
EUROGRAPHICS 2025/ D. Ceylan and T.-M. Li Short Paper

Approximate and exact buoyancy calculation for
real-time floating simulation of meshes

Gábor Fábián1

1 ELTE Eötvös Loránd University, Department of Numerical Analysis, Budapest, Hungary

Abstract
In this paper, we present methods for simulating floatation of bodies represented by triangular meshes. The primary challenge in
creating such a simulation is determining the buoyant force and its reference point. We propose 5 algorithms, 3 approximations
and 2 exact methods, that enable the real-time calculation of buoyant forces. Each algorithm is based on rigorous physical and
mathematical principles, performing calculations directly on the triangular mesh rather than its approximation. Finally, we test
the accuracy and efficiency of these algorithms through simple examples.

CCS Concepts
• Mathematics of computing → Integral calculus; • Computing methodologies → Physical simulation; Mesh models;

1. Introduction

The calculation of buoyant force is a fundamental technique essen-
tial for the dynamic simulation of objects floating or submerged in
fluids. The interaction between rigid bodies and fluids is called the
rigid-body-fluid coupling problem, an extensive review of this topic
can be found in [BPD20]. Rigid-body-fluid coupling is an excep-
tionally challenging problem, involving two main aspects: deter-
mining the motion of a body submerged in a fluid and, conversely,
evaluating the effect of the moving body on the fluid. In this brief
study, we focus exclusively on the first problem. Existing solutions
often operate on grids [BR13] [Cla13] or directly on the mesh rep-
resenting the object [KKKT06] [Roy23]. These methods address
more complex problems than ours, but they are computationally in-
tensive. In contrast, we found many implementations that could be
computed in real-time on a CPU but relied on highly inaccurate ap-
proximations. In this paper, we present simple approximation and
exact methods that enables the real-time computation of buoyant
forces acting on complex meshes, even without utilizing GPU.

2. Physics of floating motion

Consider a solid 3D body (partially) immersed in a fluid volume.
We will assume our body to be rigid and have a uniform density.
We also assume that the fluid is incompressible, its surface is at
rest and sufficiently large.To further simplify the problem we will
ignore all the drag forces both in air and in the fluid. In this case,
two forces determine the motion of the object: the gravity force and
the buoyant force, as shown in Figure 1. The gravity force can be
calculated as

FG =−mgj,

where m is the mass of the object, g is the gravitational constant,
and j = (0,1,0) is the upward pointing unit vector. According to
Archimedes’ principle, the buoyant force calculated as

FB = ρgVBj,

where ρ is the density of the fluid, and VB is the volume of the sub-
merged part of the object, which equals the volume of the displaced
fluid.

Figure 1: Floating motion. The gravity force points downwards
from the center of gravity, which is the centroid of the whole body.
The buoyant force points upwards from the center of buoyancy,
which is the centroid of the submerged part of the body.

It is crucial to note that the reference points of these forces differ.
While the gravitational force acts at the object’s center of mass CG,
the buoyant force acts at the center of mass of the submerged part,
denoted as CB. The opposing directions of these forces, combined
with their different reference points, result in a net force and torque
that determine the object’s motion.

In a dynamic simulation environment, the object’s mass and cen-
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ter of mass are usually known in advance. These should be specified
or precalculated since they remain constant during motion. In con-
trast, VB and CB vary at every moment. For simulating the object’s
motion, it is essential to understand how to calculate VB and CB for
a given rigid transformation.

3. Mesh volume and centroid calculation

Let us consider the set Ω ⊂ R3, which defines the points of a
rigid body in space. The volume and centroid of the body are de-
fined as volume integrals. For instance, the volume of Ω and the
x-coordinate of the centroid are

vol(Ω) =

˚
Ω

1 dV,
1

vol(Ω)

˚
Ω

x dV,

respectively. According to Gauss’s divergence theorem (under ap-
propriate conditions), these volume integrals can be replaced by
surface integrals computed over the boundary [MT12], e.g.

vol(Ω) =
1
3

‹
∂Ω

id · dS.

If the body’s surface is represented by a triangular mesh, the inte-
grals can be calculated triangle by triangle. Thus, both the volume
and the centroid can be determined by weighted summation of the
signed volume elements Vi and centroid elements Ci for each trian-
gle ∆i:

V = ∑
i

Vi(o), C =
1
V ∑

i
Vi(o)Ci(o),

The volume and centroid elements can be calculated by formulas

Vi(o) :=
1
6
(ai−o) ·

(
(bi−o)×(ci−o)

)
, Ci(o)=

ai +bi + ci +o
4

,

as we can read in e.g. [Cat06]. Here, ai,bi,ci denote the three
vertices of triangle ∆i in order. We assumed the triangles have
consistent orientation and the outward-facing normal is given by
(bi−ai)×(ci−ai). Note that the Vi volume elements are the signed
volumes of the tetrahedron defined by ai,bi,ci, and an arbitrary
chosen reference point o. Similarly, the Ci centroid element corre-
sponds to the center of mass of the same tetrahedron.

4. Physics simulation

Assume that the current position and orientation of the moving
body can be described by the T rigid transformation. Consider an
arbitrary x vertex of the mesh at rest. For each time step in the sim-
ulation there exists an R rotation and a t translation, which describe
the current location of the x vertex: x′ = T(x) = Rx+ t. At every
moment of the simulation, we will execute the following steps.

1. Update the current rigid transformation, T.
2. Classify triangles of the transformed body (non-submerged, par-

tially submerged, totally submerged).
3. Compute the contribution of each triangle to the buoyant force.
4. Pass the force and the torque to the physics simulator.

Our algorithms were implemented using the Unity real-time de-
velopment platform. Unity itself includes a physics engine, so we
relied on it for the rigid body dynamics simulation. Specifically,
we utilized the built-in Rigidbody component to assign mass

to the object. Additionally, in our simulation, this component cal-
culates the effects of gravity and drag forces. Step 1, determin-
ing the current rigid transformation, can be achieved using Unity’s
built-in Transform.TransformPoint function. Step 2 can
then be carried out straightforwardly. Step 4 can be executed sim-
ply using Unity’s built-in Rigidbody.AddForce and Rigid-
body.AddTorque functions. The majority of the dynamic simu-
lation is thus handled by Unity, while our custom-developed com-
ponent modifies the motion of the objects by adding forces amd
torques.

The most critical task to address is Step 3: computing the buoy-
ant force. In the following, we present 5 distinct algorithms aiming
this problem. The first provides a fast but rough approximation, the
second offers a more precise approximation, and the third computes
the exact values, the last two offers further development opportuni-
ties. The difference among these algorithms lies in which triangles’
contributions are considered during their calculations, as illustrated
in Figure 2.

Figure 2: The fast algorithms only account for totally submerged
triangles (blue). The improved algorithm also includes the contri-
bution of the triangles on the fluid surface that enclose the sub-
merged region from above (green). Exact algorithms incorporate,
in addition to the above, the contribution of partially submerged
triangles (red).

4.1. Fast approximate algorithm

Classifying triangles can be performed very quickly, even for
highly complex meshes; however, calculating the signed volume
and centroid elements is computationally expensive. Assume that
the set S contains the indices of triangles totally submerged be-
low the fluid surface. Initially, we employed a fast, approximate
approach. At the start of the simulation, we precomputed Vi and
Ci for all triangles in the untransformed mesh. At any given sim-
ulation step, after classifying the triangles, we calculated the sub-
merged volume and centroid based on the totally submerged trian-
gles. Since the centroid is determined in the object’s original local
coordinate system, it must be transformed using the object’s current
transformation to yield the correct result in world space.

4.2. Improved approximate algorithm

Fast algorithm can lead to inaccurate results. In such cases, the
contribution of omitted triangles becomes significant. It is impor-
tant to note that this omission does not only concern partially sub-
merged triangles. The formulas for volume and centroid are based
on integrals over closed surfaces, meaning that the contributions of
polygons formed at the intersection of the fluid surface (plane) and
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the mesh must also be included in our calculations. A simple ap-
proach would involve computing this intersection, triangulating the
resulting polygons (with potential holes), and then incorporating
the contribution of these surface fragments. However, this proce-
dure would be computationally expensive [Roy23]. The key idea
to overcome this problem is as follows. Recall that in the calcu-
lations for both volume and centroid elements, the choice of the
origin o is arbitrary. If, at each moment, we adjust the origin so that
it lies on the fluid surface, then the volume contribution of all sur-
face elements on the plane becomes zero because the four vertices
of any tetrahedra are coplanar. Therefore, let o be the projection of
the object’s current centroid onto the y = 0 plane, and calculate the
volume and centroid elements relative to this reference point.

It is worth mentioning that, unlike the previous algorithm, our
calculations in this approach are performed using the vertices of
the mesh in the current world coordinate system. As a result, there
is no need to transform the centroid after its computation. However,
in the case of the current algorithm, pre-computation is not an op-
tion, as the reference point o changes continuously for a moving
object. In exchange, this method provides a much more accurate
approximation compared to the fast algorithm.

4.3. Exact algorithm

The exact algorithm is a slight refinement of the improved algo-
rithm, where the contributions of triangles intersecting the fluid
surface are also taken into account. Excluding edge cases (when

Figure 3: Non-submerged (white), totally submerged (blue), and
partially submerged (red) triangles. Right: two primary cases for
partially submerged triangles: if only vertex b is below the fluid
surface, the contribution of the pbq triangle is considered; if c and
a are below the surface, the contributions of the pqc and apc tri-
angles are also included.

one or more vertices of the triangle lie exactly on the y = 0 plane),
two scenarios are possible: the partially submerged triangle either
has one vertex or two vertices below the fluid surface. In the first
case, we consider the contribution of the subtriangle below the fluid
surface. In the second case, the quadrilateral formed below the fluid
surface is split into two triangles, and their contributions are added
to the existing ones, see Figure 3.

4.4. Surface-based algorithms

In volume-based methods, we applied the divergence theorem to
convert volume integrals into surface integrals. However, in this
case, integration must be performed over a closed surface, requir-
ing consideration of the contributions from surface elements inside
the object. These contributions can be eliminated by appropriately

choosing the reference point. However, if the water surface is not
a perfect plane, this approach is no longer applicable. Furthermore,
additional challenges arise, as the surface patch that closes the ob-
ject on the water surface side is not uniquely defined.

An alternative interpretation of Archimedes’ principle, discussed
in [Lim11], provides a different perspective. In this formulation,
the buoyant force is directly defined as a surface integral, meaning
integration is performed over a non-closed surface. The buoyant
force is obtained by integrating the pressure over the surface S that
is in contact with the water:

FB =−
¨

Σ

p dS =

¨
Σ

ρgy dS

Following the previous approach, the calculations can be per-
formed triangle by triangle, summing the contributions of forces
and torques for each triangle. After straightforward computation,
we get the following formula for force elements: Fi = ρg(Ci)yAi,
where (Ci)y denotes the y-coordinate of the centroid of the triangle,
Ai is the oriented surface element. We developed two algorithms
based on this method: the first considers only the contributions of
fully submerged triangles (fast surface), while the second also ac-
counts for the contributions of partially submerged triangles (exact
surface).

5. Accuracy tests

The exact algorithm considers the contribution of every partially or
totally submerged triangle (including those lying on the fluid sur-
face), providing accurate results apart from numerical errors. We
validated this accuracy using two simple examples and also as-
sessed the performance of the other two algorithms in terms of pre-
cision. For the tests, we examined the submersion of a unit sphere
and a unit cube. The centroids of the objects were conceptually
placed at point (0,h,0), and we determined how the magnitude of
the buoyant force varied as a function of h. For simplicity, we as-
sumed that ρg = 1. Basic geometric considerations led to straight-
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Figure 4: Accuracy tests for our algorithms in case of submerging
a unit cube and a unit sphere.

forward conclusions. In case of the cube for h ∈ (−1/2,1/2) we
get

Fcube
B (h) =

ˆ −h

−1/2
1 dy =−h+

1
2
.
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Torusknot Bunny Armadillo
Fast 0.09 0.23 0.98

Improved 0.18 0.69 2.96
Exact 0.26 0.75 3.05

Fast Surface 0.22 0.76 3.45
Exact Surface 0.33 0.90 3.94

Table 1: Performance tests: total time cost for buoyancy calcula-
tion for different models (in milliseconds). The values presented in
the table are derived from the average of 100 measurements.

For the sphere, the task was only slightly more complex, requir-
ing the integration of polynomial expressions. In this case for
h ∈ (−1,1) we have

Fsphere
B (h) =

ˆ −h

−1
(1− y2)π dy =

π

3
(h−1)2(h+2).

During our tests, we used cube meshes of two different levels of
detail. The 103 cube contained 1,200 triangles, while the 1002 cube
consisted of 120,000 triangles. Additionally, we tested two sphere-
approximating meshes: the sphere approximated with 502 segments
contained 5,000 triangles, whereas the one with 2002 segments had
80,000 triangles.

The test results confirmed our expectations. The exact algo-
rithms computed the buoyant force in accordance with the theo-
retical model, apart from round-off errors. The fast surface algo-
rithm also provided a reasonably accurate approximation. Notably,
in both figures, increasing the mesh resolution reduces the error in
the improved algorithm, whereas the error in the fast algorithm re-
mains unchanged. This can be explained by the fact that the fast
algorithm neglects the contribution of triangles intersecting the wa-
ter surface. Without an appropriately chosen reference point, this
contribution is nonzero, leading to persistent errors regardless of
the mesh resolution.

6. Performance tests

We conducted performance tests using several models, three of
which are presented here. The torusknot model contains 1760 tri-
angles, the Stanford Bunny model has 5,002, while the Armadillo
model has 30,000 triangles. During the measurements, we recorded
the response times of the 5 algorithms designed to compute buoy-
ant forces. At the start of the test, the object was almost entirely
above the fluid surface, and by the end, it was nearly totally sub-
merged. After performing 100 measurements, we calculated the av-
erage cost of computing the buoyant force and torque. The mea-
surements were carried out on a desktop computer with the fol-
lowing configuration: Intel Core i5-9400, 8GB RAM, Intel UHD
Graphics 630, running Windows 10 Pro. The results are shown in
Table 1.

Even for the detailed Armadillo model, the worst-case measured
response time was approximately 10 ms. This enables a simulation
speed of 100 FPS on the test computer, ensuring real-time perfor-
mance for complex models.

7. Conclusion

In this short paper, we presented 5 efficient and easy-to-implement
algorithms for determining buoyant force. Our methods are based
on mathematical and physical principles. The algorithms have pro-
gressively higher computational demands but offer increasing ac-
curacy, with two algorithms providing an exact solution apart from
floating point errors. From previous methods [BPD20] deserves
special attention. The authors addressed a more complex problem
than ours; however, their buoyant force computation is compara-
ble to ours. To achieve this, they approximate the submerged vol-
ume, similar to our volume-based approximation methods. A sim-
ilar measurement was conducted to validate accuracy, confirming
that their method only approximates the theoretical curve.

Finally, let us outline the limitations of our algorithm. Through-
out the calculations, we assumed that the object is homogeneous
and the water surface is a perfect plane. Simulating the motion of
inhomogeneous objects would likely require volume-based com-
putations. If the water surface is not planar, the surface-based ap-
proach presented here avoids the need to account for contributions
from surface patch located inside the object. We aim to generalize
our algorithms in this latter direction.

The Unity component implementing the demonstrated algo-
rithms can be found in the [Fab25] GitHub repository.
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