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Abstract: Background: Though ancient Greece preserves many pictures of combat sports, there is 

research in terms of biomechanics on the principles of human motion. This research aimed to inves-

tigate Pankration postures of ancient Greek athletics, expecting to bridge the gap between historical 

sports practices and contemporary biomechanical applications. Methods: This study employed 

computational tools to analyze two images from ancient Greek Pankration, constructing a static 

multi-segmental model. Anthropometric models simulated postures analogous to those in historical 

depictions. Analysis estimated joint forces and moments, along with weight distribution and 

ground reaction forces for these postures. Implications for training and strength development were 

deduced through integration with modern scientific insights. Moreover, strategic elements of these 

postures were assessed using game theory to explore their correspondence with contemporary the-

oretical constructs. Results: The findings indicated that static postures facilitate the development of 

tendon stiffness, joint stability, and neuromuscular control. In the "readiness" posture, 68% of the 

athlete's centre of gravity (CoG) was distributed to the hind leg, enhancing stability and power gen-

eration, while the front leg promoted agility. Analysis of the kick posture revealed delivery with a 

dorsiflexed ankle and pronounced heel protrusion. Conclusion: The application of the pro-

posed model suggests that ancient athletes optimized their performance using biome-

chanical principles, thereby gaining a competitive advantage. This study highlights the 

value of integrating ancient biomechanical strategies with contemporary athletic training 

and injury prevention, advocating for a synthesis of historical practices and modern bio-

mechanical analysis in combat sports. 

Keywords: Pankration; ancient athletics; combat sports; sports biomechanics; static analysis 

 

Introduction 

Biomechanics, as a scientific discipline, originated from a long-standing interest in 

human anatomy and motion principles. Its earliest roots can be traced back to Egyptian 

papyri around 1700-1600 BC [1]. Pioneers like Hippocrates and Galen of Pergamon fur-

thered this curiosity, laying the groundwork for biomechanics [2]. This foundational 

knowledge has been of great importance across various fields, particularly in analyzing 

biomechanical aspects of ancient sports practices, such as those originating in Greece [3].  

The ancient Greek sports have captivated researchers, who have used historical and 

archaeological evidence to reconstruct athletic techniques, including the long jump and 

discus throw [4]. These reconstructions have primarily focused on kinematics (the study 

of movement) without considering the forces behind it. Despite technological advance-

ments, a detailed reconstruction of these ancient techniques remains elusive, largely due 

to the fragmentary nature of available sources. 

Recently, researchers have explored the Centre of Gravity (CoG) in ancient sports, 

recognizing its critical role in biomechanical analysis. CoG is essential for maintaining 

balance and reducing injury risk [5]. Studies, such as those by Kiers et al. (2022), have 

investigated how posture maintenance relates to sports performance and injury preven-

tion [6]. Hrysomallis (2011) emphasizes the importance of balance training for enhancing 
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proprioceptive abilities, crucial for spatial awareness in sports [7]. This balance training 

helps athletes’ transition effectively between static and dynamic states, providing a com-

petitive edge [8]. 

In combat sports and martial arts, mastering the control of CoG and balance is of 

heightened significance. Athletes adjust their CoG for stability and to execute powerful 

movements. Disrupting an opponent's balance is a strategic element, underscoring the 

mastery of CoG manipulation [9]. 

Therefore, statics is deeply interconnected with an athlete's, muscle functions, motor 

skills technical capabilities [10]. To understand optimal postures for enhancing perfor-

mance, sports biomechanics researchers have increasingly turned to static optimization 

[11]. This technique uses optimization algorithms to determine the most efficient muscle 

activation patterns. It involves iterative calculations to find muscle forces that best meet 

an objective function, constrained by the body's biomechanics [12]. 

These insights from static optimization and optimal control are crucial for optimizing 

athletic performance, designing targeted training programs, and improving rehabilitation 

protocols [13]. An exhaustive biomechanical analysis of athletes also requires investigat-

ing the forces and moments acting on the legs, along with the Ground Reaction Force 

(GRF).  

 GRF is reactive to the exertions of the body and is key to understanding how athletes 

maintain equilibrium, orchestrate movement, and generate power in both static postures 

and dynamic activities [14]. Despite these advancements, the static analysis of postures of 

ancient athletes remains a relatively unexplored area. 

While current research has enhanced our understanding of movement kinematics, 

the static aspects, such as the specific postures and alignments used by ancient athletes, 

lack comprehensive study [15]. Given the significance of posture in modern sports for 

performance enhancement and injury prevention, exploring this dimension in ancient ath-

letics could provide valuable insights [16]. Static analysis could reveal how ancient ath-

letes prepared for and executed their maneuvers, offering deeper insights into their train-

ing techniques. Therefore, this study aimed to investigate the postures of ancient Greek 

boxers in terms of biomechanical parameters, especially statics and the CoG. The primary 

objective of the present paper is to build a static multi-segmental model utilizing, com-

puter vision techniques and investigate the biomechanical principles in ancient Greek 

combat sports’ postures. The secondary objective is to explore the strategic interactions 

and game theoretic constructs which manifest in these postures to understand their influ-

ence on opponent behaviour and their alignment with modern game theoretic principles. 

Methods 

The present research utilized Computer Vision, specifically OpenPose to quantify the 

visual information provided by the ancient depictions. OpenPose employs Convolutional 

Neural Networks (CNNs) for this purpose [17]. The core architecture of OpenPose utilizes 

a two-branch multi-stage CNN [18]. The first branch predicts a set of 2D confidence maps 

for body part locations, while the second branch predicts a set of 2D vector fields for part 

affinities, which encode the degree of association between parts [18]. 

In this investigation, two posture representations were used (Figures 1 and 2), each 

exemplifying a critical phase of ancient Pankration. After the selection of these depictions, 

OpenPose was employed to analyze and filter the images. 
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. 

Figure 1. "Readiness" Posture of athlete.  The image depicts an athlete engaged in the ancient Greek 

sport of pankration, as illustrated on a red-figure amphora housed in the Staatliche An-

tikensammlungen Museum in Munich, Germany. 
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Figure 2. The final posture an athlete receives upon delivering a kick, possibly aiming at the oppo-

nent’s abdomen area. The present illustrates a scene of a Pankration match depicted on a black-

figure amphora from the classical period (5th century BCE), currently. 

Segmental and Total CoM  

The determination of the centre of gravity (CoG) of each body segment and the over-

all CoG was achieved through a Python script. This script was developed to process key-

point data extracted from OpenPose, serving as a tool for easier interaction with Open-

Pose–generated files. 

The script's functionality centres on the computation of the CoG within a two-dimensional Cartesian coordinate system. 

This computation relies on the positional data of keypoints, as detected by OpenPose. The underlying mathematical 

model for the CoG is encapsulated in the following formula:  

CoM =
∑ mi⋅xic

M
    (1) 

CoM =
∑ mi⋅𝑦ic

M
  (2) 

Here, 𝑚𝑖 is the mass associated with the 𝑖 − 𝑡ℎ keypoint and xic, 𝑦ic is its position 

coordinates. The mass values are predetermined constants, representing the proportion 

of mass distributed across different body parts such as the head, trunk, and limbs [19]. 

Static Multi-Segmental Model of the Lower Extremity 

In this study, we applied a static multi-segmental analysis to the lower extremity, 

structured progressively from the foot to the pelvis. The underlying assumption for each 

segmental analysis was the state of static equilibrium, which, in mechanical terms, is de-

fined by the conditions that the sum of forces in the horizontal (𝛴𝐹𝑥 =  0) and vertical 

(𝛴𝐹𝑦 =  0) directions, as well as the sum of moments about any joint (𝛴𝑀 =  0), must be 

zero. These conditions are derived from the fundamental principles of statics in rigid body 

mechanics [20]. 

Given the complexity inherent in analyzing the kinetics of a large free body, a strat-

egy of decomposition into smaller sub-free bodies is employed [21]. 

The lower extremity is divided into its constituent segments for detailed analysis. 

These segments typically include the thigh (upper leg), shank (lower leg), and foot. The 

division is based on anatomical landmarks and is crucial for isolating the forces and mo-

ments acting on each segment. For each segmented part of the lower extremity, a free-

body diagram is constructed (Figure 3).  

The analysis is initiated by ascertaining the Ground Reaction Force (GRF), which re-

fers to the forces exerted at the base of the foot in response to gravitational interaction. 

Since the modelling was taking place in the sagittal plane (2D), we focused only on the 

vertical and horizontal forces. The horizontal force which is parallel to the ground is af-

fected by the friction which is defined as: 

𝐺𝑅𝐹𝑥1 = 𝐶𝑜 × 𝐺𝑅𝐹𝑦1                                               (3) 

Wherein 'Co' denotes the coefficient of friction, assigned a value of 0.3, a characteristic 

extrapolated from literature which informs us about the execution of sporting events on 

surfaces layered with sand [22]. The Ground Reaction Forces (GRF) for each leg can be 

calculated by applying the principles outlined in the free body diagram provided in Fig-

ure 3. 

Therefore 𝐺𝑅𝐹𝑥2 can be calculated as: 

 

𝐺𝑅𝐹𝑥2 = −𝐺𝑅𝐹𝑥1                             (4) 

The next step was to ascertain the individual vertical ground reaction forces (GRFy) 

acting on each leg, we employ the moment equilibrium equation for the system in con-

junction with the horizontal ground reaction forces.  
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Figure 3. Biomechanical model of lower limbs in the sagittal plane, used for calculating ground 

reaction forces. 

The moment equilibrium about the base of one leg provides a relation that can be 

used to solve for the vertical ground reaction force on the opposite leg.  

Knowing that:  
𝛴𝐹𝑥 = 𝐺𝑅𝐹𝑥1 + 𝐺𝑅𝐹𝑥2 = 0                                                       
(5) 

𝛴𝐹𝑦 = 𝐺𝑅𝐹𝑦1 + 𝐺𝑅𝐹𝑦2 − 𝑃𝑡𝑜𝑡𝑎𝑙 = 0                                               (6) 

We use: 

ΣM = 𝑃𝑡𝑜𝑡𝑎𝑙 × 𝐿2 − GR𝐹𝑦1 × (𝐿1 + 𝐿2) = 0                                  (7) 

Therefore, we have derived the necessary values to proceed with further analysis 

starting with the first segment i.e. the foot. 

The foot, as illustrated in Figure 4, serves as a foundational tool in this analytical 

process. It visually represents all the forces and moments acting on the foot, which is 

treated as a rigid body. 
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Figure 4. Diagram illustrating the equilibrium of forces on the foot. 

For the foot segment, the equilibrium conditions are expressed by the following equa-

tions (8), (9), and (10): 

Equation (8): 𝛴𝐹𝑎 = 𝐹𝑥𝑎
− 𝐺𝑅𝐹𝑥 

Equation (9): 𝛴𝐹𝑎 = 𝐹𝑦𝑎 + 𝐺𝑅𝐹𝑦 − 𝑃1 

Equation (10): 𝑀𝑗𝑐 − 𝐹𝑗𝑦 × (𝑋𝑐 − 𝑋𝑗) − 𝐹𝑗𝑥 × (𝑦𝑗 − 𝑦𝑐) + 𝐹𝑔𝑦 × (𝑥𝑔 − 𝑋𝑐) + 𝐹𝑔𝑥 × (𝑦𝑐 −

𝑦𝑔) = 0 

Here , 𝑀𝑗𝑐  denotes the joint moment. The forces 𝐹𝑗𝑥  and 𝐹𝑗𝑦  represent the joint 

forces in the horizontal and vertical directions respectively. Concurrently, 𝐹𝑔𝑥  and 

𝐹𝑔𝑦correspond to the ground reaction forces (GRFs) in the horizontal and vertical planes. 

P1 is the foot weight, computed as the product of the mass of the foot and the gravitational 

acceleration [21]. 

The coordinates (𝑥𝑗 , 𝑦𝑗) mark the ankle joint's location, acting as a crucial point for the 

application of joint forces, whereas (𝑥𝑐, 𝑦𝑐), indicate the foot's centre of mass. In the same       

manner (𝑥𝑔, 𝑦𝑔 ) pinpoint the contact areas between the foot and the ground, where the 

GRFs are exerted (Figure 4). 

Advancing to the lower leg (ankle to knee joint), the model imposes similar equilib-

rium conditions, now referencing the forces and moments acting upon the ankle, articu-

lated by equations (11), (12), and (13): 

Equation (11):𝛴𝐹𝑘𝑥
= 𝐹𝑘𝑥 − 𝐹𝛼𝑥 

Equation (12): 𝛴𝐹𝑘𝑦
= 𝐹𝑘𝑦 − 𝐹 𝛼𝑦 − 𝑃2 

Equation (13): −𝑀𝑎 + 𝑀𝑘𝑐 − 𝐹𝑘𝑥 × (𝑦𝑘 − 𝑦𝑘𝑐) − 𝐹𝑘𝑦 × (𝑥𝑘𝑐 − 𝑥𝑘) − 𝐹𝑎𝑦 × (𝑥𝑎 − 𝑥𝑘𝑐) −
𝐹𝑎𝑥 × (𝑦𝑘𝑐 − 𝑦𝑎) = 0 

Within this framework, 𝑀𝑎 and 𝑀𝑘𝑐  represent the moments at the ankle and knee, 

respectively, indicative of the rotational effects engendered by the forces acting on the 

segment. 

In these equations, 𝑃2 is the gravitational force i.e. the weight of the lower leg and 

𝑚 is the mass of the segment. The coordinates (𝑥𝑘 , 𝑦𝑘  ) and (𝑥𝑎  , 𝑦𝑎 ), designate the posi-

tions of the knee and ankle joints in the plane. Furthermore, (𝑥𝑘𝑐  , 𝑦𝑘𝑐) specifies the COM 

of the calf, as indicated by the literature (Figure 5). 
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Figure 5. Representation of lower leg forces from ankle to knee, showing equilibrium conditions. 

 The forces and moments exerted on one segment are invariably transferred to the 

adjacent segment. In the same manner, the method is extended to the femur.  The follow-

ing diagram describes the moments and forces acting on the femur, which is the next seg-

ment where forces and moments act from the preceding segment. Therefore, we apply: 

Equation (14):𝛴𝐹𝑥 = 𝐹ℎ𝑥 − 𝐹𝑘𝑥 = 0 

Equation (15):𝛴𝐹𝑦 = 𝐹ℎ𝑦 − 𝐹𝑘𝑦 − 𝑃3 = 0 

Equation (16):  −𝑀𝑘𝑐 + 𝑀ℎ𝑐 − 𝐹ℎ𝑥 × (𝑦ℎ− 𝑦ℎ𝑐) − 𝐹ℎ𝑦 × (𝑥ℎ𝑐 − 𝑥ℎ) − 𝐹𝑘𝑦 × (𝑥𝑘 −
𝑥ℎ𝑐) − 𝐹𝑘𝑥 × (𝑦ℎ𝑐 − 𝑦𝑘) = 0 

Equation (14) establishes the balance of horizontal forces, denoting that the horizon-

tal force component at the hip joint (𝐹ℎ𝑥) is counterbalanced by the horizontal force com-

ponent at the knee joint (𝐹𝑘𝑥 ). Equation (15) demonstrates the vertical force equilibrium. 

The vertical component of the force at the hip joint (𝐹ℎ𝑦 ) minus the vertical component 

of the knee joint force (𝐹𝑘𝑦) and the force P3 sum to zero.  

In the same manner equation (16) defines the moment equilibrium about the hip joint. 

𝑀𝑘𝑐 and 𝑀ℎ𝑐 are the moments at the knee and hip about the centre of mass (COM) of the 

femur, (Figure 6). The coordinates 𝑌ℎ𝑐  and 𝑋ℎ𝑐  specify the COM of the femur. Mean-

while, 𝑌ℎ , 𝑋ℎ,  pinpoint the locations of the hip and knee (Figure 6). 
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Figure 6. Analysis of the femur demonstrating force and moment equilibrium, as forces are trans-

mitted from the knee to the hip joint. 

Anthropometric Parameters of a Hypothetical Male Athlete Model 

The anthropometric model used is based on an assumed male athlete with a stature 

of 185 cm and a total body mass of 100 kg.  

Table 1. Segmental Dimensions used in the Present Simulation. 

Segment Length (cm) 

Foot 24 

Lower Leg 

Upper Leg 

48 

50 

The model is divided into anatomical segments with the following specified lengths 

(Table 1), while the literature provides the following relationships for each segment (Table 

2) [19,21]: 

Table 2. Normative data on the relative mass and Centre of mass for each anatomical segment. 

Segment Relative Mass (%) 
Centre of Mass (% from 

Proximal End) 

Upper Leg 10.7 43.9 

Lower Leg 4.7 42.0 

Foot 1.7 43.4 

Results 

The current analysis provided invaluable insights into the forces experienced by the 

athletes and the forces and moments influencing the key joints in the lower extremities. 

Readiness Posture 

The right leg, serving as the hind leg, experiences significant forces. The horizontal 

ground reaction force (GRFX1) is calculated at 202.35N, however it must be noted that 

horizontal force is the product of friction, therefore depending on the surface it varies, but 

it still provides an analogous information of the magnitude of the force applied in hori-

zontally. 
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The vertical ground reaction force (GRFY1) at 674.5038 N reflects the substantial load 

the right leg bears, corresponding to body weight and the additional biomechanical de-

mands of maintaining posture and readiness for movement. This is further evidenced by 

the substantial horizontal and vertical forces at the ankle, knee, and hip joints, indicative 

of the right leg's involvement in power generation and absorption of impacts (Figure 7). 

 

Figure 7. Vertical forces on lower extremity joints during “readiness” static posture and kick pos-

ture, highlighting differences in force distribution between the right and left legs. 

The hind leg exhibited notable torques across all joints. The ankle joint torque was 

estimated at -33.2249 Newton meters (Nm). The negative sign indicates the activation of 

the gastrocnemius muscle prompting plantar flexion. The knee joint, with a torque of 

49.7192 Nm, was identified as bearing the highest load among the assessed joints which 

indicates the significant role in generating propulsive forces for strikes and in absorbing 

impacts during various combat movements. The positive sign here refers to the use of the 

extensor muscles and their contribution to the posture’s dynamics. The hip joint torque 

was registered at -32.3679 Nm with a magnitude almost identical to that of the ankle joint, 

causing strong activation of the glutes (Figure 8).  

In contrast, the front (left) leg encounters a mirrored horizontal ground reaction force 

of -202.3511 N and a reduced vertical force of 306.4962 N, suggesting a lesser load-bearing 

role but crucial involvement in manoeuvrability and readiness for action. 

The ankle joint experiences a torque of -23.3398 Nm. The knee joint torque, at 29.8407 

Nm, points to its involvement in providing mobility support, enabling swift kicking ac-

tions and defensive blocks. Lastly, the hip joint showed a torque of -27.2661 Nm, indicat-

ing its role in coordinating lower and upper body movements, and in assisting force dis-

tribution during combat. 

The results indicate a slightly higher reliance on the right ankle for stability and force 

generation, obviously due to the right leg being the hind leg in the stance. 
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Figure 8. Joint moments at the ankle, knee, and hip for "readiness" posture and kick posture. 

Kick Posture 

The static analysis of the kick posture provides quantified data on the power and the 

stability provided by the technique of the kick. The assessment specifically presents the 

differentiation of the loading between the kicking and supporting leg upon receiving the 

final kicking posture. 

The supporting leg's role is to absorb the impact and providing the necessary stability 

and counterforce for the kick. The forces at the joints of the supporting leg, including the 

ankle illustrate the coordinated action across the leg to maintain posture and balance dur-

ing the kick. 

The torques further demonstrate its stabilizing function and the leg's contribution to 

resisting the kick's force and maintaining the fighter's balance. The knee joint shows the 

highest moment at 64.2947 Nm, along with the hip joint at 32.8831Nm which informs us 

about their critical role in supporting the body's weight and managing the dynamics of 

the kick. 

The kicking leg’s results showcase its primary function in facilitating the kick. The 

joint forces provide the information of the leg’s tendency towards vertical lift and propul-

sion over horizontal stability. 

The leg exhibits markedly lower torques, with a nearly negligible moment at the an-

kle 0.033354 Nm) and modest moments at the knee and hip. These reduced torques in the 

kicking leg reflect its primary engagement in executing the kick, with a focus on speed 

and precision, indicating the utilization of the heel as the edge of the strike. 

Discussion   

The exploration into the biomechanical characteristics of ancient athletics, specifically 

through the lens of the depicted postures and movements as exhibited in the practices of 

ancient Greek sports, yields insights that can be characterized as both novel and enlight-

ening.  

This study, to the best of our knowledge, represents a pioneering effort in the static 

biomechanical analysis of ancient athletes' postures using modern computational tools 

such as computer vision and static multi-segmental analysis. 

Considerations of the Examined Postures Weight Distribution and Ground Reaction Forces 

The first parameter examined in the present research was the weight distribution of 

the athlete’s body weight at the initial phase of a match.  
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We estimated the weight distribution of an athlete's body during the initial phase of 

the engagement. This analysis reveals a deliberate allocation of body mass, favouring a 

posterior distribution with 68% of the weight positioned on the hind leg, which can be 

interpreted as a biomechanical adaptation designed to optimize performance. This dis-

parity in vertical force application between the posterior and anterior extremities repre-

sents a sophisticated approach to leveraging body mechanics for competitive advantage. 

The hind leg emerges as a critical element for stability and power generation [23]. 

On the other hand, the front leg carries a significantly smaller load, suggesting its 

role in manoeuvrability and providing balance during dynamic movements. This leg's 

reduced loading would possibly facilitate quicker, more agile adjustments in position. It 

must be noted that this imbalance in force distribution is indicative of a profound under-

standing of body mechanics, leveraging the limbs for specific functional roles: the hind 

leg for power and stability and the front leg for agility and balance. 

The analysis of horizontal ground reaction forces (GRFs) provides an additional per-

spective on the dynamics of movement. Knowing that the matches used to take place in a 

sanded arena (palestra), the hind leg signifies the force exerted backwards against the 

ground, which, in turn, propels the body forward [22]. As the horizontal forces are also 

used for initiating movement, and producing momentum, we are able to understand one 

of the ancients’ approaches in power generation [24]. 

Additionally, it seems that the strategic postural manipulation enabled the athletes 

to selectively engage targeted muscle groups, resulting in a biomechanically efficient sys-

tem for posture maintenance [25]. A feature we observe is the ability to generate high-

magnitude forces and moments while in static equilibrium, a phenomenon derived by 

bodily configuration, specifically the articular angles formed at each joint throughout the 

kinematic chain. This is characterized as a fundamental component of effective posture 

manipulation [26]. 

As far as it concerns the kick posture obviously the full GRF is exerted on the base 

leg. Here, it is imperative to acknowledge the multifaceted functionality of the lower ex-

tremity, which encompasses attenuation of impact forces, alongside the provision of sta-

bility and propulsion. The analysis of the horizontal GRF elucidates the requisite lateral 

stabilization for equilibrium maintenance. The elevated mechanical outputs of the base 

leg contribute substantially to the reduction of kinetic energy during impact, which miti-

gates the risk of losing balance and facilitates strategic positioning and movement [27]. 

The suggested robust activation of the muscles is essential for pelvic stabilization and limb 

control at the final phase of the kick and significantly enhances the biomechanical charac-

teristics of the kick [28].  

Strategic and Tactical Considerations  

The biomechanical characteristics derived from the present analysis can also inform 

inferences about athletes' tactical body positioning strategies [29]. 

The employment of biomechanical strategies that signal strength, readiness, and stra-

tegic flexibility are incorporated in the postural configurations, that we found. The athletes 

aimed to effectively control the pace of the engagement and influence opponent decision-

making processes [29]. Joint net moments confirm the literature as they present a highly 

strategic distribution designed to maximize both stability and power generation [30]. 

The deliberate augmentation of joint moments (beyond those observed in the typical 

anatomical posture) introduces an element of unpredictability and dynamism to the ath-

lete's subsequent movements and obscuring their tactical intentions from the opponent 

[31]. Interpreting these results through game theoretical perspectives it posited that sig-

nalling robustness, in our case provided by the posture’s configurations, serve as deter-

rents against careless aggression from adversaries [32].  

Moreover, the stance equips athletes with the capability to execute potent counterat-

tacks, instilling psychological hesitation and error in opponents [33]. This reflects a delib-

erate positioning that anticipates and reacts to the opponent's moves as it aims to control 

the game's flow and outcome [34]. 
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The posture reveals a strategic manipulation of the body, enabling versatile offensive 

and defensive capabilities [35]. Due to its biomechanical characteristics, the athlete's next 

move becomes less predictable to the opponent enabling the athlete to mask his intentions 

and maintain versatility using mixed strategies (i.e., varying joint dynamics) effectively 

[31]. 

Our examination also asserts that a fighter’s stance transcends mere defensive posi-

tioning; it encompasses predictive and adaptive strategies facilitated by multi-muscular 

activations which are obviously required to counterbalance the forces and moments an-

ticipated upon adopting such postures. This dynamic readiness not only allows for fluid 

transitional movements but is also important in executing preemptive strategies [36]. 

Hence, maintaining this posture allows the players to anticipate the opponent's moves 

and prepare counterstrategies.  Such preparedness is integral to the athlete's ability to 

respond swiftly to the opponent's manoeuvres, a capability noted by Philo in his discus-

sions on technical–tactical aspects [37].  

The integration of biomechanical and strategic insights not only underscores the 

physical capabilities leveraged to influence opponent behaviour but also highlights how 

ancient athletes used techniques and tactics to dictate the engagement's development ef-

fectively [38].  

The results of our static postural analysis of the kick presented at least 3 fundamental 

game theory-based tactics within the biomechanical setup of it.  

The first tactic involves dorsiflexion of the kicking leg's foot. This specific ankle move-

ment positions the heel as the main point of impact, thereby optimizing the force trans-

mission and maximizing the damage potential of the kick. Dorsiflexion is selected to en-

sure that the area making contact with the opponent is minimised (focusing on the heel), 

which concentrates the force delivered and maximizes the impact, a characteristic totally 

aligning with the ancient descriptions of Galen [39]. 

The second tactic relates to the features of the supporting leg. The leg, particularly 

the knee joint, exhibits strong moments, indicating significant force and stability main-

tained during the kick which is critical not only for supporting the body during the uni-

lateral action of kicking but also for providing a stable platform from which power can be 

efficiently transferred.  

We observe that the fighter's posture maximizes offensive potential targeting for the 

highest payoff presenting a function asymmetry with varying moments at each joint., a 

risk–dominant tactic which potentially to a disadvantage. The high moments at the knee 

joint can be seen as part of a contingency plan [40], a method for ensuring that the athlete 

maintains stability even if the initial kicking action does not lead to the desired outcome 

(such as observed in the Figure 2). 

The third tactic involves preparedness to adjust postures to maintain balance in case 

the initial kick is countered by the opponent. This is highlighted by the high ankle mo-

ments on the supporting leg, which indicate strong plantarflexion and thus stability [41]. 

Additionally, the position of the ipsilateral arm, which is not detailed but implied to con-

tribute to balance and defence, supports this readiness. 

In conclusion, the application of game theory principles to the analysis of the results 

suggests a Mixed Strategy Equilibrium for the kick, as evidenced by the functional asym-

metry, the mechanical necessity, and the optimization required for executing a high-risk, 

devastating kick [42]. Furthermore, the aspect of Contingency Planning is adequately ad-

dressed through the stabilization mechanisms observed. 

Training and Strength Implications 

The forces and moments exerted on the joints of both legs represent the baseline of 

strength required to maintain posture and readiness for movement. While not dynami-

cally taxing, these static loads are critical for developing tendon stiffness, joint stability, 

and neuromuscular control—prerequisites for executing dynamic actions with precision 

and power [43]. 
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It is known that during dynamic exercises such as the vertical jump, net joint mo-

ments soar significantly higher magnitudes, however, the torques estimated from static 

postures, provide a method utilized to enhance maximal muscular force production and 

neuromuscular efficiency i.e. the static exercises [44]. The maintenance of static postures, 

characterized by sustained isometric tensions, augments the athlete's capacity, bolsters the 

integrity of joint capsules and amplify proprioceptive sensitivity [45]. These postures fa-

cilitate a methodological activation of muscle groups, achieved through the adoption of 

specific bodily configurations that induce significant magnitudes of force just by forming 

the body in a specific way [46]. This approach strategically primes the body for full acti-

vation [47]. According to Galen athletes engaged in exercises that required holding static 

positions, such as grappling stances without motion, to enhance muscular endurance and 

strength [39]. 

Galen identifies exercises that we would classify today as isometric, such as holding 

one's hands clenched as methods to increase strength [39].  

As the sustained isometric contractions require continuous motor unit activation 

with minimal fluctuations, they enhance intramuscular coordination and muscle fibre re-

cruitment efficiency we identify that receiving these postures contributed in developing 

the athletes’ strength [48]. Biochemically, isometric exercise primarily utilizes the oxida-

tive phosphorylation pathway due to its lower, yet sustained, energy demand [49]. This 

constant demand for ATP, met without the cyclic rest periods characteristic of dynamic 

contractions, promotes mitochondrial biogenesis and efficiency within muscle cells. 

 Also, the persistent tension on muscle fibres during isometric holds leads to an in-

crease in local muscular endurance and can stimulate hypertrophy through tension-in-

duced intracellular signalling pathways [49], such as the mTOR pathway, therefore we 

should consider the factor of strong isometric exercises as a method of developing the 

extraordinary bodies developed in antiquity. 

Thus, the juxtaposition of static and dynamic modalities within a training program 

is not merely complementary but synergistic [50]. The endurance and stability garnered 

from static postures provide the essential stability from which dynamic power can be 

launched. 

Conclusions 

The present research into the biomechanical characteristics of ancient Greek athletics 

was conducted using machine learning (Computer Vision) and static multi-segmental 

analysis of the lower extremity. The analysis demonstrated optimal weight distributions 

and effective utilization of ground reaction forces. It was found that ancient practices em-

phasized on strategic use of posture to influence opponents' decisions and amplify their 

technique’s effective both in attacking and defending, a concept fully aligning with mod-

ern game theory.  

The use of strategy within the postures themselves to manipulate opponents' re-

sponses and create competitive advantages was identified. The present study elucidates 

how ancient athletes used their postures not as a tactical tool to influence opponents’ per-

ceptions and actions, integrating physical and psychological strategies—a dual approach 

which can be adapted in sports psychology and coaching strategies in modern combat 

sports. 

Sustained muscle tension during these postures with continuous motor unit activa-

tion is suggested, enhancing coordination and fibre recruitment for improved force pro-

duction. 

Historical texts confirm that isometric contractions were used to stimulate muscle 

growth pathways and increase muscular endurance, practices likely contributed to the 

robust physiques observed in ancient athletes. 

Our research advocates for isometric training regimes, which strengthen muscle and 

joint stability, to enhance neuromuscular control. This approach aims to promote tendon 

stiffness, joint stability, and the acquisition of high-level coordination skills.  
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This study's practical implication in modern sports science lies in its application of 

advanced biomechanical analysis to historical athletic practices, providing new insights 

that were previously not quantified. The detailed examination of weight distribution, 

ground reaction forces, and postural strategies used by ancient athletes offers a novel per-

spective on how these elements can be systematically optimised for current athletic train-

ing and performance, injury prevention, and tactical strategies in contemporary sports. 

Considering the foregoing arguments this study provides significant contributions 

to modern sports science and athletic biomechanics.  

Practical Applications 

This study offers practical applications for combat sports athletes and coaches lever-

aging insights from ancient Greek athletic practices. The main application is the use of 

static analysis to optimize fighting stances and techniques, allowing for enhanced power 

generation and strategic positioning. We emphasize isometric exercises to enhance joint 

stability and tendon stiffness, which is crucial for both performance enhancement and in-

jury prevention. Athletes seeking to maximize power generation should focus on specific 

postural strategies, while those aiming to improve balance and agility should incorporate 

dynamic stability exercises. Additionally, integrating game theory principles derived 

from the study can be applied to develop sophisticated fight strategies when seeking to 

outmanoeuvre opponents, through strategic positioning, while maintaining biomechani-

cal efficiency. Finally, the motion capture used in the research methodology can be em-

ployed to provide detailed feedback on technique refinement, enabling athletes to opti-

mize their performance for competitive advantage. 
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