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ABSTRACT Objective. Most of the previous studies of drone transport of blood samples examined normal
 blood samples transported under tranquil air conditions. We studied the effects of 1- and 2-hour drone
 flights using random vibration and turbulence simulation (10-30 g-force) on blood samples from 16 healthy
 volunteers and 74 patients with varying diseased. Methods: Thirty-two of the most common analytes were
 tested. For biochemical analytes, we used plasma collected in lithium heparin tubes with and without separator
 gel. Gel samples were analyzed for the effect of separation by centrifugation before or after turbulence.


Turbulence was simulated in an LDS V8900 high-force shaker using random vibration (range, 5–200 Hz),
 with samples randomly allocated to 1- or 2-hour flights with 25 or 50 episodes of turbulence from 10 to
 30 G. Results: For all hematologic and most biochemical analytes, test results before and after turbulence
 exposure were similar (bias<12%, intercepts<10%). However, aspartate aminotransferase, folate, lactate
 dehydrogenase and lipid index increased significantly in samples separated by gel and centrifugation prior to
 vibration and turbulence test. These changes increased form 10 G to 30 G, but were not observed when the
 samples were separated after vibration and turbulence. Conclusions: Whole blood showed little vulnerability
 to turbulence, whereas plasma samples separated from blood cells by gel may be significantly influenced by
 turbulence when separated by spinning before the exposure. Centrifugation of plasma samples collected in
 tubes with separator gel should be avoided before drone flights that could be subject to turbulence.


INDEX TERMS Biologic tolerance, drone transport, health care.


I. INTRODUCTION


Unmanned aerial vehicles (UAVs, hereafter termed drones),
 have been tested for a broad range of civil applications,
 including industrial surveillance, business parcel delivery,
 and imaging. In health care alone, search-and-rescue of
 survivors of natural disasters, delivery of medicines and
 vaccines to rural areas and care technology devices to emer-
 gency situations, and rapid transport of blood samples and
 organs, are some of the possible drone uses that have


been investigated [1]–[8]. However, if drones are to provide
 such eruptive changes to the transport of biologic materials,
 they must offer near-100% uptime with acceptable quality
 of biologic specimens. To assess whether drone transport
 represents a sustainable alternative to the existing high-
 schedule transport systems, we need real-life situations to
 identify and overcome potential problems that may arise
 under challenging conditions, such as wide ranges in wind,
 precipitation and temperature, turbulence around and across
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(2)infrastructures (i.e. around buildings and varying terrains)
 and more.


Maintaining the quality of biologic samples during aerial
 transportation is an important prerequisite for the regular use
 of drones in critical health transport services. Most undesired
 vibrations and effects of severe weather-induced turbulence
 can be dampened technologically, but not all; certain vibra-
 tional frequencies are poorly dampened and vigorous turbu-
 lence may not be fully absorbed.


Until now, most published studies on the transport of bio-
 logical materials have used blood samples from healthy vol-
 unteers and were conducted under favorable meteorological
 conditions (temperature, wind, and precipitation) [1], [7], [9].


Although the studies by Amukeleet al.[1] demonstrated the
 proof of concept with respect to both distance and time flown,
 their studies attempted to diminish the effects of vibration
 and flight turbulence. They also pointed out that we do not
 know the impact of drone transport on blood analytes that
 are outside normal reference ranges, or the effect of flights
 exposed to more challenging environmental conditions with
 respect to temperature and wind.


Transport in locations such as Norway will require drone
 performance under demanding weather conditions that may
 create turbulence and other physical influences, despite the
 best available technical precautions. Accordingly, we must
 address these performance gaps before drones can be real-
 istically considered for large-scale applications. The effects
 of g-forces on blood samples have been studied with regard
 to centrifugation and validation of pneumatic tube transport
 [10]–[14], but to the best of our knowledge, no studies have
 addressed vibration and turbulence during drone transport.


Natural occurring wind conditions are difficult to predict
 and control, making it challenging to a priori define a range
 of wind conditions that could be tested to elaborate limits
 which may critically threaten biologic quality or integrity
 during actual drone flights. Therefore, we developed a model
 to perform in vitro vibration and turbulence experiments in a
 laboratory where we could simulate and quantify a variety of
 possible physical conditions of extreme situations on drone
 flights.


In the present study, we simulated 1- and 2-hour drone
 flights using an extensive range of vibrations and turbulence
 with g-forces ranging from 10 G to 30 G to test the effects on
 blood samples from patients with a wide range of abnormal
 blood values.


A. RESEARCH QUESTIONS


Oslo University Hospital is located in an area that experi-
 ences extreme, varying meteorological conditions, including
 temperatures that range from –30◦C to +30◦C and exces-
 sive wind; therefore, we considered the effects of turbulence
 related to such conditions on drones to be a crucial study
 topic.


Our main goal was to study the effect of turbulence and
 vibration exposure on different biochemical substances in
 a range that reasonably replicates the conditions for drone


flights in our geographic region. We experimented with tur-
 bulence levels ranging from 10 to 30 G, and 1 and 2 hours of
 exposure to evaluate the effect of flight time. These exposure
 times were chosen because they covered the aspects of our
 two ongoing projects: 1) a time-intensive, high-volume trans-
 port project for consolidation of large laboratories involving


<1-hour flight distance; and 2) a 2-hour flight project in
 another hospital with less activity and lower need for time
 intensive transport volumes, but with transport distances of
 up to 200 km Euclidian distance. We considered 30 G as a
 maximum force relevant for drone transport because it covers
 a speed change from 100 km/hour to zero in 0.1 sec. We did
 not consider it relevant to test complete crash simulation in
 this study.


II. METHODS
 A. BLOOD SAMPLES


On test days, surplus blood samples drawn from patients
 between 04 and 09 AM were collected in the Departments
 of Medical Biochemistry at the Ullevål and Rikshospitalet of
 Oslo University Hospital in Oslo, Norway. The samples were
 randomly collected, but we ensured that we included patients
 from our clinics with malignant diseases, leukemia, hema-
 tologic and infectious diseases, and other routine patients in
 our inpatient and outpatient clinics. To ensure that the sample
 materials contained both normal and pathological values,
 we also included blood donations from 16 normal volunteers
 who provided informed consent.


Morning collections were chosen to facilitate recruitment
 of patients receiving tests in the fasting state and to enable
 us to conduct turbulence testing and return to the laboratory
 within normal working hours. All blood samples were drawn
 from inpatients and outpatients using standard routine proce-
 dures. Vacuette collection tubes from Greiner Bio-One were
 used as follows: tubes coated with anticoagulant K2 EDTA
 for hematologic analytes; tubes containing sodium citrate
 were used for coagulation analytes; and lithium heparin tubes
 with and without separator gel were used for biochemical
 analytes. All analytes were measured both before and after
 turbulence testing.


Our experimental setup is depicted in Figure 1. We had
 no a priori knowledge of which turbulence levels would be
 relevant to test. To identify g-levels that may damage blood
 samples, and based on studies of g-forces in centrifuga-
 tion and PTS transport systems, we started at 10 and 20 G
 for 2 hours, assuming lower g-levels would be too modest.


As most samples appeared to be stable, the test was increased
 to 30 G and applied over 1- and 2-hour periods in order
 to determine if higher g-levels cause more damage to ana-
 lytes. However, even at maximum turbulence, there were no
 additional changes in analytes above those observed at lower
 g-levels.


In setups 1–3, control and test tubes containing separa-
tor gel were spun by centrifugation before turbulence was
applied with a Roche Cobas 8100 automated workflow series



(3)FIGURE 1. Setups 1–3 used pre-turbulence centrifugation with an
 identical centrifugation method for control and test samples, with g-
 force increasing from 10 to 30 G. Setup 4 used post-turbulence
 centrifugation at 30 G for all samples.


FIGURE 2. 3-D printed plywood boxes for transport and testing.


at 4,150 rpm (3,004×g) for 5 min. In setup 4, control and
 test tubes, both with and without separator gel, were spun
 by centrifugation after turbulence with a Kubota s700 TR at
 3,410 rpm (2,500 × g) for 10 min. Control samples were
 stored in the laboratory, and all samples were kept at room
 temperature (18–22◦C) at all times. All test samples were
 spun on the same system and at the same time as their
 corresponding control.


The samples were randomly allocated to 1- and 2-hour
 flights without knowledge of the patient’s status; no padding
 was used. After completion of the simulations, samples were
 transported to the laboratory where control and test samples
 then were analyzed. The mean time span between patient
 blood retrieval and the completion of turbulence simula-
 tion was 5.8 hours (range, 5.2-8.8 hours, standard deviation
 0.98 hours).


The test samples were transported by car (20 minutes’


drive), held in vertical position in special 3D-printed carbon
 plywood boxes adapted with a close-to-perfect fit for the
 tubes to minimize shaking within the box (Figure 2).


We tested 32 of the most frequent analytes in our laboratory
 (Table 1 and 2). The hematologic analytes were analyzed
 on a Sysmex XN-9000 (Sysmex Corporation, Kobe, Japan),
 the coagulation analytes on a Stago Sta-R (Stago, Asnières
 sur seine, France), and the biochemical analytes on a Roche
 Cobas 8000 (Roche Diagnostics, Risch-Rotkreuz, Switzer-
 land). All control and test samples were analyzed on the same
 system.


B. TURBULENCE AND VIBRATION SIMULATIONS


The turbulence and vibration tests were performed in
 the Environmental Testing Lab of the Norwegian Defense


Research Establishment using an LDS V8900 high-force
 shaker with a frequency range of 5 to 3000 Hz ( Brüel & Kjær
 Sound & Vibration Measurement A/S, DK-2850 Nærum,
 Denmark). Laser-cut plywood sample racks were constructed
 to allow for tight, secure fixing of the samples during testing,
 transport and storage. The sample racks were secured to the
 shaker table, and sensors were fitted to both the shaker table
 and the racks (Figure 2).


We found no documented flight data from drones in a
 relevant configuration for the extreme flying conditions we
 are exploring; vigorous turbulence and possibly unbalanced
 propellers due to icing. We aimed to determine the vibration
 power and frequency range that could provoke changes in
 blood samples by applying vibrations and shocks to roughly
 mimic anticipated environments of extreme flying conditions
 which may be encountered by unspecified drones. The shaker
 settings were based on measurements from drone flights
 with a 15-kg DJI Matrice 600 drone, which the Norwegian
 Defence Research Establishment (FFI) is using in our project.


This drone has six two-bladed propellers that rotate at around
 2,500–3,000 rpm. Other drones may use alternative config-
 urations, with slower or faster propeller rotation. It is also
 unknown how drones, combined with payload units for blood
 sample transport, will cause vibration and shocks in differing
 speed, wind, and temperatures.


Turbulence was simulated using shocks of 31.75 mm dis-
 placement/11 ms from 10–30 G. Initial 2-hour tests con-
 ducted at 10 and 20 G showed changes in a few biochemical
 analytes, but not in hematologic test results; we therefore
 extended our tests to 30 G for final testing. We acknowledge
 that this is far higher than most turbulence effects with a
 rotary wing drone, and even such severe turbulence is likely
 to be significantly dampened by a heavy rotary wing drone.


Vibrations were applied in a random distribution of power
 in the frequency range of 5 to 200 Hz. The root mean square
 (RMS) value was 4,69G. Spikes of vibration were inserted at
 50±5 Hz and at 100±5 Hz, to partially match the vibrations
 created by propeller rotation and propeller-to-boom interfer-
 ence in a typical drone. The vibrational power spectral density
 (PSD) diagram, measured on one of the samples themselves,
 shows considerable damping of vibrations>100 Hz by the
 plywood sample rack, but below that frequency these racks
 allow reasonable transfer of the forced spectrum of vibrations
 to the samples (Figure 3). Future tests could employ a more
 rigid fixture.


We generated 25 turbulence incidents for the 1-hour flights
 and 50 turbulence incidents for the 2-hour flights. The profile
 of the shocks representing turbulence is illustrated in Fig-
 ure 4.


C. STATISTICS


We used Bland-Altman analyses to compare turbulence-
tested samples with controls. For the analytes that showed
changes in response to turbulence and correlated in Pearson
correlations, we used multiple stepwise regression to test
the correlations. Clinical significance of changes in analytes



(4)FIGURE 3. Power spectral density diagram showing the distribution of
 vibration power over the frequency range of 5 to 200 Hz. The blue
 (center) line displays the vibrations of the shaker table and the red line
 displays the sample rack vibrations. The red and the black dotted straight
 lines are guides used to verify that the forced vibrations are within
 certain tolerances; in the context of our study, these represent an
 irrelevant testing laboratory technicality. Both the x and y axes are
 logarithmic, with the x-axis showing frequency and the y-axis showing
 g2/Hz. Two desired frequency ranges for significantly higher vibrations
 are shown, centered at 50 Hz and 100 Hz.


FIGURE 4. Positive and negative displacement shocks with an amplitude
 of>30 mm during testing.


was assessed analyte-specific by comparing mean differences
 larger than analytical acceptable difference given by the ref-
 erence change value (RCV) for each analyte [15].


D. ETHICS


The study was approved by the regional ethics committee
 for research, Health Authority South-East, Oslo, Norway
 (reference 2019/182).


III. RESULTS


A. BLOOD SAMPLES


Among the control samples (i.e., before exposure to turbu-
 lence), 42.9% of the test results were outside the reference
 intervals. In the samples for hematologic, biochemistry, and
 coagulation testing, 49.1%, 39.2%, and 64% of the controls
 were outside the reference intervals, respectively. All hema-
 tologic and most biochemical samples were stable across
 all test setups and are, for simplicity, presented together in
 table 1. However, the mean values for aspartate aminotrans-
 ferase, folate, glucose, lactate dehydrogenase, and lipid index
 showed substantial changes after turbulence simulation with


setups 1–3. The analytes that changed are presented in table 2,
 showing that changes to some analytes were already evident
 at 10 G and after only one-hour flights in setup 3. The increase
 in the test values correlated positively with longer test periods
 and increasing g-forces.


The Bland Altman analyses from the test results in set up
 1-3 are shown in the left panel of Figure 5, illustrating signif-
 icant deviations between control and test values. In contrast,
 with setup 4 the changes observed in the same indicators were
 reduced as shown in the right panel of Figure 5. Whereas
 samples spun by centrifugation to separate the plasma before
 turbulence exposure resulted in substantial changes, centrifu-
 gation after turbulence eliminated the increases in aspar-
 tate aminotransferase, lactate dehydrogenase and lipid index.


The decrease in glucose concentration was similar across all
 setups.


B. MULTIVARIATE ANALYSIS OF FACTORS THAT MAY HAVE
 INFLUENCED THE TEST RESULTS


The hemolysis index is an indicator of leakage of hemoglobin
 from damaged blood cells. With the exception of one patient
 who scored 122 in the control and 135 in the turbulence test
 and had to be excluded as the samples could not be analyzed,
 all other samples had acceptable values and showed decreas-
 ing mean hemolysis index values after the test. Among the
 analytes that we examined, potassium and lactate dehydroge-
 nase are sensitive to hemolysis [16], [17]. In our laboratory,
 potassium may be elevated with hemolytic values above 50,
 and potassium analysis is not accepted when hemolytic values
 exceed 100. Lactate dehydrogenase may be elevated at lower
 hemolytic values (above 30 in our laboratory), and is also
 not reported if hemolytic values exceed 100. Hemolytic index
 values in this study were all below these levels.


Based on the Pearson correlations, we performed mul-
 tivariate correlations between the analytes that changed
 in response to turbulence, including the hemolysis index
 (Table 3). There was no correlation between the hemolysis
 index and changes in lipid index, nor did the hemolytic
 index correlate with the other tests in multivariate analysis
 when the lipid index was included. For all variables, the best
 regression model included both centrifugation and changes
 in lipid index, which eliminated the statistical significance of
 centrifugation.


IV. DISCUSSION


This study demonstrated that most of the blood samples were
resistant to a combination of random vibration and multiple
episodes of turbulence at 10-30 G, the most extensive being
two hours with 30 G. Interestingly, the samples with sep-
aration gel that were not separated by centrifugation prior
to being exposed to vibration and turbulence seemed more
resistant to vibration and turbulence than the samples in tubes
containing a plasma separator gel and spun before turbulence
testing. Our interpretation is that the separation of plasma
for biochemical analysis should be performed after drone
transportation.



(5)TABLE 1. Mean values of the hematologic, biochemical and coagulation analytes in control and after test in the analytes that did not change after
 exposure to turbulence. (P-values for all=nonsignificant).


Those analytes that resisted turbulence did so across all lev-
 els of turbulence, whereas those that changed after turbulence
 test did so already at the first G-level we tested (10 G) and
 showed an increase in changes with further increase to the
 30 g-level and also from 1 to two hours of test flight.


Although patients were anonymous, the blood specimens
 were taken from clinics where patients have diseases ranging
 from cancer, leukemia, and severe anemia, to immunopatho-
 logical disorders, the treatments of which could have varying
 effects on patient physiology. This is reflected by the values
 of blood analytes, which varied from severely low to highly
 pathologic. This allowed us to study a previously unexplored
 topic: the effects of drone transport turbulence on clinical
 samples far outside the normal range.


In the patient groups we studied, the effect of turbulence on
 blood analytes was similar to that of normal samples. These
 findings address an outstanding issue discussed in the report
 on drone flights by Amukeleet al.[7].


Pre-analytic centrifugation of gel tubes is routinely per-
 formed and has been validated as not causing significant
 changes in analytes even at relative centrifugal forces (RCFs)
 of 2,000×g and above [11], [18]. A previous study by Møller
 et al.[12], who tested a shortened centrifugation time with
 an RCF of 3,000×g, concluded that these conditions were
 safe for blood sample analytes with the exception of lac-
 tate dehydrogenase, which showed a higher-than-acceptable
 coefficient of variation. Another study reported significant


changes in the lipid index [13], and both of these studies
 reported observations similar to ours. The effects of g-forces
 have also been reported in studies validating pneumatic tube
 systems (PTS). Both Farnsworthet al.and Mullinset al.[10],
 [19] reported clinically significant increases in lactate dehy-
 drogenase concentration. Mullinset al.found that changes
 in lactate dehydrogenase concentration and hemolytic index
 was proportional to the elapsed transport time and number
 of PTS-associated shocks. Streichertet al.[17], using vibra-
 tion and turbulence, reported similar relationships between
 PTS acceleration speed and changes in aspartate aminotrans-
 ferase and lactate dehydrogenase as we observed. By contrast,
 Gilset al.[14] concluded that there was no effect of PTS
 transport with peak g-forces of up to 15 G.


Of note, a recent review of the literature related to the PTS
 [20] was unable to supply evidence for the safety of PTS use
 in blood sample transportation due to the high degree of study
 heterogeneity.


G-forces triggered by centrifugation may be more static
 than physical forces related to the PTS or drone turbulence.


The physical strain on sample tubes that we generated by
 simulating vibration and turbulence may effectively mimic
 the conditions of PTS transport, but might differ from the g-
 forces caused by shaking during centrifugation.


Our observations regarding the impact of centrifugation
of gel tubes before or after exposure to turbulence may be
interpreted in several ways. During centrifugation of tubes



(6)TABLE 2. Results from (a) setups 1–3, using pre-turbulence centrifugation, and (b) setup 4, testing 30 G for 2 hours and using post-turbulence
 centrifugation.


containing a separator gel, the gel gradually moves upward
 from the bottom of the tube to form a barrier between the
 serum and blood cells. In this process, blood cells are trans-
 ported through the gel, making it more porous and probably
 more prone to disintegration during vibration and turbulence.


Separator gels from different manufacturers might have dif-
 ferent chemical formulas, and thus different levels of resis-
 tance to g-forces. Accordingly, the g-force required to trigger
 upward movement of the gel may vary depending on the
 tube brand. Gel that remains at the bottom of the tube before
 centrifugation may be less prone to damage than gel after
 transformation during centrifugation and then located higher
 in the tube. It is possible that the turbulence applied in our
 1- and 2-hour simulations exceeded a tolerance level that is
 not challenged during the 5-20 minutes of standard centrifu-
 gation in the laboratory setting, even when higher g-forces are
 used for centrifugation. Cell damage could also be suspected,
 but then an increase in potassium would have been expected.


A relevant topic for drone transport of biologic materials is
 temperature, which may influence changes in blood analytes
 over time, including glucose, potassium and several enzymes
 [21]–[23]. Currently, most biologic samples acquired in clin-
 ical settings require cooling or special temperatures during
 storage and transport to slow down the biologic processes.


Alterations that occur in such samples within the first


4-8 hours tend to be small, but substantial changes may occur
 after 16-24 hours, and have more of an impact on plasma than
 serum [22], [23]. Active temperature regulation during drone
 transport will require energy, the generation of which may
 cause increased drone weight. To optimize drone transport
 complexity with respect to such conditions, time intervals for
 transport must be short enough to minimize the demand for
 specific transport temperatures. Logistic models that ensure
 transport with minimal delays will therefore be crucial, and
 cohorts that meet such conditions must be further studied.


We maintained all of the analytes at room temperature (range,
 18-22◦C) to create a study model that was as simplistic as pos-
 sible. Future transport containers should be able to maintain
 a fixed inner temperature over time regardless of the outer
 temperature, and preferably without energy consumption.


All our test samples were treated identically except for
the turbulence simulation. The control and test samples were
analyzed at the same time in the afternoon and the set-
ups were performed within similar time spans. Furthermore,
we found no changes in plasma analytes that were not sub-
jected to centrifugation before exposure to vibration and tur-
bulence. Under the current standard in our laboratory, plasma
samples should be separated by centrifugation within 2
hours of collection. Separation of plasma by centrifugation
before drone transport would represent a critical obstacle for



(7)FIGURE 5. Bland-Altmann plots of the analytes that changed during tests. Effect of centrifugation timing on test results of the
 analytes influenced by exposure to turbulence. The left panels: centrifugation before exposure to turbulence, the right panels:


centrifugation after turbulence.



(8)TABLE 3. Multivariate analysis of analytes that changed in response to turbulence exposure and had significant Pearson correlations in univariate
 analysis.


the development of time-intensive drone transport solutions.


We propose that altering the standard procedure to allow
 for ‘‘flying’’ of plasma gel sample tubes prior to centrifu-
 gation should be the preferred routine for drone transport.


By optimizing the logistics, we expect to successfully trans-
 port unseparated plasma samples to the analyzing laboratory
 by drones, well within the required time window. Flight times
 longer than 2 hours may require further attention to this topic.


A primary intention for this project was to study bio-
 logic characteristics that could be used to determine drone
 quality specifications which must be satisfied for drones to
 be licensed for biologic transport. A relevant question is
 whether flight duration>2 hours and turbulence conditions


>30 G will have to be tested for future drone services. We
 believe that a g-force of 30 G is unlikely to be experienced
 in most drone applications and therefore should represent an
 upper limit of conceivable g-force due to extreme turbulence.


It is unknown whether any RW drones have recorded the
 effects of such turbulence, but this upper limit represents
 extremely violent turbulence that would be very unlikely to
 impact on the cargo of RW drones, which have a significant
 damping effect in flight. Most RW drones can be expected
 to experience only single-digit g-forces, whereas some fixed
 wing air vehicles may behave quite differently, with poten-
 tially higher g-forces during turbulence or strong wind shear
 situations.


We have shown that changes in centrifuged samples may
 occur with 10 G and seem to increase with increasing tur-
 bulence and exposure time. Whether the samples centrifuged
 that were resistant to turbulence when centrifuged after test
 will still be stable beyond two hours, simulating longer flight
 times, is not known and should be further studied.


Effects of the combination of vibration and turbulence
 on drone transport are not easy to study from drone flights
 alone. Wind conditions may be unpredictable and vary across
 different ground elevations, buildings and so on, and estab-
 lishing a wide enough span of relevant physical data would
 be quite laborious under such conditions. In vitro simulations
 represent an alternative to real flights, and offer controlled
 conditions. Future studies should include a range of tempera-
 tures and atmospheric pressures. Although we expect that our
 simulation of 30 G turbulence goes sufficiently beyond the
 conditions that drones routinely may encounter in the future,
 the combination of temperature, oxygen levels and humidity
 may also be of importance.


A. STRENGTHS AND LIMITATIONS


We have simulated the effects of vibration and turbulence
 on blood samples representing a large variety of pathologies
 and with baseline values considerably outside normal limits.


We believe that our results reflect the conditions of everyday
clinical populations in a large hospital and thus have general



(9)TABLE 4. Overview of methods and reagents used for analyses.


applicability. The usefulness for other analyses, such as blood
 gas, hormones and specific proteins will require further stud-
 ies.


We cannot exclude the possibility that blood from patients
 with complex diseases who may be using steroids, cyto-
 static or immunosuppressive medications may have special
 needs that impose specific technical drone transport solu-
 tions. It may represent a limitation in our study that different
 tolerance of analytes in such specific patient groups may have
 been concealed in our data [10]. Furthermore, counting of
 cells does not cover function testing, for example in platelets.


The detailed exploration of such conditions may be a rather
 demanding task, and defining specific criteria of drone trans-
 port for samples from special patient groups would probably
 not be an efficient approach.


Our study focused on blood samples. Successful drone
 transport of other types of specimens, such as body fluids,
 microbiologic samples and tissue samples, may require spe-
 cial attention or specific settings that may limit potential
 transport time. Accordingly, we need further research on
 these topics; in particular, how to establish drone transport
 logistics with short transport times.


As we found no actual flight data from drones in a relevant
configuration for the extreme flying conditions we are explor-
ing; vigorous turbulence and possibly unbalanced propellers
due to icing, we had no a priori data to choose the phys-
ical environment we simulated. We investigated vibration
power and frequency range in these first exploratory tests
as a starting point to provoke changes in blood samples,
applying vibrations and shocks to roughly mimic anticipated



(10)environments of extreme flying conditions which may be
 encountered by unspecified drones. However, as vibration
 frequencies will vary across differing drone brands, sizes, and
 velocities, the frequency and turbulence simulations we used
 are not universally applicable to all types of drone transport.


Differing altitudes may cause variations in air pressure and
 oxygen. However, with the limited height anticipated for the
 future civil drone space, we expect that such perspectives
 will be covered by transport compartment designs that ensure
 constant physical conditions at prespecified values.


V. CONCLUSION


Blood samples from patients with a wide range of diseases
 can tolerate substantial vibration and turbulence lasting up to
 2 hours. Test tubes containing a separator gel may generate
 changes in test results if subjected to centrifugation before
 transportation. Such changes were avoided by delaying cen-
 trifugation until after the exposure to turbulence. Drone trans-
 port under heavy air turbulence is likely to become a realistic
 service applicable to a large variety of medical needs, but
 more research on quality assessment is needed to ensure the
 future of drone transport in health care.
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