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Abstract: This paper presents the results of laboratory tests of CFRP (carbon fibre-reinforced
polymer) laminates, which allowed the development of numerical material models. The obtained
data were used in a further stage to perform numerical simulations of four variants of medical
tabletops differing, among other features, in the shape of the cross-section. Maximum deflections
and effort in the composite material were analyzed. The final step was to perform a laboratory test
for one of the tabletop versions, the results of which confirmed the correctness of the numerical
calculations. This work is aimed at both researchers and designers involved in the practical
application of fibre-reinforced polymer matrix composites.
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1. Introduction

Basic equipment in the operating room includes a basin stand, trolleys, Mayo table, run-about
buckets, diathermy apparatus, suction apparatus, anaesthesia machine, drip stand, operating lights,
viewing screens, swab rack and operating table [1]. There are many types of operating tables, but
from the point of view of designing the tabletop itself, the following features are important:

e the tables are usually divided into three sections to support the body, allowing the patient to
assume a bent or lying position,

e  extensions for the head are also used, e.g. for neurosurgical or endoscopic examinations,

e  many accessories are available, such as hand support that attaches to movable clamps on the rail [2].

Another solution is the Jackson table method, which allows the patient to be transferred from
the bed to the table, which is equipped with appropriate inserts. The frame is made of CFRP and sits
above the patient. Once the patient is strapped to the table, the frame can be rotated to any angle
depending on the examination being performed. This type of table provides flexibility in patient
positioning, which is important, for example, in examinations for oblique lumbar intervertebral
fusion [3].

Adjustable carbon-fibre operating tables used for lumbar spine surgery have a similar design.
The flexion angle of the table should allow increasing or decreasing the lumbar lordosis to access the
disc space [4].

In addition to the design of the tabletop, a mechanism that allows it to tilt to a lateral position is
also important. The authors in the article [5] presented the results of a study of the biomechanical
effort of personnel performing a patient transfer from one table to another. With the use of a tilted
tabletop, the effort of the pushing nurse was eliminated and the activity of most of the muscles of the
pulling nurse decreased. Thus, the use of lateral tilt tops should also be included in numerical
simulations, with attention paid to the mounting locations where the complex stress state occurs.

Situations of failure of tabletop joints can occur in practice, for example, when a patient is
morbidly obese. Such an incident is reported in an article [6]. While transferring a patient weighing
130kg from a surgical table to a bed, two bolts of the turning mechanism failed, almost causing the
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patient to fall. This type of situation is likely to increase as the incidence of obese patients in the
operating room increases. This situation once again underscores that one of the important design
points is the joint between the operating table top and the tilt mechanism column. Both pull-out and
shear tests are required [7].

Another important design issue is the occurrence of pressure from different parts of the body. If
a patient lies in one position for dozens of hours pressure injuries called pressure sores develop. This
topic was presented in the article [8], where pressure relieving pads were used at the interface
between the patient's body and the medical tabletop. Pressure at the junction of both heels and
sacrum was measured in the supine position. Comfort was assessed using a visual analogue scale.
The use of polyurethane foam helped reduce pressure and improve patient comfort. Thus, when
designing the upper part of the medical top, some curvature can be preliminarily introduced for
greater patient comfort and against pressure sores.

A similar topic related to surface pressure is presented in the article [9]. Experimental studies
were conducted on a total of 72 patients divided into three groups differing in the material used to
reduce pressure. The materials used were: a gel support surface, a viscoelastic support surface and a
standard operating table. The pressures exerted on the patient's body were lowest with the
viscoelastic material, and this type of material is recommended to minimize the risk of pressure injury
in the operating room.

In conclusion, composite medical tabletops are an important component of operating room
equipment. Their design is related to both safety and comfort, as well as the prevention of
overpressure injuries in contact with the patient's body. However, there is a lack of articles in the
literature on the process of designing and testing such composite products. The presented article will
help fill this gap.

2. Materials and methods

Polymeric materials have been used in medicine for more than 150 years. Their first appearance
dates back to 1862 when Alexander Parker first presented a modified thermoplastic material at an
exhibition in London [10]. The rapid dissemination of this type of material in medicine was possible
due to their advantages such as low cost, excellent mechanical properties, ease of sterilization and
bactericidal properties. In addition, they have weak magnetic properties and much less absorption of
X-rays, which makes them irreplaceable in certain applications [11,12]. To increase their strength,
reinforcement of the structure is used, which leads to the formation of a composite. The literature [13]
lists several types of composites that can be used in medical devices. These include composites
reinforced with short fibres or flakes spaced irregularly or in a specific direction, glass beads,
powders or the use of continuous fibres resulting in laminates. Each of these reinforcing materials
causes changes in the properties of the polymer material, e.g., resulting in reduced shrinkage, and
increased strength and stiffness.

Medical equipment is divided into 3 classes [13,14] depending on the application and the safety
and risks involved. The first class applies to such devices as tongue depressors, bandages, gloves,
and bedpans. The second class includes, for example: wheelchairs, X-ray machines, MRI machines,
surgical needles, catheters, and diagnostic equipment. The last group includes such products as heart
valves, stents, implanted pacemakers, silicone implants, and hip and bone implants. Thus, operating
tables and their tops will fall into the second class of medical devices, while the materials from which
they are made must be tested for their strength.

2.1. Laboratory tests

Laboratory tests were performed to determine the elastic and strength properties of composite
materials to build their numerical model. The tests were made for two types of materials:

e  composite reinforced with unidirectional fibres (UD),
e  composite reinforced with twill weave fabric (TW).
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All test samples were made by Wit Composites using a vacuum bag autoclave technology and
epoxy matrix prepregs.

Tensile and compression tests were made for both types of materials. A summary of all tests
taking into account the angle of the fibres concerning the direction of loading (0°, 45°, 90°) is
summarized in Table 1.

Table 1. Summary of samples used in laboratory tests.

UD W
tension compression tension compression
0° 3 pcs. 3 pcs. 6 pcs. 3 pcs.
45° 3 pes. - 6 pcs. -
90° 3 pcs. 3 pcs. - -

The tests were made by the following standards:

e D3518/D3518M — 13 Standard Test Method for In-Plane Shear Response of Polymer Matrix
Composite Materials by Tensile Test of a 45° Laminate,

e  Designation: D3039/D3039M - 14 Standard Test Method for Tensile Properties of Polymer
Matrix Composite Materials,

o D6641/D 6641M - Standard Test Method for Determining the Compressive Properties of
Polymer Matrix Composite Laminates Using a Combined Loading Compression (CLC) Test
Fixture.

Tensile tests were made using an MTS810 machine equipped with a 250kN force measuring
head. Loads were applied at a constant speed of 2mm/min. Strain measurements were made with a
biaxial extensometer. The test stand is shown in Figure 1a.

Figure 1. Test stand: (a) tensile test, (b) compression test.

For compression tests, MTS810 testing machine equipped with a special platform for clamping
specimens was also used. Loading forces were measured using a load cell with a range of 250 kNN.
The test was made under conditions of constant displacement speed. The speed of 0.4 mm/ min was
selected to meet the test-to-failure time condition, which should be in the range of 1 to 10 minutes. In
this case, electro-resistance strain gauges with a base of 3mm were used for strain measurements.
Strain gauge measurements were made using a HBM MGC PLUS type amplifier with CATMAN
application. The test stand is shown in Figure 1b.

Normal stresses 0 [MPa] were determined from the following equation:

o= (1)
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where: F - loading force [N], h - sample thickness [mm], w - sample width [mm]. The tangential
stress 712 [MPa] was determined from the following equation:
F
Y12 = 5 2)
The longitudinal modulus of elasticity E [GPa] was determined as follows:

E= 3)

where €0 denotes the initial strain of the elastic modulus determination range of 1000 um/m,

€a0~€a1

while a1 denotes the final strain of the elastic modulus determination range of 3000 um/m. The
symbols 0o and o1 are the stress values corresponding to strains with the same subscript from the
beginning and end of the range in which the longitudinal elastic modulus was determined.

The Poisson's ratio was determined as the ratio of the difference between transverse and
longitudinal strains in the same range used to determine the longitudinal modulus of elasticity.

V= fto—¢t1 (4)

€a0~€a1

For #45° samples, the shear strain of y12 was determined as the difference of the measured
longitudinal and transverse strains as follows:

Viz = & — & ®)

The modulus of elasticity Gi2 was determined as the ratio of the increase in shear stress to the

corresponding increase in shear strain (6) according to document D3518/D3518M - 13, this modulus
was determined in the range of shear strain 2000 pm/m - 6000 pm/m.

GlZ — 122_1’%2 (6)

- .0 1
Y127 V12

The shear strength of the tested materials was determined as the stress that occurred at a shear
strain equal to 5%.
The standard deviation was calculated using Equation (7):

—%)2
/Z(z_alc) 7)

where: x is the value of a parameter for a given sample, ¥ is the average value of a given
parameter for all samples and n is the number of samples tested.
The differences between the parameters were determined as follows:

e if an increase in the parameter is observed:

("—k— ) -100% 8)

Xp

e if a decrease in the parameter is observed:

( —i—") +100% )

14

The tests were performed at an average temperature of 27.7°C and a humidity range of 49.9% -
51.4%. Measurements of environmental parameters were made once a day around 8% a.m.

2.2. Numerical simulations

Numerical simulations were made using Abaqus software. S4R-type shell parts were used for
the CFRP laminate. There were also solid parts in model 4, e.g., foam filling or aluminum mounting
plate for which C3D8R type elements were used.

In the case of shell parts for laminates, it was possible to apply the Tsai-Hill composite strength
criterion. Before that, it was necessary to define the following values:
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e tensile strength in the fibre direction (Xt),
e  compressive strength in the fibre direction (Xc),
e tensile strength in the direction perpendicular to the fibres (Yt),
e  compressive strength in the direction perpendicular to the fibres (Yc),
e  shear strength (S).
The Tsai-Hill hypothesis has the following form:
CTZ 0110:; 0'2 TZ
gt oy (10

where:

o11 - normal stress in the direction of the fibres,

022 - normal stress in the direction perpendicular to the fibres,

T12 - tangential stress,

X - strength in the fibre direction,

Y - strength in the direction perpendicular to the fibres,

S - shear strength.

If a value of 1 is reached in the material, the element will thus be completely efforted. The
criterion in the form (10) also remains valid when the composite material has different tensile and
compressive strength characteristics. Then the modification of this criterion is to insert in place of X
and (or) Y, depending on the sign of the stresses o1, 02 - values of tensile strength X, Y: or
compressive strength Xc, Ye.

Figure 2 shows the values of loads that are taken for strength calculations of tabletops. Based on
them, the corresponding partitions at the top of the tabletop were separated, which made it possible
to set loads.

//'—‘\ //"‘\
o }3;859/\ 4 111 ,9kg /\

2:22,2kg )

/

Figure 2. Distribution of weights from the patient’s body.

The calculations were performed for a total of four tabletops, differing in cross-section, layer
arrangement and external dimensions. The simulations were divided into two main groups:

e  ergonomic tabletops (without making a demonstrator),
e  tabletop with a rectangular cross-section (made demonstrator).

To better illustrate the scope of performed work, it is shown in the diagram in Figure 3.

l Numerical analysis |

/\

Ergonomic tabletops (without Rectangular tabletop (made
making a demonstrator) demonstaror)
Loads in accordance with Loads in accordance with . .
L s Point load according to
the real position of the the real position of the
: ; demonstrator test
patient patient

l tabletop 1 I |tab]etop 2 | I tabletop 3 |

Figure 3. Classification of numerical simulations.
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The external dimensions of the ergonomic tabletops (1 - 3) were 2100mm x 650mm, while the
external dimensions of the rectangular tabletop 4 were 2300mm x 600mm. Because the tabletop
should be as transparent to X-rays as possible, models 1 through 3 were made as no-fill. Partial filling
was used in tabletop 4. Usually polyurethane foam is used for this purpose, which adversely affects
the translucency of the tabletop during imaging with the "C" arm, hence the width of the filling at the
edges of the tabletop is only 50mm. Cross-sections of the analyzed tabletops are shown in Figure 4.
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& i
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1,24 ||

1]

c)
8 9
2| i - 20 50
¥ % \
] °| - )
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Figure 4. Cross-sections of the analyzed tabletops: (a) tabletop 1, (b) tabletop 2, (c) tabletop 3, (d)
tabletop 4.
Total filling was used in a section of tabletop 4 (Figure 5) because of the mounting to the column.

Depending on the imaging site, the patient can be positioned either head over the column or legs
over the column, whereas higher loads will be achieved in the second position.

Figure 5. Longitudinal cross-section of tabletop 4. 1 - CFRP laminate, 2 - polyurethane foam, 3 -

aluminum plate.

The same cross-section of the wall was used for models 1 through 3. The wall consisted of 15
layers. Both twill fabric (TW) and unidirectional fibres (UD) were used. In both cases, these were
carbon fibres. The arrangement of the layers was as follows: 3xTW, 2xUD, 1xTW, 3xUD, 1xTW, 2xUD,
3xTW, with the UD fibres arranged along the longer edge of the tabletop.

For model 4, a different arrangement of layers was used: 1xTW, 4xUD, 2xTW, 4xUD, 1xTW
making a total of 12 layers.

The purpose of simulations 1 through 3 was to determine what effect the introduction of an
ergonomic shape has by using a radius to keep the patient's body on the axis of the tabletop.
Demonstrators were not made for this type of tabletop, since the introduction of radii requires the
manufacture of appropriate molding tools, which significantly increases costs.
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Tabletop number 4 had a rectangular cross-section and therefore much easier to manufacture. A
demonstrator was made for this case to verify the numerical calculations.

Because the weight of the body is distributed unevenly over the entire surface, a partition was
made as in Figure 6.

The top of the operating table can be treated as a cantilever plate. For models 1 through 3, one
end (on the lower limb side) was fixed - all degrees of freedom were taken away, while the other end
was free. Reference points were placed in the made partitions and connected to them. This was to
make it easier to apply loads in the form of concentrated forces (Figure 7). Each layer of laminate was
arranged along the axis of the tabletop.

Figure 6. Performed partitions.

Figure 7. Boundary conditions.

For model 4, as mentioned above, a demonstrator was made, so the method of attachment cannot
be theoretical as in the case of models 1 - 3. For model 4, an aluminum plate was used at the bottom
(Figure 5), the purpose of which was to transfer the load from the tabletop to the point fasteners to
the column. The boundary conditions used for the model can be seen in Figure 8. All degrees of
freedom have been taken away in the four holes of the aluminum plate, this is analogous to the use
of bolts at these locations.

Figure 8. Method of mounting the tabletop 4.
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After the necessary partitions were made, FEM meshes were applied as shown in Figure 9. For
models 1 to 3, about 42,000 S4R elements were used, while for model 4 a total of 91703 elements were
used, including 36635 - 54R, 1022 - S3 and 54046 - C3DS8R.

a) b)

Figure 9. Finite element meshes: (a) models 1 - 3, (b) model 4.

3. Results of material testing

Material research for uniaxial tensile tests for samples made of unidirectional fibre-reinforced
prepreg was performed on a batch of three samples. The tests were performed in three directions: 0,
90 and 45 degrees. Force-displacement diagrams are shown in Figure 10.

This type of test made it possible to determine the following elastic properties:

Ew =121.965 GPa - Young's modulus in the direction of fibre orientation,

Ewo =7.817 GPa — Young's modulus transverse to the direction of fibre orientation,

Gi2 = 3.434 GPa - Kirchhoff’'s modulus,

vi2 =0.298 — Poisson's ratio,

and strength properties:

Xt=2003.119 MPa - tensile strength in the direction of fibre orientation,

Y:=45.12 MPa — tensile strength transverse to fibre orientation,

S =58.749 MPa - shear strength.

a) b)
30 : 3
25 — 11 2,5 =zt
- ‘ s =
220 ‘: g 2
s - s o |
2 10 € 1 / | |
5 | 0,5 —~ !
0o : | | ; A 0 1 i : —
0 05 1 i% 2. 25 3 0 0,25 0,5 0,75 1
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—s 1 —s2 —s 3 —=g.1 =6 2 —Pr3

2 =)
_ 10 &
Z s
g 5 L
e 4 “

2 18

0 ; 1 : | iy
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displacement[mm]
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Figure 10. Tensile results for unidirectional reinforced samples: (a) 0° direction, (b) 90° direction, (c)
45° direction.
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The relative standard deviation analysis is noteworthy. For samples with a fibre arrangement
along the tensile direction, a value in the range of 6.37% - 6.5% was obtained for tensile strength and
Young's modulus, and a much lower value of 2.68% was obtained for Poisson's ratio. For samples
with a fibre orientation perpendicular to the tensile direction, low repeatability of results was
obtained for maximum force and thus for tensile strength. The relative standard deviation was as
high as 29.2%, while for Young's modulus, it was 1.67%. Considering the tests for samples with fibres
oriented at an angle of 45 degrees, the values of relative standard deviation are in the range of 1.15%
- 3.6% for shear strength and Kirchhoff modulus, respectively.

For samples made of twill fabric, two tests were necessary for the direction along the fibre
orientation and at an angle of 45 degrees. The results are presented in Figure 11.

This type of test made it possible to determine the following elastic properties:

Ew = 48.069 GPa - Young's modulus in the direction of fibre orientation,

G2 = 2.652 GPa - Kirchhoff’s modulus,

v12 = 0.064 — Poisson's ratio,

and strength properties:

Xt =453.385 MPa — tensile strength in the direction of fibre orientation,

S =58.730 MPa — shear strength.

o
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Figure 11. Tensile results for the fabric: (a) 0° direction, (b) 45° direction.

For fabric-reinforced samples, it was assumed that Eo = Eso and X: = Y. For performed tests, the
maximum value of relative standard deviation was obtained for tensile strength - 10.86%. The
smallest values were obtained for tests with a 45-degree fibre orientation: for shear strength 1.64%
and Kirchhoff modulus 1.58%.

The composite tabletops work similarly to a cantilevered plate, so the upper part is in tension
and the lower part is in compression. Hence, to make the numerical simulations more in line with
reality, compression tests were also carried out, the results of which for the composite reinforced with
unidirectional fibres are shown in Figure 12.

a) b)
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0 0,5 1 1,5 o 025 05 075 1 125

displacement[mm]
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displacement[mm]
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Figure 12. Results for unidirectional fibres for compression: (a) 0° direction, (b) 90° direction.
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Performed tests allowed to determine the following elastic properties:

Eco=111.564 GPa - Young's modulus in the direction of fibre orientation,

Ecoo = 8.094 GPa - Young's modulus transverse to the direction of fibre orientation,

and strength properties:

Xe=793.504 MPa — compressive strength in the direction of fibre orientation,

Yc=131.592 MPa - compressive strength transverse to the direction of fibre orientation.

Analysis of the relative standard deviation showed that the largest value (10.9%) is for
compressive strength for the direction along the fibre orientation, while the smallest value (0.69%) is
for Young's modulus values also for the direction along the fibre orientation. For the perpendicular
direction, the relative standard deviation is in the range of 2.5% - 3.78% for Young's modulus and
compressive strength, respectively.

The compression test was also carried out for the composite reinforced with twill fabric, only

for one 0-degree direction, since we assume the same values for the 90-degree direction. The results
for the batch of samples are shown in Figure 13.

12 - 1

2
L

force [kN]

o N B O

//

Vel

0 0,25 0,5 0,75 1 1,25 1,5
displacement [mm)]
—¢ 1 =82 s 3

Figure 13. Results for fabric in compression.

As a result of the tests, Young's modulus in compression Ec=43.4 GPa and compressive strength
Xc=208.99 MPa were determined. The relative standard deviation for both of the above-mentioned
parameters were: 0.53% and 6.27%.

4. Results of numerical simulations

The results of the numerical simulations were presented in the form of displacement maps and
the achievement of the Tsai-Hill strain criterion. For the displacement maps, the state before
deformation was also shown, and the deflection of the tabletops was not scaled. Figure 14 shows
the displacement map for Tabletop 1, with a maximum value of 70.31mm.

U, Magnitude

+7.031e-02
+6.446e-02
+5.860e-02
+5.274e-02
+4.688e-02
+4.102e-02
+3.516e-02
+2.930e-02
+2.344e-02
+1.758e-02
+1.172e-02
+5.860e-03
+0.000e+00

Figure 14. Deflection of tabletop 1.
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Figure 15 shows the effort of the composite material for tabletop 1. The maximum value was
24.14%.

TSAIH
Envelope (max abs)
(Avag: 75%)
+2.414e-01
+2.213e-01
+ +2.012e-01
+1.811e-01
+1.609e-01
+1.408e-01
+ +1.207e-01
—+ +1.006e-01
— +8.047e-02
+6.035e-02
+4.023e-02
+2.012e-02
+0.000e+00

Figure 15. Tsai-Hill criterion for tabletop 1.

Tabletop 2 had two radiuses of curvature compared to the previous tabletop 1, hence the
thickness thinning was even greater. This resulted in an increase in maximum deflection to a value
of 85.14mm (Figure 16).

U, Magnitude

+8.514e-02
+7.805e-02
+7.095e-02
+6.386e-02
+5.676e-02
+4.967e-02
+4.,257e-02
+3.548e-02
+2.838e-02
+2.129e-02
+1.419e-02
+7.095e-03
+0.000e+00

Figure 16. Deflection of tabletop 2.

However, the introduction of two radiuses of curvature does not result in a significant increase
in material effort. For tabletop 2, a maximum value of 26.57% was obtained, as shown in Figure 17.

TSAIH

Envelope {max abs)

(Avg: 75%)
+2.657e-01
+2.436e-01
+2.214e-01
+1.993e-01
+1.771e-01
+1.550e-01
+1.329e-01
+1.107e-01
+8.857e-02
+6.643e-02
+4.428e-02
+2.214e-02
+0.000e+00

Figure 17. Tsai-Hill criterion for tabletop 2.

Tabletop 3 had one side flat, while the other side was shaped as a curve, the minimum thickness
was only 6.71Imm and was almost constant across the width of the tabletop, hence the maximum
displacement was as much as 139.6mm (Figure 18).
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U, Magnitude
+1.396e-01
+1.280e-01
+1.163e-01
+1.047e-01
+9.306e-02
+8.143e-02
+6.979e-02
+5.816e-02
+4.653e-02
+ +3.490e-02
+2.326e-02
+1.163e-02
+0.000e+00

Figure 18. Deflection of the tabletop 3.

However, such a large displacement did not translate into a significant increase in material
effort, which in this case was 38.44% (Figure 19).

TSAIH

Envelope {(max abs)

(Avg: 75%)
+3.844e-01
+3.523e-01
+3.203e-01
+2.883e-01
+2.563e-01
+2.242e-01
+1.922e-01
+1.602e-01
+1.281e-01
+9.609e-02
+6.406e-02
+3.203e-02
+0.000e+00

Figure 19. Tsai-Hill criterion for tabletop 3.

In all three cases, the effort of the material was not exceeded, but due to technological reasons, a
rectangular cross-section was finally adopted for tabletop 4. The method of mounting is also different,
as can be seen in the displacement map in Figure 20.

U, Magnitude

+5.234e-02
+4.798e-02
+4.362e-02
+3.926e-02
+3.490e-02
+3.053e-02
+2.617e-02
+2.181e-02
+1.745e-02
+1.309e-02
+8.727e-03
+4.366e-03
+4.097e-06

Figure 20. Deflection of the tabletop 4.

The part of the tabletop on the side of the mounting to the column is unloaded, as indicated by
the blue area. The maximum displacement of 52mm, occurs where the torso of the body is located. In
real conditions, this value will be lower because the weight from the body is distributed more
uniformly than shown in Figure 2. The tabletop, due to the maintenance of high translucency, has
foam stiffeners only on the perimeter and in the area of attachment to the column, while the inside is
hollow. The free end of the tabletop experiences a displacement of 26mm.
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The material effort for tabletop 4 is shown in Figure 21, with a maximum value of 26.4%, so the
safety factor is almost 4. The maximum values are also concentrated in the torso area and in the zones
near the edge where the laminate joins the foam filling.

TSAIH

Envelope (max abs)
(Avg: 75%)
+2.642e-01
+2.422e-01
+2.202e-01
+1.982e-01
+1.763e-01
+1.543e-01
+1.323e-01
+1.103e-01
+8.833e-02
+6.635e-02
+4.437e-02
+2.239%9e-02
+4.053e-04

Figure 21. Tsai - Hill strain criterion for tabletop 4.

5. Technological test of tabletop bending

To be sure that the simulations were carried out correctly, both additional simulations and a
laboratory test were performed. Because it is difficult to reproduce identical conditions as in Figure 2
with gradually increasing load at all points, it was decided to apply the load only at one point 30cm
away from the face of the tabletop for values from 5 to 50kg with increments of 5kg. The separated
partition for the load in the numerical model can be seen in Figure 22a. Figure 22b shows a section of
the tabletop with the sensor attached to a rigid aluminum frame. An intermediate element was placed
between the sensor and the composite table in order not to induce stress concentrations [15].

mounting of the tabletop

Figure 22. Testing of tabletop 4: (a) mounting and loading method, (b) laboratory test.

In this way, the tabletop could be subjected to a deflection test precisely and without introducing
vibrations or asymmetrical loads. A measuring cell was also attached to the pneumatic actuator so
that the load could be precisely controlled. The load cell was attached to the actuator on one side,
while the other side was pressed against a rigid plate, which in turn had a soft filling on the contact
side of the tabletop so as not to cause significant pressure concentrations that could cause local
damage to the laminate. The deflection of the tabletop was measured at its end using an electronic
sensor.

Table 2 summarizes the results of deflection at the end of the tabletop with increments of 5kg.
The differences between the different load values are also shown.
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Table 2. Results from the laboratory test.

Load [kg]
5 10 15 20 25 30 35 40 45 50
deflection [mm] 3.71 7.67 11.17 15.88 19.06 24.37 2854 33.22 3790 4256
difference [mm] - 396 410 411 408 441 417 468 4.7 4.66

These are initially at the level of 4mm and increase to 4.7mm. This shows that the elastic response
of the tabletop is not linear.

After the laboratory test, numerical calculations were made by modifying only the load location
and its value in model 4. Figure 23 shows the displacement map for a maximum load of 50kg.

U, Magnitude

+6.945e-02
+6.367e-02
+5.788e-02
+5.209e-02
+4.630e-02
+4.051e-02
+3.473e-02
+2.894e-02
+2.315e-02
+1.736e-02
+1.158e-02
+5.788e-03
+0.000e+00

Figure 23. Displacement map during point loading (50kg).

The laboratory test resulted in a value of 42.56mm, while the numerical simulation resulted in a
value of 36.8mm. Therefore, the percentage difference concerning the laboratory test is:
_42,56-36,8
- 4256

This is lower than the 20% that was used to determine the milestone in the project from which
the research was funded.

In addition, the effort of the material was determined. According to the Tsai-Hill hypothesis, it
is at the level of 23.3%. Thus, even with a point load application of 50kg, the safety factor is still high
and exceeds the value of 4.

-100% =13,53%

TSAIH

Envelope (max abs)
(Avg: 75%)
+2.333e-01
+2.13%e-01
L +1.944e-01
+1.750e-01
+1.556e-01
+1.362e-01
L +1.167e-01
 +9.731e-02
+7.789e-02
+5.846e-02
+3.904e-02
+1.961e-02
+1.869e-04

Figure 24. Map of the Tsai-Hill criterion during point loading.

6. Discussion

An analysis of the literature has shown that there are currently no suitable procedures or
examples for both designing medical tabletop structures and performing their simulation. As a
guideline for design, it is possible to take tabletop loads considering the patient's body and the
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corresponding safety factor. However, it should also be taken into account that mechanical loads are
not the only ones that can affect the durability and strength of the entire structure. Environmental
loads [16,17], such as during thermal or chemical disinfection or the effect of UV radiation, would
also have to be taken into consideration. In addition, the tabletop structure is often not only made of
composite but also of other materials as shown for model 4, in which the aluminum plate plays an
intermediary role and is bonded to the bottom by default. In this case, there is an adhesive joint [18],
which should also be properly designed and tested.

Moving on to the analysis of the results, it is important to note their scatter when testing elastic
and strength properties. For example, for unidirectional fibres the value of the relative standard
deviation was 6.5% for Young's modulus, so it should be expected that the comparison of simulation
results with the laboratory test will also be subject to error. In the analyzed case for tabletop 4, this
difference was 13.53%, which can be considered a satisfactory result, because in such a complex
construction, taking into account all the details of the structure could cause a significant increase in
modelling time and numerical calculations. However, a thoughtful analysis can be made of which
factors may affect the differences in results for tabletop 4. The tabletop is mounted to the column by
a set of 4 screws. The column can deform while the bolts are not perfectly rigid as in the numerical
model. In the numerical model, the foam infill and the connection to the aluminum plate were made
using "tie" constraints in reality there are adhesive joints, which can also deform additionally. There
may be structural defects that, for example, result in the tabletop not deforming linearly [19]. It has
been observed that as the load increases, the respective differences in displacement increments
become larger. Therefore, to be able to make more accurate comparisons and detect structural defects,
measurements using digital image correlation DIC [20] for the entire structure are necessary. In
general, the deflection results for the demonstrator are greater than in the numerical simulation
because the virtual model has no defects and is geometrically perfect.

Ergonomic tabletops will be the next stage in the development of this type of design, as they
allow the patient's body to be aligned with the surface, distribute pressure more evenly and increase
comfort. The surgical procedure itself, while in the hospital and on the medical table, is an often
stressful situation, hence the aim should be to improve the ergonomics of equipment to make the
patient feel comfortable.

We should also work toward the best possible translucency of the design in terms of X-rays. On
the one hand, the use of foam fillings or the use of additional ribs increases stiffness, but the
translucency deteriorates or line disturbances develop where the vertical walls of the laminate are
present, as shown in Figure 25.

b)

Figure 25. Fragment of the demonstrator with fabricated rail: (a) view of a composite part, (b) X-ray
view.


https://doi.org/10.20944/preprints202311.0938.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 November 2023

16

Such walls can occur, for example, close to the edge, where the rail for attaching accessories is
located. However, the topics of accessory mounting and transparency testing will be the subject of
future articles.

7. Conclusions

In this work, a complete approach to designing, and performing numerical simulations and
laboratory tests for medical operating tables was presented. This is the first work of its kind in the
world literature on medical table tops. The following conclusions are drawn from the research.

e  The compressive strength of laminates both made of unidirectional fibers and fabrics is more
than twice the tensile strength. Compressive strength should be taken into account in research
and numerical testing because the tabletop works like a cantilever beam and thus the lower part
of it is compressed.

e  The occurring scatter of results in elastic and strength properties leads to a situation in which
the result of the numerical simulation will also be subject to error compared to the laboratory
test. It is therefore necessary to maintain an appropriate safety factor when designing the
structure.

e three types of ergonomic tops were presented, whose change in cross-section significantly affects
the deflection, but the effort of the material remains at a similar level,

e a satisfactory difference (13.53%) was obtained in the results for Tabletop 4 between the
deflection obtained for the demonstrator and in the numerical simulation.
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