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Abstract: Intravenous access for blood sampling or drug

administration that requires peripheral venepuncture is

perhaps the most common invasive procedure practiced

in hospitals, clinics and general practice surgeries. We de-

scribe an idealisedmathematical framework formodelling

the dynamics of the peripheral venepuncture process. Ba-

sic assumptions of the model are confirmed through mo-

tion analysis of needle trajectories during venepuncture,

taken from video recordings of a skilled practitioner in-

jecting into a practice kit. The framework is also applied

to the design and construction of a proposed device for ac-

curate needle guidance during venepuncture administra-

tion, assessed as consistent and repeatable in application

and does not lead to over puncture. The study provides

insights into the ubiquitous peripheral venepuncture pro-

cess and may contribute to applications in training and in

the design of new devices, including for use in robotic au-

tomation.

Keywords: Needle insertion; Venepuncture; Venous can-

nulation; peripheral intravenous injection aid; medical

device design process; human factors in medical devices;

medical robotics

1 Introduction

Peripheral venepuncture (VP) and venous cannulation

(VC) are common procedures for medicinal infusion or
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blood sampling, with an estimated 3.5 million being per-

formed worldwide each day [1]. These procedures are of-

ten unpleasant and require skill and dexterity, delivered

confidently in a smooth VP action on a steady site. Failed

attempts in venous access via these procedures are unfor-

tunately common, due mostly to difficulty in seeing [2] or

accessing the target vein [3], or as a result of inexperience

or nervous phlebotomy practitioner. De Boer et al. [1] es-

timate that there are difficulties with as many as one in

twenty procedures. A successful VP process (i.e. putting

the needle or cannula through the skin and accurately into

the vein to the right depth, with minimal damage to the

venous and surrounding tissues) requires accuracy, skill,

confidence, calmness anda steadyhandwithminimal ten-

sion. This combination of requirements coincides with the

anticipated inflicting of pain and discomfort on the pa-

tient, and the associated anxiety by the practitioner ofmis-

placing the needle often becomes a barrier to a successful

VP. It is therefore imperative that practitioners (e.g.nurses,

doctors, phlebotomists and even some patients) are well

trained and understand the varied aspects of VP proce-

dures. In addition, practitioners may derive benefit from

the VP process being made easier via an assistive technol-

ogy, method or device.

There are two methods of carrying out peripheral VP,

described as direct and indirect [12]. The direct method is

where the needle or cannula enters the skin and imme-

diately enters the vein. This method has the advantage

of fewer steps, and for some is easier to learn and per-

form. There is however anxiety associated with overshoot-

ing, that is exiting the vein at its distal membrane, espe-

cially with small veins. The alternative, indirect, method

involves the needle first entering the skin, often at a less

direct or steep angle, then once the vein is relocated or

sensed, the practitioner initiates advancing the needle

into the vein. The advantageof this approach is that it has a

gentler entry, andmay bemore useful when the vein is less

visible or the initial entry has slightly missed the vein. The

disadvantages of the indirect method are the requirement

for comparatively greater skill and confidence by the prac-

titioner and the potential for greater damage to the skin

and vein resulting from the initial shallower entry. The pa-
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per analyses the motion associated with the act of periph-

eral VP in the direct method, as the indirect method re-

quires consideration of a wide range of additional param-

eters that are difficult to model, including variations in de-

vice, skin and vein properties, and human interaction fac-

tors such as biomechanical feedback.

We show how the VP procedure can be modelled

mathematically, such that the path taken by the needle

can be predicted or prescribed for potential applications

to automation or design of a needle guiding mechanism.

The results may find further application in training, and

a better understanding and possible improvement in pe-

ripheral VP technique.

While there are many techniques and methods for en-

hancing or improving VP and VC success [e.g. 4–7], much

of the associated modelling has been applied to needle in-

jections into deep central tissues such as liver [8, 9], often

assisted by ultrasound [10] or computed tomography [11],

rather than to the peripheral VP process. De Boer et al. [1]

have developed an instrument for automated VP and anal-

ysed the forces produced in phantom and animal tissues.

However their device inserted the needle in a straight-line

Figure 1: A side profile view of the peripheral venepuncture action.

path rather than the more subtle non-linear trajectory em-

ployed in actual clinical practice.

The current work focuses on the dynamics of the VP

action, and is not concerned with other elements of the

VP process, such as the location of a suitable injection

site. This is assumed to be determined by the practitioner

either by the usual sighting identification and/or some-

times with the aid of touching and feeling for the pulse or

bulge of a vein. If available, some sophisticated imaging

vein location technologies [2] have also been developed

to aid location and identification of a suitable site. Once

the injection site has been determined, the present anal-

ysis could be valuable in assisting the accurate insertion

of the shaft of the venous access needle (hereafter simply

referred to as “the needle”) at the predetermined site, at

a predetermined or adjustable path. Section II shows how

these paths, at least for a particular ideal setting, can be

predetermined by realising in the model the VP process in

the direct method consists of sequential steps. In section

III, we consider the model in real application situations

and introduce the concept of a guidedVPdevice. In section

IV, a prototype device inspired from the work in the previ-

ous sections, which can potentially aid peripheral VP, is

described.

2 Physical models and methods

In particular, we consider a physical model of a periph-

eral VP process with four of its most important steps in-

cluded, as shown in Figure 1, which is a schematic sketch

of the side profile of themain components of a transfusion

set, consisting of the shaft of the venous access needle 11,

the body hub 13, and the corresponding tubing component

14. Note the current model assumes the injection site and

vicinity is level and the vein parallel and close to the sur-

face of skin e.g. asmost commonly encountered at VP sites

at the back of the hand. More complicated surface or vein

geometry can be readily generalised from the basis of the

current analysis.

Step 1: The VP practitioner will first identify an ideal

vein and location of the injection site. Once a site is identi-

fied, the needle should enter the injection site, through the

skin layer, and then into the vein at an appropriate angle.

The steepness of the initial entry angle depends on how

far the vein is below the surface of the skin and the size of

the vein. The VP practitioner will in general decide on the

steepness of entry before he/she starts the puncturingmo-

tion. The injection site should be as close as possible lat-

erally to the middle section of the vein to minimise unnec-

Brought to you by | The University of York

Authenticated

Download Date | 1/24/17 6:38 PM



46 | K. F. Kam et al.

essary venous damage and mitigate against vein or body

movement. Hence, the practitioner takes aim, at desired

injection site 10, with needle 11 at an initial entry angle

θ0 with respect to the injection site surface 15. The tubing

component 14 of the transfusion set is omitted in the re-

maining parts of Figure 1 for clarity.

Step 2: The practitioner makes a sharp straight

through venepuncture at fixed angle θ0 to a desired depth.

This desired depth optimally corresponds to when the tip

of the needle has passed through the skin layer and sub-

sequently safely passed through the upper side of the vein

16, but before it hits the underside of the same vein 17, the

vein’s side profile outline being shown as a dashed line.

The length of this desired depth is represented by l0, as

measured along the longitudinal length of the needle.

Step 3: The practitioner now inserts the needle further

into the vein, accompanied by a simultaneous levelling

of the needle (i.e. reducing the angle of penetration θ as

shown by the direction arrow 18) until the needle is felt to

be quite securely within the volume of the vein. A Carte-

sian (x,y) coordinate system is indicated with the origin

(0,0) corresponding to the initial injection site 10.

Step 4: Assuming the venepuncture has been success-

ful (as often assessed in practice fromobservation of blood

“flashback” in the tubing of the transfusion set) the practi-

tioner stops the venepuncture motion, possibly accompa-

nied byminor adjustments, such that the body hub part of

the transfusion set is more or less resting stably on the pa-

tient’s skin to minimise tearing stress at the injection site.

The assumed final resting angle of the needle with re-

spect to the surface of the injection site 15 of this final mo-

tion is indicated by θf and the total length of the needle

inside the patient’s tissues is (l0 + l1), where l1 is the ad-

ditional length of the needle that has been inserted during

steps 3 and 4. If l2 represents the length of the part of the

needle outside the injection site 10, then the total length L

of the needle satisfies the relation L = l0 + l1 + l2.

The above steps model the physical VP process,

whereby the path andmotion of the needle can potentially

be predetermined. The following mathematical analysis

shows a method of predicting this dynamical process.

The VP action can be systematically represented by

following the motion of any particular point in the needle.

Let r represent thedistance from the injection site 10, to the

designated top point of the needle 12 (referred to in later

figures as the TN point). So, at injection site 10, r = 0 and

this represents the origin (r = 0) of a polar co-ordinate sys-

tem (r, θ). Themotion of the VP processes described above

can be analysed by following the motion of the point 12 (r,

θ) relative to the injection site 10, at the origin.

Figure 2: The dynamics of the venepuncture action, following the

top of the needle (the TN-point, item 12 of Fig. 1) summarised in

polar coordinates.

Figure 2 shows a plot of point 12 in the polar coordi-

nate system (r, θ). Here P12 represents the path described

between Step 1 and Step 2, and P34 is the path described

in Steps 3 and 4, where r34(θ) is the general equation rep-

resenting this path. Note, the arrows for P12 and P34 in the

figure indicate the temporal order of the dynamical VP ac-

tion.

From the expected motion and constraints, r34(θ) can

be approximated, without losing significant accuracy or

generality, as a straight line which intersects (L − l0, θ0)

and
(

l2, θf
)

. It can be readily shown that

r34(θ) = mθ + r0 (1a)

Where,

m =
l1

θ0 − θf
(1b)

and

r0 = L − l0 − l1 − mθf (1c)

Since the VP process is a dynamical motion, the sup-

posed paths can be emulated best from models which fol-

low its time evolution. The time dependency can be intro-

duced via the speed at which the needle is being inserted

in the VP steps described. Hence, between Step 1 and Step

2, the needle can be assumed to be inserted at a particular

rate v12(t) over the period 0< t < t0, where t = 0 corre-

sponds to the start of the VP process when the needle is

just above the injection site 10, and about to enter the tis-

sue, and t0 is the time when the depth of the needle in-

serted has reached l0. The path P12 can in general be de-

scribed by

r12(t) = L −

t
∫

0

v12(t)dt (2a)
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and

θ12(t) = θ0 (2b)

for period 0< t < t0.

The path is a straight line forming an angle θ = θ0with

the local horizontal surface of the injection site 15 (refer

to Figure 1). It is easier to visualise the path in Cartesian

coordinates (x,y) where x = r · cos(θ) and y = r · sin(θ);

thus, path P12 in Cartesian coordinates is given by

x12(t) = r12(t) cos θ0 (2c)

and

y12(t) = r12(t) sin θ0 (2d)

or

y12 = x12 · tan θ0 (2e)

P12 is a straight line motion with the anticipated gra-

dient tan(θ0).

Similarly, for path P34, which occurs over the period

t0 < t < tf , its equations of motion are:

r34(t) = L − l0 −

t
∫

t0

v34(t)dt (3a)

and hence from Eqs. (1a, 1b, 1c)

θ34(t) =
1

m

[

r34(t) − r0
]

=
1

m

⎡

⎣l1 + mθf −

t
∫

t0

v34(t)dt

⎤

⎦

(3b)

In Cartesian coordinates,

x34(t) = r34(t) cos θ34(t) (4a)

and

y34(t) = r34(t) sin θ34(t) (4b)

which gives the coordinates (x,y) of the path P34 as a func-

tion of time, with the corresponding instantaneous gradi-

ent of the needle given by

y34(t)

x34(t)
= tan

[

θ34(t)
]

(4c)

The above equations provide the generic formulae of

the path and direction which the intravenous (IV) nee-

dle follows. To illustrate the above analysis in determin-

ing the path structures, it is necessary to assign the veloc-

ity profiles v12(t) and v34(t). Figure 3 shows an illustra-

tive simplified profile model during a typical realistic VP

process i.e. the needle is rapidly inserted into the injection

site at an initial velocity v0, whereby it slows down some-

what when the tip of the needle passes the first vein wall

at about t = t0. After that, the velocity profile must de-

crease with time (or equivalently with the depth of pene-

tration), so that the needle motion in path P34 must even-

tually come to a halt at the desired depth of penetration

of (l0 + l1), at time t = tf . This profile can be approximated

by quadratic or higher polynomial functions, or numerical

representations if necessary. However, it is possible to ob-

tain revealing analytical solutions, without losing the gen-

eral significance of the result, by approximating the more

realistic velocity profiles of Figure 3, by a constant velocity

profile approximation where v12(t) = v0, and a linear de-

creasing function v34(t) which satisfies the boundary con-

ditions v34 = v0 at t = t0 and v34 = 0 at t = tf . This is

illustrated in Figure 4. Note that this first approximation

of the velocity profile could potentially be improved upon

in future versions of themodel. The first part of this profile

leads to the relations

v0 =
l0
t0

(5a)

and ∫

0

tv12(t)dt = v0t (5b)

and the latter profile leads to

v34(t) =
v0

tf − t0

[

tf − t0
]

(6a)

so that

t
∫

t0

v34(t)dt =
v0

tf − t0

{

tf (t − t0) −
1

2

(

t2 − t20

)

}

(6b)

The path P34 can be deduced by substituting Eq. (6b)

into Eqs. (3a, 3b) or Eqs. (4a, 4b).

3 Practical applications of the

model

Further insights into the VP process can be gained by plot-

ting the path predicted by these equations using real life

situations. Consider a shallow entry VP process (e.g. as

most commonly associated with IV injection on the dor-

sum of the hand or other sites where the veins tend to be

more flat and lying close to the surface). Initial injection

entry and final resting angles of the needleswould be shal-

low e.g. typically about θ = 10◦ and θ = 3◦ respectively.

We assume the venous access needle is L = 18 mm and

the user would typically make a sharp initial insertion of

around l0 = 3 mm, which would typically take a fraction
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Figure 3: A typical velocity profile of the needle during the

venepuncture motion, where v0 is the initial insertion speed.

Figure 4: A first approximation to the velocity profile of Fig. 3 for

modelling purposes. The proposed framework permits other ap-

proximations to be included in the future.

of a second, e.g. t0 = 0.3 sec, or equivalently an initial in-

sertion speed of 10mm/sec. The practitioner thenproceeds

to Steps 3 and 4 of the VP process, allowing an element of

flexibility in the rate and depth of needle movement. As-

suming the injection is successful and the vein structure

allows it, the user would insert a significantly longer sec-

tion of the needle to the vein to increase stability.

Depending on practitioner style and habit, this would

mean that l1 could typically take a value of around l1 =

10 mm. Although inexact, tf would likely be several times

larger than t0, with expected values of tf of 1 to 2 sec. By

varying the value of tf in the above model, the approxi-

mate time can be determined, corresponding to the cur-

rent model, when the needle has reached its final resting

position of θ = θf , and l2 = L − l0 − l1.

Figure 5A: The position of the needle (tracking the TN-point, equiv-

alent to point 12 in Fig. 1) during the VP action for an initial shallow

injection angle situation, where θ0 = 10◦ and length of the needle is

18 mm.

Figure 5B: The gradient of the needle during the VP action for the

motion corresponding to Fig. 5A.

Figure 5A and 5B show respectively plots of (x,y)

and its corresponding instantaneous gradient y/x (equiv-

alently, the slope of the needle) of the point 12 (see Fig-

ure 1). Similarly, Figure 6A and 6B shows the same plots

but changing the values of θ0 only, to θ0 = 30◦ which

corresponds to another commonVP scenario, whereby the

initial IV injection angle is much steeper and is most rele-

vant for deeper lying or larger veins typically found, for in-

stance, at the crook of the arm (i.e. the antecubital fossa).

3.1 Guiding of VP Process

The above analysis and examples show that for a particu-

lar VP situation, the desirable VP path of the needle can

be usefully anticipated and therefore potentially control-

lable. One method of controlling the needle to follow the

desirable VP path is to handle or assist the guiding of a

component or part of the transfusion set which is rigidly
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Figure 6A: The position of the needle (tracking the TN-point, equiv-

alent to point 12 in Fig. 1) during the VP action for an initial injection

angle situation, where θ0 = 30◦ and length of the needle is 18 mm.

Figure 6B: The gradient of the needle during the VP action for motion

corresponding to Fig. 6A.

connected with the needle, such that the TN-point follows

the desired path. We shall introduce below a particular

example of a modified venous access transfusion set us-

ing this approach, in order to generalise and introduce

the geometry of the analysis, with application potentials.

The component can be a thin rod structure or specially

adapted shaped structure extending out of the body hub

of the transfusion set. This component could acts as a glid-

ingmechanism, or as aholding system for handlingneedle

motion control, which may be located away from the body

hub of the transfusion set.

Figure 7A shows a new type of winged venous access

needle transfusion set (see Kam [5]), the glider assisted ve-

nous access needle set (GAv needle). The name and pur-

pose of the glider (20) will become clear in the next sec-

tion where we describe its function in a proposed IV in-

jection aid. For illustration clarity, it is shown with the

needle pointing upward and tilting slightly away from the

plane of the paper. There are two new parts compared to

Figure 7A: A new type of peripheral venous access needle in-

corporating a guider component 20 for needle motion control.

Figure 7B: A side profile of the venous access needle of Fig 7A,

where the position of the guider is labelled the G-point.

an ordinary transfusion set, namely a large flat extended

tail-wing-like part called the ‘handling wing’ (19), which

is rigidly connected to the original body hub (13) of the

transfusion set, and a pair of thin extended bars forming

the glider, which is rigidly and symmetrically connected to

each side of the handling wing.

Figure 7B shows the GAv needle set in the same side-

on view in the same sense as Figure 1, where the dotted

point 21 is the geometric central point of the tip of the

glider and is called the glider point or G-point. An impor-

tant feature of the current analysis is the control of the

glider, or e�ectively the control of the G-point path to re-

alise an e�ective VP aid. In the light of the above analysis

on the motion of the TN point, it is an aim to emulate the

same desirable TN point path, via the equivalent path dy-

namic of another point (i.e. the G-point) away from the TN

point where it can be controlled or handled.

3.2 Dynamics of the transfusion set

For generality, let the length of the line joining the TN

point and the G-point be indicated by lg and the angle this

line makes with respect to the body hub of the new glid-

ing transfusion set be indicated by β, as illustrated in Fig-

ure 7B. By denoting the location of the G-point 21 by (X,Y),

it can be readily shown that for TN point with coordinates

(x,y), that

X(t) = x(t) + lg cos
(

θ(t) + β
)

(7a)
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Y(t) = y(t) + lg sin
(

θ(t) + β
)

(7b)

Note that for β = 0, the gradient of the line joining

the injection site (point 10 in Fig. 1), and the G-point is the

sameas the gradient of the needle i.e. Y(t)/X(t) = y(t)/x(t).

Figure 8A: Showing the trajectories of the transfusion set for the TN-

point (curve A), the paths of the G-points with lg = 10mm, β = 40◦

(curve B) and lg = 10mm, β = 0◦ (curve C). All other parameters same

as for Figure 6A.

Figure 8B: Showing the trajectories of the transfusion set for the TN-

point (curve A), the paths of the G-points with lg = 10mm, β = 40◦

(curve B) and lg = 10mm, β = 0◦ (curve C). All other parameters same

as for Figure 5A.

Using the same set of parameters as Figure 6A (i.e.

θ0 = 30◦), Figure 8A shows the paths of the TN point

(curve A) and the two possible paths of the G-points (X,Y)

with lg = 10mm, β = 40◦ (curve B) and lg = 10mm, β = 0◦

(curve C). This figure shows that the positioning of the G-

point (and so the glider) allows a flexible or optimal design

solution for any VP aid that may rely on the principle of

controlling the path and gradient of the needle via a me-

chanical control and constraints placed on the movement

of the glider. The G-point location for the curve B case ap-

proximates the common related position where a VP prac-

titionerwould be controlling the needle by the foldedwing

of a conventional butterfly� wing transfusion set. Thus

curve B illustrates best the path taken by the holding fin-

gers of the VP practitioner when administering this partic-

ular VP action.

For comparison, Figure 8B shows the paths of the TN

point (curveA) and the twopossible paths of theG-point 21

(X,Y) with lg = 10 mm, β = 40◦ (curve B) and lg = 10 mm,

β = 0◦ (curve C), the di�erence from Figure 8A being that

the other parameters are the same as those for Figure 5A

(i.e. θ0 = 10◦).

4 A peripheral IV injection aid

4.1 The device

Being able to calculate a VP trajectory for a particular ini-

tial condition means we could potentially design a device

to emulate or facilitate such action. In this sectionwe show

a peripheral IV injection aid which was inspired by the

abovework. This device comprises two parts: 1) amodified

butterfly� type needle, similar to the GAv needle set as

mentioned above, and 2) a specially designed guide, here-

after referred as the S-guider, which works with the GAv

needle to assist in the VP action.

Figures 9 & 10 show respectively a functioning proto-

type of a S-guider and its corresponding GAv needle, with

needle length L=18mm. The glider components in this GAv

needle is e�ectively allocated at the TN point i.e. the G-

   

Figure 9 & 10: The S-guider & The GAv needle set.
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Figure 11: CAD illustrations of the peripheral intravenous injection

aid.

point is specified at lg = 0, and β = 0. This GAv needle

set has an elongated handling wing to enable the VP prac-

titioner to handle it a bit further away from theG-point, be-

cause the VP procedure is performed in conjunction with

the S-guider which have protruding features which would

otherwise interfere with the practitioner’s fingers.

Assuming a peripheral injection site is identified, the

S- guider is placed over it, with the injection site approx-

imately in the geometric centre of the quasi semi circu-

lar open area. The whole S-guide can then be securely an-

chored to the patient via the extended wing like structure

being taped down.

Theguider arms shown in this prototype are fixedat 30

degrees relative to the base frame. Hence its underside has

a profile consisting of a straight edge and a curved edge,

similar to that shown in Fig. 6A, which when connected to

glider of GAv needle will assist in guiding the needle into

the vein. The straight edge provides the initially sharp in-

sertion of the needle into the vein, and the curve edge ini-

tiates and forces a gentle levelling of the needle into it (i.e.

step 3 of Figure 1).

4.2 Experiments

The S-guider discussedwasmade using the SLA rapid pro-

totype technique.. Although relatively fragile compared to

a properly made device using a more flexible material, we

were able to test the functionality of the device, by prac-

ticing VP actions on a VP training pad made of latex free

DermalikeTM skin with artificial veins. This crude proto-

type performed remarkably well, providing a consistent

performance of enabling the needle to repeatedly slide

into a peripheral vein without over puncture. Note that we

subsequently carried out most of the further testing on a

mandarin fruit, which provides a surprisingly realistic feel

compared to the over tough skins found on the VP training

kit. Before the device wasmade, we were concerned about

the feel of using it and applicability in varying realistic

VP conditions, and in particular confirmed the following

three points: a) the sliding of the glider against the guider

arms during the VP process did not present a noticeable

or objectionable contact resistance; b) the need to hold an

elongatedhandlingwingdidnot present any extra difficul-

ties, c) although the profile and angles of the guider arms

were based on a 30 deg initial injection setting, we found

the same device could be applied quite flexibly over much

wider initial injection angle situations. For example, when

one wishes to initiate a deeper initial needle entry, the de-

vice can accommodate this since, in most injection sites,

the skin onwhich the base of the S-guider is attached have

some flexibility of movement. Conversely, a VP situation

which requires a less steep initial entry could still make

use of the device; the straight part of the guider arms are

simply not used, whilst the curved part of the guider arms

could still help to prevent over puncture action. In conclu-

sion, the device has demonstrated the principle that VP

action can be e�ectively guided, with the potential to en-

hance or assist in some peripheral intravenous injection

situations. The work needs to be validated further with

clinically approved models, and with clinical trials con-

ducted on animal or human subjects. Figure 11 shows CAD

drawings of the prototype in clearer detail.

4.3 Data Collection

Wemade additional experimental observations by record-

ing a series of videos of the VP process carried out by

an experienced VP practitioner. A VP training pad was

used made of latex free DermalikeTM skin with artificial

veins. Custom software was written allowing for a frame-

by-frame analysis of the videos (Figure 12), in which mul-

tiple points on the needle shaft 11 were tracked. Data was

averaged and normalised across multiple videos leading

to a final data point set. From these points, a needle vector

was created, and injection angle (Figure 13) and velocity

profiles (Figure 14) were generated from this vector data

and related to the model.
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Figure 12: Needle vector tracking software for tracking the motion

of the needle during VP. The points circled (red) were used for the

velocity and angle profiles shown in Figures 13 and 14.

Figure 13: Variance in needle vector angle during VP process from a

video recording of a typical peripheral venepuncture application.

Figure 14: Needle vector velocity during VP process derived from a

video recording of a typical venepuncture application.

5 Conclusions

An instructive mathematical model for analysing and con-

trolling the VP action and its needle trajectories has been

formulated for the direct method. The analysis involves

two distinct sets of parameters. The first set of parameters

are those specific to the nature of the VP process associ-

ated with human interaction and decision, corresponding

to the initial angle of injection θ0, the length of the ini-

tial linear entry of the needle shaft l0, subsequent further

length of the needle shaft l1, which enters into the vein

via a curvilinear motion, the velocity profile of the VP ac-

tion (i.e. as specified by V12 and V34 of Figure 3) and the

desired final resting angle of the needle shaft θf . The sec-

ond set are those parameters specific to the design of the

VP transfusion set, corresponding to the length of the nee-

dle shaft L, and the position of the control pivot point, i.e.

the glider point, or G-point, as specified by lg, and β. The

analysis can also beused to definehow the orientation and

movement of the venous access needle is best controlled

via appropriate handling and constraints applied to the

rigid body part of a proposed transfusion set (i.e. control

of the G-point path to achieve the desirable calculated VP

path). The analysis sets out design equationswhich can be

used with relevant parameters to achieve accurate predic-

tions of the G-point path, and thus also enable optimal de-

sign and control of any needle, via control on the G-point

movement. These equations describe non-linear dynami-

cal paths of the needle as may occur in a clinical applica-

tion, that may assist in the automation of the VP process

e.g. by robotic control or some guiding mechanism. For il-

lustration, we have created and demonstrated a medical

device designed using our model, the S-guider and GAv

needle set combination, with potential to assist in periph-

eral intravenous injection.

The model is based on a simple geometric approach,

combinedwith dynamical consideration of needle velocity

profiles, and does not take account of needle force dynam-

ics nor interactions with any material properties of the in-

jection site. The analysis of real time VP videos indicates

a number of similarities, but also di�erences, between the

model assumptions and averaged injection profiles on a

training pad. Figure 13 shows the injection time-angle pro-

file, derived from a typical injection video, starting with

an increasing needle angle prior to the needle meeting the

injection point, and followed by a decrease in angle dur-

ing entry into the “vein”, as indeedmodelled in our analy-

sis. In Figure 14, initial needle velocity profiles decline in a

similar manner to that modelled (see Figures 3 and 4) but,

unlike the model, profiles become negative prior to the
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completion of the VP process. Observation of the videos

shows that this is the result of a push-back on the nee-

dle from the training pad (made of a resilient rubber-like

material) as the practitioner releases their hold slightly

when injecting the notional substance. Additional work is

required to determine whether a negative velocity profile

also takes place in injections conducted in vivo. However,

as this push back occurs at the conclusion of the injection

process, its presence if confirmed would not compromise

the validity or application of the reported approach.

Our model is based on a simplified direct method of

application and is not intended to capture all aspects and

techniques associated with the full range and variety of

VP procedures.We anticipate that our results could be par-

ticularly useful in providing a framework for future mod-

elling and development of an automated venepuncture

machine, particularly if combined with the approach and

experimental techniques involving force parameters and

insertion force feedback, as studied for example by De

Boer et al. [1] and Okamura et al. [9].

In summary, the present work demonstrates amethod

whereby theVP action can be readilymodelled, enabling a

better understanding and visualisation of the dynamic of

the VP action, with potential as a teaching aid and appli-

cations in assistive medical technology.
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