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Abstract

A human’s Capillary Refill Time (CRT) is a key indica-
tor of their current health status. Being able to accurately
assess a human’s cardiovascular system peripherally by as-
sessing their CRT in an emergency or search and rescue sit-
uation could, in critical scenarios, mean the difference be-
tween life and death. This paper presents a novel algorithm
that enables a Shadow Robot Hand equipped with BioTAC
biomimetic tactile fingertip sensors and a red, green, blue
(RGB) camera to measure the CRT of humans by making
contact with their forehead, regardless of their skin tone.
The method presented replicates, to some extent, the meth-
ods carried out by medical professionals when measuring
CRT and could be used to equip a first responder robot.
Furthermore, the algorithms determine whether a person
has a healthy cardiovascular system or whether the blood
supply has been cut off from the skin indicating various is-
sues such as shock or severe dehydration. The method pre-
sented in this work allows for a more accurate measurement
of CRT than that of a medical professional.

1. Introduction

When assessing a person’s condition in an emergency
or rescue situation, responsiveness, Respiratory Rate (RR),
heart rate Beats Per Minute (BPM), blood circulation and
assessment of their cardiovascular system are all critical
measures of the subject’s health. One method of assess-
ing the cardiovascular system peripherally is by assessing
the CRT. Although it would be preferable to have more de-
tail, such as the blood pressure reading of the human to as-
sess their cardiovascular system, it is not always possible
to get these readings, especially in cases of emergency. The
CRT is the time taken for the colour to restore in an external
capillary bed following blanching caused by pressure being
applied. The CRT can be measured by pressing on the fin-
gernails, the soft tissue at the kneecap or forearm, the centre
of the chest or the forehead [1]. To measure CRT from the

human’s forehead, it is necessary to press a finger into the
centre of the forehead for approximately 5 seconds and then
release it. When measured at the forehead, the normal time
for CRT should be less than 2 seconds for an adult, up to 3
seconds for an infant or up to 4.5 seconds for an elderly per-
son [2]. Therefore, if the skin returns to its normal colour
within 0.5-4.5 seconds (depending on age, sex, temperature
etc.) then it can be assumed that the cardiovascular system
is performing normally. In the majority of cases it should be
under 2 seconds for a healthy human [3]. If normal colour
returns within the expected time period from the press, then
the skin is getting a healthy supply of blood. If not, it could
be a sign that the body has gone into shock [4], an indica-
tion of dehydration [5], decreased peripheral perfusion or
that the blood supply has been cut off from the skin. The
skin is the first organ from which the body cuts blood sup-
ply to in the event of severe harm or illness.

Having a robot equipped with the necessary intelligence
and skills to read vital signs such as CRT, RR and BPM
using tactile sensors will prove to be extremely beneficial.
Reading a person’s pulse is one common method of assess-
ing their blood circulation. However high levels of skills
and experience from medical personnel can be required to
read and analyse the pulse. Measuring RR can be a very
tricky procedure as it involves counting how many times the
chest rises in one minute, which can be challenging when
the patient is breathing weakly. To date methods and al-
gorithms for the retrieval and calculation of pulse (BPM),
the Pulse to Pulse Interval (PPI) (i.e. time between de-
tected pulses) [0, 7], RR and the Breath to Breath Inter-
val (BBI) (i.e. time between detected breaths) [7] have
been developed. The purpose of this work is to ascertain
if a robot hand equipped with sophisticated tactile sensors
(biomimetic fingertips) is capable of accurately detecting
and measuring CRT in the same manner as a human. Sim-
ilar to a human fingertip, BioTAC biomimetic fingertips
on the robot hand are capable of measuring vibration (rep-
resenting texture), thermal conductivity, static temperature
and force [8]. This paper describes a novel method which
computes CRT by using the Shadow Robot Hand and a Bio-
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TAC sensor to press against the subject’s forehead with a
safe, pre-calculated force for 5 seconds. Image process-
ing techniques are used to determine how long it takes for
their skin colour to return to normal, by using a micro 1000
Television Lines (TVL) camera and visual processing algo-
rithms.

The remainder of this paper is organised as follows: Sec-
tion 3 describes the data collection and the algorithm de-
veloped for measuring human CRT. Section 4 presents re-
sults for CRT calculations. Conclusions and plans for future
work are in presented Section 5.

2. Background and Related Research

Although CRT is a critical clinical indicator of trauma
and detection, digitised CRT techniques are not readily
available or researched [9]. CRT is normally assessed by
visual inspection at certain points around the body for ex-
ample the chest, fingertip or forehead by a trained clinician;
however, this method is prone to high inter-observer vari-
ability due to manual time measurement [ 10]. Even though
there is evidence that the pressure and duration of contact
on the forehead, chest or fingertip can significantly influ-
ence the measured CRT, currently pressure and duration are
poorly standardised [11]. Furthermore, the assessment of
CRT can be influenced by variability in environmental con-
ditions such as lighting and temperature [12, 13].

An automated system involving a non-invasive adhesive
sensor incorporating a pneumatic actuator, a battery oper-
ated datalogger unit containing a self contained pneumatic
supply, a temperature sensor, a diffuse multi-wavelength re-
flectance measurement device and a PC was developed by
Blaxter et al. to automatically measure CRT [14]. It was
demonstrated that their method could repeatedly measure
CRT in both adults and children. Furthermore, the authors
measured the CRT of the subjects at different temperatures
and proved that temperature has an influence on CRT mea-
surement as stated by [12, 13]. Although the device could
measure CRT, it is a specially made device and requires ad-
hesion to the forehead of the subject which should be left
there for continuous monitoring. Kviesis-Kipge et al. [15]
developed a device to measure CRT from human fingertips
using a photoplethysmography (PPG) contact probe oper-
ating in the blue region of spectrum. It was found that the
colour of the fingernail did not always return to the colour it
was prior to compression and therefore the algorithm could
not repeatedly measure a subject’s CRT. It was proposed
that further work was required on the sensor to allow for
greater accuracy in CRT measurement.

The work in [9] aims to address this variability by stan-
dardising the pressure placed on the finger when using a
small portable device to assess CRT by analysing PPG
recordings. They assess the use of their standardised rules
on a paediatric dataset to validate 93 readings from finger-

tips and reliably detected invalid CRT readings, with a sen-
sitivity rate of 98.4%. Invalid readings are caused by numer-
ous issues such as low perfusion signals, insufficient pres-
sure, and artefacts. Although a promising step towards a
reliable digital method to validate CRT measurements, this
approach is not capable of directly measuring CRT and re-
quires the use of other algorithms. Shavit et al. [16] de-
veloped an image processing method to measure CRT from
the fingertips of children with the aim of increasing the ac-
curacy of diagnosing dehydration. A camera recorded the
child’s fingertip during the procedure and recorded the time
it took for the colour of the finger nail to return to the
colour it was before contact was made. The digital mea-
surement of CRT, namely digitally measured capillary-refill
time (DCRT) was compared to the CRTs measured by med-
ical professional on the same children. Although it was
found that the (DCRT) was more specific that that of the
CRTs measured by the medical professionals the procedure
still required an operator to apply pressure to the childrens
fingernail, making it a semi automatic process. Due to this,
and the requirement for the configuration of the camera, the
authors felt that it is impractical for routine use in clinical
settings in it’s current design [16]. The device would also
be unsuitable for emergency scenarios. Algorithms for use
with a tactile sensor that are capable of accurately measur-
ing CRT are not available to date. Such an algorithm could
provide a “first response” service to a user or could be used
to determine a human’s health status in an emergency rescue
scenario before risking further human life.

3. Methodology

This section provides details on the equipment used for
the retrieval of CRT data, the data collection process and
the algorithms used to determine the length of time taken
for the subjects’ skin tone to return to its normal colour, i.e.
the subject’s CRT.

3.1. Determination of CRT

The Shadow robot hand, made by the Shadow Robot
Company, equipped with three BioTAC™ sensors from
Syntouch®) , as shown in Figure 1(a), together with a mi-
cro 1000 TVL camera, was used to collect vision data from
the human subjects’ foreheads. The Shadow robot hand has
21 degrees of freedom and has similar dexterity to a human
hand [17] allowing it to mimic, to some extent, the actions
required to measure CRT from a human’s forehead. The
BioTAC is a tactile sensor which is shaped like a human
fingertip and is liquid filled, giving it similar compliance to
a human fingertip [18, 19]. Like a human finger, it is capa-
ble of detecting a full range of cutaneous sensory informa-
tion: forces, micro vibrations and temperature. Figure 1(b)
shows a cross-sectional view of the BioTAC fingertip.
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Figure 1. a) An image of The Shadow Robot Hand [20] with a

RGB camera mounted; b) Cross Section View of BioTAC Finger-
tip Tactile Sensor [17]

\
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As outlined in [6, 8, 18, 19] the BioTAC fingertip mea-
sures force applied across an array of 19 electrodes. It mea-
sures absolute temperature (the DC temperature, TDC) and
thermal flow (the AC temperature, TAC), the rate at which
heat is leaving the fingertip and transferring to what it is in
contact with, and measures vibration. It outputs two dif-
ferent values, one is a DC pressure signal (PDC) which is
the reading obtained after passing through a low pass fil-
ter and the other is an AC pressure signal (PAC) which has
been passed through a band pass filter. In the case of using
the BioTAC sensor with the Shadow Hand for determining
CRT, the data from the force electrodes sensors are the only
data utilised.

To establish if an accurate measurement of a human’s
capillary refill time can be calculated by analysing the
change in skin colour as a result of a press action being car-
ried out on the centre of the subject’s forehead, the Shadow
Hand was equipped with a camera. A customised camera
mount that can clip securely onto the fingernail of a Bio-
TAC fingertip was designed and built using a 3D printer.
The customised camera mount can be seen in Figure 2. A
small 1000 TVL camera was inserted into the mount and
the video data was recorded on a PC by using a Universal

Serial Bus (USB) video grabber.

.

(@) (b)

Figure 2. Images showing the customised camera mount on the
Shadow Hand from (a) the front and (b) the rear.

3.2. Data Collection

Data collection involved the use of 12 healthy subjects.
All subjects were male aged between 18-65 years who were
in generally good health, had never been diagnosed with a
heart or lung condition and had never had surgery on their
heart or lungs. Due to the nature of the data recording dur-
ing these experiments, no female subjects were recruited at
this stage of the investigation. Ethical approval was granted
by the research governance of Ulster University for all ex-
periments carried out. An exclusion process was carried
out for each subject prior to participation to ensure that
they met the required criteria. Each non-excluded subject
was fully briefed about the experiment and signed a con-
sent form prior to participation. To ensure that the subject
was in generally good health at the time of data collection,
the researcher collected each subject’s temperature using an
ear thermometer with a new tip for each subject, follow-
ing training on how to do so from a medical professional.
The medical professional also oversaw the procedure and
used a standard medical practice to measure each subject’s
CRT to verify if the subject had a CRT in the same cate-
gory as determined by the artificial system approach pre-
sented (i.e. normal or prolonged). Each subject sat in a
standard chair in front of the robot hand which was posi-
tioned very close to the subject’s forehead. Data were col-
lected at different times of the day, meaning ambient light
could have changed slightly from subject to subject. When
video recording commenced, the region of interest (approx-
imately 12cm?) on the forehead was captured for 5 seconds
before the first finger of the Shadow Hand, equipped with
the small 1000 TVL camera, was pressed against the cen-
tre of the subject’s forehead for 5 seconds with a constant
force, small enough not to induce pain. The fingertip was
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then moved back to its starting position and video data of
the area of interest on the subject’s forehead was captured
for a further 10 seconds. The short time before the finger-
tip applied pressure enables the camera to auto focus and
capture the subject’s natural skin colour so that it is possi-
ble to identify when their skin returns to its natural colour.
Based on advice from a medical professional, 10 seconds
was considered sufficient recording time after pressure as a
CRT of anything more than 10 seconds is normally an indi-
cation of subject death. An abnormal CRT (i.e. from 2-10
seconds) can be a sign of illness or that the body has gone
into a state of shock. The applied force was measured us-
ing an ATI Nanol7 6-axis Force/Torque (F/T) Sensor [21],
when applied by a trained medical professional mimicking
the same procedure. This procedure improves standardis-
ation of the magnitude and duration of the force applied.
The impedance values measured by the array of electrodes
on the BioTAC sensor were used to ensure that a constant
force, similar to that of a medical professional, was applied
in each case. At no stage was the subject’s entire face or
body filmed or recorded. A medical professional was con-
sulted to verify that the action was completely safe and non-
intrusive. There was a soft emergency stop in place to stop
the robot hand from applying too much pressure on the sub-
ject at any time and furthermore the power to the robot could
be cut instantaneously in case of emergency, posing no risk
to the subject at any time. This procedure was completed 3
times for each of the 12 subjects.

3.3. Image Analysis

Videos were recorded at a frame rate of 30 frames per
second (fps). The videos were split into still frames using
the FFmpeg [22] software and imported into MATLAB [23]
where the remaining analysis was completed. Figure 3(a)
shows an image of a subject’s forehead taken immediately
after the press and shows the skin to be pale due to the cap-
illaries being compressed and emptied, while Figure 3(b)
shows an image of the same subject’s forehead as the capil-
laries begin to refill. This shows the skin to be much redder
as it returns to its normal colour.

The red, green and blue histograms were retrieved for
each image per subject and the mean value of each colour’s
histogram calculated. A plot of the mean value for each
colour histogram across a sequence of frames from one
recording is shown in Figure 4.

As red is the most significant colour to signify the refill
of the capillaries, the red pixel value is extracted from each
recording and used for further analysis to determine the
CRT. A plot of the mean pixel value for red only is shown
in Figure 5 where the labels 1,2,3, and 4 denote phases of
change in the red pixel value.

Prior to contact with the forehead it is evident from Fig-
ure 5 that the average value of the red pixels is slightly

(b)
Figure 3. a) An image of a subject’s forehead taken immediately
after the press; b) An image of the same subject’s forehead taken
as the capillaries begin to refill

higher than the average value post contact, phases 1 and
4 respectively. This is to due to shadows cast by the fin-
gertip being close to the forehead causing the image to be
darker than normal. Upon release of the fingertip from the
forehead, it is expected that there would be an immediate
drop detected in the red pixel value as the contact area is
initially still whiter than normal due to the blood flow being
temporarily stopped in the affected capillaries during con-
tact; this is evident in phase 2 of the graph in Figure 5. In a
healthy human, it is expected for this to be rapidly followed
by a rush of blood vessels to the area as the capillaries refill,
resulting in a spike in the red pixel value, as witnessed in
phase 3 of the graph Figure 5. The time from the instance
that the skin regains blood flow (i.e. the beginning of phase
3) until the time it has settled at its original pigment (i.e.
the beginning of phase 4) represents the CRT. Phase 4 in
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Figure 4. Graph showing the mean values of each histogram across
a sequence of images
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Figure 5. Graph showing the mean values of the red histogram
across a sequence of images

Figure 5 shows that the skin appears to return to a steady
colour where the red pixel value is lower than it was imme-
diately before contact (in phase 1). This is due to the fact
that the fingertip is now slightly further away from the fore-
head than it was when it was pressed against it, resulting in
less shadows and ultimately a lighter colour being detected
by the camera. Therefore, the exact time of transition from
the drop in the red pixel value to the rise in the value of red
pixels and the exact time when the skin settles, no longer
changing colour, must be identified. Calculating the differ-
ence between these two times (i.e. the length of phase 3 in
Figure 5) will result in an accurate measurement of CRT.
To identify the start and end times of the capillaries re-
filling, the graph is cropped to focus on the area surrounding
the highest value of the red pixels. The time stamp of when

the capillaries are being refilled (i.e. the highest peak) is
calculated and the graph is cropped 5 seconds before and
10 seconds after to reduce the volume of data to analyse,
hence increasing the efficiency of the algorithm. In order to
identify the time stamp when the spike in red pixel values
started and ended, it was necessary to analyse the gradient
of the graph at each time stamp. A sliding window was
used to calculate the moving gradient along the graph using
Equation | and each gradient and its corresponding time
stamp were stored in an array for further analysis:

Tt =Ty
Ty — Ty

where m; is the gradient at time ¢, r, and r;_; are the
red pixel values at time ¢ and ¢ — 1 respectively, 7} and T3
are the times at ¢ and ¢ — 1 respectively.

To disregard insignificant gradients caused by noise and
identify significant gradients, a threshold was calculated for
each dataset. The threshold for identifying significant pos-
itive gradients was set as the mean of the positive gradi-
ents and the mean of the negative gradients was used as the
threshold for identifying significant negative gradients. To
compensate for the change in the average value of the red
pixel before and after the press on the forehead, an average
of the highest and lowest values of the red pixel is calcu-
lated. This value is taken as the mid-line of the red pixel
value and is shown by the green line in Figure 6. This mid-
line was used as the baseline to demonstrate changes in gra-
dient.
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Figure 6. Graph showing the red pixel values and mid-line of the
average between the largest and smallest values

Each identified significant positive gradient was repre-
sented as a positive step in the mid-line and the significant
negative gradient is represented by a negative step, as seen
in Figure 7. It is possible that artefacts in the red pixel graph
mean a gradient which is larger than the threshold, but not
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Average Red Pixel Value and Identified CRT - Subjectl2 Set2
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Figure 7. Graph showing the red pixel values and the identified
significant gradients

of interest, is detected (illustrated by the dashed orange cir-
cles in Figure 7). In order to ensure these gradients are not
considered, the gradients are analysed to identify periods
where there is a series of gradient values consistently above
the threshold (illustrated by the dashed purple circles in Fig-
ure 7). This enables accurate identification of the significant
positive and negative gradients of interest, i.e. indicating the
start and end of the CRT.

The first period of consecutive positive gradients above
the threshold is identified as the start of the time period
where the capillaries are refilling with blood and the last
period of consecutive negative gradients below the thresh-
old is the end of the capillary refill time period (identified by
the dashed, purple circles in Figure 7). Therefore the time
stamps of one frame before the first period of consecutive
positive gradients and after the last period of consecutive
negative gradients is identified. These are represented by
the blue and magenta coloured dots respectively in Figure 7.
The time difference between each instance is calculated and
represents the CRT of the subject. The CRT is calculated for
each of the three data sets collected for all 12 subjects.

4. Results

This section presents results for the experiments calcu-
lating the CRT for the 12 healthy human subjects of a range
of skin colour, including 7 subjects from Northern Ireland,
1 from England, 1 from Central Africa, 2 from India and
2 from China. Table 1 presents the average, minimum and
maximum calculated CRT in seconds using the 3 sets of
video data collected for each subject. Also, the number of
sets which correctly calculated the CRT as taking less than
2 seconds is stated for each subject. In some cases, for ex-
ample if the subject is elderly or an infant, the CRT can be
as high as 4.5 seconds. However, generally speaking the

majority of people should have a CRT of no more than 2
seconds according to a medical professional and [24]. Since
there were no elderly or infant subjects assessed, 2 seconds
is used as the threshold to determine if subjects are healthy
or in a state or shock or critical condition.

Table 1. Table outlining the calculated CRT experimental results

. . No. Sets

Subject | Average (s) | Min (s) | Max (s) < 9secs
1 0.976 0.909 1.082 3
2 0.739 0.551 0.842 3
3 0.869 0.681 0.995 3
4 1.117 0.976 1.222 3
5 1.421 1.085 1.877 3
6 1.715 0.759 3.554 2
7 1.001 0.940 1.121 3
8 1.081 0.875 1.264 3
9 3.772 1.091 6.983 1
10 0.988 0.908 1.121 3
11 2.362 0.978 5.019 2
12 1.111 1.010 1.309 3

As shown in Table 1 the CRT was accurately calculated
and correctly determined as less than 2 seconds in 32 of
the 36 (=~ 89%) tested video data sets. The video data for
subject 9 proved to be the most difficult from which to ac-
curately calculate the CRT, with two of the datasets being
calculated as greater than 2 seconds. One of the sets was
as high as almost 7 seconds and was a particularly noisy
dataset which contained numerous prolonged positive gra-
dients. These spikes in the red pixel value could be caused
by an unexpected change in ambient lighting or a shaking
of the camera during recording. However, in the majority
of instances the values calculated are within the expected
range of 0.5-2 seconds for healthy subjects of varying skin
colour, meaning the algorithm proved to be robust regard-
less of skin colour.

5. Conclusion and Future Work

This paper presents an algorithm capable of determin-
ing one of the vital signs of human health, namely CRT. An
adult humans CRT should normally be less than 2 seconds if
they are in a healthy state. The algorithm used tactile sens-
ing data for control of the BioTAC fingertip and a camera to
collect vision data which were later analysed to determine
the duration of time lapsed before a subject’s skin colour
returned to its normal tone. The algorithm proved to be
effective and robust across a range of skin tones, determin-
ing a correct measurement of CRT in 32 of the 36 subject
datasets. The algorithm presented has been evaluated on
a relatively small trial sample to date, therefore ethical ap-
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proval will be sought to extend the subject set to include
infants, elderly subjects and perhaps subjects that are not
healthy to further evaluate the algorithm.

Using this algorithm for measuring CRT together with
previously developed algorithms for measuring BPM and

RR,

it is planned for future work to equip a first responder

robot with the skills necessary to assess three of a human’s
vital signs, namely BPM, RR and CRT, in an emergency sit-
uation. Uploading all of the collected data to a cloud based
system capable of applying the respective algorithms to the
data will allow for the assessment of a subject’s health by a
medical professional.
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