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Abstract 24	

Purpose. The force that has to be exerted on the plunger for administering a given 25	

amount of fluid in a given time, has an important influence on comfort for the subject 26	

and usability for the administrator in intradermal drug delivery. The purpose of this 27	

study is to model those forces that are subject-independent, by linking needle and 28	

syringe geometry to the force required for ejecting a given fluid at a given ejection 29	

rate.  30	

Material and methods. We extend the well-known Hagen-Poiseuille formula to 31	

predict pressure drop induced by a fluid passing through a cylindrical body. The 32	

model investigates the relation between the pressure drop in needles and the theoretic 33	

Hagen-Poiseuille prediction and is validated in fifteen needles from 26G up to 33G 34	

suited for intradermal drug delivery. We also provide a method to assess forces 35	

exerted by operators in real world conditions. 36	

Results. The model is highly linear in each individual needle with R-square values 37	

ranging from 75% up to 99.9%. Ten out of fifteen needles exhibit R-square values 38	

above 99%. A proof-of-concept for force assessment is provided by logging forces in 39	

operators in real life conditions.  40	

Conclusions. The force assessment method and the model can be used to pinpoint 41	

needle geometry for intradermal injection devices, tuning comfort for subjects and 42	

usability for operators.  43	

 44	

Keywords: needle geometry; human factors; flow rate model; injection force; 45	

injection devices 46	

Abbreviations: intramuscularly (IM), intradermal (ID), subcutaneously (SC) 47	
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Introduction 63	

The skin represents the largest organ of the human body (1). It consists of three 64	

layers: the epidermis, preventing chemicals and micro-organisms entering the body, 65	

the dermis playing a role in immunological surveillance, and the hypodermis or sub-66	

cutis that consists mainly of subcutaneous fat providing insulation, restoring trauma 67	

and providing energy reserve (2-4). The skin is considered of particular interest for 68	

drug delivery due to its unique immunogenic properties and enhanced 69	

pharmacokinetics. To date vaccines are mainly administered intramuscularly (IM) 70	

with syringe and needle. Literature reports non-inferior immunogenic responses upon 71	

intradermal (ID) delivery (5, 6). Comparison of ID and SC administration in type 1 72	

diabetes showed a significant reduction of pain and superior pharmacokinetics. A 73	

more than 40% reduction in onset and 24% reduction in offset time could support 74	

closed loop therapy based on ID insulin administration (11, 12).  75	

Traditionally, ID injections are mainly achieved via the Mantoux technique: a 76	

hypodermic needle is inserted almost parallel, at 5-10 degrees, into the subject’s skin 77	

to assure that the needle outlet is located in the dermal zone (13). This requires 78	

training (14) and it is hard to exclude false-negative injections without bleeding and 79	

bruising (15) and is considered to be painful by the patient.  80	

Micro-needle arrays are considered to be a promising technology for ID and trans-81	

dermal drug delivery (16) (17), but are inherently vulnerable to damage caused by 82	

insertion forces or forces for drug injection which might run up to 20N or more (18). 83	

This can result in a high failure rate in micro needle based drug administration (19).  84	

Single needle-syringe systems can reduce failure rate, enhance repeatability of 85	

intradermal drug delivery and omit regulatory challenges faced by micro needle 86	

arrays. Single needle-syringe systems can facilitate testing and approval as an add-on 87	
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to existing vaccination technology (20). Adaptors that standardize ID injections offer 101	

the advantage to administer various drugs intra-dermally with a single types of 102	

standard tuberculin syringe (21, 22). Solutions have been launched in the life-science 103	

market to perform ID injections perpendicular to the subject’s skin (23) (24) (16, 20), 104	

(25) (7). Perpendicular ID injections are promising new solutions since they allow 105	

targeting the dermis more precise and standardized, compared to the Mantoux 106	

technique, independent of the user’s training experience. Also, single needle-syringe 107	

perpendicular ID delivery systems may drastically reduce pain compared to IM 108	

injections and decrease anxiety due to the short needle length (26). However the 109	

design of medical products is a complex process that requires many iterations linking 110	

usability factors with design requirements (27). In particular, the optimization of 111	

single needle perpendicular ID injections requires optimization for usability for the 112	

operator and comfort for the subject. 113	

A major usability factor is the force exerted by the operator to perform the injection 114	

(28). Injection rate, duration, volume to be injected and drug viscosity are parameters 115	

that directly relate to that force and hence usability of injection devices (29, 30) (31). 116	

These parameters also relate to comfort and acceptance of ID devices in subjects. In 117	

fact, pain merely relies on infusion rate, rather than on the total injected volume. 118	

Virtually painless injected volumes are possible up to 1ml at injection rates of 119	

0.1ml/min (32). On the other hand, subjects do not want to hold an auto injector on 120	

place for more than 15 seconds (33). Long injection times might also lead to 121	

hazardous situations. Evaluation in patients using an epinephrine auto injector 122	

revealed that only 16% of observed injections where performed along the 123	

manufacturer’s instructions and 76% of failures are due to the patient’s inability to 124	

hold the device in place to receive the required amount of substance (34).  125	
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There is a current the need to support the design of ID injection devices that are 148	

placed perpendicular to the subject’s skin, for optimized efficacy, usability and safety.  149	

These desired outcomes depend on various parameters and constraints.  150	

Firstly, on one hand, the needle should be thin and sharp enough, not to induce pain or 151	

inaccuracies when perforating the subject’s skin. At the same time, a sharp bevel 152	

results in a big outlet, increasing the risk of leakage, either exterior or into the 153	

subcutis. Also, the thinner the needle, the more force is to be exerted by operators for 154	

administering at the same rate. Secondly, on the other hand, the needle diameter 155	

should be big enough, to reduce injection time and forces required for injection. At 156	

the same time, a bigger diameter results in a bigger outlet, with similar risk on 157	

leakage. Bigger diameters thus result in smaller bevels, enhancing risk for pain when 158	

the needle perforates and inserts the subject’s skin. Also, pain might increase with 159	

higher flow rate and higher viscosity. Thirdly, the length of the needle is bound to 160	

similar trade-offs. A fourth type of constraint is induced by new and promising 161	

applications in cell therapy. Therapeutic cells are preferably administered ID (35). As 162	

these drugs are highly viscous and their efficacy is generally highly sensitive to shear 163	

stresses, it is desirable to tune injection forces, ensuring functionality by controlling 164	

shear stress and optimizing usability by controlling injection forces.  165	

 166	

Probably, the four type of constraints will conflict in the design of new ID injection 167	

devices, and therefore be subject to trade-off.  168	

These potential conflicting specifications merely depend on geometrical and 169	

mechanical specifications of needle and syringe, rather than on the physical and 170	

physiological characteristics of subjects’ skin. Thus the question arises how to acquire 171	

forces require to inject a given substance at a given injection rate in function of needle 172	
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and syringe geometry. These data would allow tuning geometrical and physical 173	

needle-syringe parameters in single needle perpendicular ID injection devices, 174	

controlling injection rate, injection time and forces in function of intended 175	

application, usage and target group.  176	

We provide a model for the injection force of ID injection devices in function of 177	

syringe and needle geometry and drug viscosity. We also provide a method to assess 178	

actual forces in operators of site. Our model allows controlling injection rate and 179	

injection time. This can be used to optimize the usability in the design of new single 180	

needle ID injection devices. 181	

 182	

Materials and methods 183	

We provide a model for the hydrodynamic force from the fluid going through the 184	

syringe and needle. The model is constructed from hydrodynamic considerations and 185	

evaluated in 15 commercially available needles suited for intradermal injection, 186	

mounted in a commercially available 1ml syringe in a series of controlled 187	

experiments.  188	

The friction force can be measured in a power bench or syringe pump. We also 189	

present a method to assess the actual total force exerted by operators of site. This is 190	

achieved by coupling force resistive sensors to a micro controller platform. 191	

Consequently, subject-specific tissue back-pressure and needle insertion force can be 192	

assessed by subtracting the hydrodynamic and friction forces from the total force 193	

measured.  194	

1. Hydrodynamic model  195	

We construct a model that links needle geometry, flow rate 𝑄, dynamic viscosity 𝜇, 196	

specific mass of a liquid 𝜌 and injection force.  197	
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Both syringe and needle are modeled as cylindrical bodies. Let A be the area of a 215	

cross-section of a cylindrical body, 𝑃 the corresponding perimeter and 𝐷! =  ! !
!

 the 216	

hydraulic diameter of that cross-section. The velocity of a liquid flowing through that 217	

body in function of location is denoted 𝑣. The average velocity of the liquid through a 218	

cross-section is 𝑣 =  ! ∙!"
!

. Further 𝑣!"# denotes the maximal velocity in a cross-219	

section. The body we consider is vertically oriented in the gravity field with 𝑧 the 220	

vertical coordinate and 𝑔 the gravity constant. The Reynolds number (dimensionless) 221	

of the flow is 𝑅𝑒 =  !"!!
!

. Let 𝑑! be the internal diameter of the needle, 𝑙! the length 222	

of needle, 𝑣! be the velocity of the fluid in the needle in function of location and let 223	

𝑣! be the average velocity of the fluid in the needle. Concerning the syringe, let 𝑑!be 224	

the internal diameter of the syringe, which is taken to be equal to the diameter of the 225	

plunger in the syringe, and let 𝑣! be the average velocity of the plunger in the syringe. 226	

The considered fluid is incompressible. The following energy conservation between 2 227	

cross-sections of a flow channel per unit of time holds when there are no transversal 228	

pressure gradients in the cross-section: 229	

−𝛥𝑝 ∙ 𝑄 = 𝜌𝑔𝛥𝑧 ∙ 𝑄 +  𝛥
1
2𝜌𝑣

! 𝑣 ∙  𝑑𝐴 + ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠 (1) 

Mechanical components of this energy conservation law are already given in terms of 230	

syringe, needle and fluid characteristics. Heat losses have to be further elaborated. 231	

The term on the left side of (1) is the work exerted by the pressure on the liquid 232	

flowing in and out of the control volume. On the right hand side of (1), the first term 233	

is the increase in potential gravitational energy whereas the second term is the 234	

increase of kinetic energy of the liquid flowing through the control volume. The third 235	

term is the mechanical energy dissipated into heat. The kinetic energy correction 236	

factor 𝛼 (see e.g. (36)) is defined as  237	
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𝛼 =
!
!
𝜌𝑣!  ∙ 𝑣 𝑑𝐴
!
!
𝜌𝑣!𝑄

  

With the definition and after dividing by the flow rate Q, equation (1) turns into:  238	

−𝛥𝑝 = 𝜌𝑔𝛥𝑧 +  𝛥 (𝛼 ∙
1
2𝜌𝑣

!)+ ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠 (2) 

We further assume that the liquid in the syringe and needle is Newtonian with laminar 239	

flow and without wall slips or hampering. For water injections (μ = 1mPas) at 0.85 240	

14μl/s and a 0.26 mm needle, the Reynolds number is 70. ,At 100μl/s and in a 0.13 241	

mm needle the Reynolds number mounts to 1000. For more viscous liquids or drugs 242	

in this window of flow rates and needle diameters the Reynolds numbers will even be 243	

lower, which is well below 2000 which supports that our model is well in the laminar 244	

flow area. For such flow in a long cylindrical body, the velocity profile over a cross-245	

section is parabolic:  246	

𝑣 = 𝑣!"#  1− !
!

!
. For parabolic velocity profiles in a circular cross-section, we 247	

have 248	

 𝛼 = 2 and  𝑣 =  !
!

 𝑣!"#. 249	

Starting from equation (2) for the syringe/needle geometry, the pressure drop from the 250	

plunger to the exit section of the needle can be rewritten as 251	

−𝛥𝑝 = 𝜌𝑔𝛥𝑧 +  𝛥 (𝜌𝑣!)+ ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠(3) 252	

The gravimetric term is for 100mm height difference of the order of 1000Pa and is 253	

neglected. The kinetic term at the syringe plunger (𝑣! limited to 100mm/s) is less than 254	

100Pa and is neglected too. Thus equation (2) becomes 255	

𝛥𝑝 =  𝜌𝑣!
! + ℎ𝑒𝑎𝑡 𝑙𝑜𝑠𝑠𝑒𝑠 4 . 256	

The heat losses or viscous friction losses are composed of 1) the localized entrance 257	

losses at the transition from the syringe to the needle and 2) the distributed tube losses 258	
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in the needle:  259	

heat/friction losses = 𝛥𝑝!"#$%"&! !"## + 𝛥𝑝!"#$ !"## 5  260	

Tube losses are given by the Darcy Weisbach equation (37): 261	

𝛥𝑝!"#$ !"## =  𝑓 ∙ !
!!

∙  !
!
𝜌𝑣!

!  6 , 262	

with 𝑓 the Darcy friction factor (dimensionless). For laminar flow of a Newtonian 263	

liquid without wall slip it can be shown that 𝑓 = !"
!"

. Applying this to a needle with 264	

circular cross-section, equation (6) turns into the well-known Hagen –Poiseuille 265	

equation to model pressure required to eject fluid through a cylindrical needle (33, 266	

38): 267	

𝛥𝑝!"#$ !"## =   !"# !"
!!!!

𝑄 (7) 268	

The entrance losses in  5  are caused by a contracted flow in the entrance zone of the 269	

needle. Therefore, the flow requires temporarily a higher kinetic energy than the first 270	

term of (4), which is the kinetic energy downstream of this entrance zone. This excess 271	

kinetic energy is not completely recovered downstream of the entrance zone and this 272	

leads to a pressure drop, which is quadratic with the flowrate and is given by: 273	

𝛥𝑝!"#$%"&! !"##   =  𝑘!  ∙  !
!
𝜌𝑣!

! , 274	

with 𝑘! the entrance loss coefficient (dimensionless) of the liquid flowing from the 275	

syringe into the needle.  For circular cross-sections like a syringe needle geometry, 276	

these entrance losses are described analytically (39) and for Re > 10 they compare to 277	

empirical work (40). Calculated values for 𝑘! range from 0.3 for Re =2000 till 0.5 for 278	

Re = 100. Empirical numbers are 2 to 3 times larger (40). As the calculations do not 279	

take asymmetric or oscillating solutions into account, 𝑘!is expected to be between 0,5 280	

and 1,5. We set use  𝑘! = 1. For circular cross-sections and laminar flow where the 281	

kinetic correction factor 𝑎 equals to 2, the entrance loss amounts to 25% up to 75% of 282	
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the kinetic energy in the flow. The cited values for 𝑘! assume that the flow channel is 284	

longer than the distance over which the entrance effect takes place. For Re>50, the 285	

ratio between the length L of the entrance effect and the diameter d of the flow 286	

channel is (39):  287	

𝐿/𝑑 = (0.05456Re − 0.5640 + 0.8476 exp − 0.05869Re  )  

This shows that the entrance effect is expected to be in the order of  5 to 50 diameters 288	

for respectively Re= 100 and Re = 1000, which is well below the length of the 289	

needles under study in this article. 290	

The entrance losses in  5  is given by: 291	

𝛥𝑝!"#$%"&! !"##   =  𝑘!  ∙  !
!
𝜌𝑣!

!  8 , 292	

with 𝑘! the entrance loss coefficient (dimensionless) of the liquid flowing from the 293	

syringe into the needle. Since we have an incompressible fluid,  294	

𝑣! ∙
!!!!

!
=  𝑣! ∙

!!!!

!
, 295	

thus the force 𝐹! on the plunger to overcome the pressure drop  4  is given by: 296	

𝐹!     =  ! !!!!!"
!!!

𝑣!   +      2+ 𝑘!  ∙  !
!
𝜌 !"!!

!!!!
𝑣!
!    9  . 297	

The total force 𝐹!"# to be exerted on the plunger to eject the liquid from the syringe is 298	

composed of friction of the plunger when moving in the syringe, denoted 𝐹!"#$, and 299	

force to overcome pressure drop (9):  300	

𝐹!"#     = 𝐹!"#$ +
! !!!!!"

!!!
𝑣!   +      2+ 𝑘!  ∙  !

!
𝜌 !"!!

!!!!
𝑣!
!    10  301	

It will be verified experimentally how well the model by formulas 9  and (10) can 302	

predict the force on the plunger 𝐹!"# as a function of plunger velocity 𝑣! for 303	

commercially available needles suited for intra dermal injections, by controlling for 304	

the variables 𝑣!,𝑑!, 𝑑!, 𝑙!,𝜌 and 𝜇.  305	
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2. Controlled experiment  306	

A syringe adaptor was developed to administer fluid ID in a standardized way 307	

perpendicular to the skin. The adaptor is used in this study to control needle 308	

geometry. The adaptor is a particular realization of a platform (41), on which a realm 309	

of syringes with different dimensions and working principles can be built with needle 310	

dimensions varying between 26 and 34 G and protruding part of the needle, from the 311	

foot of the device ranging from 0.8mm up to 4mm, injecting a pre-defined fixed 312	

volume between 0.05cc and 0.3cc. The basic configuration consists of a housing with 313	

a needle suited for intradermal drug delivery, an activation mechanism and a skin 314	

penetration mechanism.  315	

Fifteen commercially available needles (BD, EXEL, HSW and TSK) were selected to 316	

cover a variety of inner diameters 𝑑!and lengths 𝑙! and implemented in the housing. 317	

A regular syringe of 1 ml was used in the housing (HSW Soft-Ject Low Dead Space 318	

Luer Lock ). The syringe’s inner diameter was assessed with a calliper with an 319	

accuracy of 0.02 mm. Each total needle length was assessed with the same calliper. 320	

Bevel length was assessed by an optical microscope as a tolerance measure for needle 321	

length, denoted z in Figure 1, right.  322	
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 324	

Figure 1: bevel measured with optical microscope (left) and geometrical definition of 325	

bevel subtracted from total length in needle length assessment. 326	

Needle diameter 𝑑!was assessed through an optical microscope too. Needle types and 327	

geometric specifications as provided by manufactures as well as assessed values are 328	

displayed in Table I. 329	

The housing with needle and syringe was mounted to a force gauge (Electromatic 330	

ESM301) by dedicated designed and 3D printed support parts. Injection speed 𝑣!was 331	

controlled in the power bench. The power bench ensures a constant displacement and 332	

thereby returns applied force as a dependent variable. This force has an accuracy of 333	

0.2% according to the manufacturer’s specifications, any eventual resulting error is 334	

neglected. Friction force of plunger moving in the syringe 𝐹!"#$ was assessed by 335	

moving the plunger in the syringe in an empty syringe at various speeds in the power 336	

bench. The same syringe and plunger was used in all experiments to minimize inter-337	

syringe effects. 338	
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Force due to pressure drop through the needle was assessed by subtracting friction 339	

force from force assessed while ejecting fluid at the power bench.  340	

For the evaluation of the hydrodynamic model, in total 95 tests were performed, each 341	

test with 5 repetitions. In 90 tests, water was used as a liquid. Temperature varied 342	

between 15.4°C and 18.5°C. Viscosity was corrected for temperature. Five tests were 343	

performed on a water-glycerol mixture with viscosities of respectively 1.1 / 1.5 / 2.1 / 344	

2.9 / 4.3 mPas. In these five tests, a 32G-13mm length needle was used (number 14 in 345	

Table I).  346	

All experiments were preformed using a syringe with a diameter ds = 4.67 mm and 347	

velocities 𝑣! were set at 50, 125, 175, 200, 250 and 350 mm/min. Measured needle 348	

dimensions in Table I were used. In total, 15 types of needles were tested 5 times at 349	

these 6 flow rates. Results were analysed in SPSS. 350	

Dynamic viscosity was tuned by water-glycerol mixture. Newtonian behavior was 351	

controlled by Rheosense measuring device (Benelux Scientific). In all experiments, 352	

temperature was logged to control for eventual viscosity changes. Water-glycerol 353	

mixtures were tested at the same temperature (±20°C) as those of the lab during the 354	

experiments. The vaccine HBVAXPRO (Sanofi-Pasteur) was tested to compare its 355	

behaviour to that of water-glycerol mixtures. All measurements were repeated five 356	

times in different shear rates: 2000, 5000, 10000, 15000 and 20000 /s. 357	

3. In vivo force assessment 358	

The effect of the needle gauge on force exerted by operators using the VAX-IDTM 359	

syringe adaptor was assessed. The user scenario comprises the following steps: the 360	

operator fills the syringe by pulling up liquid from a vial; locks the prefilled syringe 361	

without needle in the housing; places the device on the receiver’s skin thereby 362	

activating the injection mechanism and penetrating the skin; and injects the fluid by a 363	
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standard injection mechanism, that is by pushing the plunger, narrowing the syringe’s 364	

reservoir and thus ejecting the fluid. In a pilot pre-clinical test, only operators are 365	

considered. Forces were assessed in 10 voluntary participants. Participants were asked 366	

to eject different volumes of demineralized water by pushing on the plunger of the 367	

syringe mounted in the housing of the syringe adaptor. No further instructions were 368	

given on how to perform the ejection. Fluid was ejected freely in the air without any 369	

injection in animal or human tissue, neither artificial substrate. The housing was 370	

equipped with a 26G and a 32G needle. A force -resistance sensor FSR-402 from 371	

Interlink was mounted on top of the plunger. It has a sensitive diameter of 13 mm and 372	

a sensing range from 0.2 N to 20 N with an accuracy of 0.1 N. A connection part was 373	

designed and 3D printed for solid mounting the sensor onto the top of the plunger and 374	

for distributing force exerted by the operator for stable and repeatable measurements. 375	

The set-up was wired to an Arduino microcontroller for read-out by a regular PC.  376	

 377	

Results 378	

Needle and syringe parameters  379	

The inner diameter of the syringe was 4.67mm +/- 0.03 mm. Results of all needle 380	

measurement are compared with given specifications in Table I. 381	

Table I: Tested needles measured and manufacturer’s parameters	382	

Needle 

# 

Brand Gauge Spec. 

diam. 

(mm) 

Spec. 

length 

(mm) 

Measured 

Diam. (mm) 

Measured 

length (mm) 

Bevel 

length 

(mm) 

1 BD 26G 0.26 10 0.269 15.651 1.49 

Stijn Verwulgen� 27/2/18 15:29
Formatted Table



	 15	

2 BD 26G 0.26 13 0.262 18.857 1.98 

3 BD 26G 0.26 16 0.256 22.290 1.90 

4 EXEL 27G 0.21 13 0.2160 19.424 1.81 

5 HSW 

FINE 

27G 0.21 30 0.212 38.482 1.74 

6 HSW 

FINE 

27G 0.21 40 0.208 44.411 1.77 

7 HSW 

FINE 

27G 0.21 42 0.213 48.139 1.99 

8 HSW 

FINE 

27G 0.21 50 0.210 56.369 1.95 

9 EXEL 28G 0.184 20 0.203 27.130 1.39 

10 EXEL 30G 0.159 13 0.158 

0.157* 

22.299 1.39 

11 EXEL 30G 0.159 25 0.155 33.952 1.15 

12 TSK 31G 0.133 13 0.138 18.635 1.15 

13 TSK 32G 0.108 10 0.128 17.923 1.21 

14 TSK 32G 0.108 13 0.127 

0.130* 

18.534 1.05 

15 TSK 33G 0.108 13 0.104 

0.105* 

18.794 0.88 
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 *cross check measurement with electron microscope 383	

The needle length of all evaluated needles was larger than the provided length 384	

specifications: needles are prolonged internally in the needle hub, from 5 up to 10 385	

mm.  386	

Specifications were converted from Inch to mm. Most measured inner diameters of 387	

the needles correspond to the given specifications, except for the 32G and 28G 388	

needles that have larger actual diameters. The 32G-1mm needle has a diameter of 389	

0.127 mm with optical measurement what is just in the specified tolerance limit 390	

(0.108 mm +/- 0.019 mm). 391	

Re-assessment with electron microscope yields 0.130mm what falls outside that 392	

tolerance limit. For the 28G needle the measured diameter is just within the tolerance 393	

limits. In Figure 2, a measurement of needle diameter is displayed for optical and 394	

electron microscope. Due to relative long bevels it was impossible to take a sharp 395	

image of the entire needle hole, perpendicular to the needle. However detailed partial 396	

electron-microscope images (Figure 2, right) indicate that inner wall might have high 397	

roughness and might be substantially non-cylindrically shaped. 398	

 399	

Figure 2: optical assessment of needle diameter (left) and assessment with electron-400	

microscope (middle and right) for a 33G-13 mm length needle 401	
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Friction force of plunger moving in the syringe 𝐹!"#$ was found to increase with 402	

increasing speed, although not linear. Table II shows results of average friction forces 403	

under 10 repeated measurements. 404	

Table II: friction force of plunger moving in the syringe at different speeds, controlled 405	

by the power bench. 406	

Injection speed 

(mm/min) 

Friction force (SD) in Newton 

50 0.561 (0.0722) 

125 0.766 (0.0932) 

175 0.829 (0.111) 

200 0.852 (0.115) 

250 0.902 (0.148) 

350 1.014 (0.154) 

 407	

Viscosity: 408	

Both water and water-glycerol mixtures demonstrate Newtonian behaviour., i.e. 409	

viscosity remains substantially constant when changing the shear rate. HBVAXPRO 410	

exhibits non-Newtonian behaviour by shear thinning: the viscosity drops by 411	

increasing shear rate. Consequently, the actual hydrodynamic forces could be smaller 412	

than the forces provide by our model. Results are displayed in Figure 3. 413	
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 415	

Figure 3: Viscosity in function of shear rate 416	

Evaluation of the proposed hydrodynamic model 417	

The	force measurements on the syringe plunger in the test bench are compared to 418	

results obtained from formula (10) after controlling for 𝑑!, 𝑑!., 𝑣! , 𝑙!, 𝜌 and 𝜇. 419	

Based on (39) we propose 𝑘! = 1 for the entrance loss coefficient. However, since the 420	

entrance loss 𝑘! depends on the specific needle’s hub geometry, we also evaluate our 421	

model for best fit for 𝑘! for any individual needle.  422	

 In Figure 4 below, a regression of 90 data points (dotted line) is shown between the 423	

measured forces 𝐹!"# −  𝐹!"#$  on the vertical axis and the forces calculated using 424	

formula (9) on the horizontal axis.  425	
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 437	

Figure 4: Measured forces on the vertical axis versus predicted forces on the 438	

horizontal axis. Both units at horizontal and vertical axis are Newton (N). 439	

A regression line was calculated yielding  440	

𝐹!"# −  𝐹!"#$ = 0.91 𝐹! + 0.020𝑁 , 441	

with R2  =95.5% significant at the 0.001 level and the intercept of 0.020N is in a 95% 442	

confidence interval around 0 (t-distribution). The intercept is thus not significantly 443	

different from 0 (significance level p = 0.70 ). 444	

The correlation coefficients for the individual needle’s regression lines are even much 445	

closer to 1 (Figure 5 and Table III).  446	
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 447	

 448	
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 449	

Figure 5: Measured forces Fexp-Ffric on the vertical axis versus predicted forces Fs on 450	

the horizontal axis for all types of needle. Units on both axis are Newton (N). 451	

Numbers 1-15 refer to needle numbers in Table I 452	

Despite correlations of 10 needles are more than 99%, the slopes still vary from 0.55 453	

to 1.21. This suggests that the assessment of individual needle geometry is prone to 454	

error, whereas the formula (10) sufficiently models the behaviour for a given needle 455	

with accurate geometrical parameters. This is supported by the result that each 456	

individual intercept is in a 95% confidence interval around 0. Moreover, corrections 457	

on individual diameters to explain slope variation, range between 0.000 and 0.032 458	

mm. In 60% of all evaluated needle, these corrections are within a 10 micron 459	

tolerance.  460	

A disagreement between model and measurement can be observed at low plunger 461	

force, see Figure 5, especially for 26G and 27G needles. This could possibly be 462	

y = 0.9607x + 0.0227
R² = 0.9991

y = 0.7657x + 0.1659
R² = 0.9981

y = 0.9484x + 0.1175
R² = 0.9996

y = 0.6374x + 0.0879
R² = 0.9976

y = 1.1842x + 0.0651
R² = 0.9989

y = 1.0017x + 0.0505
R² = 0.9998

y = 0.5466x + 0.0018
R² = 0.9967

0

1

2

3

4

5

6

7

8

9

10

0 1 2 3 4 5 6 7 8 9 10

Pl
un

ge
r F
or
ce
 ‐
Fr
ic
tio

n 
Fo
rc
e 
(m

ea
su
re
d)
 (N

)

Plunger Force (calculated using  formula (9)) (N)

Syringe ‐ Needle ‐Water ‐ System 
for 28G‐33G needles

15 : 33G ‐ 18.8mm

13 : 32G ‐ 17.9mm

14 : 32G ‐ 18.5mm

12 : 31G ‐ 18.6mm

10 : 30G ‐ 22.3mm

11 : 30G ‐ 34,0mm

 9 : 28G ‐ 27.1mm



	 22	

contributed to enlargement of relative errors on force measurements. 463	

Slope, intercept and correlations for individual needles with  𝑘! = 1 are displayed in 464	

Table III. The correction on the inner diameter ∆𝑑! to achieve a slope of 1 is displayed 465	

in the most right column. 466	

Table III: Regression, slope a, intercept b and R2 with 𝐹!"# − 𝐹!"#$ = 𝑎𝐹!+b, in 467	

function of needle geometry, and correction on diameter to provide a slope of 1 468	

Needle # 𝑑! 

mm 

𝑙! 

mm 

Slope  

a 

Intercept 

b(N) 

𝑅! ∆𝑑! 

mm 

1 0.270 15.7 0.70 0.033* 99.8%*** 0.024 

2 0.262 18.9 0.63 0.031* 94.5%*** 0.032 

3 0.256 22.3 0.81 -0.030* 80.9%*** 0.014 

4 0.216 19.2 0.57 0.152 97.9%*** 0.032 

5 0.212 38.4 0.93 -0.056* 97.3%*** 0.004 

6 0.209 44.6 0.91 0.043* 98.4%*** 0.005 

7 0.213 48.0 1.08 0.008* 99.8%*** -0.004 

8 0.210 56.7 1.21 -0.043* 99.9%*** -0.010 

9 0.203 27.1 0.55 0.002* 99.9%*** 0.030 

10 0.157 22.3 1.18 0.650* 99.7%*** -0.007 

11 0.155 34.0 1.00 0.050* 99.9%*** 0.000 

12 0.138 18.6 0.64 0.088* 100.0%*** 0.016 

13 0.13 17.9 0.77 0.166 99.8%*** 0.009 

14 0.130 18.5 0.95 0.118* 99.8%*** 0.002 
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15 0.105 18.8 0.96 0.023* 100.0%*** 0.001 

*** significant at the 0.001 level         * within the 95% confidence interval 469	

around 0 (t-distribution). 470	

Finally we display the regression line for the 5 data points on the water glycol mixture 471	

in Figure 6 with viscosities varying between 1.1 and 4.3 mPas. This line has a slope of 472	

0.78, an intercept of 0.10N and an R2= 99.7%, which yields the same conclusions. 473	

Note that for drugs, non-Newtonian behaviour such as shear thinning for 474	

HBVAXPRO might influence results, yielding lower actual forces.  475	

 476	

Figure 6: verification of the hydrodynamic model in varying viscosity. Units on both 477	

axis are Newton (N) 478	
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A total of 10 untrained volunteers were recruited and asked to eject 0.7ml of saline 482	

solution with a 1mL SOFT-JECT Luer Lock syringe (Henke Sass Wolf) mounted in 483	

the VAX-IDTM adaptor two times: once equipped with a 26G needle and once with a 484	

32G needle. Ejection forces were logged using the FSR sensors coupled to the 485	

arduino platform. Results are displayed in Figure 7. 486	

 487	

 488	

 489	

Figure 7: Time logs of forces exerted by non-educated operators with a 26 and 32G 490	

hypodermic needle respectively 491	
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Discussion 493	

Difficult target groups such as children or elderly can benefit from ID drug delivery 494	

due to decreased pain, safety and ease of administration. In adults, a needle length of 495	

1mm is most suited for ID injection at the forearm (42). The Mantoux technique can 496	

target this depth by stretching the skin to insert a needle with upward tip in the 497	

upmost dermal tissue. The Mantoux technique dates from 1910 and to date is still 498	

used for e.g. tuberculin and/or HIV infection testing (43) by assessing the bleb 499	

visually for antigen reaction. It requires trained medical staff to perform and is limited 500	

in needle geometry: relatively large needles of 27 Gauge cause bruising and bleeding 501	

but reduce leakage and larger blebs, thereby requiring more training. Relatively small 502	

needles of 30 Gauge have more risk of leakage and administering less effective dose 503	

(15). Current developments aim to standardize ID injection to enhance reliability with 504	

solutions that inject substance perpendicular to the skin.  505	

The total force for such ID drug administration consists of four components: 1) the 506	

force of the needle penetrating the subject’s skin (18), 2) force from tissue back-507	

pressure due to injection of substance (29), 3) force from internal mechanics, e.g. in a 508	

classical syringe this only consists of friction between the plunger and housing and 4) 509	

hydrodynamic force from the fluid going through the syringe and needle. By direct 510	

acquisition of the third and fourth component and by assessing the actual total force 511	

exerted by operators of site, an estimate of the sum of first and second component can 512	

be obtained by subtracting the third and fourth component from the actual 513	

measurement.  514	

Needle dimensions for ID administration are subject to a trade-off. On one hand, thin 515	

needles and blunt beveled needles are preferred for reliably targeting the dermis at 516	

1mm depth without leakage exterior and into to the subcutis. Thin needles can induce 517	
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the possibility of self-administration (44). On the other hand, needle diameter should 521	

not be too small since higher force required to inject at the same rate might cause 522	

discomfort in operators and/or pain in subjects. An upper limit of 30N for injection 523	

force was recommended for manual injection into air (30). Also, the formulation of 524	

drug and in particular dynamic viscosity relates to bigger needle dimensions (31). Too 525	

high shear forces might also influence drug efficacy after administering through 526	

microneedles (45).  527	

Tapered microneedles are developed in a trade of between enhanced flow rate and 528	

reduced infusion pain (46).  529	

We provide a model for injection forces in cylindrically shaped syringes and needles. 530	

Our model extends the well-known Hagen-Poiseuille law (38) and holds with R2 531	

>99% in 10 out of 15 needles, with a minimum R2  of 75%. This is remarkable in the 532	

light of potential perturbating parameters such as roughness or adhesive forces. We 533	

present a method to obtain injection forces in vivo. Preliminary experiments indicate 534	

that smaller needles result in bigger injection forces. The method needs to be tuned 535	

for robustness and calibrated of-site. Once this tuning is done, we have a method to 536	

link user requirements from subjects and operators to syringe and needle geometry, 537	

and pinpoint needle dimensions for ID injection devices that are most suited for 538	

operator and subject.  539	

This might be achieved in three steps. Firstly, tissue back-pressure during ID injection 540	

should be mapped. This can be done by measuring the force during injection and 541	

simultaneously tracking the injection rate. The latter can be done by video recording 542	

and visually assessing the plunger moving down. Tissue back-pressure is then the 543	

difference between measured injection force and forces retrieved from injection rate 544	

through our model. Secondly, preferred forces and injection times should be mapped. 545	
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This can be done by inquiring both subjects and operators on what values they 547	

consider comfortable. Thirdly, knowledge on tissue back pressure and the present 548	

model could be used to select needles that are suitable for ID injections in function of 549	

requirements for operator, subjects and intended applications.  550	

Conclusions 551	

Needle and syringe geometry directly relates to the amount of fluid that can be 552	

administered at a given time and with a given force. The latter two parameters 553	

drastically influence comfort of both subject and operator in intradermal drug 554	

administration. In the current development of small needles suited for intradermal 555	

administration, much effort has gone into the design of the needle’s shape. 556	

We have presented a model to predict the force to eject a given fluid through a given 557	

needle in function of injection rate. The first part of that force consists of the friction 558	

between plunger and syringe. The second part consists of hydrodynamic forces 559	

caused by the fluid going through the syringe and needle. The model extends the well-560	

known Hagen-Poiseuille equation used to predict pressure drop induced by a fluid 561	

passing through a cylindrical body. The model is highly linear in each individual 562	

needle with R-square values ranging from 75% up to 99.9% and 2/3 of these values 563	

above 99%. The model was shown to hold for a 1.00ml syringe equipped with needles 564	

with inner diameters from 0.10mm up to 0.27mm and needle lengths from 10.0mm up 565	

to 50.0 mm and for Newtonian fluids with viscosities from 1.0mPas up to 4.3mPas. 566	

We have additionally presented a proof-of-concept for the system to log injection 567	

forces in an in vivo setting. The system and the present model can be used to pinpoint 568	

geometrical and physical needle-syringe parameters in single needle perpendicular ID 569	

injection devices, controlling injection rate, viscosity, injection time and forces in 570	

function of intended application, usage and target group.  571	
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