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Abstract: A thorough understanding of how the delivered face angle and club path of a golf club 
influences the initial launch direction of a golf ball can play a significant role in the design of various 
club types as well as help players and coaches better understand performance in the field. A 
theoretical model based on a Hertzian impact formulation with the inclusion of tangential 
compliance via Coulomb friction is compared to empirical results. This comparison demonstrates 
that the initial launch direction of a golf ball for a given club path and face angle can be sufficiently 
predicted by the theoretical model, providing insights into the mechanisms leading to different 
launch direction percentages relative to face angle for various club types. Additionally, the 
relationship between launch direction and the coefficient of friction is explored for various angles 
of incidence. 
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1. Introduction 

Golf is one of the most popular recreational sports throughout the world, yet the physics 
governing both the motion of the golf swing and the impact of a golf club with the ball are quite 
complex. Many research efforts and publications have examined how both the equipment and 
biomechanical behaviors can influence performance in order to better equip instructors to improve a 
player’s ability and guide improved club designs [1–4]. A key element to the game of golf is the ability 
to control both the direction and distance, the importance of which has been statistically analyzed by 
Broadie [5]. The speed, orientation, and direction of travel of the club head at impact are the primary 
elements that determine a ball’s speed, spin, and start direction. For an oblique impact where the club 
normal direction and club velocity (also referred to as the path) are not collinear, the launch direction 
of the golf ball will generally lie somewhere between the face normal and club path directions [2]. As 
a result, players and golf coaches would greatly benefit from understanding the quantified 
relationship between a club’s delivery and the resulting direction of ball flight. Both Cochran and 
Stobbs [1] as well as Trackman (published by Dewhurst [4]) have published values quantifying the 
relationship between the launch angle of a golf ball struck by different clubs and the resulting launch 
angle. More recently, the current authors also published the results of an experimental study that 
explored these relationships [6]. Comparing the values published by Trackman and by the current 
authors differed slightly from each other, so an effort to understand the possible discrepancies along 
with the underlying physics was initiated. 

The collision between a golf ball and club, which determines the initial launch conditions of a 
golf ball, involves some very high forces occurring over short period of time. Normal forces can reach 
up to 10 kN during an impact interval of less than 500 s. Both the normal and tangential forces 
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occurring between and club and ball have been studied empirically by a number of researchers  
[4,7–9]. In order to gain a full understanding of the phenomena governing an oblique impact, it is 
desirable to interpret experimental observation through the lens of a theoretical model. One approach 
to modeling the physics and behavior of such impacts is to define empirically derived coefficients 
such as normal and tangential coefficients of restitution [4,9]. This approach can help establish some 
predictive power but is limited to the experimental conditions driving the coefficients and does not 
fully characterize the transient forces occurring during impact. As a result, insights into the governing 
physics determining behavior may not be fully captured and subsequently utilized to completely 
understand the phenomena that determine the resulting launch angles and spin rates. For example, 
it has been proposed that the observed launch angle for a driver occurring closer to the face direction 
than for a higher lofted club is a result of the relatively smooth face of a titanium driver producing 
less friction between the face and the ball [4]. The results of the current work will suggest that this 
behavior is governed by the compliant behavior of the reaction forces at impact and would be present 
even if the faces of a driver and high lofted iron were equally as “smooth”. Alternatively, finite 
element models or lumped parameter approaches [10–12] have been used to explore the behavior of 
oblique impacts occurring in a variety of sports, but the utility and flexibility of an elastic continuum-
based model was chosen for the current work due to the versatility and effectiveness in order to 
extract insights from experimental data. 

There is a gap in the current literature describing the empirical behavior observed during a golf 
ball and club impact, as there has yet to be a publication directly connecting the fully transient impact 
force between club and ball to the empirical observations of resulting launch angle. The current work 
utilizes a modified Hertzian contact model to explore the mechanisms that govern the initial launch 
direction of a golf ball relative to the face normal and velocity of a club head. This will be reported 
primarily through a value referred to as the launch ratio. This is defined as the ratio of two angles: 
the launch direction relative to path () and the face normal relative to path (). This ratio is depicted 
in Figure 1. By validating the model against empirical results and subsequently leveraging it to 
evaluate a range of conditions, the underlying physics behind the launch direction percentages are 
better understood. The presented results provide great benefit to both players and coaches, as well 
as golf club designers. 

 

Figure 1. Depiction of the launch ratio definition. 

2. Theoretical Model 

2.1. Overview 

When a spherical object collides with another spherical object or half-space (planar surface), 
there is a radial distribution of pressure that sees a maximum at the center of the circular contact area. 
This behavior can be characterized by a Hertzian contact model [13] and can be expanded to account 
for tangential compliance under the action of Coulomb friction. This is done by separating the impact 
problem into two almost independent tangential and normal impact problems and discretizing the 
contact area into annular strips in order to numerically iterate to determine which of those strips are 
slipping and which are sticking to the surface during impact [14,15]. The mixed boundary value 
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problem for the tangential tractions and displacements is reduced to a system of equations that are 
solved simultaneously for each time step during the impact interval. The simulation steps 
incrementally forward in time until the normal component of displacement reaches zero. This model 
has been used previously to study the generation of spin by the United State Golf Association [16]. 
The model by Maw et al. characterizes the properties of a sphere impacting an elastic half-space by 
the sphere’s moment of inertia, I; modulus of rigidity, G; and its Poisson’s ratio, ν. Two notable 
assumptions of the model are that the coefficient of friction, μ, is constant between the two surfaces 
(and the same for static and dynamic conditions) and that the only source of energy loss during 
impact is friction. The latter assumption implies that the normal component of impact is purely 
elastic. This was addressed in this work by adjusting the initial velocity in order to account for 
inelasticity. With the annular formulation of the contact area, the model allows for situations where 
the central region of contact is stuck, while the periphery points of contact can experience slip (or 
microslip) in addition to conditions of gross stick or slip. In an effort to validate the use of this model 
to characterize the behavior of impact between a club and ball, experiments were conducted to 
estimate reasonable coefficients of friction for different ball/surface combinations. These values were 
then used to compare the model-predicted launch angles to those observed in an air cannon. 

2.2. Validation 

During the ball/surface impact under the sliding condition, the force of friction can be assumed 
to fair degree to be directly proportional to the normal applied load (Amonton’s Law). Thus, this 
behavior can be utilized to estimate the coefficient of friction between ball and surface. In order to 
get a better understanding of what reasonable values of the coefficient of friction might be between 
a golf ball and the surface of a golf club, an experiment was conducted where a sled of three golf balls 
was pulled across a plate with grooves and a blasted surface, characteristic of an iron-type golf club. 
A weight was placed on top of the sled while it was pulled across the plate at a constant speed. The 
force required one to pull the plate at a constant velocity was measured by a load cell (Transducer 
Techniques, MLP10, Temecula, CA, USA) placed in line with the pull motor and sled. This 
experiment was conducted for both a urethane-covered golf ball and a surlyn covered ball, and is 
depicted in Figure 2. The ratio of tangential and normal loads led to values of 0.4 and 0.35 for the 
urethane and surlyn covered balls, respectively. Although the loads in this experiment are much 
lower than those characteristic of a club-ball impact, the experiment provided insight into the rough 
magnitude of μ between a ball and club face. 

In order to validate the theoretical model, a controlled experiment was conducted where a 
urethane covered ball was fired at a steel plate with a comparable surface to the one pictured in  
Figure 2 at 106 mph. The plate angle was varied between 3 degrees and 33 degrees, and the impact 
was recorded with a Phantom camera at 9500 fps (Vision Research, Wayne, NJ, USA). The incident 
and outgoing angles of each impact were measured using the Tracker Video Analysis software 
(https://physlets.org/tracker/) for multiple impacts at each plate angle. The theoretical model was 
then used to simulate impacts under the same conditions in order to validate the results produced by 
the model. A μ value of 0.4 was used to generate the model results. Figure 3 shows good agreement 
between the model and the experimental results for the angles examined (mean absolute error of  
> 1°). 
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Figure 2. Experimental setup used to measure coefficient of friction between golf ball and surface. 

 

Figure 3. Total angle (incident angle plus outbound angle) vs. incident angle for experiment and 
model. 

3. Experimental Methods 

3.1. Motion Capture Testing 

One-hundred and fifty-seven right-handed golfers (handicap: 10.1 +/− 10.0) volunteered to hit 
five shots with a driver and five with a 7-iron. Additionally, a subset of these players (10 players, 
handicap: 1.2 +/− 1.7) were asked to hit 10 shots each with a 58° wedge. Golf club kinematics were 
collected using an 8-camera optical system (T40S, Vicon Motion Systems Ltd., Oxford, UK) operating 
at 720 frames per second. Reported ball initial conditions were recorded with a Foresight GC2 launch 
monitor (Foresight Sports, San Diego, CA, USA) [17]. The results of the motion capture experiment 
include 731 shots with the driver, 745 shots with the 7-iron, and 99 shots with the wedge. Table 1 
reports the launch direction in the vertical plane as a percentage of the start direction relative to the 
face normal direction in the same vertical plane [6], also referred to as the delivered loft. Therefore, a 
value of 100% would describe a launch angle that is aligned with the face normal and a value of 0% 
would describe a launch angle aligned with the path (or velocity vector) of the club head. A 
comparison is made to the same values reported by Trackman and published by Dewhurst [4]. 
Overall, there is reasonable agreement between the values in Table 1, with the biggest discrepancies 
coming from the driver and 7-iron. For further detail on the experimental setup or dataset described 
in this section, please refer to Wood, et al. [6]. 

Table 1. Comparison of launch ratios in the vertical plane. 

Club Trackman, % Wood, et al., % 
Driver 87 83  8 
7-iron 75 81  5 

Pitching wedge 70 72  6 
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4. Results 

In order to understand the elements leading to the empirical behavior described in Section 3.1, 
the aforementioned theoretical model was used to predict the resulting launch angle for each 
empirical data point. The club head velocity at face center and the face normal were used to determine 
the incident angle and speed for the model, and a coefficient of friction, μ, was initially assumed to 
be 0.4 based on the results presented in Section 2.2. A launch angle in the reference frame 
corresponding to the experiment described in Section 3.1 was determined by the normal and 
tangential impulse values calculated by the model. Figures 4 and 5 show the results of this 
comparison. From these results, it is clear that the model does a great job of capturing the overall 
trend of launch angle relative to path when compared to the face normal relative to path for a μ value 
of 0.4. This provides a high degree of confidence in the model’s ability to capture the underlying 
physics that dictate the ball’s initial launch direction, even though the impact surface in the model is 
assuming to be rigid while it is acting in large part as a free body in the experiment. Error between 
the experiment and model can be attributed to this assumption, as there will inevitably be a 
component of the launch direction that falls out of the plane defined by the face normal and club 
velocity, and slight changes in the face normal direction may occur during the impact interval since 
the club head is not fixed in inertial space. Continuing to examine Figure 4, it is shown that as the 
angle between the face normal and path increases, the launch angle with respect to the path increases 
at a decreasing rate. This change in rate leads to the lower launch ratios seen for higher lofted clubs. 
Additionally, Figure 5 shows the empirically observed ratio for the three different club types and 
again shows good agreement but also highlights slight discrepancies between the model and 
experiment with a μ value of 0.4 for the lower angles of incidence. Given the results of the model, the 
effect of various coefficients of friction can be explored in order to determine the effect they may have 
on the initial launch direction of the ball. More importantly, the transient behavior of the forces can 
be examined to gain insight into the ”why” behind different launch angle ratios for the various impact 
angles and how the coefficient of friction plays a role in this behavior. 

 

Figure 4. Launch angle relative to club path vs. face normal relative to club path. 
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Figure 5. Launch direction ratio vs. face normal relative to club path. 

5. Discussion 

A major benefit of a model that captures the underlying physics and behavior at impact is that 
one can then evaluate different scenarios and gain insights into what is causing the results seen in 
experiments. Of particular interest is an explanation behind why the ratios change with loft. As 
mentioned earlier, it has been suggested that metal woods have a smoother face than irons, and 
therefore have different characteristic frictions between the face and the ball. This hypothesis can be 
explored by the model by evaluating the launch angle ratio over a range of incident angles and 
varying the value of μ. Figure 6 shows the results of such an analysis. Looking at the curves that are 
characteristic of dry clubhead surfaces (>0.3), it is clear from the model that the launch ratio 
monotonically decreases for increasing loft, even if the value of μ remains constant across the lofts. 
All ratios captured in Figure 6 are above 0.5, which means that the launch direction is closer to the 
direction of the face rather than the path. If any of these values were to fall below 0.5, that would 
mean the launch direction would be closer to the path. Furthermore, for angles that are characteristic 
of metal woods (i.e., less than 20°) the lowest coefficient of friction actually corresponds to a launch 
angle that is more closely aligned toward the path (i.e., lower launch ratio) than the higher coefficients 
of friction. This is at a glance counterintuitive and the opposite of some proposed hypotheses [4]. 
Why would a surface with a lower coefficient of friction lead to a lower launch ratio instead of a 
higher one? The theoretical model provides the ability to examine both the tangential force behavior 
occurring during impact and whether the areas of contact are slipping or are in stick at different 
points during the impact interval. The tangential forces for μ values of 0.15, 0.25, and 0.35 are 
presented in Figure 7. This figure not only displays the compliant nature of impact but shows how 
the higher coefficient values lead to a much higher “negative” tangential impulse. It is this negative 
impulse that brings the launch angle of the ball closer to the normal direction of the face. For the 
lower coefficient, the area of contact is actually in gross slip (i.e., entire contact area is slipping) for a 
short period of time before sticking, while for the two higher coefficients the contact area is in gross 
stick almost immediately at the instant of contact. This behavior also offers a possible explanation 
why the predicted launch ratio compared to the experimental for the driver in Figure 5 was over 
predicted by the model. It is possible that coefficient of friction may be less than 0.4 for the driver in 
the experiment leading to the lower launch ratio value. Looking at the higher lofts, or angles of 
incidence, there are some larger differences in launch ratio for the different values of μ. For the higher 
lofts, the initial part of the impact interval is characterized by gross slip, and for higher values of μ 
the contact area (in part or whole) transitions to stick. This behavior for the high values of μ leads to 
lower launch angles, while for lower values of μ the launch ratio is high (i.e., launch is closer to the 
face) since the contact surface is in gross slip during the entirety of contact. Lastly, when comparing 
the two sets of published values for launch ratio in Table 1, possible differences in contact friction can 
potentially explain the difference in empirically measured values. 



Proceedings 2020, 49, 27 7 of 8 

 

 

Figure 6. Launch direction ratio vs. face normal relative to club path for various coefficients of friction 
for an incident velocity of 80 mph. 

 

Figure 7. Tangential forces during impact as a function of time for an incident velocity of 80 mph and 
angle of 15°. 

6. Conclusions 

The experimentally measured launch ratios of a golf ball relative to the club face normal and 
club velocity for various club types have been successfully explained through the implementation of 
a modified Hertzian contact model. It has been shown that the dominant phenomenon that leads to 
the variation in launch ratio for different lofts is the compliant nature of the club–ball interaction. 
Even if the surface characteristics remain constant, the launch ratio will gradually decrease for 
increasing lofts for ranges of μ representative of dry contact. It is also shown how the behavior of the 
launch ratio for different club types and angles of incidence can be greatly influenced be the frictional 
characteristics of the surface. 
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