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Abstract: Embryo implantation is a crucial step in mammalian reproduction. Mechanical forces
play an important role in embryo development, but their specific role during implantation has not
been established yet. In this work, we analyze the 4D time-lapse data of mouse and human embryos
implanting in an in vitro set-up to understand the mechanisms embryos use to attach and embed
in the matrix. We show that, for both species, mean deformation, strain energy, total force and
contractility increase over time. We demonstrate that radial displacement prevails and that more
collagen is translocated along the Z axis. Z-displacement is negative underneath the mouse embryos,
however human embryos show positive and negative Z-displacement underneath the embryos.

I. INTRODUCTION

In the early stages of mammalian pregnancy, the fertil-
ized ovule undergoes a series of cell divisions and reaches
the uterus, where, at the blastocyst stage (early em-
bryonic development structure), it may implant. Dur-
ing implantation, the blastocyst hatches from the zona
pellucida, attaches and invades the endometrium. In
human reproduction, embryo implantation is a limiting
step. While only 25-30% of conceptions lead to successful
live births, around 60% of these conceptions are lost dur-
ing implantation or soon after this process[1]. Mechani-
cal forces and cell contractility play an important role in
embryo pre-implantation development[2]. The force gen-
erated by the mouse embryos was also shown to facilitate
hatching[3]. However, the role of forces during mouse and
human embryo implantation has not been established yet
due to the inaccessibility of the implantation event.

Despite both being mammalian species, mouse and
human embryos have different implantation characteris-
tics. Mouse embryos (ME) attach to the uterine epithe-
lium with the mural trophectoderm (TE) [4] and only
invade superficially before the endometrial tissue forms
a crypt around the embryo. Whereas, human embryos
(HE)attach to the uterine epithelium with the polar tro-
phectoderm located next to the inner cell mass (ICM)
(see Fig. 1). Their implantation is interstitial, with the
embryo invading into the endometrium[5].

In this work, we study the displacements and forces oc-
curring in a collagen matrix of an in vitro set-up where
mouse and human embryos implant in order to under-
stand the mechanics of embryo implantation.

II. METHODOLOGY

We have analyzed the 4D (x,y,z,t) time-lapse data of
9 mouse embryo and 14 human embryos implanted in an
in vitro platform mimicking the physiological conditions
of the endometrium.

A. Experimental set up

The experiments were conducted in the laboratory of
Dr. Samuel Ojosnegros (Bioengineering in reproductive

health, IBEC). Briefly, mouse and human embryos were
obtained and cultured following protocols described in
[6, 7] with IVC1 IVC2 media. In the following, mouse
or human embryos were deposited on top of a thick ma-
trix layer (2D platform) formed by collagen (CellSystems,
5074-35ml) and let to adhere. Time-lapse experiments
were done on a Zeiss LSM 780 inverted confocal micro-
scope with x25 or x32 water objectives with 1.4-2 µm Z
steps and 20-30 min time interval. Collagen was imaged
using light scattering and autofluorescence was induced
at 780 nm with 3.5-4 % of a MaiTai laser HP DS.

FIG. 1: Schematic representation of embryo implanting
in a 2D platform.

B. Software

We used the Python-based open-source software
Saenopy to calculate the displacements and forces in the
collagen matrix of the different embryos. Saenopy uses
3D image stacks obtained during a period of time and
compares each stack to other prior stacks to compute
the 3D Cartesian components of the displacements with
Particle Image Velocimetry (PIV) and traction forces
(derivative of the deformation energy for each tetrahe-
dral finite element into which the mesh is divided) oc-
curring in the collagen matrix. The software simulates a
force-free configuration of the collagen matrix, assuming
the material is filled with isotropically oriented fibers, ex-
hibiting a certain non-linear stiffness (w′′) in function of
the strain (λ), constant stiffness (k) and buckling coeffi-
cients (d0 and ds), according to Eq.(1)[8]. The material
parameters were obtained conducting rheological experi-
ments on collagen, increasing the strain from 0-100% at
a constant shear rate of 1%/s at 37ºC. The stress strain
curve was matched to material model parameters and
the following values were extracted: k = 1645.0 N/m,
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d0 = 2.2 · 10−3, λs = 7.5 · 10−3 and ds = 8.1 · 10−3.
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(1)

C. Custom code

With the PIV displacements and forces computed, fur-
ther analysis was done with the obtained results and cus-
tom developed Python code. First, a filter performing
the following actions was applied to the deformation to
remove artifacts:

1. A maximum filter to filter out values that are ab-
normally large.

2. A surrounding filter that transforms a certain ele-
ment to a NaN (Not a Number) if all the surround-
ing elements are NaNs.

3. A surrounding filter that transforms a certain el-
ement to the mean of the surrounding elements if
the subtraction between said element and the cal-
culated mean is greater than 0.1µm.

Since the force arrays have a higher number of NaN
elements, only the maximum filter has been added to
them.

Subsequently, we compute the mean deformation,
strain energy (deformation considering the material char-
acteristics), total force (sum of the force vectors, derived
from the deformation) and contractility (force compo-
nents pointing to the force epicenter), as general char-
acteristics of the embryo implantation. To study the
specific behavior of each embryo, we follow two main
interests: comparing in-plane and out-of-plane displace-
ment and radial to tangential displacement. To study the
out-of-plane displacement, we compared the contribution
of each Cartesian component to total displacement and
computed the variation of the Z-displacement in func-
tion of the distance to the embryo. We generated the
heatmaps for the average displacement and out-of-plane
displacement. On the other hand, to study radial and
tangential displacements, we transformed the data into
cylindrical coordinates, with the origin of coordinates be-
ing the center of deformation of the collagen matrix, and
computed the radial and tangential components of the
deformation and forces with the aim of comparing both
components to discover if one was more significant than
the other and their predominant direction (for the ra-
dial components, toward or outward the embryo, and, for
the tangential components, negative -counterclockwise-
or positive -clockwise-).

III. RESULTS

A. Mouse embryo implantation

In Fig. 2 we show a representative example of an im-
planting mouse embryo (ME1) and the corresponding

FIG. 2: Evolution of ME1 through time, shown at t=1:00
h, t=2:20 h and t=4:00 h. Top: Microscope image. Em-
bryos express membrane-bound tdTomato (red). The
collagen matrix fibers were acquired using light scat-
tering. Bottom: Deformation vectors computed with
Saenopy (top view).

fiber displacement calculated by PIV. Mouse embryos
embed in average (29 ± 10) µm in the collagen matrix
until E7.5 (day 8). The top row shows the expansion of
ME1 on the collagen surface. The bottom row shows the
displacement is directed towards the embryo, indicating
a pulling of the collagen matrix by the embryo. As seen
in Fig. 3, mean deformation, contractility, strain energy
and total force grow over time, as the mouse embryo im-
plants and expands on the surface of the collagen. Since
the computed forces for the ME were noisier and had too
many NaNs, in this work we have only studied the lat-
ter for ME. The order of the deformation vectors ranges
from 10−2 to 10 µm.

1. In-plane versus out-of-plane displacement

To study the variation of displacement with relation
to its distance from the embryo, we plotted heatmaps of
mean deformation in each coordinate (Fig. 5a, ME2 as
example). In all ME, we observed the largest deforma-
tion in the collagen around and underneath the embryos.
Knowing displacement is directed towards the embryo,
we wanted to study if the embryo pulls equivalently in
each direction. In order to do that, we split the displace-
ment in in-plane (X, Y) and out-of-plane (Z) components.
In Fig. 5b, we plot the ratio of Z to total displacement for
the different ME. Although we observe a great variabil-
ity of the computed ratio, most of the embryos exhibit a
higher out-of-plane component (ratio>0.3). In the ma-
jority of embryos, the out-of-plane displacement is more
significant at the start of the experiment and equalizes
with the other components over time. This can be ex-
plained by ME first penetrating in the matrix and then
spreading on the surface when implanting. This suggests
that embryo spreading on the surface is associated to in-
plane displacements. Generally, embryos implanted in
presence of Dasatinhib exhibit a greater ratio, due to the
lack of expansion on the collagen surface. Figure 5c shows
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FIG. 3: (a) Mean deformation, (b) strain energy, (c) total force and (d) contractility vs. time. The dashed lines
correspond to embryos implanted in the presence of Dasatinhib (drug that inhibits adhesion molecules, thus limiting
expansion of the embryo).

the Z displacement in relation to the position of the em-
bryo. We observe negative displacement of the collagen
in the laterals and underneath the embryo and positive
Z displacement further from it. We concluded ME push
the collagen beneath and adjacent to them, and pull to-
wards them the upper and distant layers of the matrix.

2. Radial versus tangential displacement

As ME spread on the collagen surface, we wondered
what mechanisms the embryos used to achieve this ex-
pansion. For this reason, we studied the in-plane dis-
placement of the matrix. First, we calculated the dis-
placement relative to the center of forces of the ME, then
we split in-plane deformation into radial and tangential
components. In Fig. 8a, we observe the evolution of
mean radial and tangential deformation over time (for
ME1, as a representative example). While mean radial
deformation increases with time, mean tangential defor-
mation remains close to 0. We observed that, on average,
the radial component was always more significant than
the tangential component of each vector, and pointed to-
wards the embryo. Yet, we were interested in the tangen-
tial component of the deformation, as it could be an evi-
dence for ME rotation, which in turn might contribute to
the Z-displacement of the mouse embryo into the matrix.
In Fig. 8c, we plot the ratio of the sum of clockwise to
counterclockwise direction of the tangential component
of in-plane displacement. We observe variability in the
preferred direction, as clockwise, counterclockwise, and
the ratio=1 (no net tangential movement) represent each
33%. However, since the tangential displacement is negli-
gible compared to the radial component, a rotation of the
ME could not be detected. Nevertheless, the tangential
component could help to explain tangential remodeling
of collagen underneath the embryo.

B. Human embryo implantation

In Fig. 4, we show a representative example of an
implanting human embryo (HE) and the corresponding
fiber displacement and force vectors. The growth and
the embedding of the HE in the collagen is visible, as the
bottom of the embryo descends deeper (Fig. 4 first row)
and the surface of the HE becomes larger (Fig. 4 second
row). Similarly to the mouse embryo, the displacement is
directed towards the embryo, indicating a pulling of the
collagen matrix. As shown in Fig. 6, as for mouse em-

FIG. 4: Evolution of HE23 through time, shown: t=0:20
h, t=2:00 h and t=3:40 h. From top to bottom: Time-
lapse images of (1) lateral view and (2) top view of im-
planting human embryo. The collagen matrix, fibers, and
deformations were acquired using light scattering. The
embryo image was captured using autofluorescence and
multiphoton illumination. (3) Deformation vectors were
calculated with PIV (top view). (4) Force vectors were
computed with Saenopy (top view).

bryos, mean deformation, strain energy, total force and
contractility grow over time as the human embryos im-
plant in the collagen substrate, reaching up to 30 µm
and 12.5 µN. More implanted embryos (D9/D10) show a
lower deformation than embryos at an earlier implanta-
tion stage (D8). Overall, HE show higher displacements
than ME.

1. In-plane versus out-of-plane displacement

Figure 7a (HE50.1 as example), shows the displace-
ment is greater underneath and around the human em-
bryos. In order to understand how HE partially embed in
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FIG. 5: (a) Representative heatmap of mean total deformation (ME2). (b) Absolute out-of-plane deformation to total
deformation ratio vs. time. Only the first 4 hours of data have been selected due to increasing loss of data in the
following time points. (c) Mean value of out-of-plane deformation vs. in-plane radius, with close-up of the squared
region on the right (legend in Fig. 3.) (d) Representative heatmap of mean in-plane deformation (ME2). Green
outline: approximate position of the embryo. Dashed lines: embryos implanted in the presence of Dasatinhib.

FIG. 6: Mean deformation (a), strain energy (b), total force (c) and contractility (d) vs. time. The dashed lines
correspond to older embryos (imaged on day 10 after fertilization), the dotted lines correspond to younger embryos
(imaged on day 8), the rest of the embryos were imaged on day 9.

the collagen matrix, we split the deformation in in-plane
and out-of-plane components. In Fig. 7b, we observe the
ratio of Z displacement compared to total displacement
for all embryos, except HE7 and HE37, is greater than
0.3, meaning z component is the most significant for HE.
The embryos with lowest Z ratio were imaged on day 9
and 10, suggesting a decrease in out-of-plane component
or an increase of in-plane component with progression
of implantation over time. In Fig. 7c, we see how the
mean out-of-plane displacement changes in function of
the distance to the embryo. In the studied human em-
bryos, we observe two different behaviors. In HE 15.1,
15.2 and 23, (Fig. 7e) we find positive displacement un-
derneath and in the lower layers of the collagen closer to
the embryo suggesting the embryo is pulling the collagen
as it embeds. However, in the remaining HE, displace-
ment underneath and around the embryo is completely
negative (Fig. 7d) suggesting that the embryo pushes
the collagen. Further away from the embryo, there is
a greater variability in the direction of the out-of-plane
deformation. We can relate the direction of the Z dis-
placement around the embryo to the implantation stage.
Younger embryos (D8) have the greatest negatives values
of deformation, while all the embryos that pull the colla-
gen underneath them (positive Z displacement), are older
(D9). Nonetheless, both types of embryos presented de-
scent into the collagen. We hypothesize that, in the first
days of implantation, HE push the collagen below them
to penetrate as much as they can and, in later stages of
the process, start pulling the collagen in the bottom as
well.

2. Radial versus tangential displacement

As human embryos integrate into the matrix, we asked
if this was associated to a symmetry breaking such as a

rotation. Therefore, we looked at the radial and tan-
gential component relative to the embryo center of the
force the embryo exerts on the matrix. In Fig. 8b, sim-
ilarly to ME, we observe the radial component of the
in-plane force increases with time, while the tangential
component fluctuates around 0. In HE, we too observed
that, on average, likewise to ME, the radial component
is always more significant than the tangential compo-
nent of each vector, and pointed towards the embryo.
To see if we detected rotational movement, we plotted
Fig. 8d. We observe a similar variability in the pre-
ferred direction of the embryo to the one observed in
ME, however, with a less constant ratio for each em-
bryo. In Fig. 8e, we observe peaks in clockwise coun-
terclockwise tangential movement, this suggests that a
local contraction of the embryo pulls the collagen to the
contraction center. Considering the small contribution
of the tangential component and the fluctuation of the
clockwise/counterclockwise ratio, consistent rotation of
the embryo could not be confirmed.

IV. CONCLUSIONS

In this work, we study the displacements of the colla-
gen matrix and the role of forces exerted by mouse and
human embryos during implantation in order to better
understand the mechanics of embryo implantation. In
contrast to mouse embryos that attach and spread on
the surface, human embryos invade the matrix and em-
bed partially. In agreement, we have observed differences
in the out-of-plane displacement of the two species. We
saw that the deformation generated by human embryos
is generally larger than the one’s generated by mouse
embryos. Nonetheless, we have found similarities in the
implantation of both kinds. First, for mouse and human
embryos, the radial component was more significant than
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FIG. 7: (a) Representative heatmap of mean total deformation (HE50.1). (b) Absolute out-of-plane deformation to
total deformation ratio vs. time. Only the first 4 hours of data have been selected due to increasing loss of data
in the following time points. (c) Mean value of out-of-plane deformation vs. in-plane radius (legend in Fig. 6).
(d) Representative heatmap of Z-displacement deformation (HE50.1, day 8 imaging). (e) Representative heatmap of
mean Z-displacement (HE23, day 9 imaging). Green outline: approximate position of the embryo. Dashed lines: older
embryos (imaged on day 10 after fertilization, dotted lines: younger embryos (imaged on day 8), otherwise imaged on
day 9. Embryos were deposited on the matrix on day 5 or 6 post-fertilization.

FIG. 8: (a) Representative example of average in-plane deformation in radial and tangential components for each
vector vs. time for mouse embryos (ME1). (b) Representative example of average in-plane force in radial and tangential
components for each vector vs. time for human embryos (HE1). (c) Clockwise to counterclockwise directions’ sum
ratio for in-plane deformation vectors vs. time for ME (legend in Fig. 3). (d) Clockwise to counterclockwise directions’
sum ratio for in-plane deformation vectors vs. time for HE (legend in Fig. 6). (e) Representative example of sum of
clockwise and sum of counterclockwise tangential forces vs. time for human embryos (HE23).

the tangential component. Second, in both species the
maximal displacement was located nearby the embryos
and the out-of-plane component was the most significant.
However, while all the studied mouse embryos presented
negative Z displacement underneath and around them,
human embryos presented two different behaviors poten-
tially related to their implantation stage. At earlier time
points, embryos seem to push the collagen underneath
them (negative displacement) and, at later time points
of implantation, embryos seem to pull the collagen (pos-
itive displacement).

Overall, we have seen that the forces play a signifi-
cant role in embryo implantation. However, how similar
displacement patterns can lead to two different implan-

tation behaviors, (i) spreading on the surface and (ii)
embedding in the matrix, remains an open question to
be addressed in the future.
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