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ABSTRACT

Realistic ultrasound simulation is essential for training
and algorithm development. However, most existing methods
generate single-frame images from thin slices of the probe’s
field of view, neglecting tissue deformation and spatial conti-
nuity across frames. We propose a physics-based simulation
pipeline, fully compatible with any scatterer-based ultra-
sound simulator, which employs finite element modeling to
update local scatterer maps under large-scale stability con-
straints, given the probe trajectory and tissue geometry. The
framework produces continuous and anatomically accurate
ultrasound sequences with physically consistent speckle evo-
lution, providing a practical tool for training, visualization,
and the development of freehand ultrasound reconstruction
algorithms.

Index Terms— Freehand ultrasound imaging, simula-
tion, tissue deformation

1. INTRODUCTION

Ultrasound (US) is a real-time, safe, and cost-effective medi-
cal imaging modality. A distinctive feature of US imaging is
the speckle pattern, caused by echoes scattered by numerous
disordered microscopic structures, usually referred to as scat-
terers. Unlike electronic noise, speckle exhibits pronounced
temporal and spatial coherence.

US simulation refers to generating synthetic images and
serves as a powerful tool not only for operator training, but
also for evaluating image processing methods and provid-
ing datasets for training deep learning algorithms. The most
popular methods consider the medium as a dense distribu-
tion of point scatterers, each with assigned random intensity
and spatial position. Depending on how US wave propa-
gation is modeled, three categories of approaches can be
distinguished. Wave-based methods, such as Field II [1] and
SIMUS [2], directly solve acoustic equations and achieve
high physical fidelity, though at considerable computational
cost. Convolution-based methods approximate imaging as
a convolution of the scatterer map with the system’s point
spread function (PSF) [3], enabling efficient speckle synthesis
for real-time use. Ray-tracing approaches model geometric
effects such as reflection, refraction, and attenuation, produc-

ing images with strong visual realism [4, 5], hence less in
phase with the physics of ultrasound. Less popular, methods
that do not explicitly model scatterers rely on deep generative
models to synthesize ultrasound images or videos [6, 7, 8],
often prioritizing visual style similarity while overlooking the
physical consistency of speckle patterns.

Most existing US simulators focus on generating in-plane
2D temporal image sequences, thus accounting only for tem-
poral speckle coherence, while neglecting the spatial coher-
ence across consecutive slices that arises in freehand probe
scanning. In practice, speckle patterns evolve smoothly along
a scanning trajectory, and preserving this continuity in sim-
ulations is crucial for validating various algorithms such as
speckle tracking or 3D reconstruction [9]. Simulating such
large-scale spatial coherence requires maintaining a consis-
tent scatterer map with sufficient scatterer density (i.e., tens
of scatterers per resolution cell to ensure fully-developped
speckle) across the probe’s scanning range, which leads to
prohibitive memory demands [10].

We recently proposed a spatially coherent US simula-
tor (SCUS) [10], based on scatterer distributions within 3D
cells across the entire simulated medium, while applying
random perturbations to each block. This strategy preserves
the randomness and statistical properties of speckle, while
substantially reducing memory consumption, thereby en-
abling the simulation of large-scale spatial coherence in
ultrasound imaging. Nevertheless, SCUS relies on a tis-
sue rigid-body assumption and therefore neglects the elastic
nature of probe–tissue interactions [11]. In practice, probe
pressure compresses the medium and induces deformation,
which manifests in US images as apparent displacements
of anatomical structures. Realistic modeling of this phe-
nomenon requires the incorporation of biomechanical repre-
sentations of tissue elasticity.

Herein, we achieve realistic ultrasound image simulation
from freehand probe trajectories recorded with a position
tracker, reproducing probe-induced anatomical deformations
while preserving spatial coherence between adjacent slices.
The finite element method (FEM) is employed to model tis-
sue elasticity and guide the deformation of the scatterer map.
Furthermore, we propose a complete pipeline that mimics
the acquisition of 2D ultrasound image sequences in current
handheld clinical practice.



2. PROPOSED METHODOLOGY

We propose a four-stage pipeline that integrates three key
components: back-projection of probe positions, field-of-
view (FoV) expansion, and deformation-driven scatterer up-
date, as illustrated in Fig. 1. Given the initial tissue configu-
ration and a time-varying probe trajectory, the scatterer dis-
tribution across the medium remains fixed to ensure speckle
spatial coherence. For each frame, the deformation field is
computed from the probe motion and applied to update the
positions of scatterers within the current FoV, which are then
used for ultrasound image synthesis.

Fig. 1. Overall workflow of the proposed pipeline. Stage
A performs offline preprocessing, and an ultrasound sequence
is generated by repeating Stages B–D. The bottom row shows
scatterer map changes during Stage C: red, green, blue, and
yellow denote the initial FoV, expanded FoV, deformed re-
gion, and final map for image synthesis.

2.1. Geometry and scatterer initialization

The anatomical geometry of the simulated medium and the
acoustic and mechanical properties of each tissue are first de-
fined. The geometry may be either a simplified model as con-
sidered in this work, or a realistic one derived for example
from 3D imaging modalities such as CT or MRI.

Scatterer generation. Scatterers are points in the 3D
space that enable the diffusion of the ultrasound waves, sim-
ilar to smaller than wavelength structures in real tissues.
They are defined by their 3D position and amplitude, both
following random distributions. Herein, the efficient pseudo-
random strategy proposed in SCUS [10] is used to generate
the positions. Each scatterer’s amplitude is sampled from a
scaled normal distribution according to the echogenicity of
the corresponding tissue type.

Mesh generation. In parallel, tetrahedral meshes are gen-
erated for FEM simulations based on the defined geometry,
consisting in N nodes. The probe is represented as a rounded
rectangular cuboid whose contact surface corresponds to the
transducer’s aperture dimensions (width and height). A fillet
radius of 2 mm is applied to approximate the curved shape of
the transducer face. The upper surface of the medium is lo-
cally refined to ensure precise contact pair with the probe and
accurate contact-force computation.

2.2. FEM-based deformation modeling

Tissue deformation induced by probe–tissue contact is formu-
lated as a quasi-static rigid–elastic sliding contact problem
with friction, modeled using the open-source finite element
framework FEniCSx [12].

Mechanical assumptions. At time t, the ultrasound
probe Probe(Pt, Rt, FoV ) is characterized by its surface-
center position Pt ∈ R3, rotation matrix Rt ∈ R3×3, and
field-of-view dimensions FoV ∈ R3. It is modeled as a rigid
body that exerts normal pressure and tangential frictional
forces on the contact surface with the medium, thereby in-
ducing its deformation. The medium is assumed to behave as
a linear elastic material under small deformations, governed
by (the body force is assumed equal to 0):

∇ · σt = 0, σt = Cεt, εt =
1
2 (∇ut +∇ut

T), (1)

where σt ∈ RN×3 is the Cauchy stress tensor, ut ∈ RN×3

the 3D displacement field at probe trajectory time t, C the
elasticity tensor defined by each tissue’s Young’s modulus and
Poisson’s ratio, and ε the strain. The bottom surface of the
tissue is fixed, while the lateral boundaries are traction-free.
The contact interaction between the probe and the tissue is
governed by the boundary conditions described below, with
contact possibly occurring along the rounded probe edges de-
pending on the probe inclination.

Back-projection of probe positions. For each probe pose
defined by position and orientation (Pt, Rt), the correspond-
ing contact pose on the undeformed tissue boundary is ob-
tained by back-projecting the probe position along its surface
normal until intersection with the undeformed medium. This
yields the reference pose(P ′

t , Rt), representing the initial con-
tact configuration prior to deformation, which serves as the
geometric basis for defining displacement boundary condi-
tions.

Implicit pressure term: rigid probe displacement
(Dirichlet boundary condition). To avoid the need of
force information, difficult to have in practical situations,
we propose to determine the contact pressure implicitly by
the Dirichlet boundary condition applied to the prescribed
probe trajectory. The probe displacement field is expressed
as

ut(x) = (Pt − P ′
t ) +Rt(x− P ′

t ), (2)

where x is any node on the probe surface. This displacement
is imposed as the boundary condition on the probe and trans-
ferred to the tissue nodes in contact using the reaction force
formulation.

Friction term: adhesion friction (Neumann boundary
condition). In addition to the normal traction, adhesion-type
friction at the medium–probe interface is considered, while
the deformation-related friction component is neglected [13].
Following the model proposed by Adams et al. [14], the inter-
facial shear stress τ increases linearly with the local pressure:

τ = τ0 + αp, (3)



where τ0 is the intrinsic interfacial shear strength, α is a pres-
sure coefficient, and p is the local normal pressure transmitted
through the contact. This pressure-dependent adhesion model
is used to mimic the frictional behavior of hydrated or wet
skin under sliding contact.

2.3. Scatterer Deformation

Scatterer extraction. Instead of explicitly storing all scatter-
ers, we adopt a cell-based data structure, following our pre-
vious work [10], which substantially reduces memory con-
sumption. For a given probe pose Probe(P ′

t , Rt, FoV ), can-
didate cells intersecting the field of view are efficiently iden-
tified via spatial hashing, and the corresponding scatterers
are retrieved from the predefined tissue-mimicking map to
assemble a local scatterer map, as shown by the red box in
Fig. 1(C1) [10].

Field-of-view expansion and deformation update.
Probe compression redistributes scatterers, leading to mis-
alignment between the extracted slice and the true deformed
configuration. To address this, the probe’s field of view
is temporarily expanded to FoVex according to the maxi-
mum nodal displacement, as indicated by the green box in
Fig. 1(C2). The displacement field obtained from FEM is
then applied to update scatterer positions within the expanded
region, producing the deformed distribution shown by the
blue box in Fig. 1(C3). Finally, the updated scatterers are
cropped back to the probe’s actual field of view, forming the
final yellow box in Fig. 1(C4), which is used for ultrasound
image synthesis.

2.4. Ultrasound image simulation

The deformed scatterer map corresponding to the probe pose
Probe(Pt, Rt, FoV ) is used for ultrasound image simulation
with SIMUS [2], together with parameters defining the probe
and the acquisition scheme.

3. RESULTS

To evaluate the effectiveness of the proposed framework, ex-
periments were performed on a simplified vascular phantom
model. The blood vessel is treated as a static structure, and
blood flow velocity is not considered in the simulation. The
vessel is represented by a hollow cylinder with an outer diam-
eter of 6 mm, an inner diameter of 4 mm, and a wall thickness
of 1 mm. The surrounding tissue is modeled as a cube with
a side length of 60 mm. The probe simulated was a standard
L11-5v transducer from Verasonics, with an aperture width of
38.4 mm, a height of 5 mm, and an imaging depth of 40 mm.

Twenty-one plane waves steered from –10° to 10° were
compounded to form the simulated US image, which was log-
compressed after envelope detection with a 40 dB dynamic
range. The simulated images were cropped to a field of view
of (−15, 15) mm laterally and (0, 20) mm axially in the probe
coordinate system.

3.1. Speckle statistical validation

To validate the statistical consistency of speckle patterns gen-
erated by the proposed pipeline, we performed two comple-
mentary analyses at both the image and scatterer-map levels.

(1) B-mode speckle statistics. We first verified that the
log-compressed envelope images produced by the proposed
method exhibit log-Rayleigh distributed speckle, consistent
with the statistical characteristics of fully developed speckle
in real B-mode US. Simulations were conducted with the
probe positioned at Pt ∈ {30, 57, 30} mm and rotated by
{0◦, 10◦, 0◦}, under scatterer densities of 5, 15, 20, 25, and
40 scatterers per mm3. The envelope signals were analyzed
using the Kullback–Leibler (KL) divergence to quantify their
deviation from the Rayleigh model, as summarized in Ta-
ble 1. Results show that increasing scatterer density yields
finer, more Rayleigh-like speckle patterns but at higher com-
putational cost. A density of 20 scatterers per mm3 (KL
≈ 0.1) achieves a favorable balance between realism and
efficiency.

Table 1. B-mode image–level evaluation of SIMUS quality
under different scatterer densities.

Density(mm−3) 5 15 20 25 40
KL div. 0.65 0.17 0.10 0.064 0.016
Time (s) 124 257 346 462 783

Scatterers 3.2k 9.7k 12.9k 16.1k 25.8k

(2) Scatterer-map uniformity. To further evaluate the
statistical stability of the proposed framework, we com-
pared it against two alternative scatterer-map configurations:
(i) scatterers generated directly from probe-recorded posi-
tions Pt using [10], and (ii) deformation performed with the
proposed method without the FoV expansion step. Spatial
uniformity was quantified using the l2-discrepancy metric,
where lower values indicate higher uniformity in scatterer
distribution.

Table 2. Discrepancy of scatterer maps generated by different
methods (×10−4).

Method 5 15 20 25 40
SCUS 7.60 5.18 4.43 4.68 2.72
Ours (w/o expand) 253.9 257.1 256.4 193.5 254.2
Ours 9.48 9.79 7.93 5.83 6.18

As shown in Table 2, the proposed method achieves a
consistently low discrepancy, comparable to the initial con-
figuration, indicating that the scatterer update module effec-
tively preserves statistical uniformity during deformation. In
contrast, omitting the FoV expansion step results in a two-
order-of-magnitude increase in discrepancy due to directional
scatterer drift, leading to void regions within the FoV. Over-
all, these results confirm that the proposed method maintains
statistical consistency of the speckle field throughout defor-
mation and highlight the critical role of the FoV expansion in
ensuring spatial uniformity.



3.2. Deformation Validation

To evaluate the proposed method under realistic scanning
conditions, the probe was tilted by 30◦ around the Y -
axis and advanced along its normal direction with pro-
gressive 1 mm indentation across five frames. Small ran-
dom perturbations (±3% in position, ±2° in orientation)
were added to emulate hand-induced variability during free-
hand scanning. Demonstration videos are available at:
https://github.com/ZyyyChen/DeformUS-Simulator.git

Figure 2 illustrates the US results during the probe mo-
tion. The first row shows the 3D model. The second row
displays US images directly generated by SCUS. The third
row shows images simulated only using the probe pose back-
projection module (without tissue compression). The fourth
row presents the images corrected by our proposed method.
The SCUS-generated images exhibit severe probe penetra-
tion artifacts, particularly at larger indentation depths, and the
vessel remains undeformed. Comparison shows that neglect-
ing tissue compression leads to inaccurate vessel positioning,
while the proposed method accurately captures the vessel flat-
tening and upward shift caused by surrounding tissue com-
pression, reflecting realistic tissue–probe interactions.
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Fig. 2. Ultrasound simulation with progressive 1 mm forward
and 1 mm indentation motion of the probe, incorporating 3%
random perturbations to emulate realistic freehand variations.
The proposed method accurately reproduces vessel deforma-
tion and upward displacement resulting from tissue compres-
sion.

3.3. Spatial consistency

To evaluate the spatial consistency of speckle patterns be-
tween adjacent frames, we analyzed the correlation of US
images simulated during probe translation along the central
axis, while maintaining a constant indentation depth of 3 mm.
As shown in Fig. 3, speckle patterns generated from inde-
pendently reinitialized scatterers exhibit no spatial correla-
tion across slices. In contrast, the proposed method preserves
speckle consistency within approximately 0.2 mm of inter-
slice distance, demonstrating its ability to maintain coherent
speckle evolution during continuous probe motion.

Fig. 3. Spatial correlation of speckle patterns versus inter-
slice distance.

3.4. Friction analysis

In real ultrasound acquisitions, vessels often exhibit not only
compression but also lateral displacement away from the
probe due to pressure, especially in longitudinal scans with
an oblique probe angle. This behavior, primarily caused by
probe–skin adhesion friction [13], was successfully repro-
duced in our simulations. As shown in Fig. 4, the presence of
friction induces noticeable lateral vessel motion, whereas in
the frictionless case the vessel undergoes only compression
without sideward displacement. These results highlight the
essential role of friction in realistic probe–tissue interaction.

(a) Without friction (d) With friction

Fig. 4. Simulated vessel deformation without or with adhe-
sion friction during probe compression.

4. CONCLUSION

We presented a physics-based scatterer deformation model
and ultrasound simulation pipeline that generate continuous
ultrasound sequences, reproducing realistic speckle evolution
across frames and probe-induced anatomical deformation
during handheld scanning, unlike conventional single-frame
simulators. Building on an efficient scatterer extraction strat-
egy, the proposed method models tissue compression, lateral
displacement, and deformation caused by probe pressure and
friction using only the recorded probe trajectory. Fully com-
patible with existing scatterer-based simulators and medium
models, the framework provides valuable data for tasks re-
quiring spatially coherent speckle patterns and anatomically
accurate representations, such as 3D reconstruction and edu-
cation.



5. COMPLIANCE WITH ETHICAL STANDARDS
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