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Smart Memory Cast: a new approach for cast treatment

in distal radius fractures

AURELIE SOORS (4462491)!

1 Master: Biomedical Engineering, Thesis paper, Delft University of Technology, The Netherlands.

In up to 39% of reduced distal radius fractures, re-displacement of the fracture occurs in the cast. In most
cases, the cast becomes too loose as soft tissue swelling decreases over time and the cast no longer provides
sufficient support to keep the fracture reduced. This issue could be addressed by introducing a smart
memory cast, a cast that would employ soft polymer foam to relieve stress concentration while providing
the required support stiffness to maintain the reduction throughout the whole cast treatment period. Soft
polymer foams are characterised by a plateau phase in which the pressure does not increase as the material
is compressed. The concept is tested by placing a soft polyurethane foam between an artificial arm that
mimics soft tissue swelling and a synthetic cast. The pressure in the smart memory cast is measured by thin
film pressure sensors. The average pressure in the smart memory cast was 15.4 mmHg and was reduced by
47.8% compared to the average pressure measured, 29.5 mmHg, in a traditional cast. The pressure in the
smart memory cast remained under 25.0 mmHg which was set as a threshold value that could lead to a
compartment syndrome. In contrast with the traditional cast where the pressure kept increasing above

the threshold value as the artificial arm kept swelling, in the smart memory cast the pressure plateaued.

The results from this study show that by introducing a filler material with non-linear elastic properties
in a synthetic cast, the pressure concentration is reduced compared to a traditional cast and the pressure

plateaus as soft tissue swelling increases.

Keywords: Cast Treatment, Distal Radius Fracture, Forearm Fracture, Smart Memory Cast

1. INTRODUCTION

Distal radius fractures (DRFs) are one of the com-
mon injuries seen in the Emergency Room (ER).
According to different epidemiology and inci-
dence studies, children, young adolescents and
the elderly are at a higher risk for this type of
fracture [1-4]. In children and young adoles-
cents, the main causes of DRF are playing and
physical activities. While in the elderly it is due
to low-trauma fall from standing height position
[1, 5-7]. Over the past few years, the incidence
of DRF has further increased worldwide due to a
longer life expectancy in the elderly and children
participating in more sports activities [1-4, 8, 9].
Most DRFs are displaced and therefore need to

be reduced and a rigid cast is applied to immo-
bilize the fracture to prevent re-displacement of
the fracture [9-12].

However, re-displacement of the fracture oc-
curs up to 39% which often results in surgi-
cal stabilisation of the fracture [13-16]. Many
different factors, (fracture-, patient- and lastly
treatment-related) can be responsible for the re-
displacement. Factors related to the fracture and
patient are not changeable, however, the treat-
ment factors can be mitigated. The quality of the
cast is an important factor [16, 17]. If the qual-
ity is low, the cast does not provide sufficient
support to keep the reduced fracture in posi-
tion which can result in re-displacement of the
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fracture. The quality of the cast mould can be
verified by the radiographic indices: cast index
and three-point index. These indices are mea-
sured after the cast is applied and are correlated
with the risk for re-displacement [18, 19].

Post-traumatic soft tissue swelling occurs in the
area around the bone fracture as a response to
the initial inflammatory phase and proceeds for
several days. This means that the soft tissue
continues to swell after the rigid cast is applied.
Due to this the intracompartmental pressure
inside the fractured forearm increases and this
could lead in severe cases to a compartment
syndrome (CS), soft tissue necrosis and even
amputation as the blood flow to the soft tissue
is restricted [20-22]. To accommodate this
swelling, a univalve or bivalve cut can be
made along the length of the cast. To further
decrease the intracompartmental pressure,
a cast spacer can be placed in between the
cut. However, a drawback of this method is
that once the swelling has decreased, the cast
becomes too loose and no longer provides
sufficient support to keep the fracture reduced
and thus re-displacement can occur. Thereby,
the patient has to revisit the hospital to get a
new cast [23-26].

A solution to this problem could be the introduc-
tion of a new type of cast, smart memory cast
(SMC). This cast can adapt itself to the degree
of soft tissue swelling around the fracture site
without increasing the intracompartmental pres-
sure while providing enough support to keep
the reduction in place. This can be done by po-
sitioning a filler material between the synthetic
cast and the forearm (Figure 1). As soft tissue
swelling decreases the cast is still able to provide
enough support to keep the fracture reduced as
the filler material adjusts itself. In this paper,
a prototype of such a smart memory cast will
be developed and tested. This is done by first
establishing the material properties needed and
which materials can provide these. An artifi-
cial arm is manufactured to mimic soft tissue
swelling after a fracture and the smart memory
cast is assembled such that experiments can be

carried out. All this information can be found in
section 2. Next, the results from the experiments
are shown and discussed in section 3. Finally, in
section 4, a conclusion is drawn.

e/

Fig. 1. A pictorial diagram of the smart mem-
ory cast. From the inside to the outside: the
forearm, the filler material and lastly the rigid
cast.

2. MATERIALS AND METHODOLOGY

Before the new adaptable cast can be tested, a
filler material with the desired material proper-
ties has to be chosen that will be placed between
the cast and the arm. The required pressure to
maintain a reduction is obtained from literature.
Based on these findings and the needed non-
linear elastic material properties, possible filler
materials are selected. These materials are then
subjected to a quasi-static compression test so
that a final material can be chosen. To test the
new adaptable cast, an artificial arm will be man-
ufactured that can mimic soft tissue swelling
that occurs after a bone fracture. The pressure
in the smart memory cast is measured by thin
film pressure sensors. The filler material and
the artificial arm were wrapped with synthetic
cast material to achieve the smart memory cast.
Lastly, the pressure sensors were installed and
the artificial arm was connected to a syringe
pump such that smart memory cast could be
tested. All the aspects of developing and testing
the smart memory cast are explained in more
detail in the following sections.
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A. Filler Material Requirements

Little research has been done about how much
the intracast pressure should be to maintain a
reduction [27-30]. Therefore, in an experiment
performed at Erasmus University Medical Cen-
ter (UMC), sensors were placed on the forearm
such that the pressure could be measured dur-
ing the application process of a traditional cast
(TC) and once it was completely cured. From
the results, it was found that the cast should
apply around 2652.1+93.2 Pa (mean+SD) or
19.9040.70 mmHg on the skin such that the frac-
ture maintains reduced which corresponds with
values found in literature. More information
about the experiment can be found in appendix
B.

An important criterion of the filler material is
that it can adjust to swelling keeping a constant
pressure on the forearm while maintaining the
fracture reduction throughout the cast treatment
period, without causing skin irritation or CS. If
the cast is too tight, the pressure increases on
the skin. This increased pressure reduces the
capillary perfusion in the skin which could lead
to pressure sores [24, 31]. If no action is taken,
this could lead to tissue necrosis and in the
worst case amputation [24, 29, 32]. Therefore,
the pressure in the cast may not exceed 30
mmHg. For safety purposes, the maximum
pressure in the cast may not surpass 25 mmHg
[29, 33-35].

The filler material should be able to adjust to the
degree of soft tissue swelling without increas-
ing the pressure on the forearm. This indicates
that the filler material should have some non-
linear elastic properties, such that as the strain
increases the pressure on the material does not
and remains constant. This corresponds with a
plateau phase in the stress-strain curve of the
material. In the research done by A. Younger et
al. [30], it was seen that the circumference of a
fractured wrist is 2.1 cm larger compared to a
non-fractured wrist. After the wrist fracture is
reduced, the circumference can further increase
by 5 mm. If the shape of the wrist is assumed
to approximate a circle, the radius increases by

4.3 mm during swelling. To accommodate for
this swelling, the thickness of the soft polymer
foam layer should be 20 mm such that the oper-
ating range stays within the range of the plateau
phase.

B. Filler Material Selection

The filler material should provide constant pres-
sure as soft tissue swelling fluctuates during
treatment. So, the pressure should remain con-
stant as the strain increases and decreases on the
material. Polymer foam has a non-linear elastic
behaviour that is characterised by three distinct
phases as the strain increases: a linear elastic
phase followed by a plateau phase and a den-
sification phase [36]. In this plateau phase, as
the strain increases the pressure plateaus as can
be seen in figure 2. In this phase, the cell walls
buckle and collapse and the energy is absorbed
and distributed by the foam. Therefore, polymer
foams can be used as a filler material as long as
their operating range is within the plateau phase
[37, 38]. Further, the average pressure during
this plateau phase should correspond with the
pressure needed to maintain the reduction.
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Fig. 2. General stress-strain curve of foam ma-
terials under uniaxial compression [36].

The stiffness of the polymer foam is mainly af-
fected by its relative density. The lower the rel-
ative density is, the lower the elastic modulus
is. Thus, different polymer foams with low rela-
tive densities were tested. Three different types
of polyether (PE 25, 35, 40) foam with relative
densities of 25, 30 and 40 kg/m?, a polyurethane
(PU 40) with a relative density of 40 kg/m? and
one memory foam (MF) were tested.
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C. Quasi-Static Compression Test

A quasi-static compression test (Instron 6800 se-
ries) was performed on the polymer foams such
that the stress-strain curve could be obtained for
each foam sample. The stress-strain curve pro-
vides information about the material properties
of the foam such as its stiffness, the length of
the plateau phase, and the average pressure of
the plateau phase. The different polymer foams
were cut into cubes with dimensions of 50x50x50
mm. The applied loading rate was 0.1 mm/s
and continued until the sample was compressed
to 80% of its original height. From each foam
type, three samples were made and tested. The
test setup can be seen in figure 3. From the test,
the force and displacement were obtained which
were then converted to stress and strain such
that the stress-strain curve of each sample can
be plotted.

Fig. 3. The quasi-static compression machine
with a PE35 foam sample is placed in align-
ment with the centre of the machine.

D. Artificial Arm

An artificial arm is designed and constructed
in order to study the effects of swelling in the
presence of the traditional and smart memory
cast concepts.

A 3D model of a forearm is divided into six

individual segments. On each segment, alter-
ations are made such that a silicone tube can be
connected to it, a silicone band can be attached
to it and the segments can be assembled back
into a forearm. From the inlet on the inside of
the segment, a pipe is made from the inlet to
the outer surface of that segment so water from
the inlet can flow through it. Each segment
is covered with a silicone band that is able to
expand when water is pushed through a silicone
tube attached to the inlet of that segment. This
expansion mimics soft tissue swelling. Water
can also be withdrawn from the segment such
that it converts back to its original size.

In the CAD software SolidWorks, first, the
moulds for the silicone bands for each segment
are made. Next, alterations such as adding an
inlet, brims and a straight hole through the seg-
ment are done to the individual segments. The
moulds and segments are 3D printed (Original
Prusa i3 MK35+) from PLA. The silicone bands
are made by mixing equal parts of A and B of
ecoflex™ 00-50 and pouring it into the mould.
The mixture is degassed using a vacuum pump
and left to cure for three hours. The silicone
band is sealed in place to its corresponding seg-
ment. To each inlet, a silicone tube is connected.
The individual parts are assembled on a straight
steel rod back into the shape of a forearm while
all the silicone tubes come out of the proximal
side of the forearm. Lastly, to prevent water leak-
age, the hollow inside of the arm is filled with
ecoflex™ 00-30. The final assembled artificial
arm can be seen in figure 4. A more detailed
explanation of the manufacturing process of the
artificial arm can be found in appendix C.

E. Pressure Sensing in Cast

The pressure between the cast and the artificial
arm is measured by thin film pressure sensors.
In total six pressure sensors are used. They are
positioned such that the pressure in the cast in
the proximity of a DRF can be measured. Two
sensors are placed on the hand, the wrist and
the first arm part. One sensor is placed on the
anterior side (bottom) of the forearm and the
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Fig. 4. The artificial arm is made of individual
3D-printed PLA segments covered with a sili-
cone band combined on a steel rod.

other on the posterior side (top) of the forearm.

Two different types of thin film pressure sensors,
(SEN0295, DRFRobot, Shanghai, China and 406
FSR, Interlink Electronics, Camarillo, California,
USA), are tested since the polymer foam layer
influences the sensitivity of the sensor. Each
sensor that is tested, twelve SEN0295 and
four 406FSR sensors, is placed in series with a
resistor of 10 k(). The sensor receives an input
voltage of 5 V from a DAQ system (National
Instruments™). With this voltage divider circuit,
the voltage output can be collected through
the DAQ system at a sample rate of 10 Hz.
Further, 2 mm thick PMMA plates with the
same dimensions as the sensors are placed
on the sides of sensors such that the sensor
readings will not be influenced by bending.

The sensors are calibrated by performing a com-
pression test with the polymer foam chosen. In
the SMC the polymer foam layer has a required
thickness of 20 mm, therefore, the polymer foam
used during the calibration process also has a
thickness of 20 mm. The sensor is placed under
the polymer foam layer during the compression
test. The strain rate is again 0.1 mm/s and the
foam is compressed up until 80%. While the
compression test is running, the sensor is simul-
taneously running and the data is collected by
the DAQ system. The data from the sensors and

the compression test are then synchronised. The
period of the operating range of the sensors is
obtained from the data. The period is then trans-
ferred to the compression test data such that the
stress range and sensitivity range, of the sensors
is acquired. This stress range is plotted over the
stress-strain curve of the polymer foam to see
if the stress range includes the plateau phase.
From these results, the sensors are chosen that
are used in the final experiment setup. Further,
the sensors are calibrated by plotting the voltage
measured against the stress measured during
the compression test.

F. Smart Memory Cast

In the SMC, the cotton layer that is used as
padding in TC is replaced with a soft polymer
foam layer with a thickness of 20 mm. The poly-
mer foam layer is covered with the same syn-
thetic cast material used in a traditional cast, a
visual example can be seen in figure 1.

To test the new SMC, a removable cast is made
by a casting technician (CT) at Erasmus UMC
Rotterdam. The artificial arm is wrapped with
the soft polymer layer beforehand. The CT
wraps Delta-cast® conformable, a non-fibreglass
casting tape with an elastic, knitted polyester
substrate, that is dipped in room temperature
water around the artificial arm with 50% over-
lap. During the curing phase of the material,
the cast is moulded around the artificial arm
with the palm of the hands by the CT. Next, a
cast saw is used to cut the cast open such that it
could be removed from the artificial arm. Velcro
straps are added to the cast such that the cast
can be wrapped and closed again around the
artificial arm for testing. Afterwards, holes are
made in the cast such that the pressure can be
measured in the area surrounding a DRF with
the sensors. The sensors are held in place by
screws and a 3D-printed PLA plate. Finally,
the polymer foam material chosen from the
compression test is placed in the cast and SMC
is complete.

For comparison, a TC is made that is used in
clinical practice at Erasmus MC Rotterdam



Thesis Paper 6 ‘

by the CT. In the TC, the artificial arm is first
covered with a stockinette and followed by a
cotton layer that has 50% overlap each time the
cotton roll was wrapped around the arm. Just
as in the SMC, a cast saw is used to remove
the cast and velcro straps are added. Holes, in
corresponding places as in the SMC, are made
in the TC for the sensors.

G. Experimental Validation

For experimentally studying the behaviour of
the SMC and compared to the TC, the test setup
and procedure is for both casts the same. For
the SMC, the artificial arm is placed in the SMC.
The sensors are placed in the holes in the cast
and connected to a DAQ system. The data is
collected on a laptop. The silicone tubes from
the artificial arm are connected to a syringe with
a valve and a small silicone tube. The syringe is
placed in a syringe pump. The final test setup
can be seen in figure 5. The same setup is used
for the TC but the SMC is changed to a TC.

Fig. 5. The experimental setup with the artifi-
cial arm and sensors. The syringe (B) is placed
in the syringe pump (A). Silicone tubes of the
artificial arm (D) are connected to the syringe
(B) via a valve and a small silicone tube (C).
On the smart memory cast, the pressure sen-
sors are placed (E) and connected to the DAQ
system (F). The data is shown and stored on a
laptop.

As mentioned earlier, the circumference of a frac-
tured wrist can increase by 2.6 cm compared to

a non-fractured wrist [30]. Therefore, the cir-
cumference of the parts from the artificial arm
that will be inflated is measured while they are
filled with water such that the amount of water
needed to get to this increase can be found. The
hand, wrist and forearm part have to be filled
with 49 ml, 29 ml and 40 ml respectively.

The air is removed from the parts and replaced
with water such that it does not influence the
pressure readings. The syringe from the hand
of the artificial arm in the SMC is placed in the
syringe pump and filled with 49 ml of water.
The valve is opened and the pump pushes wa-
ter into the segment at a rate of 0.1 ml/s at the
same time the sensors are running mimicking
soft tissue swelling. Once the syringe is empty,
the valve is closed for 5 minutes. Afterwards,
the syringe pump is started again and the valve
is opened such that the water can be extracted
from the hand, simulating the decrease in soft
tissue swelling after a few days during the frac-
ture treatment. After all the water is removed,
the sensors will keep running for 5 more min-
utes. This procedure is repeated for the wrist
and arm part with their respective volumes of
water. Next, the TC was tested following the
same steps.

Further, each segment is injected with water five
times repeatedly so that the average pressure
can be for each segment in the SMC and TC at
the end of the filling phase, when the degree of
swelling is the largest, can be determined.

3. RESULTS AND DISCUSSION

A. Polymer Foam Compression Test

In the PE25 foam, the plateau phase was initi-
ated at an average pressure of 3981.5+481.5 Pa
and strain of 7.7+0.1% and ended at 5302+650.5
Pa and 49.6+£0.4%. The average pressure of
the whole plateau phase was 4564.24-317.9
Pa. The plateau phase in PE35 on average
started at a strain of 10.6+0.3% and pressure
of 4665.3+422.5 Pa and lasted till a strain of
44.44-0.1% and pressure of 5641.0+£532.6 Pa. The
average plateau pressure was 5221.74+217.2 Pa.
The start and end pressure of the plateau phase
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in PE40 was 4898.0 £173.2 Pa and 6082.0+103.9
Pa respectively. The corresponding strain is
9.840.1% and 44.6+0.1%. The average plateau
pressure in PE40 was 5594.3£274.9 Pa. The ini-
tial plateau pressure and strain in PU40 was
2873+241.6 Pa and 9.74+0.1%. The plateau
phase ended at 3614.0+281.9 Pa and a strain
of 39.84£0.2%. In PU40 the average plateau
pressure was 3267.5£207.7 Pa. In MF, the av-
erage pressure during the plateau phase was
1375.64:178.7 Pa. The plateau phase started at
an average strain of 7.740.3% and pressure of
1105.34+12.7 Pa and ended at an average strain
and pressure of 49.6+0.1% and 1829.3+43.9 Pa.
In figure 6, the average stress-strain curve of
each foam type can be found.

Stress-Strain curve of the averages from each foam type
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Fig. 6. The average stress-strain curve ob-

tained from the compression test with a dis-

placement rate of 0.1 mm/s of the different

polymer foam samples with a dimension of
50x50x50 mm.

The average plateau stress for the different poly-
mer foams can be found in table 1. One of the
requirements of the filler material is that it pro-
vides sufficient support so that the reduction is
maintained throughout the cast treatment while
preventing CS. It was established that pressure
in the SMC should be 2652.1+93.2 Pa and that
the pressure should remain under 3333.06 Pa
to prevent CS. This pressure falls in between
the average plateau pressure of PU40 and MF.
Therefore, the other polymer foams PE25, PE35

Table 1. The average stress of the plateau
phase and the strain period of the plateau
phase obtained from the compression test
for each type of polymer foam. The suitable
polymer foams are highlighted in green

Foam Average Plateau Stress Plateau
Type Phase
[Pa] [mmHg] [begin-
(mean+SD) (mean+SD) | end %]
PE25 | 4564.2+317.9 | 342424 7.7-49.6
PE35 | 5221.74+217.2 | 39.2£1.6 10.6-44.4
PE40 | 5594.3+274.9 | 42.042.1 9.8-44.6
PU40 @ 3267.5+207.7 24.5+1.6 9.7-39.8
MF 1375.6£178.7 | 10.3+1.3 7.7-49.6

and PE40 are too stiff to be used in the SMC
and can be disregarded. While the MF provides
only 51.8% of the pressure needed during the
plateau phase, the PU40 foam sample maintains
a pressure that is 23.2% higher than the desired
pressure level. Both the average plateau pres-
sure in MF and PU40 remains under the pres-
sure that could cause CS. The end plateau phase
pressure of PU40, 3614.04+281.9, is higher than
the safe threshold value for CS. However, to
prove the concept of a smart memory cast, a cast
that can maintain constant pressure regardless
of the degree of swelling in the soft tissue during
the treatment period, MF and PU40 can both be
used.

In MF and PU40, the plateau phase begins at a
strain of 7.7+0.3% and 9.74+0.1% respectively.
Therefore, the MF and PU40 should be pre-
compressed such that when the cast is applied,
the foam is in the plateau phase.

B. Sensor Calibration

In figure 7, the stress-strain curves of PU40 and
MEF are plotted combined with the operating
range of the 406 FSR sensor. The operating range
of the 406 FSR sensor combined with PU40 is
from 1166 Pa, which corresponds with a 12.5%
strain, up to 7290 Pa and a strain of 80%. Com-
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bined with MF, the operating range of the 406
FSR starts at 932.5 Pa and ends at 2246 Pa. This
correlates with a 56% strain up to an 80% strain.
In figure 8, the stress-strain curve is plotted from
the compression test of PU40 and MF in combi-
nation with the SEN0295 sensors. The red box in
these plots represents the operating range of the
sensor for that specific foam type. The SEN0295
sensor combined with PU40 has an operating
range from 296.7 Pa up to 6570 Pa and from
8.6 % to 80% strain. The operating range from
SEN0295 paired with MF ranges from 1399 Pa
till 2289 Pa and 59.7 % - 80% strain.

Stress strain curve PU40

I ! I f ,
0 10 20 30 40 50 60 70 80 90
Strain [%]

Fig. 7. The sensitivity range of the 406 FSR sen-
sor combined with the stress-strain curve of a
PU40 and MF sample with the same thickness
of 20 mm as the filler material in the smart
memory cast.

In figure 7, the difference in sensitivity range
for the 406 FSR sensor in combination with MF
or PU40 can be seen. The 406 FSR sensor com-
bined with PU40 results in a sensitivity range
that covers the plateau phase of the foam, from
9.7% - 39.8% strain. While with MF the sensi-
tivity range of the sensor contains mostly the
densification phase, from 49.7 % - 80% strain,
since the plateau phase ended around a strain of
49.6 %. In this densification phase, the pressure
increases exponentially. Since the filler material
should maintain a constant pressure regardless
of the degree of swelling, the plateau phase of
the foam should be covered by the operating
range of the sensor used. The same results were
seen in the other 406 FSR sensors tested.

Stress strain curve PU40

PU40
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"""""

= T T T T T
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Stress strain curve MF

MF
2000 -
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Fig. 8. The sensitivity range of the SEN0295
sensor combined with the stress-strain curve of
a PU40 and MF sample with the same thick-
ness of 20 mm as the filler material in the
smart memory cast.

The results of the SEN0295 sensor combined
with MF are similar to that of the 406 FSR sen-
sor with MF, see figures 7 and 8. The operat-
ing range, 59.7% - 80 % strain, only covered a
part of the densification phase of the MF, 49.6%
- 80% strain. The operating range of SEN(0295
paired with PU40, 8.6% - 80% strain, covered the
plateau phase of PU40, 9.7% - 39.8% strain.

According to the datasheet of the SEN0295 sen-
sor and the 406FSR sensor the operating range
from these sensor should cover the plateau
phase of the MF from the results in figure 6 and
table 1 [39, 40]. However, non of the pressure
sensors analysed were sensitive enough to mea-
sure pressure in combination with MF. It is hy-
pothesised that may result from the visco-elastic
properties of MF.

While the sensitivity varied from sensor to
sensor, 4 of the 406FSR sensors and 7 of the
SEN0295 sensors proved suitable for measur-
ing the PU40 foam. Since 6 sensors were needed
for the subsequent experiments with the SMC,
it was opted to use six of individually calibrated
SENO0295 sensors. All the sensors showed non-
linear behavior. This non-linear behavior was
different in each sensor. To address the sensitiv-
ity issues from both sensors in future research,
there could be looked at thin film pressure sen-
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sors that have a larger force sensitivity range
than the sensors used in this research. More in-
formation about the calibration of the sensors
and the sensitivity range of each sensor individ-
ually can be found in appendix D.

C. Smart Memory Cast

To prevent the silicone from rupturing during
testing with the TC, all three parts of the TC
were filled with a smaller amount of water as
can be seen in figure 10.

In the wrist segment in the SMC, the red zone
in figure 9, the pressure plateaued after 5 ml
of water had been added. At this point, the
pressure measured in the wrist top (WT) sensor
and wrist bottom (WB) sensor is 1936.7 Pa
and 2769.8 Pa respectively, see figures 10c and
10d. After 7 ml of water had been pushed into
the wrist in the TC the pressure went above
the operating range of the WB sensor which
corresponds with 4728.0 Pa. At the end of the
filling phase, the pressure measured in the WT
sensor in the SMC was 2906.4 Pa and in the TC
5177.3 Pa. In the WB sensor in the SMC, the
highest pressure was 3120.0 Pa. In the SMC the
pressure measured by the WT and WB sensors
remained under the pressure of 3333.06 Pa (25
mmHg) which could result in CS. The pressure
decrease during the 5-minute interval was of
comparable magnitude in the WT sensor in the
SMC and TC, precisely 459.2 Pa and 448.3 Pa,
respectively. In the WB sensor in the SMC, the
pressure dropped with 85.3 Pa. Figure 11 shows
that when all of the water was drained from the
wrist section and the sensors were left operating
for 5 minutes, the pressure recovered to 198.4
Pa and 232.2 Pa in the SMC and TC, respectively.

In the forearm segment, which corresponds
to the green region in figure 9, the pressure in
the SMC reached a plateau at 2102.6 Pa in the
forearm top (FT) sensor and at 3244.4 Pa in the
forearm bottom (FB) sensor (Figures 10e and
10f). The pressures measured at the end of the
swelling were 2542.9 Pa in the FT sensor and
3476.3 Pa in the FB sensor in the SMC. This final

pressure in the FB sensors surpassed the safe
threshold pressure for CS. Meanwhile, after
injecting 3.6 ml of water into the forearm, the
pressure in the TC sensor exceeded 5363.0 Pa,
which is the maximum limit of the FT sensor’s
range. The pressure in the FB sensors kept
increasing as the segment was filled with water
in the TC and measured 5063.6 Pa at the end
of the filling phase. In both the SMC and the
TC, the pressure on the artificial arm decreased
during the 5-minute rest. This decrease in the
SMC was greatest in the FB sensor, with a drop
of 433.4 Pa, and in the FT sensor, with a loss of
247.5 Pa. In the TC, there was only a decrease of
36.3 Pa.

In both the SMC and TC the pressure kept in-
creasing as more water was pushed into the
hand segment, the yellow area in figure 9, as
can be seen in figures 10a and 10b . The hand
bottom (HB) sensor recorded the maximum pres-
sure in the SMC at 2373.2 Pa near the end. The
highest pressure registered in the hand top (HT)
sensor occurred when 46.45 ml of water was in-
jected at 2029.3 Pa. In both these results, there
was not a distinguishable plateau phase as in
the wrist and forearm part. In the TC, the pres-
sures detected by the HT and HB sensors were
3729.8 Pa and 4177.2 Pa, accordingly. During
the 5-minute break the pressure in the SMC in
the HT sensor dropped with 276 Pa and in the
HB sensor with 43 Pa, while in the TC, the pres-
sure dropped with 30.1 Pa in the HT sensor and
increased with 104.7 Pa in the HB sensor.

In figure 12, in the WT and WB sensors, the
average pressure in the SMC on the wrist was
respectively 1442 and 2846 Pa. The pressures
observed in the WT and WB sensors in the TC
were greater, at 4355 and 4743 Pa, accordingly.
The highest average pressure was detected in
the TC was 5343 Pa in the FT sensor and in the
FB the pressure was 4371 Pa. In the SMC the
pressure was reduced to 2158 and 2004 Pa in the
FT and FB sensor. The lowest pressure was seen
in the TC in the HT sensor at 732.5 Pa, compared
to 1401 Pa in the SMC HT sensor. The pressure in
the HB sensor in the TC was 4011 Pa as opposed



Thesis Paper 10

Fig. 9. The different parts of the forearm that are inflated to mimic soft tissue swelling from left to
right: the hand (yellow), the wrist (red) the forearm (green).

to 2474 Pa in the SMC.

From the results in figure 10, it could be seen that
in the SMC the pressure increased more gradu-
ally compared to in the TC. The stiff nature of
cast material, Delta-cast®, caused the pressure
inside the TC to increase more rapidly as each
part was inflated. Furthermore, due to the mate-
rial properties of the PU40 filler material in the
SMC, in the wrist and forearm segment in the
SMC the pressure approached the low-stiffness
plateau, as previously indicated in the foam stiff-
ness experiments in figure 6. This plateau phase
was not seen in the hand segment pressure read-
ings. This could be due to the shape of the hand.
The sensor placed on the bottom part of the
hand covered the palm. Considering the con-
cave shape of the palm, the PU40 foam may not
have been uniformly compressed. Therefore,
due to the anisotropic nature of polymer foams,
the pressure measurements may have been af-
fected [37, 41-43].

In the pressure readings of the WB sensor in
tigures 10d and 12 and of the FT sensor in figure
10e in the TC, the pressure went beyond the
operating range of the sensors and therefore the
sensors were no longer able to give a reliable
reading.

In all the segments, except in the FB sensor, that
were analysed in figure 10 and 12, the pressure
measured in the SMC was reduced to below
the safe threshold value that could cause CS.
The average pressure in the SMC was reduced
by 47.8%, figure 12, and remained under the
pressure that could cause CS. The pressure in
the wrist in the SMC was reduced by 40% in the
bottom sensor and 66.9% at the top compared to
the TC. In the forearm, the pressure decreased
by more than 50% in both parts. In the HT
sensor, the pressure in the SMC increased by
91% compared to the TC. It increased from
732.48 Pa in TC to 1400.7 Pa in the SMC. So,
the final pressure measured in the SMC is still
below the CS value of 3333.06 Pa. Only in the
WSB sensor in the TC, the pressure measured of
4743.1 Pa, exceeded the operating range of the
sensor. The amount of water injected in each
segment in the TC cast was 10 ml less than in
the SMC. In addition, the sensors were only
calibrated with the PU40 layer and not with
the cotton layer and stockinette used in the TC.
Therefore, the pressure in the TC may be higher
than measured with the sensors.

In figures 10 and 11, it can be seen that relaxation
occurred in the filler material, as there was a
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Fig. 12. The average pressure in the SMC and
TC after each segment was filled with water
five times repeatedly. In the SMC the hand,
forearm and the wrist were filled with 49 ml,
40 ml and 29 ml respectively. While in the TC,
39 ml, 30 ml and 19 ml of water was injected.

pressure drop when the segment has been filled
while kept at rest for 5 minutes. This relaxation
behaviour was larger in the SMC than in the TC.

Additionally, the hysteresis loss was also larger
in the SMC than in the TC. In both the casts,
after the segment was deflated, stress recovery
occurred. In the TC, this could result from the
segment settling back to its original shape after
the water was withdrawn and thus pushing
back against the rigid cast thereby increasing
the pressure. In the SMC due to the visco-elastic
properties of PU40, the foam recovered back
to its original shape and thus increased the
pressure again. In the SMC and TG, this stress
recovery was of similar magnitude.

These results indicate that the SMC was capable
of decreasing stress concentration while provid-
ing the support stiffness compared to the TC.
Furthermore, it also reduced the overall pres-
sure on the artificial arm such that the risk for
CS is mitigated. However, none of the pressures
measured in the SMC were within the pressure
range of 2652.1+93.2 Pa needed to keep a DRF
reduced. The PU40 foam did not provide the
required stiffness to maintain the reduction.
More pressure readings from experiments with
the SMC and TC can be found in appendix E.

D. Recommendations

The soft polymer foam PU40 utilized in the SMC
experiments might reduce stress concentration,
yet it was too stiff. As a result of this, the pres-
sure in the cast was higher than the pressure
needed to maintain a reduction of the DRF. This
could be resolved by using a material whose
plateau phase is within this range, a softer mate-
rial, or by making alterations to the surface of the
foam to change the mechanical properties. An
alternative solution could be combining differ-
ent foam types to obtain the desired properties.
Another type of material that can be considered
is soft mechanical meta-materials. By altering
the geometrical structure of the material, the ma-
terial properties can be tuned to the desired one
[43-47].

The pressure recovery in the SMC after the
swelling had decreased was of the same order
as in the TC. By introducing a filler material that
has higher visco-elastic properties such as mem-
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ory foam (MF), this recovery could be increased
[48-51].

When the synthetic cast for the SMC was ap-
plied to the artificial arm, the PU40 layer had
already been cut in a rectangular shape with the
desired dimensions and was wrapped around
the arm. The cast technician only had to wrap
the Delta-cast® conformable material around the
arm. It would have been a strenuous task for
the cast technician to wrap the foam layer as
well as the cast material by himself. Therefore, it
should be investigated whether it is possible to
make the foam layer such that it has the shape
of a sleeve that can be pulled over the forearm
instead wrapped around it.

Another important aspect is patient comfort.
The cotton layer in a TC retains water and dries
slowly. This can cause skin irritation and itch-
iness when it gets wetted by sweat that is re-
leased through the skin to regulate body tem-
perature or by accident. Therefore, the gas per-
meability of the filler material should be further
investigated since it is in close contact with the
skin and it may absorb perspiration. The mois-
ture should be able to evaporate quickly such
that it does not cause any skin irritation or dam-
age [48, 52-54].

During the physical examination of a patient
with a distal radius fracture, it was seen that this
type of fracture is often accompanied by wrist
oedema [55-57]. Considering the swelling influ-
ences the thickness of the filler material used, an
understanding of soft tissue swelling immedi-
ately after a DRF, as well as for the duration of
the treatment would be needed. However, lim-
ited research can be found on this [30, 58]. Ad-
ditionally, there is also limited knowledge about
how much the pressure in the cast should be to
keep a DRF reduced. Most research evaluates
the skin surface pressure and the intracompart-
mental pressure such that CS and skin damage
can be prevented [34, 59, 60]. When the intracast
pressure needed to maintain a reduction of the
DREF is known, a filler material can be chosen
that fulfils the new requirements. The SMC will
then have to be evaluated again with the artifi-
cial arm until the correct filler material is found.

Such that in the end the SMC can be examined
in clinical trials.

Further, the cast mould quality is not the only
risk factor that affects the re-displacement rate
of reduced DRFs. The initial fracture type and
displacement are also associated with treatment
failure. The quality of the reduction is a sig-
nificant indicator with regard to the risk of
re-displacement of the fracture as well. Re-
displacement is a complication not caused by a
single factor but by multiple factors and should
be assessed as one. Therefore, it is also impor-
tant that the success of the initial reduction per-
formed by the orthopaedic surgeon is assessed
as well [17, 61-63].

4. CONCLUSION

In this research the effectiveness of a smart mem-
ory cast to relieve stress concentration while pro-
viding the required support stiffness compared
to a traditional cast is studied. While the seg-
ments of the artificial arm were swelling, the
pressure in the smart memory cast plateaued
due to the material properties of the PUA40 filler
material used. The pressure measured in the
smart memory cast stayed below the thresh-
old pressure that could cause compartment syn-
drome. In the traditional cast, the pressure kept
increasing as the segments were inflating and
the measurements indicated that compartment
syndrome could occur. However, in the smart
memory cast the pressure only plateaued after a
certain degree of tissue swelling. To tackle this is-
sue, a more flexible filler material that has the re-
quired support stiffness, a wide plateau stiffness,
that can be placed easily with error tolerance,
that supports shocks, and relaxes upon swelling
has to be created. There has been little research
done about the needed pressure range to keep
a distal radius fracture reduced and soft tissue
swelling after this type of fracture. Therefore,
complementary research needs to be done about
these topics such that more information about
the desired material properties for the filler ma-
terial is available and different materials can be
examined as well.
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A. APPENDIX: RESULTS COMPRESSION TEST

In this appendix, all the force-displacement curves obtained from the compression test are depicted
in figure 13. As earlier mentioned, the strain rate during testing was 0.1 mm/s and the samples
were compressed up until a strain of 80%. The data from the compression test is converted into the
stress-strain curves seen in figure 14. For each polymer foam type, the individual data from the test
are combined such that an averaged stress-strain curve could be obtained for each foam type. All the
average stress-strain curves are then combined in figure 14f. For each foam type, three samples were
tested, except for PE25 only two samples were tested. In all stress-strain curves, the three distinct
phases that are known for polymer foams can be seen. First, there is a linear elastic phase in which
the stress increases linearly as the strain increases. Next, a plateau phase occurs in which the stress
almost does not increase as the foam sample is compressed which is followed by a densification
phase in which the stress increases rapidly as the compression is further increased.

For the smart memory cast, the plateau phase is most important since that is the operating range
of the new cast. The stress experienced during this plateau phase should be similar to the pressure
needed to maintain a distal radius fracture reduced. In table 2, the average stress during the plateau
phase for each foam type is calculated.

Table 2. The average stress was measured during the plateau phase for the different foam types
PE25, PE35, PE40, PU40 and MF.

Foam Type | Mean [Pa] | SD [Pa] | Mean [mmHg] | SD [mmHg]
PE25 4564.2 317.9 34.2 24
PE35 5221.7 217.2 39.2 1.6
PE40 5594.3 274.9 42.0 2.1
PUA40 3267.5 207.7 24.5 1.6

MF 1375.6 178.7 10.3 1.3

Besides to stress level of the plateau, the length of the plateau is also an important characteristic
of the smart memory cast. The plateau phase should be long enough such that at the beginning of
the treatment with the smart memory cast when the tissue swelling continues in the first few days
the polymer foam is still compressed in this phase. Further, once the tissue swelling is reduced the
filler material should decompress while still providing constant pressure to keep the distal radius
fracture reduced. For the memory foam and PE25 foam, the plateau phase starts when the material
is compressed at 7.7% of its original height. In the other materials PE35, PE40 and PU40 begin
at respectively 10.6%, 9.8% and 9.7% strain. The plateau phase transitions into the densification
phase at 49.6%, 49.6%, 44.4%, 44.6% and 39.8% strain for memory foam, PE25, PE35, PE40 and PU40
respectively. Therefore, memory foam has the longest plateau phase of all the polymer foam types
tested, as can be seen in figure 14.
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Fig. 13. Force-displacement curves obtained from compression tests performed on different poly-
mer foam samples with dimensions 50x50x50mm and a displacement rate of 0.1 mm/sec and
compression up to 80% of their original shape: 13a) PE35, 13b) PU40, 13c) PE40, 13d) PE25, 13e)
ME. In 13f) the average from each foam type is combined.



Thesis Paper

18

Stress-Strain curve foam PE35

16000 - : 16000 - :
test 1 | test5
L 1 test 2 L i test 6
14000 f test 3 14000 f test 7
| average of tests i average of tests
12000 | : i 12000 : /
10000 - ; 10000 - :
w ; & 1
o ' s !
g 8000 - | plateau zone % 8000 plateau zone |
% i % ;
6000 - i /_/_(_,_d_a— . 6000 - .
/ = — :
4000 [ /au : 4000 /
. ; P s
i/ 1 i P o=
2000 [ i ' 2000 //
| | ¥
0 i . . P ‘ . ‘ | /A ‘ .
0 10 20 30 40 50 60 70 80 90 0 10 20 30
strain [%)] strain [%)]
(a) (b)
5 _mo“ Stress-Strain curve foam PE40 45000 - Stress-Strain curve foam PE25
| | test 8 | | test 11
181 : ' test9 | 1 test 12
i i test 10 [ i average of tests |/
16 | 4 average of tests I 1
et | | | |
i | 10000 : |
12} 3 | T i :
&, ' : o, : ;
q&) 1+ | plateau zone ! § | plateau phase !
o : : g ! :
®o08r i : K i A
! | 5000 | e
06 : = /”f —
: — ] ! -
— —— : e
04t /1 : /i
02t 3 : /o
: : /)
0 ! . L L L . . ) 0 . . . L
0 10 20 30 40 50 60 70 80 0 10 20 30 40
strain [%] strain [%]
(c) (d)
40000 = Stress-Strain curve Memory Foam Stress-Strain curve of the averages from each foam type
3 test 13 average PE25
9000 |- : test 14 L (— average PU40
| test 15 average PE35
8000 - 3 average of tests 16000 — = —average PE40 !
e N Lo average Memoryfoam 1’
7000 i 14000
T 6000 - 3 ' 12000
g : <
@ 5000 - ! plateau zone £ 10000
g : 5
@ 4000 | @ 8000
3000f | 6000
2000 - i 4000
1000+ A 2000

0 10 20 30 40 50 60 70 80 90
strain [%]

(e)

Stress-Strain curve foam PU40

50

Strain [%]

U]

Fig. 14. The force-displacement curves from figure 13 transformed in to stress-strain curves from
the different polymer foam samples: 14a) PE35, 14b) PU40, 14c) PE40, 14d) PE25, 14e) MF. In 14f)
the average from each foam type is combined.
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B. APPENDIX: RESULTS PRESSURE MEASUREMENTS UNDER A TRADITIONAL
CAST

To choose a filler material from the tested polymer foam samples, the pressure that is needed to keep
a fracture reduced should be known. Therefore, an experiment was done where the pressure on the
skin was measured during the application and curing process of a traditional cast. The pressure was
assessed by placing seven pressure sensors on the forearm. The position of the sensors can be seen in
tigure 15.

(c) Placement of the sensors on
the anterior and posterior sides
(a) Anterior side forearm (b) Posterior side forearm of the forearm

Fig. 15. Placement of the seven pressure sensors: three are positioned on the anterior side of the
forearm and the other four are placed on the posterior side.

At Erasmus MC, the orthopaedic casting technician applied a circumferential below-elbow cast
according to the guidelines in the Netherlands. First, a stockinette and cotton layer was placed
over the arm, followed by a compression bandage. The Delta-cast® Conformable is dipped into
room temperature water and wrapped around the arm. During the curing process of the cast, the
orthopaedic casting technician moulds the cast around the arm by applying pressure to it such that it
tits the shape of the arm. After five and a half minutes, the cast was completely cured. The pressure
on the skin during the application process and once the cast was cured can be seen in figure 16.

The highest pressures once the cast was completely cured, were measured in sensors 1, 7 and 9. The
value of the average pressure in the sensors can be seen in table 3. In the other sensors, the pressure
measured is low compared to the pressure measured in sensors 1, 7 and 9 as can be seen in figure
16b. Therefore, they can be neglected.
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Fig. 16. 16a) Pressure on the skin during the application of a below-elbow cast. 16b) The pressure
on the skin once the cast was cured.

380

Table 3. The pressure was measured between the skin and cast in sensors 1, 7 and 9 once the cast

was completely cured.

Sensor | Mean [Pa] | SD [Pa] | Mean [mmHg] = SD [mmHg]
1 3531.9 144.8 26.49 1.09
7 2751.4 338.2 20.64 2.54
9 2652.1 93.2 19.89 0.70

The fracture location of a distal radius fracture, more commonly known as a broken wrist, corresponds
with the location of sensor 9. Therefore, the smart memory cast should produce a pressure that
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approximates the pressure measured at that location, which is around 2652.1 Pa or 19.89 mmHg to
keep the fracture reduced.
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C. APPENDIX: MANUFACTURING STEPS FOR AN ARTIFICIAL ARM

Table 4. Manufacturing steps to produce the artificial arm

# No.

What/How/Description

Picture

1

Download forearm from GrabCAD library
and convert the STL file into an SLDPRT
file that can be altered in the CAD software
program Solidworks

In SolidWorks cut sweep a hole through the
forearm with a diameter of 10.4 mm such

that a straight steel rod can be placed in it.

Split the forearm into individual pieces: a
hand piece, a wrist piece and the length of
the arm is split into four pieces with equal
length.

sianil

Add an inlet to each segment such that a
silicone tube can be connected to it. Cut out
holes so that the tubes from the front parts
can run through all the parts. Add brims to
attach the silicone bands that are made in
steps 5 and 6

From each segment make a mould such that
silicone bands can be made with it for each
piece. See steps . 3D print (Original Prusa i3
MK3S+) all the segments and corresponding
mould parts.

Mix equal parts A and B of ecoflex™ 00-50
and pour it in the mould to create the first
part of the silicone band
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# No.

What/How/Description

Picture

Place the mould with the silicone mixture in
the vacuum degassing chamber to remove
the gas bubbles from the mixture and let it
cure for three hours.

Repeat step 5 and 6 to create the second part
of the silicone band. Leave the silicone band
created in steps 5 and 6 on the segment such
that the two silicone band parts are glued
together during the cure time of the silicone.

Glue cotton thread on the 3D printed seg-
ment such that silicone band made can be
attached to the segment with ecoflex™ 00-50

Degrease the 3D-printed part with soapy
water and spray it with Plasti Dip aerosol.
Let it dry for 20 min and apply a new layer.
Repeat till four layers are applied and let it
dry for four hours.

10

Attach the silicone tubes to segments and
assemble all individual segments back into
the shape of a forearm on a straight steel
rod

11

Pour in the cavity of the forearm ecoflex™
00-30 and let it set
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D. APPENDIX: SENSOR CALIBRATION

The pressure between the cast and the artificial arm is measured by thin film pressure sensors. Two
different types (SEN0295, DRFRobot, Shanghai, China and 406 FSR, Interlink Electronics, Camarillo,
California, USA) will be tested and compared to each other to see which one has the better sensitivity
range under the testing conditions of the smart memory (SM) cast. This is achieved by performing
a compression test on the sensors and a foam sample with the same thickness as the foam layer in
the cast. The sensors measure the voltage and time while the foam on top is compressed. The time,
displacement and force are gathered from the compression machine. The sample rate of the sensors
is 10 Hz. Due to the difference in the shape of the sensors, the SEN(0295 sensors will be referred to as
the round sensors while the 406 FSR sensor will be called the square sensors from this point onward.

744}

(a) FSR406, thin film pressure sensor (b) SEN0295

Fig. 17. The two thin film pressure sensors that were tested.17a) the FSR406 sensor has a active
sensing area of 38.1 mm x 38.1 mm, while the SEN0295 has an active area with a diameter of 14.5
mm.

From the results of the compression test done to find a filler material, see appendix A, and from the
pressure measurements taken under a cast at Erasmus MC, appendix B, it can be seen that pressure
needed to maintain the reduction falls between the average plateau stress in PU40 foam and memory
foam. Therefore, both these two materials will be tested with the sensors to see if the sensitivity of
the sensor is influenced by it.

From the data obtained from the sensors, a time versus voltage plot is made such that the operating
range of the sensor can be found in the testing conditions, as can be seen in the top figures of 18a and
18b. Next, the corresponding period for the operating range is obtained from the time vs voltage plot
from the middle plot in figures 18a and 18b. Further, time versus force is plotted with the data from
the compression test. The period related to the operating range in the sensors is then plotted on the
time vs force plot to see which force range falls into the operating range of the sensors. The force
range as well as the operating range are then plotted on the time vs force plot in a red square to
visualize the operating range of the sensor. Lastly, the force measured by the compression machine is
plotted against the voltage measured by the sensors. The strain rate of the compression test was 0.1
mm/s up until a strain of 80% of the foam layer. It was the same settings as in the compression tests
performed on the different foam-type samples in appendix A. This process is done for the two types
of sensors.

The operating range of the square sensors in combination with the memory foam decreases
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Fig. 18. The data obtained from the compression test with square sensors 1, 2 and with 18a), 18c),
PU40 foam and 18b), 18d), Memory foam. The vertical red stripe lines are the lines that indicate
the period in which the sensors were actuated by the pressure applied to them during the com-
pression test. The horizontal red-striped lines show the pressure range that corresponds with the
period in which the sensor was actuated. The red box depicts the sensitivity range of the sensor. In
the bottom plot, the voltage is plotted against the pressure such that the trend line can be found
and used for converting the measured voltage into a pressure.

significantly, except in sensor 1, compared to when PU40 foam is used as can be seen in the figure 18.
With memory foam, the sensor is only able to measure a force when the foam is in the densification
phase. For the application of the SM cast, the sensor should at least be able to measure the force
when the plateau phase is initiated since this is the effective range of the SM cast wherein the force
does not increase as the foam is further compressed. When PU40 foam was placed on the sensor
during the compression test it can be seen the sensors were able to sense the force in the early stages
of the plateau phase or from the start of the compression test. From these results, it can be concluded
that the square sensors in combination with memory foam as filler material would not be able to
measure the pressure while the memory foam is compressed in the plateau phase. With PU40 on the
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Fig. 18. The data was obtained from the compression test with square sensor 3, 4 with 18e), 18g)
PU40 foam and 18f), 18h) Memory foam. The vertical red stripe lines are the lines that indicate the
period in which the sensors were actuated by the pressure applied to them during the compression
test. The horizontal red-striped lines show the pressure range that corresponds with the period
in which the sensor was actuated. The red box depicts the sensitivity range of the sensor. In the

bottom plot, the voltage is plotted against the pressure such that the trend line can be found and
used for converting the measured voltage into a pressure.

other hand, the operating range of the square sensors is large enough such that the plateau phase of

the foam falls within this range. Therefore, the square sensors can be used in combination with PU40
foam.

Next, the round sensors were tested with PU40 and MF to obtain their sensitivity range. The results
from these tests can be found in figure 19. The first four sensors were tested with PU40 and MF,
however, as can be seen in figures 19a - 19h, some of the sensors were not able to pick up any signal
while for others the sensitivity range had dropped significantly and did not provide any usable
measurements. Therefore, from then on the sensors were only tested in combination with PU40 as
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can be seen in figures 19i - 190. The round sensor can thus not be used in combination with MF since
the actuation force is located in the densification phase or the sensor is not actuated at all. PU40 foam
combined with the round sensors gave divergent results regarding the sensitivity range. In sensors
1,2,4 and 6 the sensitivity range overlaps more with the densification phase of the foam, see figures
19a, 19¢,19g and 19j. While for sensors 3, 5, 7 - 11 (19i,19k-190) the sensitivity range increases and
covers the plateau phase as well.
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Fig. 19. The data obtained from the compression test with circle sensors 1 and 2 with 18a), 18¢c),

PU40 foam and 18b), 18d),Memory foam. The vertical red stripe lines are the lines that indicate the
period in which the sensors were actuated by the pressure applied to them during the compression

test. The horizontal red-striped lines show the pressure range that corresponds with the period
in which the sensor was actuated. The red box depicts the sensitivity range of the sensor. In the
bottom plot, the voltage is plotted against the pressure such that the trend line can be found and
used for converting the measured voltage into a pressure.

To map the voltage readings from the sensors with the stress from the compression test a lookup

table was made for the sensors in Matlab. These results can be found in 20
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Fig. 19. The data obtained from the compression test with circle sensors 3 and 4 with 19e), 19g)
PU40 foam and 19f), 19h) Memory foam. The vertical red stripe lines are the lines that indicate the
period in which the sensors were actuated by the pressure applied to them during the compression
test. The horizontal red-striped lines show the pressure range that corresponds with the period
in which the sensor was actuated. The red box depicts the sensitivity range of the sensor. In the
bottom plot, the voltage is plotted against the pressure such that the trend line can be found and
used for converting the measured voltage into a pressure.

Next, the round sensors were tested with PU40 and MF to obtain their sensitivity range. The results
from these tests can be found in figure 19. The first four sensors were tested with PU40 and MF,
however, as can be seen in figures 19a - 19h, some of the sensors were not able to pick up any signal
while for others the sensitivity range had dropped significantly and did not provide any usable
measurements. Therefore, from then on the sensors were only tested in combination with PU40 as
can be seen in figures 19i - 190. The round sensor can thus not be used in combination with MF since
the actuation force is located in the densification phase or the sensor is not actuated at all. PU40 foam
combined with the round sensors gave divergent results regarding the sensitivity range. In sensors
1,2,4 and 6 the sensitivity range overlaps more with the densification phase of the foam, see figures
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Fig. 19. The data obtained from the compression test with circle sensor and sensor 5 - 8 with PU40
foam (19i - 191). The vertical red stripe lines are the lines that indicate the period in which the sen-
sors were actuated by the pressure applied to them during the compression test. The horizontal
red-striped lines show the pressure range that corresponds with the period in which the sensor
was actuated. The red box depicts the sensitivity range of the sensor. In the bottom plot, the volt-
age is plotted against the pressure such that the trend line can be found and used for converting
the measured voltage into a pressure.

19a, 19¢,19g and 19j. While for sensors 3, 5, 7 - 11 (19i,19k-190) the sensitivity range increases and
covers the plateau phase as well.

The sensitivity range for the square and round sensors in combination with PU40 is similar as can be
seen in figures 18 and 19¢, 19i and 19k-190. Further, it was decided to only inflate the hand, wrist
and first part of the artificial arm since these are in the proximity of the location of a DRF in a patient.
So, only three parts will be inflated instead of the original six parts. Due to the smaller size of the
circle sensors and that there were six sensors that were calibrated, it was opted to use those.
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Fig. 19. The data was obtained from the compression test with circle sensor 9 - 11 (19m-190) and
PU40 foam. The vertical red stripe lines are the lines that indicate the period in which the sensors
were actuated by the pressure applied to them during the compression test. The horizontal red-
striped lines show the pressure range that corresponds with the period in which the sensor was
actuated. The red box depicts the sensitivity range of the sensor. In the bottom plot, the voltage
is plotted against the pressure such that the trendline can be found and used for converting the
measured voltage into a pressure.

E. APPENDIX: RESULTS OF EXPERIMENTS

In this appendix, more results can be found of the different experiments performed, see figures 21,
22 and 23. Experiments where only one of the two sensors picked up a signal were not added. A
hysteresis test was also performed on the wrist segment in the SMC and TC and these results can be
found in 24. The sensors placed on the hand segment were sensor 8 on the top side and sensor 11 on
the bottom side. On the wrist. Part I in this appendix corresponds with the forearm segment in the
paper. Sensor 5 is placed on the top of this segment and sensor 7 on the bottom side.
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Fig. 20. Results from the lookup table for sensors that are used during the experiments with the
SMC and TC.
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Fig. 21. Results from testing the wrist in the SMC and TC.

F. APPENDIX: FILE MANUAL

In this appendix, a description is giving on how the files are organized that are handed in at the
end of this thesis project. These are the files and data from the experiments that were used to
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Fig. 22. Results from testing forearm in the SMC and TC.

complete the project. There are 4 main folders: compression test, artificial arm, sensor calibration
and results. In the compression test folder, all the results from the compression test performed at
UvA are placed. Further, Matlab files to plot the stress-strain curves are in there as well. All the files
needed to manufacture the artificial arm and the corresponding moulds for the silicone bands are in
the artificial arm folder. They are further categorised by each segment individually. In the sensor
calibration folder, the data from the compression test and the sensors during the compression test are
stored. The Matlab files with the calibration for each sensor is also stored in there. In the final folder

of the results, all the data from the experiments with the SMC and the TC can be found as well as the
Matlab files.
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Fig. 23. Results from testing the hand in the SMC and TC.
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Fig. 24. Hysteresis test performed with the wrist part in the SMC and TC



