the measured variables and previously derived variables. Muscle mass 

and PCSA were directly computed using the measured variables; total muscle mass and 

average PCSA are listed below in Table 9. 

Table 9. Muscle Mass and PCSA. Mass measured in grams; area measured in mm2 

 Tupaia Microcebus Loris Hapalemur Eulemur Propithecus 

Masseter       

Total Mass 0.2 0.13 0.29 1.6 4.7 3.5 

Average PCSA 31.4 13.4 23.4 66.4 170.4 111.6 

Medial Pterygoid       

Total Mass 0.07 0.05 0.12 0.69 1.4 1.7 

Average PCSA 4.5 3.5 4.4 14.2 29.4 23.3 

Temporalis       

Total Mass 0.26 0.21 0.73 2.6 7.9 4.7 

Average PCSA 9.1 7.2 21.8 43.6 87.4 58.9 

 

Using the PCSA and fiber angles, I calculated resultant muscle forces for the working 

side and balancing side as well as the VMFs in relation to the PC-Plane and the S-Plane 

(Tables 10 and 11 respectively).  
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Table 10. Muscle Forces and VMF for PC-Plane; Force measured in Newtons; WS = working side; BS = 
balancing side.  

 Tupaia Microcebus Loris Hapalemur Eulemur Propithecus 

Masseter       

Total Muscle 
Force 

7.07 3.02 5.26 14.94 38.33 25.10 

Total WS 
Vertical 

5.69 2.38 3.87 11.05 29.67 23.07 

Total BS 
Vertical 

2.11 1.08 1.76 9.29 17.45 16.48 

Total Vertical 
Force 

7.80 3.46 5.62 20.34 47.12 39.54 

Medial 
Pterygoid 

 
    

 

Total Muscle 
Force 

3.03 2.33 2.94 9.57 15.76 19.84 

Total WS 
Vertical 

2.39 2.05 2.28 8.79 11.72 14.68 

Total BS 
Vertical 

0.88 
0.93 

 
1.04 

 
7.39 

 
6.89 

 
12.23 

Total Vertical 
Force 

3.27 2.98 3.32 16.17 18.61 26.91 

Temporalis  
    

 

Total Muscle 
Force 

6.14 4.89 14.74 29.44 58.96 39.76 

Total WS 
Vertical 

5.98 4.71 14.23 29.62 53.63 28.38 

Total BS 
Vertical 

2.21 
 

2.14 
 

5.27 
21.16 

 
31.55 

18.31 
 

Total Vertical 
Force 

8.19 6.85 19.51 50.78 85.18 46.70 

 
Table 11. VMF for S-Plane; Force measured in Newtons; WS = working side; BS = balancing side.  

 Tupaia Microcebus Loris Hapalemur Eulemur Propithecus 

Masseter       

Total WS Vertical 3.94 2.92 4.77 14.49 36.55 25.00 

Total BS Vertical -0.82 0.10 -0.15 2.80 2.44 12.03 

Total Vertical 
Force 

3.12 3.02 4.62 17.29 38.99 37.03 

Medial 
Pterygoid 

 
    

 

Total WS Vertical -1.48 0.53 -0.18 1.68 -0.52 10.92 

Total BS Vertical 0.82 0.99 1.28 7.73 11.47 13.10 

Total Vertical 
Force 

-0.67 1.52 1.10 9.41 10.94 24.01 

Temporalis  
    

 

Total WS Vertical 1.58 2.23 11.12 16.60 30.97 20.78 

Total BS Vertical 0.08 1.81 2.40 18.89 25.06 19.81 

Total Vertical 1.67 4.04 13.51 35.48 56.03 40.60 
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Finally, the bite forces and joint forces for each specimen were calculated using the lever 

arms and total vertical forces (Table 12) as well as the ratio between the VBFs in relation 

to the S-Plane to the PC-Plane (Table 13). 

Table 12. VBF (N) in relation to PC-Plane and S-Plane 

 
VBF PC-Plane (N) Vertical Joint Force PC-Plane (N) 

Tupaia 4.4 14.9 

Microcebus 3.6 9.7 

Loris 6.3 22.2 

Hapalemur 29.8 57.5 

Eulemur 56.3 94.6 

Propithecus 40.5 72.7 

 
VBF S-Plane (N) Vertical Joint Force S-Plane(N) 

Tupaia 0.96 3.2 

Microcebus 2.4 6.2 

Loris 4.2 15.0 

Hapalemur 21.2 40.9 

Eulemur 39.5 66.4 

Propithecus 36.4 65.2 

 

Table 13. Ratio of the VBF in relation to the S-Plane to the VBF in relation to the PC-Plane   
 VBF S-Plane/VBF CP-Plane 

Tupaia 0.22 

Microcebus 0.67 

Loris  0.67 

Hapalemur 0.71 

Propithecus 0.89 

Eulemur 0.70 

 

Scaling 

 After calculating the above values, I scaled the VBFs in relation to the PC-Plane 

and S-Plane to body mass and jaw adductor mass; results are as follows in Table 14.  
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Table 14. Scaling ratios between (1) VBF CP-Plane (Body Mass)2/3, (2) VBF S-Plane and (Body Mass)2/3, 
(3) VBF CP-Plane and (Jaw Adductor Mass)2/3, (4) VBF S-Plane and (Jaw Adductor Mass)2/3 

 

VBF CP-
Plane/Body 

Mass1/3 

VBF S-
Plane/Body 

Mass1/3 

VBF CP-
Plane/Adductor 

Mass1/3 

VBF S-
Plane/Adductor 

Mass1/3 

Tupaia 0.16 0.04 6.81 4.54 

Microcebus 0.21 0.14 6.41 1.39 

Loris 0.22 0.14 9.44 6.00 

Hapalemur 0.32 0.23 10.35 7.38 

Eulemur 0.26 0.23 8.73 7.85 

Propithecus 0.22 0.16 9.69 6.80 

 

DISCUSSION 

I used diceCT techniques to examine the architecture and 2D force vectors of jaw 

adductors muscles in order provide a preliminary analysis of  bite force in Tupaia and 

five strepsirrhine species. DiceCT has a low measurement error for fiber lengths and 

angles. In particular, the ability to measure fiber angles through diceCT is a large 

improvement over traditionally used destructive sampling methods. In destructive 

sampling methods (e.g., Perry, 2008; Taylor & Vinyard, 2004), muscles are completely 

removed from the bone prior to analysis making it impossible to accurately assess fiber 

angle. This method holds great promise for future studies to document the 3D 

architecture in situ and therefore come up with more accurate estimates of muscle and 

bite force vectors relative to a wide variety of occlusal landmarks.   

However, it is important to note the effects of tooth wear here and in future 

studies. Based on the quantitative and qualitative data gathered through this study, I 

believe tooth wear affected the measurements of the occlusal plane and thus 

performance estimates. When examining the Phase I Shearing Crests during S-Plane 

reconstructions, several of the samples had worn down teeth and thus displayed a more 

horizontal S-Plane than a living species would possess. Additionally, these qualitative 
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observations could be corroborated by comparing tooth wear patterns across the sample 

of strepsirrhines and Tupaia here and shearing quotient patterns of these same species 

(Covert, 1986). Worn down shearing crests result in more horizontally angled S-Planes; 

this indicates that the VBF estimates in relation to the S-Plane would be more similar to 

VBF estimates of the PC-Plane than they would be in unworn/less worn teeth. Future 

studies may map unworn teeth, reconstruct the PC-Plane and S-Plane, and measure the 

angle between the PC-Plane and S-Plane on these unworn teeth. This angle can then be 

substituted in the above derivations, resulting in VBF measurements for unworn teeth. 

Not only would this provide a method of estimating VBF in younger species but also it 

would provide a means to assess the effects of tooth wear on vertical bite force over 

time.   

 I hypothesized that species feeding on tough, stiff foods such as insects, bamboo, 

and leaves would be capable of generating high VBFs on the S-Plane, and that these 

values would be similar to the VBF the species is capable of generating on the PC-Plane. 

The data (Table 13) show that the specimens are all capable of generating a higher VBF 

on the PC-Plane compared to the S-Plane. Based on the data presented in Tables 12 and 

13, there does not seem to be a strong relationship between the VBF in regard to the S-

Plane and a tough/stiff versus soft diet. Rather, the primates have ratios that are similar 

to one another, and very high ratios compared to Tupaia (Table 13), indicating that 

feeding performance as measured by VBF is enhanced in primates compared to Tupaia.  

This may indicate an overall re-organization of the jaw adductor muscles in relation to 

the Phase I Occlusal Planes in Primates compared to an ancestral analogue.  It is 

possible that this is due to strong phylogenetic and adaptive effects. However, it likely 
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also reflects the greater amount of tooth wear in the strepsirrhines.  Future work should 

be directed towards further examining these possibilities. 

 While no tests of significance were performed due to a low sample size, the data 

presented here indicate that VBF is not linked to body mass or diet. When looking at 

VBF and body mass in relation to the PC-Plane, there is no clear trend seen among 

species of similar body size nor among species with similar diets. Additionally, the ratio 

values do not follow a trend based on assigned diet categories. On the other hand, there 

is a noticeable difference in the ratio value of VBF and body mass in relation to the S-

Plane between Tupaia and the strepsirrhine samples. Thus, I infer that these data may 

also point towards an adaptive rearrangement of jaw adductor muscles in relation to the 

Phase I Occlusal Planes in Primates.  

 I was also interested in examining the muscle fibers to see if they are arranged to 

provide more VMF to the PC-Plane or the S-Plane. While the data collected show that all 

muscles provide a higher VMF to the PC-Plane, they also show Hapalemur and Loris 

having less vertically-oriented fibers in relation to the PC-Plane than Propithecus. This 

may indicate that species with tougher and stiffer diets have more angled fibers to 

provide more VMF to the S-Plane. Additionally, this may indicate that the muscle fibers 

are not angled in such a way to provide maximal VMF to only one occlusal plane, but 

rather are oriented to provide an overall advantage when feeding on different foods.   

As with all studies, there are limitations to the work presented here. First, a larger 

sample of individuals for each species would provide a more robust estimate for all 

measured and derived variables, thus giving more accurate VBF calculations that 

account for individual variation. Additionally, a larger sample size would allow us to 

perform various statistical analyses and tests of significance to further quantify the 
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trends seen in strepsirrhine and Tupaia jaw muscle architecture. An increased number 

of species would allow for a more thorough analysis of jaw muscle architecture in 

strepsirrhines and ancestral analogues and thus a more comprehensive understanding. 

A broader analysis might reveal patterns of bite force variation among frugivores that 

are not apparent in the current sample.  Moreover, it is possible that, even though 

Eulemur is categorized as a frugivore, it includes a substantial amount of tough/stiff 

foods in its diet. Finally, the data presented here is only a small subsection of the 

primate clade, and thus to truly understand the feeding behavior further biomechanical 

modeling will need to be done.   

 

CONCLUSIONS & FUTURE WORK 

Understanding strepsirrhine jaw biomechanics is an important first step in 

assessing feeding performance and eventually, fitness. The work done here to analyze 

jaw muscle architecture and derive biomechanical variables yielded several pieces of 

new data that elucidate information about the relationship between muscle force 

vectors, bite force, and body size. They provide important in situ estimates for the VBF, 

muscle force, and the vertical component of joint forces which can be compared to and 

potentially combined with similar studies in the literature to determine the best method 

of muscle analysis and force estimates. Furthermore, the data in this study can be used 

to create additional models to test hypothesis about the relationship between muscle 

architecture and energy expenditure during feeding and relate the variation in bite force 

to specific feeding behaviors.  

Feeding is a complex behavior that requires the simultaneous actions of jaw 

muscles, the mandible and maxilla, and teeth. Determining a method that allows us to 
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analyze the three of these pieces together is an essential component in gaining a 

comprehensive knowledge of feeding and feeding performance. In a broader context, by 

understanding how the jaw adductor system functions we can evaluate and estimate 

how this system and the environment around it (through diet) has influenced the 

evolution of the skull.  
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