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Abstract 

Background:  The thresholds of mechanical inputs for bruising caused by blunt 
impact are important in the fields of machine safety and forensics. However, reliable 
data on these thresholds remain inadequate owing to a lack of in vivo experiments, 
which are crucial for investigating the occurrence of bruising. Since experiments 
involving live human participants are limited owing to ethical concerns, finite-element 
method (FEM) simulations of the bruising mechanism should be used to compensate 
for the lack of experimental data by estimating the thresholds under various condi-
tions, which requires clarifying the mechanism of formation of actual bruises. There-
fore, this study aimed to visualize the mechanism underlying the formation of bruises 
caused by blunt impact to enable FEM simulations to estimate the thresholds 
of mechanical inputs for bruising.

Methods:  In vivo microscopy of a transparent glass catfish subjected to blunt con-
tact with an indenter was performed. The fish were anesthetized by immersing them 
in buffered MS-222 (75–100 mg/L) and then fixed on a subject tray. The indenter, 
made of transparent acrylic and having a rectangular contact area with dimensions 
of 1.0 mm × 1.5 mm, was loaded onto the lateral side of the caudal region of the fish. 
Blood vessels and surrounding tissues were examined through the transparent 
indenter using a microscope equipped with a video camera. The contact force 
was measured using a force-sensing table.

Results:  One of the processes of rupturing thin blood vessels, which are an essen-
tial component of the bruising mechanism, was observed and recorded as a movie. 
The soft tissue surrounding the thin blood vessel extended in a plane perpendicular 
to the compressive contact force. Subsequently, the thin blood vessel was pulled 
into a straight configuration. Next, it was stretched in the axial direction and finally 
ruptured.

Conclusion:  The results obtained indicate that the extension of the surrounding tissue 
in the direction perpendicular to the contact force as well as the extension of the thin 
blood vessels are important factors in the bruising mechanism, which must be repro-
duced by FEM simulation to estimate the thresholds.
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Introduction
To ensure the safety of individuals while operating machinery, the thresholds of mechan-
ical inputs for bruising are collectively regarded as a major component of safety criteria 
[1–3]. Machinery such as robots that work in collaborative environments with humans 
should be designed to maintain the values of mechanical inputs, e.g., contact force and 
contact pressure, lower than the thresholds during contact with human body parts to 
prevent bruising [1, 2]. Behrens et  al. [3] demonstrated that the probability of bruise 
occurrence is a function of three mechanical inputs, namely the contact force, contact 
pressure, and energy density, although it was unclear which variables were most impor-
tant. Contact force and contact pressure are the maximum values in impulsive data. The 
energy density is a parameter representing the impulse, which is evaluated by integrat-
ing the contact pressure with respect to the deformation of impacted body parts. The 
mechanical aspects of bruise formation are also important in the field of forensics, as 
they provide clinical evidence for inspecting non-accidental injuries, including abuse [4–
7]. Inspection of the bruising conditions by considering the mechanical inputs provides 
information for identifying the type of impact exerted on victims.

However, reliable data on the mechanical input thresholds for bruising are still inad-
equate owing to a lack of in  vivo data. Although in  vivo experiments are crucial for 
investigating the occurrence and type of bruising, as they are formed on living soft tis-
sues, experiments involving live human participants are limited owing to ethical con-
cerns. Desmoulin and Anderson [5] investigated the bruising of human legs impacted by 
a sphere-shaped impactor, and Povse [2] examined mild contusions in human forearms 
impacted by the end effectors of a robot and compared the mechanical inputs and the 
occurrence of injuries. However, they did not clearly determine the thresholds because 
only one human subject participated in each study. Behrens et al. [3] conducted the first 
experiment that provided reliable human data on bruising. They performed impact tests 
on five body parts of 24 human participants using three types of impactors. The results 
indicated that the thresholds varied depending on the parts of the body and the type of 
impactor. Therefore, experiments on multiple parts of the human body and the various 
types of impactors are needed to obtain sufficient data on the thresholds.

Huang et al. [8], Tang et al. [9], Grosse et al. [10], and Higuchi et al. [11] tried to use 
finite-element method (FEM) simulations to investigate the occurrence of bruises. Accu-
rate reproduction of the bruising mechanism by simulations should compensate for the 
lack of experimental data by estimating the thresholds at various conditions. To achieve 
this, the following information on the mechanism of the formation of actual bruises 
must be clarified: (1) failure mode of thin blood vessels, for example, tensile failure in 
its axial direction, shear failure, or crushing; (2) deformation process of thin blood ves-
sels, for example, curved blood vessels rupture with or without pre-rupture straighten-
ing; (3) effect of surrounding tissue, such as whether the deformation of the blood vessel 
is strongly affected by that of the surrounding tissue or is almost independent; and (4) 
deformation of the surrounding tissue, such as whether it extends in a direction perpen-
dicular to the compression, as predicted by a simple contact model. The purpose of this 
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study is to obtain the information that enables the simulation to estimate the thresholds 
of mechanical inputs for bruising.

A bruise is defined as “a hurt or injury to the body by a blunt or heavy instrument 
causing discoloration but no laceration of the skin [12]” and “consists of blood escap-
ing from ruptured capillaries and small veins, spreading into the surrounding tissue.” 
[6] Therefore, the rupture of thin blood vessels caused by blunt impact is an essential 
aspect of this mechanism. Although the mechanical rupture of thin blood vessels has 
been discussed in several studies, it has not been described comprehensively. West and 
Mathieu-Costello [13] discussed the hoop failure process for capillary walls. This rup-
ture mechanism is applicable to the rupture of blood vessels caused by an increase in 
blood pressure but not to that caused by blunt impact. Deane et al. [14] investigated rab-
bit soft tissues sliced from specimens that underwent impact experiments and reported 
that erythrocytes released from damaged blood vessels were found not only immediately 
beneath the area of impact but also in the deeper region where the muscle is compressed 
against the bone. Barington and Jensen [15] found that the number of neutrophils in 
porcine subcutaneous tissues sliced from specimens after impact increased with increas-
ing contact force. Fujikawa et  al. [16, 17] investigated porcine soft tissues sliced from 
specimens after impact and reported that the probability of erythrocytes releasing from 
damaged blood vessels increased with increasing contact pressure. However, they did 
not describe the rupturing process of thin blood vessels because their investigation was 
conducted after the contact. In this study, an investigation was conducted during con-
tact to capture the process.

This study aimed to visualize the process of rupturing thin blood vessels caused by 
blunt contact as an essential component of the bruising mechanism. While visualization 
of the process during dynamic contacts is desirable, quasi-static contact was investigated 
as the first step in this study. The effect of the mass and viscosity of the impacted body 
part is smaller in quasi-static experiments than in dynamic impact, and consequently, the 
same contact force generates a larger strain. Therefore, the threshold measured in quasi-
static experiments cannot be applied to dynamic impact. However, the process whereby 
a contact force causes strain and damages blood vessels is thought to be qualitatively the 
same for quasi-static experiments and dynamic impact. The dynamic threshold should 
be estimated by simulating this process while considering the mass and viscosity of the 
impacted body part. In such simulations, the mass is introduced as the density of the 
finite elements, and the viscosity is represented by Maxwell’s model [11]. In vivo micros-
copy of thin blood vessels during quasi-static contact between the surrounding soft tis-
sue and a transparent indenter was performed. Blood vessels in the surrounding tissues 
are not visible under normal conditions, and confocal laser microscopy [18] is difficult 
to apply to investigations using a transparent indenter because the indenter interferes 
with the path of the laser beam. Although fluorescence microscopy [19] is widely used 
to image blood vessels, the contour of the observed vessel is not clear enough to capture 
the rupture because the blood vessel radiates light. Steffensen et al. [20] proposed the 
use of transparent glass catfish for the in vivo investigation of blood vessels. In the pre-
sent study, transparent glass catfish, which has transparent soft tissues in its long caudal 
region, was used. Furthermore, this species does not possess scales. Therefore, it helps 
appropriately reproduce the effect of blunt contact on the human skin, and the blood 



Page 4 of 13Fujikawa and Yamada ﻿BioMedical Engineering OnLine           (2024) 23:94 

vessels are visible through the transparent tissues. Fujikawa and Yamada [21] developed 
a technique to induce internal bleeding in a transparent glass catfish during the micro-
scopic examination of blood vessels. This technique was used in the present study to 
investigate the rupturing process of thin blood vessels caused by blunt contact.

Results
Tensile rupture of thin blood vessels

The tensile rupture of thin blood vessels was observed and recorded as movies in two 
specimens. The movies of specimens #200526-05 and #201109-01 are shown in Addi-
tional files 1 and 2, respectively. The areas where the rupture was observed are enlarged 
and captured from the movie files in Figs. 1 and 2. The vessels immediately before the 
rupture are shown in Figs. 1a and 2a. The parts of the vessels between the pairs of arrows 
in Figs. 1a and 2a were stretched owing to the deformation of the surrounding tissues 
and ruptured, as shown in Figs. 1b and 2b, under the action of contact forces of 0.28 and 
0.48 N, respectively.

Deformation of thin blood vessels and surrounding tissues before rupture

The deformation process of the thin blood vessels and surrounding tissues during con-
tact was recorded as Additional files 3 and 4 in the same specimens as those in Addi-
tional files 1 and 2. Typical images in specimen #200526-05 are illustrated in Fig.  3. 

Fig. 1  Tensile rupture of a thin blood vessel. The section between the two arrows in a ruptured in b, as 
observed in specimen #200526-05 at a contact force of 0.28 N. A total of 5 μL/gBW of eosin (1 mg/mL) is 
injected into the caudal vein. The top- and left-hand sides of the images represent the anterior and ventral 
sides of the fish, respectively. The thick, black object is the hemal spine. The image contrast is enhanced at 
the same level for both images

Fig. 2  Tensile rupture of a thin blood vessel. The section between the two arrows in a ruptured in b, as 
observed in specimen #201109-01 at a contact force of 0.48 N. A total of 6 μL/gBW of eosin (10 mg/mL) is 
injected into the caudal vein. The top- and left-hand sides of the images represent the anterior and ventral 
sides of the fish, respectively. The image contrast is enhanced at the same level for both images
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The ruptured vessel shown in Fig. 1 and Additional file 1 is denoted as V1 in Fig. 3a, b. 
Compared with the case of no contact force (Fig. 3a), a contact force of 0.02 N (Fig. 3b) 
resulted in vessel V1 being pulled into a straighter configuration. In addition, the defor-
mation of the vessel caused by further increasing the contact force up to 0.28 N imme-
diately before rupture is shown in Fig. 3c–f. Points Va and Vb indicate specific points on 
the vessel on both sides of the ruptured part. The distance between points Va and Vb 
increased from 0.24 mm in Fig. 3b to 0.30 mm in Fig. 3f as the contact force increased.

Points Sa and Sb in Fig. 3b, c indicate specific points on the tissue surrounding the ves-
sel. The distance parallel to the thin blood vessel between points Sa and Sb also increased 
from 0.29 mm in Fig. 3b to 0.34 mm in Fig. 3c as the contact force increased. Although 
points Sa and Sb vanish in Fig. 3d, another pair of points, Sc and Sd, becomes visible 
on the surrounding tissue in Fig. 3c, d. In addition, the distance between these points 
increases from 0.48 to 0.50 mm with an increase in the contact force. While the distance 
between points Sc and Se on the surrounding tissue (0.56 mm) in Fig. 3d has not visibly 
increased, as shown in Fig. 3e, the distance between points Sc and Sf on the surrounding 
tissue in Fig. 3e has increased from 0.42 to 0.45 mm, as shown in Fig. 3f, immediately 
before rupturing.

A similar deformation process of the thin blood vessel and surrounding tissue during 
contact was observed in specimen #201109-01.

The surrounding tissue was extended perpendicular to the contact force when it 
compressed in the direction of the contact force. The stretch ratio perpendicular to 
the contact force is approximated by the function 1/

√
�z of the ratio of compression 

Fig. 3  Deformation of thin blood vessels and surrounding tissue. The vessels and surrounding tissue were 
subjected to contact forces of a 0.00, b 0.02, c 0.13, d 0.16, e 0.19, and f 0.28 N immediately before rupturing 
in specimen #200526-05. The anterior and ventral sides of the fish are located on the top- and left-hand sides 
of the images, respectively. The thick black objects are the hemal spines
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�z in the direction of the contact force when the deformation is approximated by a 
simple uniform compression with a uniformly loaded contact force; the anisotropy 
of the surrounding tissue is small; and the Poisson’s ratio is close to 0.5. The ratio of 
compression �z is defined as

where h and h0 are the thicknesses of the specimen during compression and under the 
initial condition, respectively. h and h0 were measured by the displacement sensor dur-
ing the experiments.

In Fig. 4a, the ratio of the stretch perpendicular to the contact force approximated 
by 1/

√
�z for specimen #200526-05 was compared to the actual stretch ratio of the 

blood vessel and surrounding tissue calculated from the length measured on Fig.  3 
using formulas (2)–(4). The condition when Fig.  3b was captured, where the ves-
sel was pulled into a straight configuration, was defined as the initial condition. As 
an example, the application of formulas (2)–(4) to the surrounding tissue yielded 
0.34 mm for the distance lx1 between points Sa and Sb in Fig. 3c and 0.29 mm for the 
distance lx0 between points Sa and Sb in Fig.  3b. The values estimated in the same 
manner for specimen #201109-01 are shown in Fig. 4b. The three values of the stretch 
ratio in Fig.  4 are comparable for both specimens and indicate that the simple uni-
form compression is approximately applicable to the deformation of the surrounding 
tissue, and the stretch of the blood vessel is thought to be governed by that of the sur-
rounding tissue.

The stretch ratio at which the thin blood vessels ruptured and the relationship 
between the stretch ratio and contact force for specimen #200526-05 differed from 
those for specimen #201109-01. The reason for this difference was unclear at this 
stage of the study. The stretch ratio at which the thin blood vessels ruptured may vary 
depending on the variation of the strength of the blood vessel. The deformation of the 
surrounding tissue is thought to be affected by the original thickness of the loaded 
part and the mechanical properties of the tissue varying among the specimens.

(1)�z = h/h0,

Fig. 4  Stretch ratio of thin blood vessels (circle), surrounding tissues (up-pointing triangle), and 1/
√
�z (X) for 

specimens a #200526-05 and b #201109-01, where �z is the ratio of compression of the surrounding tissue in 
the direction of the contact force
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Discussion
Frequency of rupture

The rupture of thin blood vessels was observed in only 2 of the 25 specimens. The low 
frequency of the observed ruptures was reasonable, which is explained as follows:

(1)	 Thin blood vessels tend to be invisible under high contact force, despite in  vivo 
staining. Therefore, thin blood vessels may have ruptured under invisible condi-
tions.

(2)	 The increase in the contact force during the experiments was stopped when all thin 
blood vessels became invisible. Therefore, some of the experiments may have ended 
before the contact force caused the rupture of thin blood vessels.

(3)	 Thin blood vessels outside the depth of field of the microscope were not identified 
during the experiments. Therefore, thin blood vessels may have ruptured outside 
the depth of field.

(4)	 Thin blood vessels outside the view of the microscope were not identified during 
the experiments. Therefore, thin blood vessels may have ruptured outside the view.

Limitations of this study

This study has the following limitations:

(1)	 The experiments demonstrated the rupturing process of thin blood vessels, which 
was discerned using the method developed by Fujikawa and Yamada [21]. Other 
processes, which were not observed in this study, may also have occurred. For 
example, if thin blood vessels may have been ruptured in the radial direction, the 
process would be difficult to detect as the contours of the vessels visualized by this 
method may not change due to rupturing.

(2)	 Human tissue was not used in the experiments because the method used in this 
study is not applicable to human tissue, which is not transparent. A careful com-
parison between the mechanical properties of the fish and human tissues is needed 
to apply the results of this study to human injury research. Although the rupturing 
of fish tissue is thought to be qualitatively similar to that of human tissue, the quan-
titative data, i.e., the stretch ratio of a thin blood vessel and surrounding tissue and 
the contact force at the rupture of the vessel, differ between fish and humans. The 
values for humans should be estimated by simulating the process clarified in this 
study using the mechanical properties of human tissue.

(3)	 Although the blood vessels observed in this study were thin, as shown in Figs. 1 and 
2, thinner vessels, specifically capillaries, were not examined because they disap-
peared under the action of a contact force. The structure of capillaries differs from 
that of other vessels. Therefore, further studies investigating the effects of these dif-
ferences are required.

(4)	 The experiments conducted in this study demonstrated the rupturing of thin 
blood vessels caused by quasi-static contact with blunt objects. Further studies on 



Page 8 of 13Fujikawa and Yamada ﻿BioMedical Engineering OnLine           (2024) 23:94 

dynamic contact may provide better information for discussing human injuries 
caused by blunt contact in the real world, where dynamic impact may occur.

Rupturing process of thin blood vessels

Blood vessels are made of collagen and elastin, which are elastomers [13, 22]. Although 
the strength of soft tissue made of collagen and elastin is reinforced by nonuniform 
microstructures, unlike for other elastomers [23], we assumed that blood vessels rup-
ture under tensile conditions similarly to other elastomers rather than metals or ceram-
ics because they rupture after extremely large elastic deformation similarly to other 
elastomers [24]. Gent [25] pointed out that this circumstance could occur even when 
the applied force is compressive. Medri and Strozzi [26] demonstrated a practical exam-
ple in which an elastomer seal under compression ruptured in a region where the local 
tensile stress increased. Shmidt [27] reported that the maximum principal stretch ratio 
represented the strength of a specific elastomer, regardless of the state of deformation. 
Based on this knowledge, how the local stretch ratio of thin blood vessels reaches the 
rupturing condition upon the action of compressive contact force during blunt impact is 
discussed here.

Despite the limitations mentioned above, the results of the experiments indicate 
one of the rupturing processes of the thin blood vessels under the action of a com-
pressive contact force, as illustrated in Fig. 5. The left-hand-side image in Fig. 5 shows 
a thin blood vessel in the surrounding tissue without the action of contact force, 
which is captured in Fig. 3a. As illustrated in the right-hand-side image in Fig. 5, the 
surrounding tissue is extended in the plane perpendicular to the compressive contact 
force. Subsequently, the thin blood vessel is pulled into a straight configuration and 
stretched in the axial direction. Camasão and Mantovani [28] stated that the force 
“due to the tethering of the vessel with the surrounding tissue at the ends and at sev-
eral locations along its length” acts on the vessels during deformation. The exten-
sion of the surrounding tissue and the vessels is depicted in Fig.  3c. The extension 
is increased by an additional increase in the contact force, as displayed in Fig. 3c–f. 
The results that in Fig. 4 indicate that the deformation of the blood vessel is strongly 
affected by that of the surrounding tissue due to the tethering as Camasão and Man-
tovani [28] stated. Finally, it ruptures following the process shown in Additional files 

Fig. 5  Stretching modes of the thin blood vessel in the surrounding tissue under the action of compressive 
contact force
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1 and 2 and Figs. 1 and 2. Although the results did not directly provide the thresholds 
of mechanical inputs for bruising, they indicated that the extension of the surround-
ing tissue in the direction perpendicular to the contact force as well as the extension 
of the blood vessels are important factors in bruise formation, which must be repro-
duced using FEM simulations to determine the thresholds of mechanical inputs for 
bruising.

The simulation method should be as follows: create a model in which curved, thin 
blood vessels and the surrounding tissue are placed inside the shape of the target human 
body part. The blood vessels should be tethered at several locations in the model so that 
they straighten owing to the extension of the surrounding tissue and then elongate. Cal-
culate the contact force, stress, and strain of the blood vessel and surrounding tissue 
during impact using an indenter with increasing dynamic indentation. The threshold for 
the bruise is defined as the contact force when the strain of the blood vessel reaches its 
ultimate value, which corresponds to the stretch ratio at break. The threshold of the con-
tact pressure is estimated as the normal stress at the interface between the indenter and 
body part. The threshold of the energy density is evaluated by integrating the contact 
pressure with respect to the indentation from the start of the contact to the indentation 
at which the strain of the blood vessel reaches its ultimate value. To implement this, the 
mechanical properties of the blood vessels and surrounding tissue, i.e., the elastic mod-
ules and the stretch ratio at break of the blood vessels and the elastic modules of sur-
rounding tissue, are required. Although several reports [29] exist on the elastic modules 
of surrounding tissue, future research is required to determine the elastic modules and 
the stretch ratio at break of blood vessels because the data are limited [24].

Results of experiments in which rapture was not observed

Although the rupture of thin blood vessels was not observed in 23 of the 25 speci-
mens, the following information was obtained from nineteen specimens where the 
blood vessels were adequately visualized. The thin blood vessels were pulled into 
straighter configurations during the contact, and the surrounding tissue was extended 
in the plane perpendicular to the compressive contact force. Additionally, in six spec-
imens where the specific points on the thin blood vessels were identified, axial exten-
sion of the vessels due to increasing contact force was observed. The results validate 
the deformation process illustrated in Fig. 5.

Conclusion
One of the rupturing processes of thin blood vessels under compressive contact force 
was visualized. The results of this study emphasize that the extension of the surround-
ing tissue in the plane perpendicular to the contact force plays an essential role in the 
bruising mechanism because it governs the stretching of thin blood vessels. Since the 
results do not directly provide, the thresholds of mechanical inputs for bruising, such 
as contact force, pressure, and impact energy, these should be determined by further 
research using FEM simulations reproducing the process of deformation and rupture 
of thin blood vessels, which were visualized in this study.
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Materials and methods
Preparation of specimens

A total of 25 full-grown transparent glass catfish weighing 0.3–1.2 g (mean, 0.7 g) with a 
length of 42–66 mm (mean, 54 mm) were subjected to the experiments.

The fish were anesthetized by immersing them in buffered MS-222 at a concentration 
of 75–100 mg/L and fixed on a subject tray. Before the indentation experiments, a dye 
was injected into the caudal vein of the fish using a glass capillary with an inner diameter 
of 10 μm. The type, concentration, and amount of the dye varied among the fish because 
a standard in  vivo staining technique for fish blood vessels has not been established. 
Evans Blue at a concentration of 3–10 mg/mL or eosin at a concentration of 1–10 mg/
mL was used as the dye. The injected amount of the dye ranged from 1 to 6 μL/gBW.

Apparatus

A fish was placed on its side on the subject tray and positioned using a subject guide 
and clips, as shown in Fig. 6a, such that the central part of the caudal region of the fish 
was between the two clips. The movement of the fish was restricted by a fin stopper, 
which pressed the anal fin on the subject tray by magnetic force, as shown in Fig. 6b. The 
subject tray was fixed on a force-sensing table mounted on the stage of the microscopic 
investigation apparatus, as shown in Fig. 7. The indenter was loaded onto the lateral side 
of the caudal region of the fish by lifting the stage when the stage elevation knob was 

Fig. 6  Subject tray. a General view and b cross-section along line A–A

Fig. 7  Microscopic observation apparatus. a General view, b contacting part, and c design of the indenter



Page 11 of 13Fujikawa and Yamada ﻿BioMedical Engineering OnLine           (2024) 23:94 	

manually rotated. Blood vessels and surrounding tissues were examined through a trans-
parent indenter using a microscope equipped with a video camera (MSBTVTY, 3R Solu-
tion Corp., Japan). The indentation was monitored using a laser displacement sensor 
as the table was displaced. The contact force was measured using a force-sensing table. 
The indenter was made of transparent acrylic and had a rectangular contact area with 
dimensions of 1.0 mm × 1.5 mm, as shown in Fig. 7c, which were matched to the field of 
view of the video camera. The edges of the contact area were rounded with a radius of 
0.5 mm to mitigate stress concentration during contact.

In vivo investigation of the blood vessels and surrounding tissue

The subject tray containing the fish was filled with buffered MS-222 (75–100 mg/L). The 
horizontal position of the microscope stage was adjusted such that the indenter con-
tacted the area between the hemal spines in the caudal region of the fish. A live view of 
the blood vessels and surrounding tissues was displayed on a personal computer con-
nected to the microscope and recorded as a movie. First, the stage was gradually lifted to 
increase the contact force. The gradual loading in this experiment represents the quasi-
static contact between a blunt moving part and the live soft tissues in the real world. 
Next, the increase of the contact force was stopped when one of the following three con-
ditions was satisfied: (1) when it exceeded 4 N, at which a bone contusion had affected 
the investigation in a previous study [21], (2) when the rupture of the blood vessels was 
observed, or (3) when the blood vessels became invisible. Finally, the table was lowered 
to release the contact. After the investigation, the fish were euthanised by immersing 
them in buffered MS-222 at a concentration of 500 mg/L.

Stretch ratio of thin blood vessels and surrounding tissues

The stretch ratio �xj of the thin blood vessel and the surrounding tissue in the plane per-
pendicular to the contact force was calculated using the following formula:

where the indices j and k denote the steps of the calculation starting with 0 at the 
initial condition; εj is the true tensile strain; �εk is the incremental strain; and lk is the 
distance between the specific parts of the thin blood vessel or the surrounding tissue in 
the plane perpendicular to the contact force. lk is measured in the microscopic movie by 
tracking specific points.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12938-​024-​01284-2.

Additional file 1. Tensile rupture of the thin blood vessel. The movie file in which the rupturing vessel is observed in 
specimen #200526-05 at a contact force of 0.28 N.
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