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Abstract 
 
Worldwide 70-90% of hospitalised patients receive intravenous infusion at some stage during 
their stay. In many situations, a high degree of infusion accuracy is essential as deviation from 
the intended dose can quickly become dangerous and moreover costly. Electronic infusion 
pumps provide the most accurate way of infusion, but they require programming and 
frequent maintenance. Furthermore, they are unsuitable for austere environments, costly, 
and could even become scarce in times of a pandemic. Gravity infusion combined with a drop 
counter could pose an interesting alternative. However, this method appears to be inaccurate 
over time and setting an accurate flow rate is challenging. The typically used flow regulator, 
a roller clamp, is the cause of these complications. 

This study aimed to design and develop a precise and accurate manually controlled over-
line flow regulator for gravity-driven infusion. 
 
The design process consisted out of three design phases: analysis, synthesis and evaluation. 
During the analysis, the design requirements were set up. The synthesis phase consisted of 
generating a morphological overview and several pincher experiments. A pincher is used to 
clamp the tubing to regulate the flow rate. Then, promising partial solutions were selected, 
and through rapid prototyping, a final design and prototype were developed. In the 
evaluation phase, the flow regulator prototype was evaluated based on the set requirements. 

The developed DropAdjust prototype demonstrated a major performance increase in 
terms of mean flow rate accuracy and regulation control compared to the roller clamp. 
 
In conclusion, the DropAdjust satisfies all tested design criteria and outperformed the roller 
clamp in terms of accuracy and precision. Moreover, it even showed a mean flow rate 
accuracy error comparable to the infusion pumps. Thus, the DropAdjust combined with a drop 
counter provides a more affordable and accessible alternative to the infusion pumps. 
 The prototype is already practice-ready, but several steps are still needed to realise a 
market-ready device. For instance, conducting endurance tests and acquiring injection 
moulding advice from an experienced specialist are advised. Also, additional tests are 
necessary to verify its safety and functionality to qualify for a CE marking.



Nomenclature 
 
Accuracy, closeness of the measurements to the target value 

Catheter, a thin, flexible tube that is inserted into the patient 

Drop counter, a device that use an optical sensor to count the drops to compute and 

visually display the flow rate 

Drip chamber, chamber between the fluid bag and the flow regulator which provides a way 

to estimate the flow rate by drip counting 

Gravity infusion (GI), drug administration by making use of gravity as driving force 

In-line flow regulator, flow regulator which is permanently placed in the infusion lines 

Infusion, delivery of a substance other than blood into the bloodstream 

Intravenous (IV) administration, substance delivery into a vein 

IV therapy, a medical technique to provide intravenous drug infusion (see intravenous (IV) 

administration) 

Over-line flow regulator, flow regulator which can be placed over the infusion lines 

Precise, closeness of the repeated measurements to each other 

Tubing, the hollow, plastic tube between the patient and the fluid bag
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1 Introduction 
1.1 Intravenous infusion 
Worldwide 70-90% of hospitalised patients receive intravenous infusion at some stage during 
their stay [1-3]. Yearly, over one billion infusion lines are used by hospitals worldwide [2]. In 
many situations (e.g., critical medicine, elderly, children), a high degree of infusion accuracy 
is essential, as deviation from the intended dose can quickly become dangerous [4-16]. 
Besides the safety of the patients, medication administration errors also have a financial 
impact. In 2006 medication administration errors cost the USA $380 million for the healthcare 
system [17]. Infusion can be done using gravity infusion (GI), volumetric infusion pumps (VIP), 
or syringe pumps (SP) (Figure 1).   

 

Figure 1 – Methods of infusion. Left: gravity infusion, adopted from [18]. 
Middle: volumetric infusion pump, adopted from [19]. Right: syringe pump, 
adopted from [20]. 

The VIPs and SPs use electronic-driven motors to regulate the flow rate [21]. These pumps 
are the most accurate means for infusing fluids, with a mean flow rate accuracy error of 0.5-
6% over one hour [22, 23]. However, pumps require training and programming for setting the 
desired flow rate, and frequent maintenance is mandatory [21]. The pumps are also less 
suitable for use in austere environments, where access to electrical power could be limited 
or unreliable [24]. Another disadvantage of pumps is the cost price of over €1800 [25, 26], 
above the variable cost of €1 for each infusion set  [27]. This additional expense makes pumps 
often unavailable for low-income countries (LICs) [28]. Nevertheless, even in high-income 
countries (HICs), the availability of pumps could become a problem. During pandemics, like 
the current COVID-19, demands of infusion pumps increase significantly [29], and the first 
signs of scarcity appeared [30-32]. 
 Because of these problems related to infusing fluids using pumps, GI could pose an 
interesting alternative in specific applications. GI uses gravity as the driving force for fluid 
flow. A flow regulator, typically a roller clamp [33], regulates the flow rate. The healthcare 
provider manually counts the drops passing the drip chamber, converts this to a flow rate, 
and adapts the roller clamp accordingly. GI only has the variable cost of €1 for each infusion 
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set  [27], as the roller clamp is already included. The simplicity in usage and implementation 
[21, 34, 35], its great mobility, and the lack of need for electric power make it particularly 
suitable for austere environments and prehospital settings [36]. However, setting up and 
checking the GI flow rate is a slow and cumbersome process [21, 37]. Using the wrong infusion 
rate is moreover the most common type of medication error (40%), often caused by 
miscalculations of the flow rate [38, 39]. Furthermore, many studies showed that the GI 
method with the roller clamp is inaccurate over time [9-12, 15, 34, 37, 40-50], with a flow rate 
accuracy error of 23.7-60% over one hour [37, 49, 51]. Because of this low accuracy, frequent 
manual checks and adjustments are necessary [52, 53]. 
 A solution for the above-described 
downsides of GI could be a drop counter, like the 
Monidrop [56] or DripAssist [57] (Figure 2). 
These devices use an optical sensor to count the 
drops to compute and visually display the flow 
rate. Additionally, alarms can be set to alert 
healthcare providers when the flow rate 
becomes out of the prescribed range. Couperus 
et al. showed that healthcare providers from 
various levels rate the DripAssist as easier to use 
than manually counting the drops [6]. Buonora 
found improvements in flow rate setting speed, 
drop counting accuracy, and monitoring [24]. 
The prices range from €290-€330 for the 
DripAssist [6, 24] and €495 for the Monidrop 
[51]. 

The downsides of the GI method 
remaining unresolved with the drop counters are 
the inaccuracy over time and the difficulty of accurately setting the desired flow rate. These 
problems are mainly caused by the roller clamp’s regulation step size and inaccuracy over 
time [10, 49]. Recent unpublished reports from Lie et al. showed that using the Monidrop 
with a regular roller clamp indeed did not improve the accuracy error over time [51]. 

 
Problem statement 

The use of GI combined with a drop counter, like the Monidrop or DripAssist, could provide 
several benefits over infusion pumps. However: 
 

 
 

1.2 Thesis objective 
The way the problem was approached is illustrated and described in Figure 3. The nine steps 
mentioned in this engineering process model were grouped into three design phases: 
analysis, synthesis and evaluation [58]. The analysis phase is covered in Chapters 1, 2 and 3. 

 

Figure 2 – Drop counters. Left: 
Monidrop, adopted from [54]. Right: 
DripAssist, adopted from [55]. 

“A manual flow regulator which is more accurate and has a finer regulation step size than 
the typically used roller clamp is needed to use drop counters, like the Monidrop or 
DripAssist, to their full potential.” 
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The synthesis phase is discussed in Chapter 4, and lastly, the evaluation phase is covered in 
Chapters 5, 6 and 7. 

 
 
 

Figure 3 - Engineering Process Model and the three iterative design phases: 
analysis, synthesis and evaluation. Adapted from [59]. 

 

 

Prior to this thesis, a literature research was conducted [60], covering the first two steps and 
partly the third step of the analysis phase. This research provided the needed background 
information and helped to identify the actual research gap: there is a need for a precise and 
accurate flow regulator variant. This research gap provided the following thesis objective: 
 

 
  

“Design and develop a precise and accurate manually controlled over-line flow regulator 
for gravity-driven infusion.” 
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2 Background on gravity infusion 
2.1 Gravity infusion sets 
Gravity infusion uses hydrostatic pressure drop to generate a fluid flow by creating a height 
difference between the fluid bag and the patient. A gravity infusion set is placed in between 
the fluid bag and the patient-inserted catheter. The standardised gravity infusion set is 
described in ISO 8536-4 by the 
International Organization for 
Standardization [61] (Figure 4).  

The drip chamber (5) is 
directly inserted into a fluid bag. Fluid 
will come in through the fluid channel 
and enter the transparent drip 
chamber. By visually counting the 
number of fluid drops over time, 
healthcare providers can calculate 
the flow rate and adjust the flow 
regulator accordingly. There are two 
different types of drip chambers: 
macrodrip and microdrip. Macrodrip 
chambers provide 20 drops per 
millilitre, and microdrip chambers 
provide 60 drops per millilitre [21]. 

The hollow tubing (7) is made 
of flexible, transparent material to 
provide the opportunity to detect 
possible gas bubbles. Typically 
plasticised (soft) PVC is used as the 
material [62-64]. 

 
A flow regulator (8) is placed in between the 

drip chamber and the patient to regulate the fluid 
flow. Typically, a roller clamp (Figure 5) is used [33] 
in standard infusion sets. The roller clamp consists 
of a housing (yellow) and a roller wheel (white). The 
tube is placed between the housing and the wheel. 
By rolling the wheel towards the tube, the pressure 
drop is regulated. A more detailed explanation of 
how this pressure drop is realised is provided in 
Section 2.4. The flow rate depends on this pressure 
drop. The sensitivity of the roller clamp is 
emphasised by Flack & Whyte [44]. They found that 
for a range of 0-30 drops/min (90mL/h), a change in 
obstruction diameter of only 0.0076 cm and high forces are required. The reason for these 
needed high forces is illustrated in Figure 6: when the middle part is closed, two small 

 
Figure 4 – Gravity infusion set described by the International 
Organization for Standardization. Adopted from [61]. 

 
Figure 5 – Section view of a roller clamp where the 
roller (white) moves from open (right) to a closed 
(left) position. Adopted from [65]. 

 
Figure 6 – Cross-section view of a tube clamped by 
a roller clamp. Adopted from [44]. 
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openings remain. To also close these narrow openings the whole tube needs to be squeezed 
together, so higher forces are required. 

To validate the findings of Flack & Whyte, a SolidWorks [66] non-linear Finite Element 
Analysis (FEA) for a similar setup was conducted using a hyperelastic Blatz-Ko model [67]. The 
results indeed confirm the claims of Flack & Whyte (Figure 7). 

 
Figure 7 – Results of the SolidWorks [66] non-linear study for clamping a plasticised 
(flexible) PVC tube using an ABS wheel. The colours indicate the amount of stress 
relative to other sections, where red is the highest and blue is the lowest. Left: full view 
of simulation results, right: section view of simulation results. 

 

2.2 Factors influencing flow rate 
Using Hagen-Poiseuille’s equations and assuming laminar flow, Steenhoek derived Equation 
1 for the flow rate Q in the tube [m3/s] [9]. This equation holds for a tube with a constant 
cross-section and using an incompressible fluid [68]. 

 
𝑄 =

𝜋 ∗ ∆𝑝 ∗ 𝐷4

128 ∗ 𝜇 ∗ 𝐿
 Equation 1 

𝐷 is the tubing inner diameter [m], 𝜇 is the fluid’s dynamic viscosity [Pa*s], and 𝐿 is the tubing 
length [m]. ∆𝑝 is the pressure drop [Pa] over the infusion set and is computed as shown in 
Equation 2. 

 ∆𝑝 = 𝜌 ∗ 𝑔 ∗ ∆ℎ − 𝑝𝑣𝑒𝑛𝑜𝑢𝑠 Equation 2  

𝜌 is the fluid’s specific mass [g/cm3]. The influence of this specific mass is typically opposed 
by a rise of the dynamic viscosity [40]. Because the increase of dynamic viscosity usually 
dominates, the flow rate generally decreases with increasing specific mass. 𝑔 is the 
gravitational acceleration [m/s2]. The venous pressure 𝑝𝑣𝑒𝑛𝑜𝑢𝑠 [Pa] depends on the patient’s 
injection site [9] and the body position [44]. ∆ℎ is the bag-cannula height difference [m], so 
the difference between the fluid bag level and the site of injection of the patient. This ∆ℎ is 
the gravity infusion’s driving force. 
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2.3 Factors influencing flow rate over time 
Unfortunately, not all the parameters mentioned above are constant over time, resulting in 
an inaccurate flow rate over time for gravity infusion. Table 1 shows these time-sensitive 
parameters. 

Table 1 – The flow rate parameters that are changing over time and their cause. 

Parameters Affected by 

Venous pressure 𝐩𝐯𝐞𝐧𝐨𝐮𝐬 • Body posture [44, 46] 

• Coughing, breathing rate and depth [44, 46] 

Bag-cannula height difference 
∆𝐡 

• Infusion bag deflation [45, 49] 

• Body posture [12] 

Tubing inner diameter 𝐃 • Creep (also known as cold flow) of the tube [37, 43-
45, 49] 

 

Creep 

Most of the mentioned parameters of  Table 1 are inherent to the method of gravity-driven 
infusion and difficult to control using an over-line regulator. A parameter that could be 
influenced is the creep of the plastic tubing. This creep results in an undesirable flow rate 
decrease over time. 

Creep is a phenomenon where the material slowly deforms over time when a 
constant, below yield strength load is applied. So, this creep deformation is above load 
dependant, also time-dependent. Furthermore, creep is strongly temperature dependant; 
creep increases exponentially with temperature [69]. Creep occurs when the material 
approaches its melting point [70], which is not the case at room temperature for most 
materials. However, crystalline polymers with melting temperatures of 150-200℃ tend to 
slowly creep when loaded at room temperature. The same holds for glassy (amorphous) 
polymers with a glass transition temperature of 50-150℃. For metals, creep becomes 
apparent when exceeding a temperature of 0.35 ∗ 𝑇𝑚, where 𝑇𝑚  is the melting temperature 
[69]. Ceramics start creeping when approaching 0.45 ∗ 𝑇𝑚. 

Creep is divided into three stages: primary creep, secondary creep and tertiary creep 
(Figure 8). Primary creep increases quickly but exists only for a short period of time. The 
secondary creep is seen as the steady-state creep, because of its constant strain rate �̇�𝑠𝑠. At 
the tertiary creep stage, the creep rate increases exponentially until rupture. Metals, 
polymers and ceramics follow these stages when creep occurs, but the exact shape differs 
per material. Empirical data is needed for each specific material to compose the concerning 
creep curve. 
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Figure 8 – Typical creep curve for a material at constant load and temperature. 𝜀�̇�𝑠 is 
the steady-state creep rate. The stages are explained in the text. Adapted from [69]. 

The above theory on creep confirms the findings of researchers testing the tubing sets 
[37, 43-45, 49]. Most of this creep occurs in the first fifteen minutes [45], corresponding to 
the primary creep stage. In addition, the amount of flow rate deviation over time when 
compressing a tube is indeed strongly temperature-dependent [44]. In theory, also creep of 
the plastic roller clamp itself could be of influence. This impact was researched by Flack & 
Whyte, and they claim it to be negligible in practice [44]. However, to check their claim, 
experiments are described in Section 4.1.2. 
 

2.4 Fluid mechanics 
Steenhoek explains the flow rate regulation with the pincher 
through Equation 1 [9]: by pinching the tube, the diameter decreases 
and a lower flow rate establishes. However, this equation was made 
under the assumption of constant cross-section. Consequently, his 
reasoning only holds if the diameter of the entire tubing length 
decreases. This is not the case as only an estimated 2mm [71] of the 
(minimal) 1.5m tubing [61] is pinched.  

Interestingly, when ignoring the friction and minor losses, a 
contraction would not even affect the volume flow rate at all. As 
according to Bernoulli [68], the flow velocity increases at the 
contraction; one would also, wrongly, expect an increase in volume 
flow rate. Nevertheless, as the cross-sectional area also decreases 
proportionally, the volume flow rate stays constant. This is endorsed 
with the use of a simplification of the pinching configuration (Figure 
9). As conservation of mass holds [68], Equation 3 applies here. Thus, 
the volume flow rate must be the same at each section of the tubing.  

 𝑄 = 𝑉1 ∗ 𝐴1 = 𝑉2 ∗ 𝐴2 = 𝑉3 ∗ 𝐴3 Equation 3  

Figure 9 – Simplification of 
the pinching configuration 
with inner diameter 𝐷𝑖, 
contraction diameter 𝐷𝑐 
and contraction width 𝐿𝑐. 
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Where V is the flow velocity, A is the cross-sectional area, and Q is the volume flow rate. Some 
assumptions are: steady flow; one-dimensional inlets and outlets;  incompressible fluid 
(density constant); subsonic flow; and no (friction) losses. 
 
The presence of friction (major) and minor losses in the actual tubing is why compressing the 
tube reduces the flow rate. This reduction is due to the additional friction (Moody) losses at 
the elevated flow velocities at its contraction [68]. The Moody-type friction losses due to the 
viscosity of the fluid exist in the entire tube. However, as the friction in the tubing is velocity-
dependent, the increase in flow velocity at the contraction causes added friction losses. These 
additional friction losses result in a decrease in volume flow rate  [68].  

The longer the pinched section, the larger the extra friction losses. Thus, the volume 
flow rate decrease depends on the width as well as the depth of the contraction. Appendix A 
can be consulted for a more detailed explanation and corresponding computations. 

The transition between the inner diameter Di and contraction diameter Dc of Figure 9 
is greatly exaggerated. Nevertheless, even in this case, the minor losses due to this sudden 
contraction and expansion can be neglected compared to the friction losses (see 
computations Appendix A).  
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3 Design analysis 
3.1 Methods 
3.1.1 Design requirements 
To manufacture and distribute the flow regulator in Europe, it has to comply with the 
European Union Medical Device Regulation (EU MDR) 2017/745 [72]. Over-line flow 
regulators are classified as risk class IIa: low to medium risk. To comply with the EU MDR 
requirements and receive the obligatory CE marking, the producer of the flow regulator needs 
to verify its safety and functionality. This verification can be done by meeting the designated 
ISO 8536-14 standard requirements for flow regulators without fluid contact [33].  
 ISO 8536-14 distinguishes clamps for on/off-function and a flow regulator to control 
the fluid flow. It is desired to satisfy both the clamp and flow regulator requirements of the 
standard to make the improved flow regulator even more versatile. 

Besides complying with the ISO 8536-14, additional design requirements were set up 
founded on insights from the priorly conducted literature research [60] and meetings with 
user’s delegates. 
 

3.1.2 System architecture 
 Based on the earlier set requirements, a system architecture of the desired flow 
regulator was set up. This architecture is an overview of what features the flow regulator 
should have and which component is responsible for this.  
 

3.2 Results 
3.2.1 Design requirements 
The entire list of design criteria is shown in Table 2. The target performance for each 
requirement is also stated and concisely explained. In Section 5, these criteria were also used 
to evaluate the performance of the developed design. 

Table 2 – Design requirements for an improved manually controlled flow regulator for gravity-driven infusion. 

Criterion Value Reason 

Mean flow rate accuracy error 
over one hour without prior 
settling 

≤  23.7% Better than most accurate roller clamp [51] found 
in the priorly conducted literature research [60]. 

Flow rate deviation over 6 hours 
after 15 min settling time 

< 10% To comply with the A.2 flow regulator test of ISO 
8536-14 [33].  

Fine regulation step size 
possible 

≤ 1% of desired 
flow rate 

This way it, is easier to set the correct desired flow 
rate. The minimum needed step size is depending 
on the prescribed flow rate. 

Cost price ≤  €50,- Competitive price compared to its accuracy. 
Furthermore, because it is reusable, the long-term 
costs are lower. 

User-friendly - Easy and intuitive to operate. 

Compatibility range of external 
tubing diameters 

3.0-4.5 mm To comply with flow regulator requirement of ISO 
8536-14 (6.1) [33]. 
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Safe in use and no puncture or 
damage to the flexible tubing 

- To comply with flow regulator requirement of ISO 
8536-14 (4) [33]. This includes, as little as possible 
exterior moving components are used, and fluid 
spillage cannot enter the mechanism. 

Number of needed movements 
of subcomponents to 
disconnect the flow regulator 

≤  2 To comply with clamp requirements of ISO 8536-14 
(6.3) [33]. 

Number of movements of 
subcomponents in a single plane 
to lock the flow regulator’s 
position 

≤  1 To comply with clamp requirements of ISO 8536-14 
(6.3) [33]. 

Modular prototypes, but end 
product impossible to 
disassemble by customers 

- Easy to (dis)assemble for design iterations. 
However, the customers should not be able to take 
apart the end product. 

Compatible with the Monidrop 
[73] 

- To achieve the full potential of both the Monidrop 
and improved flow regulator. 

Open-close time ≤  2 s It needs to be possible to quickly open or close the 
flow regulator. 

Maximum dimensions ≤  15x10x5 cm A balance between providing design freedom but 
still maintaining mobility. 

No line modifications are 
necessary 

- No direct fluid contact, so no sterile issues and can 
be used multiple times. Besides the financial 
benefits, this is also more sustainable. 
Furthermore, it is compatible with all infusion lines 
and not depending on a preassembled infusion set. 

3.2.2 System architecture 
In Figure 10, the system architecture can be found. The flow regulator was subdivided into 
two main components: the regulation mechanism and the housing. Each component has its 
own features and function. 

Figure 10 – System Architecture of the flow regulator. The essential features were assigned to two separate components: 
regulation mechanism and housing. 
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4 Design synthesis 
A design framework was set up to approach the design synthesis phase in a structured way 
(Figure 11). This framework consists of multiple process steps: generation, evaluation and 
selection of partial solutions, and to conclude prototyping. Each process step has its own 
result, or ‘product’, which was input for the next step. 

 

4.1 Methods 
4.1.1 Generation of partial solutions 
Different categories were created to comply with the set feature requirements, as provided 
in the system architecture. These categories are components or properties to consider and 
for which various possible partial solutions were generated. The corresponding possible 
partial solutions for the categories were then merged into one morphological overview. Most 
of the categories and partial solutions were established during multiple brainstorm sessions 
and based on knowledge acquired from literature. The categories mentioned below, in bold 
headlines, were generated through computations or earlier discoveries. 
 
 

Figure 11 – Design framework of synthesis phase. For each process step the product 
is mentioned. 
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Material of critical components 
As mentioned in Section 2.3, the creep of the tubing is one of the main factors influencing the 
flow rate over time. The tube’s material is fixed, but there is design freedom regarding the 
flow regulator’s material. Flack & Whyte claim that the influence of this regulator’s material 
is negligible in practice [44]. However, new tests were done given the lack of detailed 
experiment setup and experimental data to support the claim. So, by setting a minimum 
melting and glass temperature, different materials can be chosen which do not tend to creep 
at room temperature (≈ 21℃). Besides avoiding creep, properties as price, stiffness, strength 
and density were also considered in this analysis. The provisional material selection was made 
with the use of Granta Edupack 2020 [74]. For each of the three major material classes 
(polymers, metals and ceramics) [69], one or two high potential materials were chosen to 
include. This material analysis was meant for all components where the high stresses occur 
due to squeezing the tube and therefore is prone to creep. 
 

Shape of pincher 
Section 2.4 already showed that the flow rate depends on the width and depth of the 
contraction. Fluid mechanic computations were carried out to examine if this pincher’s width 
also influences the precision of regulation. The model for pinching the tube was found on 
multiple assumptions and simplifications (Figure 9). This model was based on the experiment 
setup of Section 4.1.2 and Section 5.1.2, and the Volumed infusion set (Appendix B). Due to 
space limitations, this infusion set was shortened to 1.5m. The free flow rate (without 
pinching) was measured in Appendix C and set at 19,000 mL/h. The flow was assumed to be 
at steady state (fully developed) and laminar.  

Furthermore, the pinching was assumed to create a circular constriction at the centre 
of a round pipe of inner diameter Di. In practice, pinching the tube will however change the 
constriction’ shape (Section 2.1). Nevertheless, the exact behaviour is hard to predict and 
implement in a simple model for fluid mechanic calculations. As it is just to show the influence 
of specific variables, for now, this simplification suffices. The fluid mechanic calculations can 
be found in Appendix A. 
 
Besides the fluid mechanic calculations, several finite element analyses (FEA’s) were 
performed to confirm the earlier findings. The FEA’s were made by using the internal Flow 
Simulation add-in of SolidWorks [66].  

A model of the tubing (Appendix B) was created using the provided material and 
dimensions. A tubing of 150mm was used instead of 1500mm to reduce the simulation time 
of the flow simulation. Figure 12 shows the model for one pinching area. First, the free flow 
rate of 19,000 mL/h was imposed without pinching (Dc=Di) to find the pressure drop over this 
shortened tubing part. Then, the measured pressure drop was used as input for the difference 
between the inlet and outlet. Subsequently, using a parametric study, the pinching diameter 
Dc was varied in 14 steps. The flow rate data at each stage was then imported into MATLAB 
[75] (Appendix D) for visualisation of the data. This process was repeated for four different 
pinching widths Lc=10 mm, Lc=20 mm, Lc=40 mm, Lc=80  mm. One simulation stage is 
presented in Figure 13 to provide some insight in the SolidWorks flow simulation. 
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Figure 12 – Section view of the 150mm long 3x4.1 mm PVC tubing model with one pinching area. Created with SolidWorks 
[66]. 

 
Figure 13 - Close-up section view of a flow simulation for the model of Figure 12 for pinching diameter Di=1.6mm. The colours 
indicate the fluid velocity [m/s], and the legend is shown below the model. Created with SolidWorks [66]. 

Two additional models were created to predict the influence of multiple pinching areas on 
the flow rate. One model existed of two pinching areas of width Lc=5 mm, simulated with a 
10 mm and 40 mm distance in between. The other model existed of three pinching areas of 
Lc=3.33 mm with a 40 mm space in between. These models were again simulated for 14 
different pinching diameters Dc using a parametric study. The section views of these two 
models and flow simulations can be found in Appendix D. 
 
Contact area of pincher 
During the priorly conducted literature research [60], an overview of over-line flow regulators 
was created. In this overview, one over-line flow regulator stood out in terms of flow rate 
accuracy over time. The Adelberg roller clamp showed a 3-10% flow rate accuracy error over 
one hour [37, 40] against 23.7-60% of the conventional roller clamps [37, 49, 51]. Because of 
the clamp’s ingenuities multiple patents were granted [76-79]. These patents and research 
articles were analysed, and insights were gained into possible reasons for its standout 
performance. Based on this analysis, potential configurations are suggested. 
 

4.1.2 Evaluation of partial solutions 
The material of the critical components and the configuration of the pincher seems to be of 
influence on the performance of the pincher (Section 4.2.2). However, several assumptions 
were made at setting up these calculations and simulations. Experiments were conducted to 
check these relations in practice before selecting the partial solutions for the design.  

The experiment setup is shown in Figure 14 and 15. Conform ISO 8536-4 (purified) 
water was used for testing [61]. The water flows from the reservoir (A) through the ball valve 
(C) into the infusion set with the Monidrop attached (D). A linear stage, with a  



 14 

calibrated load cell attached, variably pinched 
the tube and thus controlled the flow rate. The 
pincher used to clamp the infusion line differed 
per experiment. The fluid flows from the infusion 
set in the measuring cup, placed on another 
calibrated load cell. That load cell acted as a scale 
to measure the fluid volume. The millivolt 
analogue signals of both the 4.5N [82] and 111N 
[81] load cell were amplified by an analogue 
signal conditioner [83]. This amplifier was 
connected to an analogue-to-digital converter 
[84] to load the signals to LabVIEW 2018 [85] on 
a laptop (Dell Lattitude 5570 [86]). By converting 
the voltage of the 4.5N load cell to a force, the 
flow volume was computed. Because the flow 
was dripping into the measuring cup, this data 
consisted of repeatedly high peaks that settled 
afterwards. However, there was a clear overall 
trendline in the increase of the volume. A 
polynomial was fitted to obtain this trendline. 
Using the elapsed time also the flow rate [mL/h] was found. MATLAB [75] was used for this 
data processing. The Monidrop was consulted for the initial flow rate setting and as an extra 
check if the 4.5N load cell (G) values were reasonable.  

During the experiments, a total of 28 runs were performed. The specific experiments 
are concisely explained below (see Appendix E for the extensive experiment method, setup, 
list of materials, and measurement protocols).  
 
Material experiment 
A plastic- and steel pincher with equal dimensions (Figure 16) were tested and compared to 
verify whether the material choice indeed influences the flow rate accuracy over time. As 
steel is more creep-resistant than plastics (Appendix F), an improved mean flow rate accuracy 
over time was expected. During the experiment, the flow rate was initially set at 100 mL/h 
with the help of the Monidrop [87]. Then, the flow rate was recorded for 60 minutes. This 
experiment was repeated four times for both pinchers. 

 
Figure 14 – Pinching setup. The setup existed of a Thorlabs PT1/M 
linear stage [80] (black) mounted on a configuration of 
aluminium extrusion profiles combined with connection elements 
(grey). The infusion line (transparent) was clamped in between 
the vertical profile and the pincher (white) with a load cell (red). 
This Futek LSB200 S-Beam jr. 2.0 111N [81] load cell was mounted 
on the linear stage. 

 
Figure 15 – Experiment setup. A: water reservoir, B: 
PVC flange feedthrough, C: PVC ball valve, D: drip 
chamber and optional Monidrop, E: tubing, F: 
pinching setup (Figure 14), G: measuring cup on a 
Futek LSB200 S-Beam jr. 4.5N load cell [82], H: Scaime 
CPJ Rail amplifier [83] and  National Instruments NI 
USB-6008 converter [84]. 
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Shape experiments 
The pincher’s shape was expected to affect the regulation control. Based on the earlier 
findings (Section 4.2.2), three different steel pinchers were tested: a 14mm wide pincher 
(Figure 16 right), a 44mm wide pincher (Figure 18 left), and a pincher that combines two 
14mm wide pinchers with a 14mm distance in between (Figure 18 right). The smallest pincher 
was expected to provide the least gradual flow control and the lowest pinching force. During 
the experiment, the pincher was moved 0.01mm away from a closed tube, and the fluid 
volume was recorded for 30-seconds subsequentially to obtain a reliable flow rate. This 
process was repeated until the measuring cup was full. 
 An additional experiment was arranged to investigate whether a wider pincher also 
causes an increased flow rate deviation over time. Because, an increased pinching force was 
expected for a wider pincher, and creep is load-dependant. However, since this pinching force 
is also distributed over an increased area, it induces smaller stress peaks. The method and 
measurement protocol were equal to those used in the material experiment, except that now 
the 44mm wide steel pincher was used. 

Contact area experiment 
As the Adelberg’s European patents are expired [88], 
the tapered groove shows up in roller clamps of 
several other brands. The roller clamp, as described 
in Appendix B, also contains this feature (Figure 17). 
The material experiment was repeated to investigate 
the degree of influence of this feature, but now using 
this roller clamp instead of the pinching setup (Figure 
14). The same plastic wheel was exactly the same as 
used during the material experiment. 

Figure 16 – Material experiment pinchers. Left: 14mm wide plastic pincher, right: 
14mm diameter steel pincher. Both pinchers have the same rounding radius. 

Figure 18 – Shape experiment 1 pinchers. Left: 44mm wide steel pincher. Right: 
double 14mm wide pinchers with a 14mm distance in between. Both pinchers have 
the same rounding radius. 

Figure 17 – Contact area experiment. Plastic roller 
clamp. The blue ellipse indicates the tapered 
groove. 
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4.1.3 Selection of partial solutions 
Every category of the morphological chart (Section 4.2.1) is independent of partial solution 
choices made for other categories. For this reason, the partial solution with the most potential 
was chosen for each particular category. The choices were based on the results of the 
evaluation of the partial solutions above, and the expected performance of the applicable 
design requirements. 
 

4.1.4 Prototyping and final design 
The selected partial solutions were combined into one all-encompassing embodiment: the 
final design. A 3D computer-aided-design (CAD) model was created using SolidWorks 2020 
[66], and renders were made using the Visualize plug-in [89]. Many potential (practical) 
complications were already solved during this creation, before they would manifest 
themselves in the actual prototype. However, some issues only emerge when actually 
building the prototype. For this reason, rapid prototyping using fused deposition modelling 
(FDM) was used to quickly verify relevant properties as form, fit, and function of the design 
at an early stage. This allowed fast building, reviewing, and iteratively refining the design.  

During these iteration steps, design recommendations for plastic injection moulding [90-
94] were already considered. In this manner, most potential defects at injection moulding 
(and consequently increased designing costs) are prevented. The most relevant aspects taken 
into account were: 

• Smooth transition between features, through fillets or 
chamfers 

• Constant wall thickness and less than or equal to 3mm for 
most materials 

• Undercuts (Figure 19) should be avoided, as these require 
additional actions and therefore costs during moulding 

• Ribs and gussets for reinforcement: recommended 
dimensions are shown in Figure 20 

• Fillets on adjoining walls: recommended dimensions are 
shown in Figure 20 

 
Figure 20 – Recommended dimensions of ribs (left), gussets (middle) and adjoining walls (right). All the 
dimensions are the maximum recommended sizes, except when indicated otherwise. T: wall thickness. 

For a rough cost estimation of the plastic components of the DropAdjust, a provisional quote 
was requested at Protolabs [95]. This company provides injection moulding for functional 
prototyping, low-volume production, and pilot runs. 
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Figure 19 – A snap-fit which 
causes an undercut (hatched 
area). 
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4.2 Results 
4.2.1 Generation of partial solutions 
Table 3 presents the possible solutions for each category in a morphological overview.  

Table 3 – Morphological chart. The partial solutions enclosed by a green rectangle are the selected ones as described in 
Section 4.2.3. In the illustration, yellow indicates the movements, orange the tubing, red the pincher or mechanism, blue the 
fluid and black the fixed supports. 
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Material of critical components 
The materials with the highest potential in terms of creep resistance, price, stiffness, strength, 
and density for each material class are provided below (see Appendix F for the detailed 
material selection overview): 

Polymers: polyethene terephthalate (PET) and polyester (UP). 

Metals: aluminium alloy or magnesium alloy. 

Ceramics: silicon. 
 
Shape of pincher 
Figure 21 shows a graph of the volume flow rate in the tubing [mL/h] versus pinching depth 
[mm] for the investigated pinching widths [mm]. As provided by the cooperating hospital 
(Jeroen Bosch Ziekenhuis [96]), drugs are usually infused at flow rates below 200 mL/h. For 
this reason, only the range of 0-200 mL/h is shown in the figures. The results of the FEAs are 
displayed in Figure 22, 23 and 24.  

The figures of the fluid mechanic model (Figure 21) and the FEM model (Figure 22) are similar 
and reveal a clear relation between the width of the pincher and the flow rate. These 
simulations show that wider pinchers allow for more gradual control of the fluid flow. 

Figure 23 and 24 illustrate that an increase in the number of pinchers or space in 
between the pinchers also positively influence the regulation control. 
 
 
 
 
 
 

2.6 2.7 2.8 2.9 3

Total pinching depth Di-Dc [mm]

0

20

40

60

80

100

120

140

160

180

200

V
o

lu
m

e
 f

lo
w

 r
a

te
 Q

 [
m

L
/h

]

Fluid mechanics

Volume flow rate up to 200 mL/h vs total

pinching depth for several pinching widths

Lc=10

Lc=20

Lc=40

Lc=80

Pinching width [mm]

Figure 21 – Fluid mechanics: volume flow rate [mL/h] up to 
200 mL/h  versus total pinching depth [mm] for several 
pinching widths. 
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Figure 22 – SolidWorks flow simulation: volume flow rate 
[mL/h] up to 200 mL/h  versus total pinching depth [mm] for 
several pinching widths. 
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Although the above models were made with specific assumptions, e.g. pinching creates a 
round orifice in the middle of the tube, the same or similar relations are expected in practice. 
In Section 4.1.2, experiments to verify this are described. 
 
Contact area of pincher 
In the middle of Figure 25, the first improved version of the Adelberg clamp [79] is shown. 
This version owes its improved performance to the tapered groove (D) at its centre. Due to 
this groove, the fluid channel remains at the centre while clamping. The highest stresses are 
concentrated at the outer sides. For this reason, most of the creep takes place at these outer 
sides and has less influence on the fluid channel’s size. According to Adelberg, the second 
version of Figure 25 (right) is even slightly better [77, 78]. This one contains ridges (E) to grip 
the tube and was claimed to result in a slight additional reduction of creep (Figure 26). 
  

 
Figure 25 – Section view of: a conventional roller clamp (left); the Adelberg clamp v1 (middle); and the 
Adelberg clamp v2 (right). The components are: A tubing; B wheel; C housing; D tapered groove; E ridges. 
Adapted from [97]. 
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Figure 24 - SolidWorks flow simulation: volume flow rate 
[mL/h] up to 200 mL/h  versus total pinching depth [mm] for 
two 5mm wide pinchers with 10mm and 40mm in between. 
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Figure 23 – SolidWorks flow simulation: volume flow rate 
[mL/h] up to 200 mL/h  versus total pinching depth [mm] for 
a 10mm wide pincher, two 5mm wide pinchers with 40mm in 
between and three 3.33mm wide pinchers with 40mm in 
between. 
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4.2.2 Evaluation of partial solutions 
Only the most relevant results of the experiments are shown below (additional graphs are 
provided in Appendix E). 
 
Material of critical components 
The flow rate over time and the mean flow rate accuracy errors of the material experiment 
are presented in Figure 27 and 28. As expected, the steel pincher indeed had a lower mean 
flow rate accuracy error than the plastic version. Since steel was considered creep-resistant 
and the mean accuracy error was still around 45% after 50 minutes, the rest of the accuracy 
error was related to the PVC tubing.  
 

 

 
 
 

 
Figure 26 – Flow rate change over time tested by Adelberg. The lines indicate the: A 
conventional roller clamp; B Adelberg clamp v1; C Adelberg clamp v2. Adopted from [77]. 

Figure 28 – Material experiment: the mean flow rate 
accuracy error over 50 minutes for a 100 mL/h initial flow 
using a 14mm wide plastic pincher and a 14mm wide steel 
pincher. 
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Figure 27 - Material experiment: Flow rate [mL/h] versus 
time [min] at an initial setting of 100 mL/h using a 14mm 
wide plastic pincher and a 14mm wide steel pincher. 
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Shape of pincher 
In Figure 30 and 29, the results of the first shape experiment are shown. Again, only the most 
essential range of 0-200 mL/h is used in the figures. The relations correspond to the earlier 
findings from the simulations; the wider pincher (Figure 30 middle) provides more gradual 
regulation control. There was some scatter of results of the tests with the double pinchers 
(Figure 30 bottom), but the regulation control was clearly improved. However, as shown in 
Figure 29, the pinchers with an improved regulation control need a higher pinching force. 
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Figure 30 – Shape experiment 1: Flow rate [mL/h] (up to 200 mL/h) versus pinching depth [mm] using a 
14mm wide steel pincher (top), a 44mm wide steel pincher (middle) and a double 14mm wide steel 
pincher with a distance of 14mm in between (bottom). 
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Figure 29 – Shape experiment 1: Flow rate [mL/h] (up to 200 mL/h) versus needed pinching force [N] using a 
14mm wide steel pincher, a 44mm wide steel pincher and a double 14mm wide steel pincher with a distance 
of 14mm in between. 
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Figure 31 shows the results of the additional shape experiment. The mean accuracy error for 
the wider 44mm pincher was still around 45% after 50 minutes. So, the width of the pincher 
had no evident influence on the flow rate accuracy. 

Contact area of pincher 
The flow rate accuracy errors of this experiment are presented in Figure 32. The tested roller 
clamp with its housing provides an improved flow rate accuracy over time. The mean accuracy 
error for the plastic wheel was 57% after 50 minutes, while the roller clamp provides an error 
of 35%. Since the plastic wheel used in this roller clamp was equal to the one used in the 
material experiment, the only difference was the housing. Hence, the tapered groove of the 
housing causes the improvements.  

4.2.3 Selection of partial solutions 
Regulation mechanism for non-uniform pinching 
The partial solutions using a screw-type mechanism are not preferred because of the slow 
operation speed; quick opening or closing is difficult. Furthermore, the lever mechanism 
needs a relatively large lever to achieve the desired fine regulation step size.  

On the other hand, the drop cam has the desirable property of the possibility of a fine 
regulation step size while simultaneously keeping the mechanism compact. This property is 
contrary to the conventional roller clamp, which needs much more (rolling) space when the 
wheel is enlarged. The same holds for the non-uniform ramp when used for fine flow rate 
regulation, but it can be used for fast coarse settings. The separated coarse and fine 
adjustments mechanism also has its benefits. Using this mechanism, it is easier to deal with 
different tubing diameters, and also quick opening or closing is possible through the coarse 
setting. However, as mentioned, screw-type operations are undesirable.  

Figure 31 – Shape experiment 2: the mean flow rate accuracy error over 50 minutes for a 100 
mL/h initial flow rate setting, using a 14mm wide steel pincher and a 44mm wide steel pincher. 
The data of the 14mm wide pincher comes from the material experiment. 

Figure 32 – Contact area experiment: the mean flow rate accuracy error over 50 minutes for 
a 100 mL/h initial flow rate setting, using a 14mm wide plastic pincher and a roller clamp 
with the same pincher. The data of the plastic pincher comes from the material experiment. 
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For the above reasons, a combination of this mechanism and the non-uniform ramp 
and drop cam was chosen: a hybrid solution. The non-uniform ramp takes care of the coarse 
flow rates adjustments (open, close, flow) and the drop cam mechanism provides the fine 
flow rate regulation. 

 
Attach flow regulator to infusion set 
Clamping the flow regulator to the infusion set, like the roller clamp, is challenging because 
of its weight and its centre of gravity which is not in line with the tubing. Connecting it to the 
IV pole counters the possible swinging of the infusion set during patient transportation. This 
way, a more stable flow rate is realised. For this reason, connecting the flow regulator to the 
IV pole was chosen over attaching it to the drop counter. In addition, the flow regulator is 
also more versatile as it does not depend on a specific type of drop counter. 
 

Fix tube in place 
Locking up of the tube was rejected as it results in additional components and therefore costs. 
Let the flow regulator slide over the line is the same principle as the roller clamp uses. 
However, the Luer-lock (Figure 4) should also fit through, and therefore the dimensions would 
have to increase. Furthermore, attaching and detaching the flow regulator is less convenient. 
Since both the form-fitting pincher and the push-through component are placed at separated 
locations, both were used to ensure the tube is fixed. 
 
Number of pinchers 
As using multiple pinchers was shown not to provide substantial regulation advantages but 
would add cost due to added complexity, a single pincher was used. 
 

Shape of pincher 
Since no puncture or damage to the tubing is allowed (Section 3.1.1), a round shape is 
preferred over the pointy-shaped pincher. Furthermore, based on the results of the 
evaluation of the partial solutions, a wider pincher or multiple pinchers were preferred as 
they allow for more gradual control of the fluid flow. The performance of the 44mm wide 
pincher and multiple pinchers cannot be directly compared, also because of their difference 
in total width. However, to keep the improved flow regulator as compact as possible, one 
pincher was used. An increase in width of the pincher also increases needed pinching force, 
which adversely affects the user-friendliness. Thus, for the exact dimensions of the pincher, 
a balance has been sought (Section 4.2.4). 
 
Contact area of pincher 
Based on the accuracy performance of the conducted experiments, a groove was made into 
the pincher’s contact area. Adding ribbons into the pincher’s contact area was claimed only 
to provide slight improvement. Besides, the fine ribbons provide added complexity in terms 
of manufacturability. For these reasons, ribbons were not yet implemented into the contact 
area of the pincher. 
 
Material of critical components 
The partial solution generation section (4.2.1) shows that a creep-resistant material can be 
found for each material class. However, polymer injection moulding is preferred as the 
manufacturing method because of its low cost at high production rates. Besides, injection 
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moulding provides excellent quality and accuracy, and a wide variety of plastic materials with 
various properties can be used [98]. Given the above and its lowest cost price (Appendix F), 
the widely used injection moulding material, polyethene terephthalate (PET) was used. This 
material choice holds for all the components subjected to the applied flow rate setting forces. 

In Table 3, the selected partial solutions for each category are indicated by a green 
rectangle. 
 

4.2.4 Prototyping and final design 
The rapid prototyping process resulted in a final design (Figure 33), hereinafter referred to as 
the DropAdjust. In Appendix G, the design and prototype steps can be found, including the 
explanations of complications and improvements. Also, additional renders of each separate 
component are provided. Appendix H provides the exact dimensions of each component in 
technical drawings, except for the leaf spring. 

Figure 34 shows an exploded view of all components, and the assigned labels are described 
in Table 4. The non-uniform ramp (D) is used to set the DropAdjust to one of the three 
different flow rate modes: open, flow, or closed. A compliant safety pin (C) ensures this 
desired mode is maintained, also during patient transportation. The flow mode is reached 
by moving the ramp upwards from its open mode (Figure 33). At this position, the pincher 
(B) already pinches the tubing to bring the flow rate back to roughly 200-500 mL/h (coarse 
adjustment). The tubing of the infusion set is positioned in the rectangular groove in the 
housing base (G), left of the pincher. When the DropAdjust is in its flow mode, rotating the 
drop cam (F) is used to set the desired flow rate (fine adjustment). The pincher (B) moves 
closer or further away from the tubing by rotating this drop cam. A leaf spring (E) makes 
sure this pincher is always linked to the drop cam. The pole bracket (H) is placed on the back 
of the housing base to connect the DropAdjust to an IV pole using rubber bands. A housing 
cap (A) closes the DropAdjust and minimises the number of accessible moving parts for 
safety reasons. 

 

Figure 33 – Renders of the DropAdjust in its open mode. Left: side view, middle: frontal view, right: frontal view of the 
inside without the housing cap. Table 4 shows the meaning of the assigned labels. Created with SolidWorks Visualize [89]. 
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At the closed mode of the DropAdjust, the protruding part left on the non-uniform ramp 
pushes the pincher even further onto the tubing to shut off the flow. This way, when an 
infusion bag needs to be swapped, the DropAdjust can temporarily stop the fluid flow. After 
the regulator is put in its flow mode again, the former flow rate will be restored. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4 – Component names, materials, outer dimensions and cost price of DropAdjust assembly shown in Figure 34. 
The function of each component is explained in the text. Cost price with the asterisk is excluding machining. PET part 
prices depend on the type of mould used, and the mould costs are excluded (Appendix I). 

Label Component Material Outer dimensions [mm] Cost price (€/part) 

A Housing cap PET 101.0x50.8x6.8 mm €0.47-€1.59 

B Pincher PET 39.9x14.4x8.0 mm €0.36-€1.36 

C Compliant 
safety pin 

PET 28.1x10.72x6.6 mm €0.34-€1.33 

D Non-uniform 
ramp 

PET 87.0x38.1x10.8 mm €0.41-€1.47 

E Leaf spring Spring steel 95.0x0.2x6 mm €0.06* [99] 

F Drop cam PET 50.4x9.4 mm €0.39-€1.43 

G Housing base PET 101.0x62.9x16.1 mm €0.61-€1.87 

H Pole bracket PET 46.7x51.46x21.8 mm €0.45-€1.55 

Total €3.09-€10.66 

 
As mentioned earlier, all the components will be manufactured through plastic injection 
moulding, except for the steel leaf spring. Table 4 also provide the estimated cost prices per 
part, mainly based on the quote of Protolabs [95] (see Appendix I for the full quote). The steel 
leaf spring is a commercial off-the-shelve product [99], and only needs to be machined to the 
desired dimensions. When all the parts are assembled, the housing cap and pole bracket are 
joined to the housing base through ultrasonic welding. This is one of the most popular 
methods for merging injection moulded parts [100] for several reasons: it is fast (<1s), the 
required tools are relatively inexpensive, and automation is straightforward [100, 101]. 

 
Figure 34 – Exploded view of the DropAdjust. The assigned labels are explained in Table 4. Created with 
SolidWorks Visualize [89]. 
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Pictures of the latest demo prototype built using an FDM printer can be seen in Figure 35. 
Two screws were used to join the housing base and cap in order to keep the prototype 
modular. Superglue was used to fasten the IV pole bracket to the housing base.  

Figure 35 – Demo prototype of the DropAdjust. Left: frontal view, right: frontal view of the inside 
without housing cap. 
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5 Design evaluation 
5.1 Methods 
5.1.1 FEM Analysis 
Multiple FEM static analyses (FEA’s) were conducted for the possible critical components to 
check if the proposed design can withstand the applied forces during usage. The housing, 
pincher and non-uniform ramp were expected to be the essential parts because they are 
subjected to the highest pinching forces at the closure of the tubing (closed mode). The 
material properties of PET were obtained from Granta Edupack [74]. These properties were 
imported into SolidWorks for conducting the FEA’s. Based on the maximum pinching force of 
61.3N (Appendix J), and to keep an additional safety factor of ≈1.5, the total applied force on 
the critical components was set at 90N. The simulations were divided into three parts: 
housing (cap and base); pincher; and non-uniform ramp. By using fixed supports, a 
simplification of the usage in practice was mimicked (Figure 36).  

The maximum Von Mises stress should stay under the yield strength of PET of 52.44 MPa [74] 
to prevent plastic deformation and failure. Though, to ensure a long life-cycle, the maximum 
Von Mises stress is preferred to also remain under the fatigue strength of 28.72 MPa  [74]. 
Furthermore, to maintain high regulation precision, only minor material deformations of 
0.1mm were allowed. 
 

5.1.2 Validation experiments 
As plastic injection moulding is expensive for small batches, the tested prototype was built 
using additive manufacturing. The material properties of the PLA demo prototype did not 
comply. Thus, to ensure that the quality and strength of the prototype is high enough to 
perform the experiments, the Photopolymer Resin of Formlabs (Appendix K) combined with 
a SLA printer was used (Figure 37). The housing cap was made of a transparent material to 
display the mechanism inside when the cap is attached. 

Figure 36 – Simulation models. Left: housing base and cap (transparent), middle: bottom of pincher, right: 
non-uniform ramp. The green arrows are the fixed supports, and the purple arrows are the 90 N of applied 
force. 
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The Heat Deflection Temperature [102] of the resin is comparable to that of PET (resin: 
73.1℃, PET: 75.0℃ [103], at 0.46MPa). For this reason, also a similar creep behaviour was 
expected. 
 
Two DropAdjust experiments were set up to evaluate the 
DropAdjust’s flow rate accuracy over time: short-term 
and long-term. The short-term DropAdjust accuracy 
experiment was the same (method, setup, protocol) as 
the contact area experiment (Section 4.1.2), but now the 
DropAdjust was attached to the IV tubing (Figure 38). 
Thus, the flow rate was initially set at 100 mL/h with the 
help of the Monidrop and then recorded for 60 minutes. 
A mean flow rate accuracy error was computed using 
MATLAB [75]. This experiment was repeated four times. 
These results were compared to the results of the roller 
clamp from the contact area experiment. 
 The long-term DropAdjust accuracy experiment 
was a pilot experiment of two different runs. This pilot 
corresponded to the A.2 flow regulator test of ISO 8536-
14 [33]. As with the short-term experiment, the 
DropAdjust was attached to the IV tubing of the 
experiment setup (Figure 15). The flow rate was initially 
set at 21 mL/h, a commonly used flow rate [96]. After 
fifteen minutes, the decreased flow rate was again set at 
21 mL/h and recorded for six hours. Most of the creep 
should occur in these first fifteen minutes [45]. The mean flow rate accuracy error was 
measured at every hour and processed using MATLAB. The pilot experiment was repeated 
using the roller clamp instead of the DropAdjust to compare the accuracy performance. 

The complete experiment plans are provided in Appendix L. 

Figure 38 – The DropAdjust, connected to 
the IV tubing of the experiment setup of 
Figure 15. The DropAdjust replaces the 
pinching setup (F). 

Figure 37 – Experiment prototype of the DropAdjust. Left: frontal view, right: frontal view of 
the inside without housing cap. 



 29 

5.1.3 Prototype evaluation 
This section evaluates the DropAdjust prototype on the set design requirements based on the 
above experiments and the expected performance. The evaluation is summarised in an 
overview. 
 

5.2 Results 
5.2.1 FEM Analysis 
Figure 39, 40 and 41 present the results of the FEA’s. 
 

Figure 39 – FEA results of the housing base and cap. Left: von Mises stresses [MPa], right: resultant displacements (URES) [mm]. 

Figure 40 - FEA results of the pincher. Left: von Mises stresses [MPa], right: resultant displacements (URES) [mm]. 
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As illustrated in the figures, the stresses in all components stayed well under the fatigue 
strength of 28.72 MPa. The expected material deformations were microscopic and also well 
within the prescribed range. 
 

5.2.2 Validation experiments 
The mean flow rate accuracy error for both the 
roller clamp and DropAdjust of the short-term 
experiment are shown in Figure 42. The data of 
the roller clamp were obtained from the earlier 
contact area experiment. As expected based 
on the earlier experiments, the DropAdjust 
performs better than the roller clamp in terms 
of mean flow rate accuracy. The accuracy error 
of the roller clamp was around 23.5%, while 
the DropAdjust’s error was around 4.5%.  
 The results of the long-term accuracy 
experiment of the roller clamp and DropAdjust 
are shown in Figure 44 and 43. Once again, the 
DropAdjust outperformed the roller clamp in 
terms of mean accuracy. In the first hour, the 
mean flow rate accuracy error of the 
DropAdjust was 10.9%, but this mean error 
decreased over time. Over six hours, the mean accuracy error was 5.8%. The accuracy error 
of the roller clamp increases every hour, and the mean flow rate accuracy error over six hours 
was 23.2%. 

Figure 41 - FEA results of the non-uniform ramp. Left: von Mises stresses [MPa], right: resultant displacements (URES) 
[mm]. 

Figure 42 – DropAdjust experiment short-term: the mean 
flow rate accuracy error over 60 minutes for a 100 mL/h initial 
flow rate setting, using a roller clamp and the DropAdjust. 
The data of the roller clamp is coming from the contact area 
experiment. 
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Figure 43 also provides some indication of whether a fine regulation step size was possible. 
The initial flow rate of the roller clamp was within 9.6% of the desired 21 mL/h, while the 
DropAdjust was within 0.6%. 
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Figure 44 – DropAdjust experiment long-term: the mean flow rate accuracy error over 60 minutes for 
a 21 mL/h initial flow rate setting after 15 min settling time. A roller clamp and the DropAdjust were 
used. 
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Figure 43 – DropAdjust experiment long-term: Flow rate [mL/h] versus time [min] at an initial setting 
of 21 mL/h after 15 min settling time. A roller clamp and the DropAdjust were used. The initial flow 
rate is labelled, where the top one is the DropAdjust. 
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5.2.3 Prototype evaluation 
In Table 5, the overview of the evaluation is presented. Almost all criteria were satisfied. The 
only criteria that still needs some attention is user-friendliness.  
 
Table 5 – Evaluation of the DropAdjust based on the earlier set design requirements. Green indicates that the criterion is 
satisfied, light green indicates a promising result of a pilot experiment, and yellow is still to be tested. 

Criterion Value Satisfied? 

Mean flow rate accuracy error 
over one hour without prior 
settling 

≤  23.7% 4.5% 

Flow rate deviation over 6 hours 
after 15 min settling time 

< 10% 
Overall: 5.8%, 1st hour: 10.9% (only one 
run) 

Fine regulation step size 
possible 

≤ 1% of desired 
flow rate 

0.6% (only one run) 

Cost price ≤  €50,- €3.09-€10.66 (excluding assembly costs) 

Compatibility range of external 
tubing diameters 

3.0-4.5 mm Yes 

Safe in use and no puncture or 
damage to the flexible tubing 

- Yes 

Number of needed movements 
of subcomponents to 
disconnect the flow regulator 

≤  2 1 

Number of movements of 
subcomponents in a single plane 
to lock the flow regulator’s 
position 

≤  1 1 

User-friendly - - 

Modular prototypes, but end 
product impossible to 
disassemble by customers 

- Yes 

Compatible with the Monidrop 
[73] 

- Yes 

Open-close time ≤  2 s ±1 s (self-tested) 

Maximum dimensions ≤  15x10x5 cm 10.5x7.5x3.5 cm 

No line modifications are 
necessary 

- Yes 
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6 Discussion 
Through various (FEA) analyses and experiments, an improved manually controlled over-line 
flow regulator for gravity-driven infusion was developed: the DropAdjust. 
 
The material experiment demonstrated the influence of the pincher’s material on the flow 
rate accuracy. As expected, the steel pincher performed better (45.1%) than the plastic 
pincher (57.2%) in terms of mean flow rate accuracy over 50 minutes. The existence of an 
accuracy error for the creep-resistant steel pincher must be related to the PVC tubing, which 
makes sense because flexible PVC is most prone to creep of all the involved materials. 
Interestingly, the discovery of the impact of the pincher’s material is in contrast to earlier 
findings of Flack & Whyte [44]. Given the lack of detailed experiment setup and experimental 
data of their research, it is hard to explain the discrepancy in results. Furthermore, as seen in 
Figure 26, ribbons were claimed to provide a decrease in creep. The tested plastic wheel of 
the material experiment had some small ribbons that could positively have influenced the 
flow rate accuracy. If so, this the material’s influence on the flow rate accuracy could even be 
more prominent. Anyhow, as the material experiments were only executed four times, more 
research is needed to make it possible to quantify the degree of influence. 

The fluid mechanic calculations, FEM-model, and shape experiments demonstrated a 
clear correlation between the width of the pincher and the flow rate. The use of a wider or 
multiple pincher(s) allowed for more gradual flow rate regulation. There is however one 
downside to these pinchers with an improved regulation control: a higher pinching force is 
needed. This increased pinching force did not result in the expected increasement of the 
mean flow rate accuracy error. Thus, for the shape of the pincher, there is only a balance 
between user-friendliness (needed pinching force) and regulation control.  
 The results of the contact area experiment were in accordance with the claims made 
by Adelberg [77, 78]: a tapered groove in the housing indeed improves the flow rate 
accuracy.  
 
In terms of mean accuracy error, the short-term DropAdjust experiment demonstrated a 
significant improvement of the DropAdjust (4.5% over one hour) compared to the 
conventional roller clamp (23.5% over one hour). This improvement was expected as several 
design enhancements were applied based on the earlier experiment results. 
 Also, the long-term accuracy of the DropAdjust seemed promising during the pilot 
experiment. Nevertheless, the DropAdjust showed some unexpected behaviour at the first 
hour, as the mean flow rate increased by 10.9%. After this temporarily increase, the gradient 
over time was again as expected. No explanation was found, but additional long-term 
research could maybe shed some light on this behaviour. Furthermore, it was also interesting 
to see that a settling time of 15 minutes was not enough for the roller clamp, as it was still 
decreasing drastically for 25 minutes. Thus, contrary to the 15 minutes suggested by Simon 
et al. [45], a minimum settling time of 40 minutes is advised for the conventional roller clamp. 

This pilot experiment also indicated whether a fine regulation step size was possible 
using the DropAdjust. With an initial flow rate within 0.6% of the desired flow rate, the 
DropAdjust outperformed the conventional roller clamp (9.6%). Nevertheless, this was only 
one run during a pilot experiment.  
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There were several limitations to the performed experiments. The initial water level in the 
reservoir was not always exactly the same, as the desired level was marked with a thick line 
(≈5mm). However, as the height was 1.87m, this results in a hydrostatic pressure deviation of 
0.27%. 

Furthermore, it was hard to start all the experiment runs with an equal initial flow 
rate. As the creep-effect is more prominent for lower flow rates, this deviating initial flow rate 
could also be of influence. This creep-effect possibly occurred at the lowest flow rates of the 
first shape experiment. During the needed measuring interval, the flow rate decreased faster 
than the flow rate increased through reducing the pinching depth. However, as most 
experiments were initially set at a high flow rate setting, the creep-effect should be minimal. 
 Another limitation was that the U-profile of the pinching setup (Figure 14) was 
broader than the pinchers designed to slide into it. This made it challenging to precisely align 
the tubing and pincher. Consequently, the tubing could have squeezed in between the side 
of the pincher and the U-profile, making it harder to shut off the tubing completely. Although, 
if noticed the pincher was reoriented, it may have been overlooked. This phenomenon 
explains the higher needed pinching depth for two runs of the double 14mm wide steel 
pincher (Figure 30). 

At last, all the flow rate accuracy experiments were performed at one initial flow rate 
setting (100 mL/h) and using the same bag-cannula height. For this reason, additional 
experiments for a wider range of flow rates at various heights are recommended to evaluate 
the performance of the DropAdjust more thoroughly. Furthermore, since the flow rate 
accuracy over time in practice is dependent on various parameters (Table 1), in vivo 
experiments are suggested to evaluate DropAdjust’s sensitivity to these parameters. 
 

The focus of this thesis was to deliver a practice-ready prototype. Unfortunately, not 
all components were optimally developed because of the size of this process, the number of 
components, and the time constraint. For instance, the chosen pincher width was based on 
only a couple of prototype iterations. Supplementary research and more diverse experiments 
could be conducted to find the ideal balance between the needed pinching force and 
regulation range.  

Another component that was not developed thoroughly is the compliant safety pin 
(Figure 34). The development of the compliant safety pin is delicate. The dimensions of this 
pin are a balance between safety (rigid) and ease of use (flexible). As the user-friendliness of 
the DropAdjust was not yet researched in this thesis, such research in collaboration with 
healthcare providers is recommended. The safety pin considerations could then be included 
in that research. One more element to investigate during this research is the location and 
shape of the control knob attached to the non-uniform ramp. The developed mechanism 
lends itself to various location and shape possibilities. 
 Another possible follow-up research could examine the possibility of implementing 
the earlier mentioned Adelberg ribs (Figure 25 and 26). The inventor’s claims and the limited 
experiments looked promising, although the Adelberg groove was of more influence. 

Lastly, given the sustainability benefits, one could also look into possibilities to keep 
the design modular but at the same time inaccessible for customers. For instance, by 
implementing a snap-fit in the housing base that can only be altered or accessed using a tool. 

Apart from the mentioned (dimensional) optimisations, a practice-ready prototype 
was delivered that is already close to an end product. 
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To be able to go from this practice-ready prototype to an end product, some essential steps 
have to be made. For instance, endurance tests need to be performed. Although the FEA’s of 
Section 5.2.1 were promising, actual practice tests are still necessary. 

Additionally, as preparing a design for injection moulding is a profession on its own, it 
is still advised to acquire advice from a well-regarded company or experienced specialist. A 
thing to consider is the margins for the moving parts of the DropAdjust, which are currently 
optimised for 3D printing. They can possibly also advise on the needed draft angles for the 
walls in the DropAdjust as this differs per mould type and product. 

Furthermore, although the results from the DropAdjust accuracy experiments looked 
hopeful, additional tests are probably necessary to verify its safety and functionality to qualify 
for a CE marking. 

At last, a patent application for the DropAdjust could be considered. Based on the 
patents of the priorly conducted literature study [60], the DropAdjust provides an unknown 
ingenious combination of components to achieve unprecedented performance. With a mean 
flow rate accuracy error of 4.5%, it can even compete with the flow rate accuracy of the 
infusion pumps (0.5-6%). The cost price of the DropAdjust is €3.09-€10.66 (excluding 
assembly), and a drop counter costs €290-€495. As infusion pumps cost €1800+, high-profit 
margins are possible for the DropAdjust. Thus, the return on investment of a patent 
application seems promising. An intellectual property business case study is suggested to 
explore the future possibilities. 
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7 Conclusion 
This study aimed to design and develop a precise and accurate manually controlled over-line 
flow regulator for gravity-driven infusion. With such a flow regulator, drop counters can be 
used to their full potential. These combined pose an interesting alternative to the expensive, 
relatively immobile, and sometimes scarce infusion pumps. 
 
Supported by FEA analyses and validation experiments, the developed DropAdjust is such 
precise and accurate flow regulator. The mean flow rate accuracy error over one hour without 
prior settling was 4.5%, in contrast to the 23.5% of the conventional manual flow regulator 
(roller clamp). The results of a six-hour pilot run were also promising as the DropAdjust was 
four times more accurate than the roller clamp. Furthermore, this pilot’s data suggested that 
the DropAdjust was better in accurately setting the desired flow rate, and therefore an 
improved flow rate precision is expected.  

The pilot experiment was part of the ISO 8536-14 standard requirements set for flow 
regulators without fluid contact [33]. Despite the promising mean flow accuracy of the pilot 
run (5.8% error), the DropAdjust did not yet satisfy the criterion for the ISO standard. In the 
first hour, the mean flow rate deviated 0.9% above the allowed range. As this was a pilot 
experiment, additional experiments are necessary for a more definitive verdict. The 
DropAdjust does however meet all the other ISO 8536-14 requirements. 
 
The DropAdjust satisfies all tested design criteria and outperformed the roller clamp in terms 
of accuracy and precision. Moreover, it even shows a mean flow rate accuracy error 
comparable to the electronic infusion pumps (0.5-6% [22, 23]). The cost price of the 
DropAdjust is €3.09-€10.66 (excluding assembly and profit margin), and the drop counter is 
priced at €290-€495 [6, 24, 51]. Hence, the combination of the DropAdjust and a drop counter 
is also considerably cheaper than infusion pumps (€1800+ [25, 26]). 

The DropAdjust also has an additional practical feature: it can temporarily close the 
infusion line without losing the last-used flow rate setting. When an infusion bag needs to be 
swapped, the DropAdjust is put in its closed mode. After the regulator is put in the flow mode 
again, the former flow rate will be restored. 

Given the above, and apart from some possible (dimensional) optimisations, a 
practice-ready prototype with high potential was delivered. Possible next steps are 
conducting endurance tests and acquiring injection moulding advice at a well-regarded 
company or experienced specialist. Furthermore, as suggested, more long-term flow rate 
accuracy ISO 8536-14 tests are recommended to verify the safety and functionality of the 
DropAdjust. This verification is needed to comply with the EU MDR requirements and receive 
the obligatory CE marking. 
 
This DropAdjust combined with a drop counter has the potential to improve the accessibility 
as well as the affordability of accurate infusion in the future, and therefore contribute to 
better healthcare. 
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Appendix A – Fluid Mechanics 
Model 
Friction is increasing when pinching the tubing. Thus, narrowing 
its diameter causes an increase in flow velocities and therefore 
an increase in friction losses (squared). In Figure 45, the 
pinching configuration is displayed. The flow was assumed to 
be at steady state (fully developed) and laminar. Furthermore, 
the pinching was assumed to create an orifice at the centre of 
a round pipe of inner diameter Di. The same setup as described 
in Appendix E is used.  

 
 
 
 
 
Parameters 
Table 6 provides the used parameters, corresponding values and the source it comes from. 
 

Table 6 – Parameters, values and sources of the model shown in Figure 45. 

Parameter and symbol Value Source 

Inner diameter, Di 3 mm Appendix B 

Length tube, L 1.5 m Appendix E 

Density water, 𝝆 998.02 kg/m3 At 21℃ [104] 

Dynamic viscosity water, 𝝁 0.0009775 Pa*s At 21℃ [104] 

Maximum volume flow rate, Qmax 19,000 mL/h Appendix C 

Bag-cannula height, z 1.87 m Appendix E 

Loss coefficient inlet Kinlet 0.5 [105] 

Loss coefficient exit Kexit 1 [105] 

Gravitational acceleration g 9.81 m/s2 - 

 

Equations 
The equations used for this model are given below. 

Reynolds number [105] 𝑅𝑒 =
𝑣 ∗ 𝐷𝑖 ∗ 𝜌

𝜇
 Equation 4 

Flow velocity [105] 𝑣 =
𝑄

𝐴
 Equation 5 

Surface tube 𝐴 = 𝜋 ∗ (
𝐷𝑖

2
)

2

 Equation 6 

Pressure drop tube due to 
friction  [105] 

∆𝑝𝑓 =
1

2
∗ 𝜌 ∗ 𝑣2 ∗ 𝑓 ∗

𝐿

𝐷𝑖
 Equation 7 

Figure 45 - Simplification of the 
pinching configuration with inner 
diameter 𝐷𝑖, contraction diameter 
𝐷𝑐 and contraction width 𝐿𝑐. 
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Friction factor laminar pipe 
flow [105] 𝑓 =

64

𝑅𝑒
 Equation 8 

Pressure drop due to minor 
losses [105] ∆𝑝𝑚 =

1

2
∗ 𝜌 ∗ 𝑣2 ∗ Σ𝐾 Equation 9 

Conservation of mass, where 
2 denotes the area after 
pinching and c the area of 
pinching [105]. 

𝑣𝑐 ∗ 𝐴𝑐 = 𝑣2 ∗ 𝐴2 Equation 10 

 
Where 𝑄 is the volume flow rate [m3/s], and Σ𝐾 is the sum of all the minor loss coefficients 
[-]. 

 
Calculations 
First, it was checked whether the pipe flow was indeed laminar in free flow configuration 
(Dc=Di). Using the parameters of Table 6 and Equation 4, 5, and 6, a Reynolds number of 229 
was found. Because this value is far below the laminar boundary value of 2300 [105], it can 
indeed be considered laminar. 
 Then, the influence of minor losses was examined. The pressure drop due to minor 
losses was compared to the pressure drop due to friction. Parameters of Table 6 and Equation 
7, 8 and 9 give: 

∆𝑝𝑓,𝑡𝑢𝑏𝑒

∆𝑝𝑚
=

Σ𝐾 ∗ 64 ∗ 𝐿

𝑅𝑒 ∗ 𝐷𝑖
= 93.2 

Thus, the pressure drop due to friction is 93.2 as high than due to minor losses, and therefore 
the minor losses were regarded as negligible. 
 
Using these findings a steady flow energy was set up [105]: 

𝑝1 +
𝛼

2
∗ 𝜌 ∗ 𝑣1

2 + 𝜌 ∗ 𝑔 ∗ 𝑧1

= 𝑝2 +
𝛼

2
∗ 𝜌 ∗ 𝑣2

2 + 𝜌 ∗ 𝑔 ∗ 𝑧2 + ∆𝑝𝑓,𝑡𝑢𝑏𝑒 + ∆𝑝𝑓,𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 + ∆𝑝𝑜𝑡ℎ𝑒𝑟 

Where ∆𝑝𝑜𝑡ℎ𝑒𝑟 is the pressure drop [Pa] of the components labelled A-D from Figure 15. 
∆𝑝𝑓,𝑡𝑢𝑏𝑒 is the pressure drop due to friction over the tubing, excluding the contraction part 

(Figure 45). The friction and corresponding pressure drop of the contraction part are labelled 
as ∆𝑝𝑓,𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛. The subscript one denotes the situation at the reservoir and two at the end 

of the tubing. 𝛼 is the kinetic energy correction factor [-], set at 2.0 for fully developed laminar 
flow [105]. 𝑝1 and 𝑝2 are both the atmospheric pressure [Pa] and therefore are cancelled out. 

The velocity at the surface of the large reservoir can be regarded as negligible (𝑉1 ≈ 0
𝑚

𝑠
). 

Furthermore, the tubing’s end is set at height zero (𝑧2 = 0 𝑚). Given the above and the earlier 
mentioned parameters, the pressure drop ∆𝑝𝑜𝑡ℎ𝑒𝑟 for free flow (∆𝑝𝑓,𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = 0 𝑃𝑎) was 

computed: 

∆𝑝𝑜𝑡ℎ𝑒𝑟 = 13,859 𝑃𝑎 

This pressure drop was assumed to be fixed when the tube is compressed as described. The 
pressure drops due to friction is (Equation 7): 
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∆𝑝𝑓,𝑡𝑢𝑏𝑒 =
1

2
∗ 𝜌 ∗ 𝑣2 ∗

64 ∗ 𝜇

𝐷𝑖 ∗ 𝜌
∗

𝐿 − 𝐿𝑐

𝐷𝑖
 

∆𝑝𝑓,𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
1

2
∗ 𝜌 ∗ 𝑣𝑐 ∗

64 ∗ 𝜇

𝐷𝑐 ∗ 𝜌
∗

𝐿𝑐

𝐷𝑐
 

Combined with Equation 10, the following steady flow energy balance is formed: 

𝜌 ∗ 𝑔 ∗ 𝑧1 =
𝛼

2
∗ 𝜌 ∗ 𝑣2

2 + 𝑣2 ∗
32 ∗ 𝜇 ∗ (𝐿 − 𝐿𝑐)

𝐷𝑖
2 + 𝑣2 ∗

𝐴2 ∗ 32 ∗ 𝜇 ∗ 𝐿𝑐

𝐴𝑐 ∗ 𝐷𝑐
2 + ∆𝑝𝑜𝑡ℎ𝑒𝑟 

Where 𝑣2 is the flow rate [m3/s], depending on the chosen 𝐿𝑐 [mm] and 𝐷𝑖  [mm]. 
 

Matlab results 
The above found steady flow energy 
balance was visualised with the use of 
MATLAB [75]. The graph representing 
the volume flow rate [mL/h] versus 
pinching depth [mm] for several 
pinching widths [mm] is shown in 
Figure 46. For each 𝐿𝑐 and 𝐷𝑖-
combination it was checked if the 
flow is still laminar, otherwise the 
model does not hold.  
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Figure 46 – Fluid mechanics: volume flow rate [mL/h] up to 200 mL/h  
versus total pinching depth [mm] for several pinching widths. 
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Appendix B – Technical Data Sheet of 
Volumed infusion set 
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Appendix C – Free flow rate experiment 
Volumed infusion set 
Purpose 
Identify the free flow rate for the Volumed infusion set (Appendix B). 

 
Method and setup 
The same method and setup as described in Appendix E was used. 
 

Measurement protocol 
Plastic wheel 

1. Execute the measurement preparations step 1-6 of Appendix E. 
2. Set the loop time to 50 ms. 
3. Fill the reservoir with 7 litres of (recycled) purified water; up to the marking on the 

reservoir. 
4. Empty the measuring cup and set the offset of the scale load cell in LabVIEW. 
5. Make sure the end of the tubing is exactly above the middle of the scale load cell. 
6. Open the ball valve. 
7. Start saving the LabVIEW data. 
8. Let the experiment run until the measuring cup is almost full. 
9. Stop the LabVIEW script.  
10. Close the ball valve. 
11. Repeat the process for each new infusion set. 

 

Results 
Figure 47 shows the volume over time 
for six different infusion sets. The 
slope is constant, and a first-order 
polynomial was fitted to extract the 
corresponding flow rate for each 
infusion set. 
 
Flow rate infusion set 1: 19,186 mL/h, 
Flow rate infusion set 2: 19,198 mL/h, 
Flow rate infusion set 3: 19,345 mL/h, 
Flow rate infusion set 4: 18,883 mL/h, 
Flow rate infusion set 5: 18,975 mL/h, 
Flow rate infusion set 6: 18,771 mL/h.  
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Figure 47 – Free flow rate experiment: volume (mL) over time (min) 
for the six Volumed infusion sets. A first-order polynomial was fitted 
through the RAW data. 
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Appendix D - SolidWorks flow simulations 
results 
SolidWorks visuals 
Figure 48 and 49 illustrate the two models containing two and three pinching areas for the 
SolidWorks flow simulations. Figure 50 and 51 show one stage of the SolidWorks flow 
simulations for each model. 
 

 
Figure 48 – Section view of the 150mm long 3x4.1 mm PVC tubing model with two pinching areas. Created with SolidWorks 
[66]. 

 
Figure 49 - Section view of the 150mm long 3x4.1 mm PVC tubing model with three pinching areas. Created with SolidWorks 
[66]. 

 
Figure 50 - Close-up section view of flow simulation for the model in Figure 48 for pinching diameter Di=1.6mm. The colours 
indicate the fluid velocity [m/s], and the legend is shown below the model. Created with SolidWorks [66]. 
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Figure 51 - Close-up section view of flow simulation for the model of Figure 49 for pinching diameter Di=1.6mm. The colours 
indicate the fluid velocity [m/s], and the legend is shown below the model. Created with SolidWorks [66]. 

Matlab results 
MATLAB [75] was used for creating visualisations of the data extracted from SolidWorks. 
Figure 52, 53 and 54 show the results for flow rates up to 200 mL/h.  
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Figure 52 – SolidWorks flow simulation: volume flow rate 
[mL/h] up to 200 mL/h versus total pinching depth [mm] for 
several pinching widths. 
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Figure 53 – SolidWorks flow simulation: volume flow rate 
[mL/h] up to 200 mL/h versus total pinching depth [mm] for 
a 10mm wide pincher, two 5mm wide pinchers with 40mm 
in between and three 3.33mm wide pinchers with 40mm in 
between. 
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Figure 54 - SolidWorks flow simulation: volume flow rate 
[mL/h] up to 200 mL/h  versus total pinching depth [mm] 
for two 5mm wide pinchers with 10mm and 40mm in 
between. 
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Appendix E - Experiments for evaluation of 
partial solutions 
Purpose 
Four lab experiments were conducted, which were subdivided into three different categories 
and corresponding purposes: 
 
Material experiment 
Research the influence of the material choice on the flow rate deviation [ml/h] over time [s]. 
 
Shape experiments 

• Research the influence of the pincher’s shape on the regulation range: flow rate [ml/h] 
versus pinching depth [mm]. 

• Research the influence of the pincher’s shape on the flow rate deviation [ml/h] over 
time [s]. 

 
Contact area experiment 
Research the influence of the pincher’s contact area on the deviation of the flow rate [ml/h] 
over time [s]. 

 
Method 
During the experiments purified water was used as 
infusion fluid because the dynamic viscosity and 
density is comparable to 0.9% NaCl; 𝜇𝑤𝑎𝑡𝑒𝑟,20℃ =

1.00 𝑚𝑃𝑎. 𝑠, 𝜌𝑤𝑎𝑡𝑒𝑟,20℃ = 1.00 𝑔/𝑐𝑚3 [104] and 
𝜇0.9% 𝑁𝑎𝐶𝑙,20℃ = 1.02 𝑚𝑃𝑎. 𝑠, 𝜌0.9% 𝑁𝑎𝐶𝑙,20℃ =
1.00 𝑔/𝑐𝑚3 [106]. This fluid 0.9% NaCl is commonly 
used for intravenous infusion [107]. Furthermore, 
the use of water during testing is conform ISO 8536-
4 [61]. The influence of water evaporation was 
already researched before in a similar setup and can 
be neglected [51]. Because of the clogging of the 
filter in the drip chamber in this earlier research, 
purified water was used. 

Figure 55 shows the experiment setup. The 
setup composes of aluminium extrusion profiles 
and was considered rigid. A wide water reservoir (A) 
was chosen to keep the bag-cannula height 
difference as constant as possible. Besides, the 
reservoir was placed as high as possible within the 
limits of the available lab space. This way, the bag-
cannula height difference due to bag deflation 
relative to the overall hydrostatic pressure was 
reduced. The decrease of the hydrostatic pressure 

Figure 55 – Experiment setup. A: water reservoir, B: 
PVC flange feedthrough, C: PVC pipe, D: PVC ball 
valve, E: PVC end cap, F: infusion-bag insert, G: drip 
chamber and Monidrop, H: tubing, I: pinching setup 
(Figure 56), J: measuring cup , K: load cell. 
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can be simply calculated using the specifications provided in Table 7 and Figure 55: 

Maximum volume change 𝑉𝑚𝑎𝑥 = 250 𝑚𝐿 = 0.0025 𝑚3, Bag-cannula height 𝑧 = 1.87 𝑚, 

width reservoir 𝑤𝑟 = 0.39 𝑚, length reservoir  𝐿𝑟 = 0.57 𝑚. Thus, the maximum height 

difference of the reservoir ∆ℎ𝑟 = 0.011 𝑚 and the relative decrease in pressure 
∆ℎ𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟

𝑧
×

100 = 0.6 %.  

Before each test, the reservoir was filled with the same amount of purified water (7L), so 
the hydrostatic pressure at each test was identical. 

 
 The water will flow from the reservoir through the ball valve (D) into the infusion set with 

the Monidrop attached (G, H). A linear stage, with a calibrated load cell attached, will variably 
pinch the tube and therefore control the flow rate (label I of Figure 55 and 56). The pincher 
used to clamp the infusion line differed per experiment. The fluid flows from the infusion set 
in the measuring cup, placed on another calibrated load cell. That load cell acted as a scale to 
measure the fluid volume. A measurement chain (Figure 57) read out the load cells and 
processed the data. By converting the voltage from the load cell to a force, the flow volume 

 
Figure 57 - Measurement chain. A: Futek LSB200 S-Beam jr. 4.5N load cell, adopted from [108]. B: Futek LSB200 S-Beam jr. 111N load cell. 
C: Scaime CPJ Rail amplifier, adopted from [83]. D: National Instruments NI USB-6008 converter, adopted from [84]. E: Dell Lattitude 5570 
with LabVIEW 2018 [85], adopted from [109]. 

A: Pincher 

B: Scale 

C D E 

Figure 56 – SolidWorks overview of the pinching setup. The setup existed of a Thorlabs linear stage (black) mounted on a 
configuration of aluminium extrusion profiles combined with connection elements (grey). The infusion line (yellow) is clamped 
in between the vertical profile and the pincher (white) with a load cell (red). This load cell is mounted on the linear stage.  
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was computed. Using the elapsed time also the flow rate [mL/h] was found. The Monidrop 
was used for initial flow rate setting and as an extra check if the values from the load cell K 
were reasonable.  
Because all the experiments were conducted under similar conditions and with the same 
protocol, predominantly random errors and no systematic errors were expected. Influences 
of the environment, like humidity and temperature, were assumed to be constant over all 
experiments. Also, possible vibrations of people passing by were considered negligible. 
Furthermore, minimal scatter between the samples was expected, and therefore the sample 
size was set at N=4. 

 According to the manufacturer, the measurement accuracy of the Monidrop is ±1.8% 
[87]. The Monidrop’s display resolution is variable: the higher the flow rate, the lower the 
display resolution. The display resolution for a flow rate of 100 mL/h is 5 mL/h, so the total 
Monidrop uncertainty (including the measurement accuracy) is ±4.3 mL/h. For flow rates 
below 50 mL/h, the display resolution is 1 mL/h, so the Monidrop uncertainty is ±0.5 mL/h. 
 The load cells also have an uncertainty, which can be again based on its resolution, 
which is 1/1000 of the set maximum force. Thus, the load cell acting as scale provides an 
uncertainty of 0.0045N (=0.46 mL/h). The uncertainty of the load cell attached to the pincher 
is 0.111 N.  
 At last, the linear stage has engraved graduations every 0.01mm. The space between 
those graduations can be roughly distributed in ten parts, resulting in an uncertainty of 
0.001mm. 
 

General List of Materials (LoM) 
The necessary materials for the experiment setup of Figure 55 are summarised in Table 7.  

Table 7 - List of Materials (LoM) for the experiment setup. 

Part Amount Specifications 

Water reservoir 1 57x39x17cm (38 litres) 

PVC glue 1 Bison PVC Adhesive 

PVC pipe 1 32mm (outer diameter), length: 1.5m 

PVC ball valve 1 32mm 

PVC flange feedthrough 1 32mm 

PVC end cap 1 32mm 

Infusion bag 1 500mL 

Infusion set 3 Volumed Set (Appendix B) 

Measuring cup 1 Volume: 250mL 

Load cell 1 Futek LSB200 S-Beam jr. 4.5N [82] 

Amplifier 1 Scaime CPJ Rail [83] 

Converter 1 National Instruments NI USB-6008 [84] 

Monidrop 1 E001152 [73] 

Pinching setup 1 - 
 

In Table 8 the materials for the pinching setup of Figure 56 are shown. 

Table 8 - List of Materials (LoM) for the pinching setup. 

Part Amount Specifications 

Linear stage 1 Thorlabs PT1/M [80] 

Stage mount 1 Thorlabs PT101/M [110] 
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L-profile 1 3x3x2.5cm 

U-profile 1 8.9x10x1.5mm, 9cm 

Tubing 1 4mm (outer diameter), 1.5m 

Load cell 1 Futek LSB200 S-Beam jr. 2.0 111N [81] 

Aluminium extrusion profile 2 20x20mm, 300mm 

Aluminium extrusion profile 3 20x20mm, 200mm 

Aluminium extrusion profile 1 20x20mm, 100mm 

Corner brackets profile incl. 
mounting material 

5 20x20mm 

45-degree connection incl. 
mounting material 

2 20x20mm 

Countersunk screw 4 M3 4mm 

Washer 3 M6 

Socket head screw 8 M6 20mm 

Nut 2 M6 

T-slot 2 M3 

T-slot 4 M4 
 

Data processing 
LabVIEW 2018 [85] provided the forces applied on the calibrated load cells using its voltage. 
These data was saved in a .txt file with a force [N] for each set loop time period [ms].  

For the load cell acting as scale, the force was converted to actual volume [mL] using 
Equation 11, assuming a constant water temperature of 21℃. 

 
𝑉𝑜𝑙𝑢𝑚𝑒 [𝑚𝑙] =

𝑓𝑜𝑟𝑐𝑒 [𝑁]

9.81 [
𝑚
𝑠2]

∗ 1.00 [
𝑔

𝑐𝑚3
] Equation 11 

Because the flow was dripping into the measuring cup, the scale’s data consisted of 
repeatedly high peaks that settled afterwards. However, there was a clear overall trendline 
in the increase of the volume. A tenth-order polynomial was fitted to obtain this trendline. 
Because data fitting is a delicate and sensitive procedure, each run’s data and possible 
trendline was analysed and checked thoroughly. Through this polynomial’s derivative, the 
needed flow rate [mL/h] over time was derived. 
 The load cell’s output attached to the pincher was processed immediately because no 
significant peaks as with the scale were expected. 
 

Measurement preparations 
1) Set the experiment up, as shown in Figure 55. If starting a new experiment, attach a non-

used infusion set and carry out the free flow rate experiment of Appendix C. Furthermore, 
cut off a part of the tube, so the total height of the tubing setup is 1.87m (see Figure 55). 

2) Visually check the infusion line for dents or kinks and replace if needed. 
3) Put some water in the reservoir, open the PVC ball valve and fill the drip chamber up until 

one-third. 
4) Close the PVC ball valve. 
5) Connect the amplifiers and converter to the wall outlet. Attach the USB of the converter 

to the laptop. 
6) Open up LabVIEW 2018:  
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a) Check the name of the new file. 
b) Check if the file type is set to .txt. 
c) Check if the load cells are visible. 
d) Check if the data will be saved. 

7) Turn on the Monidrop and check the battery. 

 

Material experiment 
Pinching setup 
Figure 58 shows a schematic of the pinching setup of this experiment. 
The flow rate was set to 100 mL/h by turning the linear stage and wheel 
away from its closed position. This position was maintained for 60 
minutes, and the volume over time was measured. This volume was 
converted to a flow rate through data processing. This experiment was 
repeated four times (N=4) using a plastic wheel (Figure 59: left) and four 
times using a steel wheel (Figure 59: right). ABS, PE, Acetal, and PS are 
commonly used materials for the plastic roller clamp wheel [111-114]. 
Unfortunately, it was unknown which specific material was used in the 
wheel of the infusion set to be tested. The laser-cut steel wheel had the 
exact dimensions of the plastic wheel but was made of S235JR steel.   

 

Hypothesis 
As the influence of bag deflation on the flow rate [45, 49] was minimised by using a wide 
water reservoir, the creep of the tubing [37, 43-45, 49] should be the main factor influencing 
the flow rate over time. Thus, the flow rate was expected to decrease over time. This decrease 
would be the highest in the first fifteen minutes as most creep occurs in that period [45]. 
However, during this experiment, the influence of the material choice of the pincher (roller 
clamp wheel) was researched.  

Creep occurs when the melting point or glass temperature (amorphous materials) is 
approached [70]. It strongly relies on the applied load and temperature. The higher the load 
and/or temperature, the larger the creep strain.  

Figure 58 – Schematic 
illustration of the 
material experiment 
setup. The roller clamp 
(red) moves from its 
closed position. 

Figure 59 – SolidWorks model of pincher (white/dark grey) attached to the load 
cell (red). The infusion line (yellow) is guided by a housing (grey). Left: plastic 
wheel (white), right: steel wheel (dark grey) 
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Table 9 shows the melting and glass temperatures for the used materials. For metals, 
creep is often only of relevance when exceeding the temperature T > 0.35*Tm [70], where Tm 
is the melting temperature. Using the above, creep was not expected to occur in the steel 
wheel or the setup’s aluminium profiles.  

 

Table 9 – Melting and glass temperatures of main materials used in the pincher setup. *: could be one of those materials. 

Component Material Melting/glass temperature 

Steel wheel S235JR Steel Tm: 1480-1530℃ [74] 

Setup Aluminium Tm: 524-650℃ [74] 

Plastic wheel* Acetal Tm: 160-175℃ [74] 

Plastic wheel* PE Tm: 125-132℃ [74] 

Plastic wheel* ABS Tg: 102-115℃ [74] 

Plastic wheel* PS Tg: 89.9-99.9℃ [74] 

Tubing PVC Tg: 79.9-87.9℃ [74] 

 
According to Ashby et al. [70], crystalline polymers with melting temperatures of 150-200℃ 
as well as glassy polymers with melting temperatures of 50-150℃ tend to slowly creep at 
room temperature when loaded. As the creep rate and significance depend on the melting 
and glass temperature, the PVC tubing was expected to show the most considerable creep 
effects. The occurrence of creep in PVC is a long known and researched phenomenon; in 1957, 
the first research on this topic appeared already [115]. However, depending on the specific 
used material, the pincher can also be of influence. 

 
Measurement protocol 
Plastic wheel 

1. Execute the earlier mentioned list of ‘measurement preparations’. 
2. Attach the plastic wheel pincher (Figure 59: left). 
3. Set the offset of the pinching load cell in LabVIEW. 
4. Set the loop time to 1000ms. 
5. Open the ball valve. 
6. Turn the linear stage towards the tube until no fluid is entering the drip chamber. 
7. Fill the reservoir with 7 litres of (recycled) purified water; up to the marking on the 

reservoir. 
8. Empty the measuring cup and set the offset of the scale load cell in LabVIEW. 
9. Make sure the tube is exactly above the middle of the scale load cell. 
10. Start saving the LabVIEW data. 
11. Turn the linear stage away from the tube until the Monidrop displays a value of 100 

mL/h for 10 seconds. 
12. Let the experiment run for 60 minutes without additional actions. 
13. Note the Monidrop flow rate and stop the LabVIEW script.  
14. Close the ball valve. 
15. Turn the linear stage away from the tube until there is no contact anymore. 
16. Mark the used part of the tube, let it recover for 10 minutes and shift it so a new run 

(N) on a new tubing part can be started. 
17. Repeat steps 5-16 for four times (N=4). 

Steel wheel 
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18. Attach the steel wheel pincher (Figure 59: right). 
19. Repeat steps 5-17. 

 
Shape experiment 1 
Pinching setup 
Again, the linear stage and its pincher 
are turned away from its closed 
position, but now incrementally by 
0.01 millimetre. This process was 
repeated until the measuring cup was 
full. There was a pause of thirty 
seconds at each pinching depth. For 
each set pinching depth, the volume 
over time was measured. Through 
the data processing, this was 
converted to a flow rate. This 
experiment was repeated four times 
(N=4) using the same steel wheel 
used in the material experiment 
(Figure 59: right, Figure 60: left). Then 
the process was repeated using a 
44mm wide pincher (Figure 60: 
middle, Figure 61:left). Finally, a double 14mm wide pincher with the roller clamp wheel 
dimensions was used (Figure 60: right, Figure 61: right).  

 Before each experiment with a new pincher was started, and therefore the linear 
stage was potentially moved, the setup was tested without tubing. This test was done to 
obtain a position reference for the linear stage to be able to compare the used pinchers 
afterwards. 

Figure 60 - Schematic illustration of shape experiment 1 setup. The steel 
pincher (red) moves from its closed position. Left: 14mm wide steel 
pincher, middle: 44mm wide steel pincher, right: two 14mm wide  
pinchers with a distance of 14mm in between. 

Figure 61 - SolidWorks model of pincher (blue/green) attached to the load cell (red). The infusion line (yellow) is 
guided by a housing (grey). Left: 14mm wide steel pincher (dark grey), middle: 44mm wide steel pincher (blue), 
right: two 14mm wide pinchers with a distance of 14mm in between (green). 
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 As the influence of creep on the flow rate is relatively more prominent for lower flow 
rates, the measurements at each position was done as fast as possible. A balance was found 
for the time interval at each step, to obtain a representative flow rate. Based on the results 
of the material experiment, a time interval of 30 seconds was chosen. 

 
Hypothesis 
As shown in Section 4.2.1, a non-linear relationship was expected between the pinching 
depth and the flow rate. Furthermore, the wider pincher will probably provide more gradual 
control of the fluid flow. The same holds for the combined pincher. 
 

Measurement protocol 
14mm steel pincher 

1. Execute the earlier mentioned list of ‘measurement preparations’. 
2. Attach the 14mm wide steel pincher (Figure 59: right). 
3. Set the offset of the pinching load cell in LabVIEW. 
4. Set the loop time to 100ms. 
5. Temporarily take the tubing out of the U-profile and turn the linear stage towards the 

tube until the pincher contacts the U-profile. Note this reference location of the linear 
stage. 

6. Empty the measuring cup and set the offset of the scale load cell in LabVIEW. 
7. Make sure the tube is exactly above the middle of the scale load cell. 
8. Fill the reservoir with 7 litres of (recycled) purified water; up to the marking on the 

reservoir. 
9. Open the ball valve. 
10. Turn the linear stage towards the tube until no fluid enters the drip chamber or until 

the force on load cell 2 exceeds the maximum of 100N.  
11. Turn the linear stage away from the tube until the Monidrop displays a value and note 

the location of the linear stage. This step can be skipped when at step 10 the maximum 
force was reached. 

12. Start saving the LabVIEW data. 
13. Wait 30 seconds and stop the LabVIEW script. 
14. Turn the linear stage another 0.01mm away from the tube. 
15. Repeat steps 11-13 until the measuring cup is almost full. 
16. Note the total displacement of the linear stage at that moment. 
17. Close the ball valve. 
18. Turn the linear stage away from the tube until there is no contact anymore. 
19. Mark the used part of the tube, let it recover for 10 minutes and shift it so a new run 

(N) on a new tubing part can be started. 
20. Repeat steps 3-17 for four times (N=4). 

44mm steel pincher 
21. Attach the 30mm wide steel pincher (Figure 61: left). 
22. Repeat steps 5-18. 
 

Two 14mm wide pinchers with a distance of 14mm in between 
23. Attach the double 14mm wide steel pincher, which is 14mm apart (Figure 61: right) 
24. Repeat steps 5-18. 
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Shape experiment 2 
Pinching setup 
The same setup was the same as during the material experiment, only now 
the 44mm wide steel pincher (Figure 62) was used. 
 

Hypothesis 
Shape experiment 1 showed that, compared to the 14mm wide steel 
pincher, the 44mm wide steel pincher needed a significantly higher force 
for setting the 100mL/h flow rate. As the creep is depending on the applied 
load, also a larger deviation over time was expected. 
 

Measurement protocol 
The same measurement protocol holds as during the material experiment. 
 

Contact area experiment 
Pinching setup 
Again, almost the same setup and process as used in the material experiment 
was used for this experiment. The difference was that now the roller clamp 
of Figure 63 was tested. The pinching setup had become redundant for these 
tests. 
 

Hypothesis 
The tapered groove (Figure 64) is claimed to reduce the creep in the fluid flow 
region (Section 4.2.1). Because of this, the deviation of the flow rate over 
time was expected to be less than found using the plastic wheel in the 
material experiment. 
 

Measurement protocol 
1. Execute the earlier mentioned list of ‘measurement preparations’. 
2. Attach the plastic roller clamp (Figure 63). 
3. Set the offset of the pinching load cell in LabVIEW. 
4. Set the loop time to 1000ms. 
5. Open the ball valve. 
6. Turn the roller clamp wheel towards the tube 

until no fluid is entering the drip chamber. 
7. Fill the reservoir with 7 litres of (recycled) purified 

water; up to the marking on the reservoir. 
8. Empty the measuring cup and set the offset of the 

scale load cell in LabVIEW. 
9. Make sure the tube is exactly above the middle of 

the scale load cell. 
10. Turn the roller clamp wheel away from the tube until the Monidrop displays a value 

of 100 mL/h for 10 seconds. 
11. Start saving the LabVIEW data. 
12. Let the experiment run for a minimum of 60 minutes without additional actions. 

Figure 62 - Schematic 
illustration of the shape 
experiment 2 setup. The 
44mm wide steel pincher 
(red) moves from its 
closed position. 

Figure 63 – Plastic roller 
clamp for the contact 
area experiment. 

Figure 64 – Plastic roller clamp. The blue ellipse 
indicates the tapered groove. 
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13. Stop the LabVIEW script.  
14. Close the ball valve. 
15. Turn the roller clamp wheel away from the tube until there is no contact anymore. 
16. Mark the used part of the tube, let it recover for 10 minutes and shift it so a new run 

(N) on a new tubing part can be started. 
17. Repeat steps 5-16 for four times (N=4). 

 

Additional Matlab results 
Figure 65 and 66 show additional graphs to support the results presented in Section 4.2.2. 
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Shape experiment 2

Flow rate vs time for 100 mL/h initial setting (polyfit)
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Figure 65 – Shape experiment 2: Flow rate [mL/h] versus time 
[min] at an initial setting of 100 mL/h using a 14mm wide 
steel pincher and a 44mm wide steel pincher. The data of the 
14mm wide pincher is coming from the material experiment. 
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Contact area experiment

Flow rate vs time for 100 mL/h initial setting (polyfit)

1. Plastic 14mm

2. Plastic 14mm

3. Plastic 14mm

4. Plastic 14mm

1. Roller clamp plastic 14mm

2. Roller clamp plastic 14mm

3. Roller clamp plastic 14mm

4. Roller clamp plastic 14mm

Figure 66 – Contact area experiment: Flow rate [mL/h] 
versus time [min] at an initial setting of 100 mL/h initial 
flow rate setting, using a 14mm wide plastic pincher and 
a roller clamp with the same pincher. The data of the 
plastic pincher is coming from the material experiment. 
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Appendix F - Granta Edupack 2020 material 
analysis 
As described in Section 2.3, some materials with a specific glass or melting point creep at 
room temperature (≈ 21℃). Using Granta Edupack [74], materials that will likely not suffer 
from this were extracted. Besides avoiding creep, properties such as price, stiffness, and 
density were also considered to ensure the material’s feasibility. 
 The lower melting point and glass transition points are different for each type of 
material and are provided in Table 10.  
 
Table 10 – The minimum required melting or glass temperature for each type of material to prevent creep at ≈ 21℃. 𝑇𝑚 is 
the melting temperature and 𝑇𝑔 is the glass transition tempertature. 

Type of material Minimum required melting/glass temperature 

(Semi)-Crystalline polymers 𝑇𝑚 ≥ 200℃ [74] 

Amorphous polymers 𝑇𝑔 ≥ 150℃ [74] 

Metals 𝑇𝑚 ≥ 60℃ [74] 

Ceramics 𝑇𝑚 ≥ 47℃ [74] 

 
The resulting charts of materials that satisfy the above conditions are shown in Figure 67, 68, 
69, 70, 71, 72, 73 and 74. All materials of the ‘Level 2’ category of Edupack were included. The 
lower limits from Table 10 were plotted as a minimum horizontal line in the applicable charts. 
Materials with potential regarding their properties were labelled. 
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(Semi)-crystalline polymers 
 

 
Figure 67 – (Semi)-crystalline polymers: melting point [℃] versus price [€/kg]. The black horizontal line at 200℃ is set as a 
minimum. The chart is created using Granta Edupack 2020 [74]. 

 
Figure 68 - (Semi)-crystalline polymers: young’s modulus [GPa] versus price [€/kg]. The chart is created using Granta Edupack 
2020 [74]. 
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Amorphous polymers 

 
Figure 69 - Amorphous polymers: glass temperature [℃] versus price [€/kg]. The black horizontal line at 150℃ is set as a 
minimum. The chart is created using Granta Edupack 2020 [74]. 

 
Figure 70 - Amorphous polymers: young’s modulus [GPa] versus price [€/kg]. The chart is created using Granta Edupack 2020 
[74]. 
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Metals 

 
Figure 71 - Metals: melting point [℃] versus price [€/kg]. The black horizontal line at 60℃ is set as a minimum. The chart is 
created using Granta Edupack 2020 [74]. 

 
Figure 72 - Metals: young’s modulus [GPa] versus density [kg/m3]. The chart is created using Granta Edupack 2020 [74]. 
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Ceramics 

 
Figure 73 - Ceramics: melting point [℃] versus price [€/kg]. The chart is created using Granta Edupack 2020 [74]. 

 

 
Figure 74 - Ceramics: young’s modulus [GPa] versus density [kg/m3]. The chart is created using Granta Edupack 2020 [74]. 
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Appendix G - Prototyping iterations and final 
design 

Prototyping iterations 
Figure 75 shows one of the first rough sketches of the design. This 
sketch was the inspiration for the first CAD models, preparatory to 
the rapid prototyping process.  

In Figure 76, the first CAD model version and the 
corresponding prototype are shown. The top pincher was for the 
coarse flow rate setting, and the bottom pincher was for the fine 
setting. The leaf spring appeared to be too short to achieve the 
needed displacement of the pincher and therefore needed to be 
enlarged. The prototype already contained this improvement 
(Figure 76, right). 

 

  

Figure 76 – Frontal view of the design v1 CAD model (left) and prototype (right). Shown without housing cap. 

Figure 75 – First sketch of the 
design. 



 68 

The successor of design version one is presented in Figure 77. A new mechanism was 
developed for the coarse flow rate setting, so screwing would not be necessary anymore. 

The third version contained an entirely new mechanism, where both the coarse and fine 
flow rate settings were combined (Figure 78). Three different modes were introduced: 1 
open, 2 flow, 3 closed. Furthermore, the pincher was adjusted to enclose the tube when 
pinching. Also, the leaf spring consisted out of one part instead of two. 

Figure 78 - Frontal view of the DropAdjust v3 CAD model (left) and prototype (right). Shown without 
housing cap. 

Figure 77 - Frontal view of the design v2 CAD model (left) and a part of the prototype (right). Shown 
without housing cap. 
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Figure 79 shows the fourth prototype version of the DropAdjust. Again, the leaf spring was 
enlarged, and the housing was closed at the top to prevent possible fluid entry. Furthermore, 
the undercut at the left was removed to simplify the moulding process. Moreover, the 
different mode numbers were replaced by text. A compliant safety pin needs to make sure 
the modes are maintained during use. At last, the drop cam was adjusted to minimise the 
friction at the pincher’s side and provide more grip for control on the other side (not shown 
in Figure 79, left). 
 

The latest prototype is shown in Section 4.2.4 and contained ribs and gussets to 
strengthen the housing. Also, the bulge of version one returned to keep the tubing in place. 
A Pole bracket was mounted on the backside of the housing base to attach the DropAdjust to 
an IV pole. Another addition was the bag-replacement feature. At the closed mode of the 
DropAdjust, the protruding part left on the non-uniform ramp pushes the pincher even 
further onto the tubing to shut off the flow. This way, when an infusion bag needs to be 
swapped, the DropAdjust can temporarily stop the fluid flow. After the regulator is put in its 
flow mode again, the former flow rate will be restored. The compliant safety pin was also 
redesigned to make space for this feature. 

Renders of this latest prototype are shown below. 

 
 
 
 
 
 
 

Figure 79 - Frontal view of the DropAdjust v4 CAD model (left) and prototype (right). 
Shown without housing cap. 
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Renders final design 
Figure 80 shows the housing and Figure 81 the pinching mechanism of the latest DropAdjust 
prototype. 
 

 

  

Figure 80 - The housing base (left), housing cap (middle), and pole bracket (bracket) of the DropAdjust. 

Figure 81 – The inside components of the DropAdjust. LTR: pincher, leaf spring, non-uniform ramp, compliant safety 
pin, and drop-cam. The scale of the renders is not the same. 
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Appendix H – Technical drawings 
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Appendix I – Protolabs inquiry 
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Appendix J – DropAdjust pincher force 
experiment 
Purpose 
Identify the needed force to fully close the tubing using the 
DropAdjust’s pincher shape. 

 
Method and setup 
The same method and setup as described in Appendix E 
were used. 
 

Measurement protocol 
1. Execute the measurement preparations step 1-6 of 

Appendix E. 
2. Attach the DropAdjust pincher (Figure 82). 
3. Set the loop time to 50 ms. 
4. Fill the reservoir with 7 litres of (recycled) purified 

water; up to the marking on the reservoir. 
5. Empty the measuring cup and set the offset of the 

load cell attached to the pinching setup. 
6. Open the ball valve. 
7. Start saving the LabVIEW data.  
8. Turn the linear stage towards the tube until no fluid 

is entering the drip chamber. 
9. Wait a few seconds and loosen 

the pincher again. 
10. Stop the LabVIEW script.  
11. Close the ball valve. 
12. Repeat steps  

 

Results 
Figure 83 shows the pincher forces 
when closing the tube entirely. The 
maximum force for each run was: 
 
Run 1: 59.1 N 
Run 2: 41.1 N 
Run 3: 61.3 N 
Run 4: 55.9 N 
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Figure 83 – DropAdjust pincher force experiment: force (N) vs time 
(min) for four runs. 

Figure 82 – SolidWorks model of the 
DropAdjust pincher (light grey) attached 
to the load cell (red). The infusion line 
(yellow) is guided by a housing (grey). This 
is part of Figure 56. 
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Appendix K – Formlabs Grey Photopolymer 
Resin  
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Appendix L – Design evaluation experiments 

Purpose 
One experiment was conducted with the following purpose: 
Examine the flow rate deviation [ml/h] over 1 hour for both the DropAdjust and the 
conventional roller clamp, without settling time. 
 
Additionally, also a pilot experiment was executed with the purpose: 
Examine the flow rate deviation [ml/h] over 6 hours after 15 minutes of settling time for both 
the DropAdjust and the conventional roller clamp. Furthermore, the flow rate regulation step 
size will be examined. 

 
Method 
Almost the same setup and process used in the earlier experiments (Appendix E) were used 
for these (pilot) experiments. The only difference was that the pinching setup was redundant 
because of the use of the DropAdjust and conventional roller clamp instead. 
 

Measurement protocol DropAdjust experiment 
DropAdjust 

1. Execute the earlier mentioned list of ‘measurement preparations’ of Appendix E. 
2. Attach the DropAdjust (Figure 38). 
3. Set the offset of the pinching load cell in LabVIEW. 
4. Set the loop time to 1000ms. 
5. Open the ball valve. 
6. Put the DropAdjust in the ‘Flow’-mode and turn the DropAdjust’s regulation knob 

clockwise until no fluid is enters the drip chamber. 
7. Fill the reservoir with 7 litres of (recycled) purified water; up to the marking on the 

reservoir. 
8. Empty the measuring cup and set the offset of the scale load cell in LabVIEW. 
9. Make sure the tube is exactly above the middle of the scale load cell. 
10. Turn the regulation knob counterclockwise until the Monidrop displays a value of 100 

mL/h for 10 seconds. 
11. Start saving the LabVIEW data. 
12. Let the experiment run for a minimum of 60 minutes without additional actions. 
13. Stop the LabVIEW script.  
14. Close the ball valve. 
15. Put the DropAdjust in ‘Open’-mode. 
16. Mark the used part of the tube, let it recover for 10 minutes and shift it so a new run 

(N) on a new tubing part can be started. 
17. Repeat steps 5-16 for four times (N=4). 

 

Measurement protocol pilot DropAdjust experiment 
Conventional roller clamp 

1. Execute the earlier mentioned list of ‘measurement preparations’ of Appendix E. 
2. Attach the conventional roller clamp (Figure 63). 
3. Set the offset of the pinching load cell in LabVIEW. 
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4. Set the loop time to 6000ms. 
5. Open the ball valve. 
6. Turn the roller clamp wheel towards the tube until no fluid is entering the drip 

chamber. 
7. Fill the reservoir with 7 litres of (recycled) purified water; up to the marking on the 

reservoir. 
8. Empty the measuring cup and set the offset of the scale load cell in LabVIEW. 
9. Make sure the tube is exactly above the middle of the scale load cell. 
10. Turn the roller clamp wheel away from the tube until 21 mL/h is displayed on the 

Monidrop for 10 seconds. 
11. Wait 15 minutes and again set the displayed value at 21 mL/h. 
12. Start saving the LabVIEW data. 
13. Let the experiment run for 6 hours. 
14. Stop the LabVIEW script.  
15. Close the ball valve. 
16. Turn the roller clamp wheel away from the tube until there is no contact anymore. 

DropAdjust 
17. Attach the DropAdjust (Figure 38). 
18. Repeat steps 5-16. 

 

Additional Matlab results 
Figure 84 shows an additional graph to support the results presented in Section 5.2.2. 
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Figure 84 – DropAdjust experiment short-term: Flow rate [mL/h] versus time 
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The data of the roller clamp is coming from the contact area experiment. 
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