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ABSTRACT

A syringe pump commands a plunger velocity, not a delivered flow. Before fluid reaches the
patient the plunger seal must break free and the mechanical compliance of syringe and tubing
must be pressurised. At the rates used for neonatal and critical-care vasoactive infusions these
fixed volumes take a clinically significant time to displace. We built a lumped mechanical
model with syringe and tubing compliance, catheter resistance and a plunger breakaway
pressure, using representative values for four syringe sizes and four vascular access devices. We
computed the time to reach 95 per cent of commanded flow across rates from 0.1 to 10 mL/h,
the cumulative dose deficit over the first hour, and the volume displaced by a vertical
movement of the pump. With a 50 mL syringe on a 28 G neonatal long line, start-up delay was
49.3 minutes at 0.1 mL/h, 11.6 minutes at 0.5 mL/h and 2.7 minutes at 10 mL/h. Plunger stiction
contributed 95 per cent of the delay at the lowest rate against 17 per cent at the highest. Syringe
size was the dominant controllable factor: at 0.5 mL/h a 5 mL syringe reached target in 2.0
minutes against 11.6 for a 50 mL. Catheter choice was not: a 30-fold range of resistance
changed start-up by 2.1 minutes. Cumulative deficit at one hour was 79.5 per cent of the
intended dose at 0.1 mL/h. Raising the pump 40 cm displaced 49 microlitres, equivalent to 29
minutes of infusion at 0.1 mL/h. Start-up lag at low rates is dominated by the syringe rather than
the vascular access device. Selecting the smallest practicable syringe and fixing pump height
address the two largest effects.

Keywords: biomedical engineering devices; syringe pump; infusion accuracy; medical device
performance; neonatal intensive care; applied technology.

1. INTRODUCTION

Continuous infusion of vasoactive drugs, insulin and sedatives in neonatal and critical
care is delivered by syringe pumps at rates that are frequently below 1 mL/h and sometimes
below 0.2 mL/h [1,2,26,27]. At those rates the pump is operating near the bottom of its specified
range, and the assumption that a commanded rate corresponds to a delivered rate becomes
difficult to sustain.

The reason is mechanical rather than electronic. A syringe pump controls the linear
velocity of a plunger with high precision. What reaches the patient is the fluid displaced past the
syringe outlet, and between those two quantities sit the static friction of the plunger seal in the
barrel and the elastic compliance of the barrel, the seal and the extension tubing [3-5].

Both effects absorb a fixed volume of fluid. The plunger does not move until the driving
force exceeds its breakaway friction, and flow does not reach the commanded value until the
compliant elements have been pressurised to the value required to drive that flow through the
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catheter. At 10 mL/h those volumes are displaced within seconds. At 0.1 mL/h the same
volumes take the better part of an hour.

The same compliance produces a second effect during steady operation. Any change in
the pressure at the syringe outlet, including one caused by simply raising or lowering the pump
relative to the patient, discharges or recharges the compliant volume and delivers an unintended
bolus or an unintended interruption [6,7].

These phenomena are documented in the clinical engineering literature [18,19,25] and
are reflected in standards for infusion device performance [8,9], but they are not usually
expressed in a form that lets a clinician or a device selection committee compare the available
choices. We quantify them and identify which choices matter.

1.1 Contributions

We give a lumped mechanical model with an explicit stiction term; start-up delay across
flow rates, syringe sizes and access devices; the cumulative dose deficit over the first hour of an
infusion; the volume displaced by vertical pump movement and the time to recover from it; and
a practical selection guide identifying which factors are worth controlling.

2. MODEL

2.1 Mechanical Elements

The delivery path is modelled as a compliant volume in series with a resistive catheter
[14,18]. Compliance C combines the syringe barrel and plunger seal with the extension set, and
resistance R relates driving pressure to steady flow:

Psteady: QR (]-)
Reaching that pressure requires displacing a volume into the compliant elements:

14 =C Psteady = CQR (2)

charge
Delivered flow approaches the commanded value with first-order dynamics of time
constant

T=R-C 3)

which is notable for being independent of flow rate: the charging volume grows in
proportion to rate, so the time to displace it does not change. That term alone would make start-
up delay rate-independent, which is not what is observed.

The rate dependence comes from the second element. The plunger does not begin to
move until the pressure behind it exceeds a breakaway value Pg;q, and reaching that pressure
requires displacing

Vstick =C Pstick (4)
which is a fixed volume independent of rate. The time to displace it is Vi« / Q, and that

is inversely proportional to rate. Total start-up delay to a fraction of commanded flow is
therefore
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What stands between the commanded plunger velocity and delivered flow

MOTOR STICTION COMPLIANCE PATIENT

commands plunger plunger seal must break barrel, seal and tubing

velocity exactly free before it moves must be pressurised delverediion

THE CONSEQUENCE AT LOW RATE

Both effects displace a fixed volume. At 10 mL/h that volume is delivered in seconds;
at 0.1 mL/h it takes the better part of an hour.

Fig.1: The mechanical elements between commanded plunger velocity and delivered flow.

2.2 Parameter Values

Compliance and breakaway pressure were assigned by syringe size, both rising with
barrel diameter: a larger barrel has more elastic wall and a larger seal circumference, and
requires a higher pressure to overcome seal friction. Extension tubing contributes a further 0.32
mL per bar-equivalent. Catheter resistances span a 30-fold range from a wide-bore peripheral
cannula to a fine neonatal long line.

Values are given in Tables 1 and 2. They are representative of commonly used
disposables and are chosen to reproduce the magnitude of delays reported in the device
literature; they are not measurements of a specific product, and a service evaluating its own
consumables should substitute measured values into the accompanying script, implemented in
Python using NumPy, SciPy and Matplotlib [28-30].

Table 1: Model parameters.

SynEe Total compliance Breakaway pressure Charge volume at 0.5 .mL/h on
(mL/mmHg) (mmHg) a 28 G neonatal long line (mL)
5 mL 5.80e-4 18 0.0021
10 mL 7.30e-4 24 0.0027
20 mL 1.00e-3 33 0.0037
50 mL 1.67e-3 47 0.0062
Table 2: Vascular access device resistance.
Device Resistance (mmHg per mL/h) Eleady pre(:lsl:;rﬁ;)t (i
24 G peripheral cannula 0.90 0.45
28 G neonatal long line 7.40 3.70
2 Fr umbilical catheter 3.10 1.55
20 G peripheral cannula 0.25 0.13
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3. RESULTS

3.1 Start-Up Delay across Flow Rates

Table 3 and Figure 2 give the time to reach 95 per cent of commanded flow with a 50 mL
syringe on a 28 G neonatal long line. It was 49.3 minutes at 0.1 mL/h, 11.6 minutes at 0.5 mL/h,
6.9 minutes at 1 mL/h and 2.7 minutes at 10 mL/h.

The decomposition explains the shape. The compliance-charging term was 2.22
minutes at every rate, as Equation 3 requires. The stiction term fell from 47.1 minutes at 0.1
mL/h to 0.5 minutes at 10 mL/h, and accounted for 95 per cent of the total at the lowest rate
against 17 per cent at the highest.

This matters for how the problem is approached. If the delay were dominated by
compliance charging it would be reduced by lowering the resistance of the line. Because it is
dominated by stiction at the rates of clinical concern, it is reduced by choosing a syringe with a
lower breakaway force and a smaller compliance, and not by changing the line at all.

Start-up delay, 50 mL syringe on a 28 G neonatal long line
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Fig.2: Start-up delay by flow rate, decomposed into stiction and compliance charging.

Table 3: Start-up delay by commanded flow rate.

Rate (mL/h) Char(gI:el I\:())lume Ste&;(lig n[l):;:gs)sure StiCt(i::iln(;elay (Cizgﬁl(i;,?;; Total (min)
0.1 0.0012 0.7 47.1 2.22 49.3
0.3 0.0037 2.2 15.7 2.22 17.9
0.5 0.0062 3.7 9.4 2.22 11.6
1.0 0.0124 7.4 4.7 2.22 6.9
2.0 0.0247 14.8 2.4 2.22 4.6
5.0 0.0618 37.0 0.9 2.22 3.2
10.0 0.1236 74.0 0.5 2.22 2.7

50 mL syringe on a 28 G neonatal long line.

3.2 Syringe Size Is the Controllable Factor
Table 4 and Figure 3 vary syringe size at 0.5 mL/h. Start-up delay was 2.0 minutes with
a 5 mL syringe, 3.1 with a 10 mL, 5.3 with a 20 mL and 11.6 with a 50 mL — a 5.8-fold range.

36



Journal of Engineering and Multidisciplinary Applied Sciences
VOL 01, ISSUE 01, SEPTEMBER 2026

Both mechanisms scale with barrel size and reinforce each other. Compliance rises with
the elastic area of the barrel wall and the seal, and breakaway force rises with seal
circumference, so the charge volume and the stiction volume both grow with the syringe.

The clinical tension is that a larger syringe needs changing less often, and syringe
changeover is itself a well-recognised source of infusion interruption and haemodynamic
disturbance. Our results do not resolve that trade, but they price one side of it: choosing a 50 mL
syringe over a 5 mL to avoid changeovers costs 9.6 additional minutes of delayed onset at every
start and every rate change.

Syringe size at 0.5 mL/h: the largest lever available

12 II.6mim

Start-up delay (min)

5mL 10 mL 20 mL 50 mL
Syringe size

Fig.3: Start-up delay by syringe size at 0.5 mL/h.

Table 4: Effect of syringe size at 0.5 mL/h.

Syringe ((I:I:) Ef:ll::::l; Char(gl:l;_/‘())lume Stiction delay (min) | Total delay (min)
5 mL 5.80e-4 0.0021 1.3 2.0

10 mL 7.30e-4 0.0027 2.1 3.1

20 mL 1.00e-3 0.0037 4.0 5.3

50 mL 1.67e-3 0.0062 9.4 11.6

3.3 The Access Device Is Not the Problem

Table 5 and Figure 4 vary the vascular access device across a 30-fold range of
resistance, from 0.25 to 7.40 mmHg per mL/h.

Start-up delay moved only from 9.5 to 11.6 minutes, a spread of 2.1 minutes, because
resistance enters only through the compliance-charging term which contributes a small and
rate-independent part of the total.

We report this as a negative result because the opposite belief is common. A slow-
starting infusion on a fine neonatal long line invites the inference that the line is restricting flow,
and changing to a wider device is a natural response. On this model it would achieve almost
nothing, while the syringe sitting in the pump accounts for most of the delay and is easier to
change.
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The line is not the problem:

(a) Catheters differ 30-fold in resistance
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catheter choice at 0.5 mL/h

(b) Start-up delay barely moves
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Catheter resistance against its effect on start-up delay.

Access device resistance does matter for other things — occlusion alarm thresholds, the
pressure reached during a flush, and the volume of the post-occlusion bolus — but not for start-

up lag at these rates.

Table 5: Effect of vascular access device at 0.5 mL/h.

Device Reﬁ::;“;&f/l;:;n Hg Charge volume (mL) | Start-up delay (min)
24 G peripheral cannula 0.90 0.0008 9.7
28 G neonatal long line 7.40 0.0062 11.6
2 Fr umbilical catheter 3.10 0.0026 10.3
20 G peripheral cannula 0.25 0.0002 9.5

3.4 The First Hour of an Infusion
Figure 5 gives delivered flow and cumulative deficit over the first 90 minutes. At 0.1
mL/h the cumulative deficit at one hour was 0.0795 mL, or 79.5 per cent of the intended dose,
equivalent to 48 minutes of infusion never delivered.
At 0.5 mL/h the deficit was 16.7 per cent and at 2.0 mL/h it was 4.9 per cent.
Table 6 places the delay against the elimination half-lives of drugs given by this route.
At 0.5 mL/h the 12-minute delay with a 50 mL syringe corresponds to 5.8 half-lives of a short-
acting catecholamine and 1.9 half-lives of intravenous insulin, but only 0.1 of a half-life of

morphine.

The first hour of an infusion, 50 mL syringe on a 28 G neonatal long line

(a) Delivered flow

(b) Cumulative deficit
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Fig.5: Delivered flow and cumulative dose deficit over the first 90 minutes.
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The relevance of the delay therefore depends entirely on the agent [12,17]. For a drug
whose effect is established over hours, an eleven-minute lag is immaterial. For a catecholamine
titrated against blood pressure minute by minute, it means the first several titration steps are
made against a delivery system that has not yet reached the previous setting, which is a recipe
for over-titration followed by an overshoot when the line finally charges [24].

Table 6: Start-up delay in relation to drug half-life.

Elimination half-life Delay in half-lives at 0.5 | Clinical relevance of the
Agent .
(min) mL/h lag
Adrenaline 2.0 5.8 High
Dopamine 2.0 5.8 High
Morphine 120.0 0.1 Low
Insulin 6.0 1.9 Moderate
Vecuronium 60.0 0.2 Low

3.5 Moving the Pump

Table 7 and Figure 6 quantify the effect of vertical movement. Raising a 50 mL syringe
pump 40 cm relative to the patient adds 29.4 mmHg of hydrostatic pressure at the syringe outlet,
displacing 49 microlitres into the patient as an unintended bolus.

At 0.1 mL/h that volume represents 29 minutes of infusion delivered at once. Lowering
the pump by the same distance withdraws the same volume into the compliant elements, so the
patient receives nothing for 29 minutes while it recharges.

Moving the pump displaces a bolus or a deficit, 50 mL syringe

13 Lid

30 1 o, commanded rate (]
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Time to restore intended delivery (min)
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Vertical movement of the pump relative to the patient (cm)

Fig.6: Time to restore intended delivery after a vertical movement of the pump.

At 2.0 mL/h the same movement corresponds to 1.5 minutes, which is unlikely to be
noticed. The disturbance is a fixed volume, so its clinical significance scales inversely with rate
exactly as the start-up delay does.

This is a routine event. Pumps are raised and lowered when a cot is adjusted, when a
patient is transferred between trolley and bed, and when a pole is repositioned, and the
movement is not usually regarded as an intervention on the infusion. On these figures, at the
lowest rates it is one.
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Table 7: Volume displaced by vertical movement of a 50 mL syringe pump.

Height change | Pressure change Volume Minutes at 0.1 | Minutes at 0.5 | Minutes at 2
(cm) (mmHg) displaced (pL) mL/h mL/h mL/h
-40 -29.4 -49.2 29.5 5.9 1.5
-20 -14.7 -24.6 14.7 2.9 0.7
-10 -7.4 -12.3 7.4 1.5 0.4
10 74 12.3 74 1.5 0.4
20 14.7 24.6 14.7 29 0.7
40 29.4 49.2 29.5 5.9 1.5

4. DISCUSSION

4.1 Principal Findings

Four findings follow. Start-up delay at 0.1 mL/h was 49 minutes with a 50 mL syringe,
of which 95 per cent was plunger stiction rather than compliance charging. Syringe size
changed that delay 5.8-fold at 0.5 mL/h while a 30-fold change in catheter resistance changed it
by 2.1 minutes. Cumulative dose deficit at one hour reached 80 per cent of intended at the
lowest rate. And a 40 cm vertical movement displaced 49 microlitres, 29 minutes of infusion at
that rate.

The organising point is that all four effects are fixed volumes divided by flow rate.
Nothing about the pump degrades at low rates; the same millilitre-scale volumes simply take
proportionally longer to move, and below about 1 mL/h that duration becomes comparable to
the timescale on which the drugs are titrated.

4.2 Relation to Existing Work

Start-up delay and flow irregularity in syringe pumps at low rates are documented in the
biomedical engineering and anaesthesia literature, with bench studies reporting delays of tens
of minutes at rates below 1 mL/h and quantifying the bolus produced by height changes and by
syringe exchange [3-7,10,11]. Related in vitro and modelling studies have examined the effects
of carrier flow, dead volume and manifold design in multi-infusion systems [13-16,20-22], and
flow-controlled pump designs have been proposed to address low-rate performance directly
[23]. Standards for infusion pump performance specify test conditions and trumpet-curve
reporting that capture short-term flow variability [8,9].

Our contribution is the decomposition. By separating the stiction term from the
compliance term we can identify which component dominates at which rate and therefore
which design or selection decision acts on it. The finding that access device choice has almost
no effect follows directly from that decomposition and is, we think, worth stating explicitly
because the intuition runs the other way.

4.3 Practical Guidance

Figure 7 summarises the guidance. Two points deserve comment.

Select the smallest syringe the infusion duration permits. This acts on both mechanisms
simultaneously and is the only choice in the list that produces a several-fold change. Where a
larger syringe is chosen to reduce changeover frequency, the decision should be made knowing
that it costs additional minutes of delayed onset at every start and every rate change, not only at
the first connection.

Fix the height of the pump relative to the patient and treat any change as an intervention.
A vertical movement is a bolus or an interruption whose size the staff member making it cannot
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see. Where pumps must be moved, doing so at the moment of a planned reassessment rather
than during a period of haemodynamic instability costs nothing and removes an unexplained
disturbance from the record.

CHOOSE THE SMALLEST SYRINGE THE INFUSION ALLOWS

- At 0.5 mL/h a 5 mL syringe reached target in 2.0 min against 11.6 min for a 50 mL

- Compliance and breakaway force both scale with barrel size

| r

THE DELAY IS IN THE SYRINGE, NOT THE LINE

- A 30-fold change in catheter resistance moved start-up by 2.1 min

- Changing to a wider cannula does not fix a slow-starting infusion

TREAT ANY RATE BELOW 1 mL/h AS A DELAYED-ONSET ROUTE

| r

- At 0.1 mL/h the delay was 49 min, which is 6+ half-lives of a short-acting vasoactive

- Purge the line and pre-pressurise before connecting, or start at a higher rate

KEEP THE PUMP AT A FIXED HEIGHT

| \

- A 40 cm move displaced 49 pL, 29 min of infusion at 0.1 mL/h

- Raise or lower the pump and the patient receives a bolus or nothing at all

Fig.7: Practical guidance for low-rate syringe pump infusion.

5. LIMITATIONS

This is an analytical lumped model with parameter values chosen to be representative
rather than measured. Compliance and breakaway pressure vary between manufacturers,
between production lots and with the age of the disposable, and both are affected by storage
temperature and by how long the syringe has been loaded. The magnitudes reported should be
read as indicative and the orderings as robust.

Stiction is modelled as a single breakaway pressure followed by free movement. Real
plunger seals exhibit stick-slip behaviour, in which the plunger advances in small jumps,
producing oscillatory flow rather than the smooth first-order approach we model. That
behaviour would add short-term variability around the trajectory shown without changing the
time to reach target.

We model a single syringe on a dedicated line. Multi-infusion setups sharing a common
access device interact strongly: a rate change or flush in one line alters the pressure seen by the
others and displaces their compliance, which is a larger source of unintended bolus than
anything modelled here and is a natural extension [15,20,21].

Catheter resistance is treated as constant. In practice it varies with viscosity,
temperature, partial occlusion by fibrin and the position of the limb, and a partially occluded
line raises resistance enough to make the compliance term matter more than our results suggest.

Finally, we quantify delivery and not effect. Translating a dose deficit into a
haemodynamic consequence requires pharmacokinetic and pharmacodynamic modelling of the
specific agent and patient, and the half-life comparison in Section 3.4 is an ordering device
rather than such a model.

6. CONCLUSION

At the flow rates used for neonatal and critical-care infusion, a syringe pump reaches its
commanded delivery slowly. With a 50 mL syringe on a 28 G neonatal long line, the time to 95
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per cent of commanded flow was 49 minutes at 0.1 mL/h and 11.6 minutes at 0.5 mL/h, and the
cumulative deficit over the first hour reached 80 per cent of the intended dose at the lowest rate.

Plunger stiction rather than compliance charging accounted for 95 per cent of that delay,
which locates the problem in the syringe. Changing from a 50 mL to a 5 mL syringe reduced the
delay 5.8-fold, while a 30-fold change in vascular access device resistance changed it by 2.1
minutes.

The same compliance makes the infusion sensitive to pressure changes during steady
operation: a 40 cm vertical movement of the pump displaced 49 microlitres, 29 minutes of
infusion at 0.1 mL/h. Selecting the smallest practicable syringe and keeping the pump at a fixed
height address the two largest effects, and neither requires a different pump.
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