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Abstract 

Bulk solids technology plays a key part in manufacturing process when handled material 

is an assembly of solid particles in large quantities. Micro-dispensing technology for 

bulk solids can improve operation efficiency in dispensing relatively small amount of 

material. The demand for the technology covers a wide range of areas where materials 

have diverse flow behaviours and flow problems due to different physical properties. 

This Ph.D. project aims to investigate bulk solids flow behaviour and fluidizing 

mechanism in a hopper under the influence of vibration, and to develop a bulk solids 

micro-dispensing technique to demonstrate the dispensing process of active 

pharmaceutical ingredients (API), excipients and biomaterials.  

Experiment work in this project includes design of vibratory dispenser hopper and 

dispensing test with vibratory dispensers where mechanical vibration and ultrasonic 

vibration is utilized as the driving force to fluidize coarse granules and fine powders, 

respectively. The results suggest that the vibratory dispenser is capable of accurately 

and fast dispensing “dropwise” bulk solid in a small amount per drop. A doming 

controlled flow mechanism is identified in the vibratory dispenser. Bulk solids dome 

formed in the dispenser hopper plays as a “valve” of flow under the influence of 

vibration. The dispensing test results show that the design parameters of dispenser 

hopper, i.e. orifice size, hopper angle and hopper diameter, and vibration signal 

parameters, i.e. frequency and amplitude, affect the flow rate and dosage conformity in 

the vibratory bulk solids micro-dispensing technique. Additionally, a triboelectric 

charging phenomenon is investigated in the ultrasonic vibration dispenser and a 

solution to the charging issue is proposed with modifying surfaces of dispenser hopper 

by using platinum plating method. Pt-coated surface reduces the triboelectric charge 

generated in the dispensing process and improves the flowability of powders. 

The correlation between discharge rate and design parameters of ultrasonic vibration 

dispenser is derived. The derived equations are used to predict dosing results in the 

application of producing solid form oral drugs and biomaterial dry powder libraries for 

high-throughput screening (HTS) experiment.  
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Chapter 1 

Introduction 

 

 

This chapter introduces the background of establishing this Ph.D. project and an 

overview of how our work contributes to this area.  The objectives of project are 

presented along with a full preview of project contents and thesis structure. Author’s 

research thoughts and strategy to fulfil the established objectives are framed.  
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1.1.    Project Background 

Worldwide materials industries dedicate to improve the quality of human life with 

continuous development and introducing of new products to meet customer’s demand. 

In the process, bulk solid materials are known as raw materials, intermediates and final 

products involved in many industries. It is estimated that roughly one-half of the 

products and at least three-quarters of the raw materials are in the form of bulk solid in 

the chemical industry [1] (p. 1).  

Bulk solid is an assembly of solid particles that is large enough for the statistical mean of 

any property to be independent of the number of particles [2]. As the handling of bulk 

solid is always a challenge especially when it comes to the dispensing process, 

knowledge of the distinct mechanism of collective behaviour of particles is necessary. It 

was only over the last century that scientists and engineers had endeavoured to find out 

the science behind the fluidizing mechanism of bulk solids, although it was highly 

attractive for many people seeking mass control of dispensing bulk solids long time ago 

[3-12]. Though the bulk solids dispensing process does not directly create the value for 

industry as particulate materials do in unit operations, e.g. grinding, agglomeration, 

mixing, and separation, the research on dispensing of bulk solids helps to reduce or 

solve the problems caused in storing and transforming process and provide effective 

solution, which is a key cost saving advantage for industry [13] (p. 1-4). 

Conventional dispensing technologies, such as gravimetric or volumetric techniques, are 

either less accurate in continuous dosing (gravimetric) or time consuming (volumetric) 

in large scale production-line processes [14]. These techniques are also very susceptible 

to bulk solids flow obstructions caused by poorly designed dispensing unit, e.g. silos, 

hoppers and bins [6] (p.218-240). Neither method is capable of providing accurate dose-

to-dose consistency for dispensing amounts below 1 milligram [14]. Due to the 

limitations of conventional dispensing technologies, the industry is looking for a more 

accurate and effective dispensing solution which is also able to handle very small 

amount of solids. 

A great deal of works has been done on the study of bulk solids flow in dispensing units, 

in most of which solids flow under the influence of gravity [4-6, 15-17]. The fluidization 

of bulk solids with small particle size, however, is still a challenge due to the high level of 

cohesion in small particles [18]. Blockage of dispenser along with rat-holing and arching 

of particles are well-known issues in the dispensing of fine and cohesive powders [13] 
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(p. 1-4). Despite various practical solutions to these issues have been attempted to 

overcome the hindrance for the free flowing of fine powders, few is proven versatile in 

all kinds of situations [14]. Mechanical compaction, pneumatic and vibration are most 

commonly adopted techniques in powder dispensing [19-23]. 

S. Yang and his co-workers have been studying on micro-dispensing bulk solids in an 

acoustic vibration agitated capillary since ten years ago [24-31]. The feasibility of 

acoustic vibration micro-dispensing technique has been demonstrated with dispensing 

metal and ceramic powder materials [25, 29, 30]. However, the technology is yet mature 

to meet all the requirements of bulk solids dispensing, especially in pharmaceuticals and 

biomaterials as the powders are more cohesive and with worse flowability. This Ph.D. 

project is therefore established to deal with new issues in dispensing pharmaceutical 

fine powders and biomaterial solids. It is also promising to be applied to dry powder 

libraries fabrication for high throughput screening in laboratory trials, solid form oral 

drugs producing on industrial production line, and customization of personalized 

medicine for individual patients.  

 

1.2.    Project Objectives 

The primary objective of this project is to investigate bulk solids fluidizing process 

under the influence of applied vibration and develop a bulk solids micro-dispensing 

device taking account of flow properties of materials, device design and processing 

parameters; to demonstrate the dispensing process with commercial active 

pharmaceutical ingredients (API), excipients and biomaterials, record and analyse 

dispensing results with industrial standard; to understand the influence of critical 

factors such as design and processing parameters on the dispensing results.  

The second objective of this project is to develop a robust mathematical model by 

studying on the correlations between dispensing results, i.e. discharge rate, dosages 

consistency, device design, vibration signal parameters and materials properties. The 

derived equation can be used to predict dispensing results to supervise practical 

applications. 

The final objective of this project is to integrate micro-dispensing device with 3D 

printing technology to achieve practical applications including: the production of solid 
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dosage forms of pharmaceutics, e.g. capsules and blisters, the fabrication of dry powder 

libraries for high throughput screening and solid form personalised drugs. 

 

1.3.    Project Preview 

The thesis contains a total of 9 chapters including this Chapter 1 as the Ph.D. research 

project introduction. 

Chapter 2 provides the background review of bulk solids fluidization and dispensing. 

The physical properties of individual particle are primarily introduced as they dominate 

the collective behaviour of bulk solid. Researches on fluidizing mechanism and flow 

properties of bulk solid are reviewed mainly in the case that flow and discharge occur in 

hopper. The methodology and key factors in the design of dispensing hopper are 

discussed. In addition, important works on correlations between flow rate and design 

parameters of bulk solid feeding vessel are reviewed. At last, current dispensing 

techniques are categorized into indirect and direct dispensing methods and their 

principles and applications are reviewed.  The vibratory dispensing technique is mainly 

introduced as it has proved effective in dispensing fine powders and has not yet been 

rigorously explored. 

Chapter 3 introduces materials and experimental methods in this project. All bulk solid 

materials are categorized in two classes according to mean particle size and bulk solids 

properties are probed and measured by general bulk solid characterization processes. 

The experimental methods of dispensing hopper and vibratory dispenser design are 

described. A computer controlled auto dispensing and weighing system are set up for 

the dispensing tests with two mechanical vibration dispensers and an ultrasonic 

vibration dispenser. The weighing and data evaluation method of dispensing test is 

described. The mass of dose and relative standard deviation (RSD) of dropwise 

dispensed samples will be used to evaluate dispensing test results in following chapters. 

Chapter 4 presents experimental study investigating the dispensing of hydroxyapatite 

(HA) granule with mechanical vibration devices. The basic principle of how the vibration 

works on fluidizing bulk solids in the hopper is presented. The experimental results 

show that the vibration leads to a reduction of the bridge strength of particles in the 

hopper. The two types of horizontal vibration provided by electromagnet solenoid and 

vibration motor were proved effective in dispensing irregular shaped coarse granules 
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such as HA. The effect of dispensing hopper size, device settings and vibration 

characteristics on the dispensing was discussed. 

Chapter 5 presents experimental study on the ultrasonic vibration dispensing of 

pharmaceutical and biomaterial fine powders. The inhalation grade lactose powders 

exhibit a good flowability in the hopper with consistent flow rate, whereas the non-free 

flowing powders exhibit an “extrusion” mechanism. The experimental results show the 

dispensing with ultrasonic vibration device is subjected to a dome-controlled flow 

mechanism. The flow rate of free flowing powder is consistent so that the dosage is 

mainly determined by the duration of vibration. The flow rate of non-free flowing 

powder subjected to extrusion mechanism normally is low and less consistent under the 

influence of ultrasonic vibration. The dosage is found not proportional to the vibration 

duration due to the strong cohesions and poor flowability of non-free flowing powders. 

The effect of hopper geometries on the dispensing is assessed with different powder 

materials. 

Chapter 6 describes a triboelectric charging phenomenon investigated in ultrasonic 

vibration dispensing of pharmaceutical powders. The charge of powder influences the 

accuracy and consistency of powder dispensing. A solution to the charging issue is 

proposed by modifying the contact surfaces in the hopper with platinum coating. Glass 

dispensing hopper and platinum coated hopper was tested respectively to investigate 

the flow and discharge behaviour of pharmaceutical excipient powders. With comparing 

the dispensing results from both hoppers, the Pt-coated surface favourably changed the 

powder charging and flow in the dispensing hopper. The hopper surface modification 

provides a possible solution to the charging issue in ultrasonic vibration powder 

dispensing in order to improve dispensing results of pharmaceutical powders.  

Chapter 7 presents the derivation of a correlation between ultrasonic vibration 

dispensing results and device design parameters taking account of different properties 

of material particles. The correlation aims to predict the flow rate in dispensing with the 

information of device specification and material properties. Compared with the 

experimental results, the predicted results suggest the correlation is able to predict the 

discharge rate for inhalation grade lactose in ultrasonic vibration dispensing when the 

flow of powder is steady and controllable in the vibrating hopper. 

Chapter 8 presents an application by integrating ultrasonic vibration dispensing device 

with 3D printing technology. The aim is to build a powder dispensing platform to 

demonstrate the feasibility of producing solid form oral drugs and 
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pharmaceutical/biomaterial dry powder libraries for high-throughput screening (HTS) 

of new products.  

Chapter 9 This chapter concludes the thesis and summarises the work completed. The 

scope for future work is also discussed. 

The research strategy for this project is shown in Figure 1-1. 

 

Figure 1- 1 The research strategy for this Ph.D. project 

 

 

 



 
 

 
 

Chapter 2 

Background of Bulk Solids Fluidization 

and Dispensing 

 

 

This chapter provides the background review of bulk solids fluidization and dispensing. 

The physical properties of individual particle are primarily introduced as they dominate 

the collective behaviour of bulk solid. Researches on fluidizing mechanism and flow 

properties of bulk solid are reviewed mainly in the case that flow and discharge occur in 

hopper. The methodology and key factors in the design of dispensing hopper are 

discussed. In addition, important works on correlations between flow rate and design 

parameters of bulk solid feeding vessel are reviewed. At last, current dispensing 

techniques are categorized into indirect and direct dispensing methods and their 

principles and applications are reviewed.  The vibratory dispensing technique is mainly 

introduced as it has proved effective in dispensing fine powders and has not yet been 

rigorously explored. 
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2.1.    Bulk Solid and Its Properties 

2.1.1.    Fundamentals 

The general term of “bulk solid” is applied to solid material with an assembly of solid 

particles that is large enough for the statistical mean of any property to be independent 

of the number of particles [2], such as ores, coal, cement, flour, cocoa, soil and etc. 

Gravity is usually relied upon to cause these solids to flow where the volume of the 

solids is substantial. In some of the literatures, the word “powder” is mentioned, e.g., in 

pharmaceutical industry “powder” is common, whereas materials like cement, sand, and 

coal are known as bulk solids. To define certain terms for bulk solids with different 

properties of their individual particle and collective behaviour, many authors have tried 

to classify solid materials according to their mean particle size. Richards [10] proposes 

the classification given in Table 2-1.  

Table 2- 1 Richards’s classification for bulk solid materials [10] 

Particle Size Range Name of Material Name of Individual Component 

0.1 µm – 1.0 µm Ultra-fine powder Ultra-fine particle 

1.0 µm – 10 µm Superfine powder Superfine particle 

10 µm – 100 µm Granular powder Granular particle 

100 µm – 3.0 mm Granular solid Granule 

3.0 mm – 10 mm Broken solid Grain 

For reason of simplifications, the particles of sample materials involved in this work are 

categorized into two classes, coarse particles (>100µm) and fine particles (≤100µm), 

according to the individual particle size. And when it refers to materials’ collective 

behaviour in process of handling, the term “powder” is used to represent active 

pharmaceutical ingredients (API), excipients and biomaterials with mean particle size 

smaller than 100µm, while “granule” refers to materials with mean particle size larger 

than 1mm. The term “bulk solid” is used as a general speaking of all materials consisting 

of large quantities of particles. 

2.1.2.    Physical Properties of Bulk Solid 

As the definition of “bulk solid” describes, it consists of a large number of individual 

particles. In theoretical model, there are 109 particles of a diameter of 10μm are 

contained in one cm3 [13] (p. 9). In principle, the behaviour of bulk solid is able to be 

described by the properties of its particles or regarding the bulk solid as a continuum. 

The former is thought to be difficult in many occasions taking account of distinct 
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physical properties of each particle in bulk solids, such as particle size and shape. Also, 

the particle-particle interactions can hardly be accurately calculated due to the large 

quantities of particles. Regarding bulk solid as a continuum, stresses in the bulk solid 

can be studied on supposed volume elements boundary areas which are similar to the 

ones in fluid mechanics. The volume elements are large enough with respect to the 

particle size so that local interactions between individual particles are inconsiderable. 

Schulze [13] provided a comprehensive treatise on behaviour, characterization, storage 

and flow of bulk solids, which remains the most complete body of work on the subject to 

date. In this section, the physical properties relevant to the flow behaviour of bulk solid 

will be discussed. The analysis of stress state and flow properties of bulk solid in a 

defined volume of vessel will be presented in section 2.1.3. 

2.1.2.1.    Particle size  

Particle size is one of the most important properties which dominate the collective 

behaviour of bulk solids. Understanding of the relationship between particle size and 

flowability of bulk solids will help in the design of dispensing vessel in this project 

(discussed in Chapter 4 and Chapter 5).  

Obviously, the particle size of a spherical particle can be unambiguously and 

quantitatively defined by its diameter. The simple measurement of a single spherical 

particle is using micrometer and if the particle is small, a travelling microscope can be 

used [1] (p. 134). However, a typical material particle is likely to be irregular in shape 

and non-spherical. In this case, the regular measure of size is to replace the given 

particle with an imaginary sphere that has one of the properties identical with the 

particle [32]. The equivalent spherical diameter Ds can be defined by  

 
𝐷𝑠 = (

6𝑉

𝜋
)
1/3

 (2.1) 

where V is the volume of the particle. This is the diameter of the sphere having same 

volume as the measured non-spherical particle.  

Another common measure of non-spherical particle size is feret diameter [33]. It is the 

extent of the particle measured between the two extreme tangents parallel to an 

arbitrary direction as illustrated in Figure 2-1. The variation of feret diameter with 

angular position can give a great deal of insight into the shape of particle. The feret 

diameter is a common method used to measure the particle size in the microscope and 

the scanning electron microscope (SEM) images analysis. Also, the particle size is able to 
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be determined by sieving and a current widely used laser diffraction particle sizing 

technique. The principles of laser diffraction technique will be discussed in next section. 

However, the equivalent sphere concept was found not suitable for measuring the size 

of special shaped particles with low sphericity [32], such as rods, needles or plates. The 

size in at least one dimension can differ significantly from that of the other dimensions, 

and thus this featured size can be used to represent the particle size. Several researchers 

have investigated online particle characterization techniques to measure non-spherical 

particles [34-38].  

 

Figure 2- 1 Definition of the feret diameter 

2.1.2.2.    Particle size distribution (PSD) and mean particle size 

Although the measuring of single particle size has little difficulty, it is most unlikely all 

the particles in bulks have same particle size. Thus, particle size distribution and mean 

particle size are two important properties when the bulk solid is treated as continuum.  

Particle size distribution (PSD) of bulk solids can be defined by number which means a 

certain number of particles having sizes in a size range [39]. Counting technique such as 

microscope images analysis can be used to determine a number weighted distribution 

that each particle is given equal importance [40]. For this method, knowing the absolute 

number of particles is important. PSD is also able to be weighed by mass which refers to 

a certain mass of particles having sizes in that range [40]. The traditional method of PSD 

determination is sieve analysis, where powder is separated by sieves of different sizes 

so that the PSD is defined in terms of discrete size ranges by mass.  
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In this project, volume weighted distributions and intensity weighted distributions are 

measured by laser diffraction particle sizing technique (Malvern®  Mastersizer 2000, U.K.) 

[40]. The measurement method is described in Appendix I. The laser diffraction 

technique measures particle size distributions by measuring the angular variation in 

intensity of light scattered as a laser beam passes through a dispersed particulate 

sample. Large particles scatter light at small angles relative to the laser beam and small 

particles scatter light at large angles. The angular scattering intensity data is then 

analysed to calculate the size of the particles responsible for creating the scattering 

pattern, using the Mie theory of light scattering. The particle size is reported as a volume 

equivalent sphere diameter. In one of recent researches, Adi et. al [41] have applied 

laser diffraction technique to determine particle size distributions of cohesive lactose 

powders. 

With particle size distribution measurements, mean particle size can be determined. It 

has various definitions because the mean value is associated with the basis of the 

distribution calculation [40]. The generalized form of the mean particle size can be given 

by 𝐷[𝑝, 𝑞] =
∑ 𝐷𝑖

𝑝𝑛
1

∑ 𝐷
𝑖
𝑞𝑛

1
, where Di is the diameter of the ith particle and n is the number of 

particles [42]. As bulk solid materials used in this project have distinct particle size 

distribution, a statistic value D (D10, D50 and D90) is used to represent the volume 

weighted particle size distributions. The D value is the maximum particle size for a given 

percentage volume of the sample, e.g. the D50 is the maximum particle size below which 

there is 50% of the sample volume exists.  

In pharmaceutical manufacturing industry, different particle size and particle size 

distribution can be achieved by dry milling approach such as pin milling [43] and jet 

milling [44], and wet milling approach such as high shear rotor-stator [45], ultrasound 

[46] and etc. Another way to generate fine particles is through crystallization i.e., 

nucleation, under high supersaturation [47]. The particle size D50 of materials in this 

project is provided in Chapter 3. 

2.1.2.3.    Adhesive and cohesive forces  

Empirically, the flow of bulk solid improves with an increasing particle size. In essence, 

adhesive forces between particle and wall of vessel and cohesive forces between 

individual particles are main interparticle forces affect the flow of bulk solid [48]. The 

intensity of cohesive and adhesive forces depends on particle size, the distance between 

particles and the interacting surfaces [13] (p. 23-31). Rumpf [49] has studied the 
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interparticle forces in bulk solid. It has been indicated that the adhesive forces between 

a sphere and a wall are proportional to the particle size (Figure 2-2(a)). The spherical 

particle and wall are assumed to have ideally smooth surface and the distance between 

them is a constant. When particle size is small (less than 100µm), liquid bridge is the 

major adhesive force between particle and a wall if the particles are moist, while in dry 

powder van der Waals force is dominant followed by electrostatic force [49]. Regarding 

to the influence of distance between spherical particle and smooth surface, liquid bridge 

plays an important part in moist powder yet only within a small range of distance. It 

vanishes when the distance is larger than around 1 µm [49]. In dry bulk solid, the van 

der Waals force has most influence when the distance between surfaces is very small as 

shown in Figure 2-2(b). The van der Waals and electrostatic forces also decreases 

significantly with increasing distance [49]. Thus, the van der Waals force is dominant in 

dry bulk solid (particle-particle/particle-wall) when the surfaces are in contact; the 

cohesive and adhesive forces decrease with increasing distance between surfaces. 

As it also shown in Figure 2-2(a), the function curve of particle weight against particle 

size has the largest slope. When it reaches to a sufficiently large particle size, the weight 

force becomes the dominant one in adhesive forces. This can explains that in a bulk solid 

material with certain particle size distribution, the fine particles tend to adhere to a 

vertical wall of container whereas the large ones cannot. 

According to Rumpf’s results, one would expect smaller particles has smaller adhesive 

forces between particles and the wall of vessel. Nevertheless, in the case that bulk solid 

flows in a vertical vessel, bulk solid is consolidated under the gravity and thus the 

distance between particles decreases. Consequently, cohesive forces between individual 

particles increase. When bulk solid is subjected to a compressive stress, the compressive 

stress σγ is inversely proportional to particle size [13](p. 32-34), which can be given by  

 
𝜎𝛾 ∝

𝐹𝐻
𝐴𝛾
∝
𝑑

𝑑2
=
1

𝑑
 (2.2) 

where Aγ is area of particles where compressive stress acts. Therefore, with smaller 

particle size the bulk solid is more compressed and the strength of bulk solid becomes 

greater. The flowability of bulk solids depends on both interparticle forces and other 

forces acting on the bulk solid. It can be concluded that the influence of interparticle 

forces on the flowability increases with reduced particle size. More about stress state 

and flowability of bulk solids in the static vessel will be discussed in section 2.1.3. 



Ph.D. Thesis by Zongqi Li (2014) 13 

 

 
 

In reality, the adhesive and cohesive forces are found more complex in the bulk solid 

composed of particles with different particle size. Even if particles have identical size, 

they also exhibit a wide range of interparticle forces due to different shape and/or 

surface structure which affects the distance between surfaces. 

 

Figure 2- 2 Influence of (a) particle size, x, and (b) distance, a, on the adhesive force FH between 

a spherical particle and a wall in ideal conditions (ideally smooth surfaces of sphere and wall): 

liquid bridge (curve 1 in (b): bridge angle α = 20°, surface tension of the liquid γ = 7.2·10-2 N/m, 

contact angle δ= 0°); electrostatic force for a conductor (curve 2 in (b): contact potential U = 0.5 V); 

electrostatic force for an insulator (3a. sphere semispace; 3b. sphere-point charge in (b): electric 

charge density σ = 102 e/μm2 = 1.6·10-17 As/μm2); van der Waals force (curve 4 in (b): Lifschitz-

van der Waals constant ћ𝝎̅ = 8·10-19 J). Re-printed from [13] (p.25-26) which is originally from 

[49] (p. 114-120) 

 

2.1.2.4.    Particle shape and surface roughness 

The influence of particle size on cohesive and adhesive forces discussed in section 

2.1.2.3 is based on ideal conditions, i.e. spherical particle; smooth surfaces of particle 

and wall. However, it is most likely that particles in bulk solids have different shapes in 

reality. The overall shape of a particle can be characterized using relatively simple 

parameters such as aspect ratio. For a non-spherical particle, parameter λs known as the 

shape factor, can be defined by [50], 

 
𝜆𝑠 =

𝐴𝑠

𝜋𝐷𝑠
2 (2.3) 
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where Ds is the equivalent spherical diameter defined in eq. (2.1) and As is the surface 

area of the particle. Thus, the shape factor λs is also called the sphericity. For particulate 

material, one often finds that smooth, spherical particles exhibit a better flowability 

under the gravity than rough, sharp-edged, non-spherical particles. Particle shape and 

surface roughness affects flow properties through interparticle forces as less sphericity 

of particles result in higher static and dynamic friction forces [51]. Sandler et al. [52] and 

Yu et al. [53] established a partial least squares (PLS) modelling approach to predict 

powder flowability of pharmaceutical materials from their particle size and shape 

distributions. The results revealed that both particle size and shape play an important 

role in determining the powder flow behaviour. 

Surface roughness of particles is a component of surface texture of particle. It can be 

quantified by the deviations between a real surface and its ideal smooth surface. The 

adhesive force and cohesive force can be greatly affected by surface roughness of 

particles and the effect is complex in different particulate system. Burnett et al. [54] 

indicates the rank order of drug-carrier adhesion in roughness of the larger carrier 

particle is “rough surface > smooth surface > micro-rough surface” when other particle 

properties has no change. The rough particles with higher dispersive surface energy and 

specific surface area would form strong agglomerates [55].  

To change the adhesion between particles, bulk solid are also mixed with a small portion 

of particles as a flow agent [56-58]. The influence of flow agent particles is similar to 

increase the surface roughness of bulk solid particles. As result, the adhesive forces are 

reduced due to the increased distance between bulk solid particles [56]. A number of 

works have been reported on changing flowability of bulk solid by mixing differernt 

particles. 

Irwin et al. [59] investigated the relationship between flow rate of different blends of 

clomacran phosphate and fill weight uniformity. Different blends were prepared by 

mixing API (active pharmaceutical ingredient) with different lubricants at different 

grades. Data suggested that the differences in particle size were responsible in part for 

the observed weight variation; large particle size showed less variation and small 

particle sizes presented greater variation. Apart from the particle size, other factors 

were found to affect the dose fill weight such as batch-to-batch variability and 

concentration of API. 

Podczeck & Miah [60] studied the influence of particle size and shape on the angle of 

internal friction and the flow factor (see section 2.1.3) of unlubricated and lubricated 
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powders in an annular shear cell. The tests were undertaken for powders with different 

particle sizes and shapes and blends with a range of lubricants concentrations. For 

unlubricated powders, it was found that the flowability depended on the particle shape 

whereas the angle of internal friction depended on the shape and particle size. When the 

lubricant was added to the blends, the optimal lubricant content, flowability and angle of 

internal friction were dependant only on the particle shape.  

Liu et al. [61] studied the flowability of a needle shaped ibuprofen size fractions using 

two flow measurement methods. The experimental results showed that powder 

flowability is significantly affected by both the particle size and size distribution. The 

finest size fraction that is separated from the bulk ibuprofen powder flows better than 

the bulk. For powders with narrow size distributions, the flowability increases 

significantly with the increase in particle size. In addition, admixing magnesium stearate 

to ibuprofen not only increases the flowability of the powder, but also reduces the 

internal friction angle.  

2.1.2.5.    Density and compressibility 

The density and compressibility are two physical properties of bulk solids and also 

indications of flowability. The discussions on density is similar to that on particle size as 

the density of single particle and density of bulk solid are two distinct properties to the 

material. 

The actual density of the particle is also called solid density. Even if the particles 

themselves may be compressible, the change in solid density over the range of stresses 

normally encountered is small, so that solid density is effectively a constant for a given 

material [1] (p. 5-6). Generally, it can be measured by the standard techniques of liquid 

displacement [62] following Archimedes' principle and gas displacement with a gas 

pycnometer usually using air as the medium. 

Bulk density is defined by the ratio of the mass of an amount of bulk solid to its volume. 

It is always less than solid density, since voids exist between the individual particles of a 

bulk solid [63]. The bulk density is always found to vary significantly with applied stress, 

mainly as a result of rearrangement of the particles [64]. In another word, it depends on 

the state of consolidation of the bulk solid. It was studied by Nedderman [1] (p. 128-134) 

that the bulk solid material does not necessarily expand to former state when the 

compressive stress is reduced or removed. As described in Nedderman’s work, the 

variation in the bulk density of an initially loose bulk solid is shown in Figure 2-3.  An 
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isotropic pressure acts on the solid. The bulk solid is compressed with increasing the 

isotropic pressure along the section AB due to rearrangement of particles. However, 

with reducing the pressure, little expansion can be observed along BC. It has proved an 

irreversible change of bulk density which is similar for CD section. To keep increasing 

the pressure along DEF, the bulk solid is finally crushed and irreversible changes in the 

nature of material take place.  

However, the isotropic stress state discussed above is an ideal state. In practice, the 

variable bulk density is usually measured in a shear tester. The bulk density obtained 

after consolidation of a bulk solid specimen depends not only on the consideration 

stress (see section 2.1.3), but also on the consolidation procedure (e.g. uniaxial, isotropic) 

[65]. A considerable part, about 60%, of stored bulk solids continue to gain strength if 

stored at rest under compressive stress for a long time period [66]. This effect is called 

time consolidation, and also known as caking. The reasons for time consolidation are 

also to be found in the effects of adhesive forces, which increase through approach of 

particles and enlargement of contact areas. [67]. If particles are moved against each 

other, these adhesive forces diminish and can build up again during further storage at 

rest. 

 

Figure 2- 3 Dependence of the specific volume on isotropic pressure. The sample is measured in 

isotropic stress state when three principle stresses are equal to isotropic pressure. The test is 

processed from A to B, B to C, C to D and then D to E,F. Reprinted from [1] (p.129) 

When bulk solids initially occupied a certain volume in a container such as a measuring 

cylinder, the volume would be reduced by particles re-arranging if the cylinder 
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continues to be tapped by mechanical action. The bulk density ρB is increased and this 

increased density is called tapped density ρT. The bulk density and tapped density are 

used to calculate the flowability of bulk solids by using compressibility index, 

𝐶 = 100
𝑉𝑇−𝑉𝐵

𝑉𝐵
 (VT, VB are volumes of bulk solid after and before tapping), which firstly 

described by Carr [7], or closely related Hausner’s ratio, 𝐻 =
𝜌𝑇

𝜌𝐵
, [8]. To calculate these 

parameters, which are not intrinsic properties and can be influenced by particle size and 

shape, surface area, moisture content, and cohesiveness of the material, it is necessary 

to determine the unsettled apparent volume and final tapped volume or the 

corresponding bulk and tapped density. Therefore, the European Pharmacopeia (Ph. 

Eur.) 8.0 has issued standardized methods [68, 69] to determine bulk density and 

tapped density of a powder. The bulk density of powder is measured by passing a 

known mass of powder through a sieve into a 250 mL graduated cylinder without 

compacting. The apertures of sieve are greater than or equal to 1.0 mm. The unsettled 

apparent volume (V0) is read and the bulk density is calculated by equation M/V0. A 

similar method is introduced by passing the powder through a volumeter into a cup or 

vessel of minimum 25 cm3 (Figure 2-4) until the powder overflows from cup. The mass 

of powder fully filled in the cup is weighed by carefully removing the residual powder 

from the side of cup and the bulk density is calculated by equation M/Vc, where Vc is the 

cup volume.  

 

Figure 2- 4 Volumeter for measuring the bulk density of powders: A. 1.0 mm sieve; B. powder 

funnel; C. loading funnel; D. baffle box; E. glass baffle; F. cup; G. stand. Reprinted from [68] (p. 344) 
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The tapped density is obtained by mechanically tapping the graduated cylinder or vessel 

mentioned above until little further volume or mass change is observed. The tapping is 

completed by raising the cylinder or vessel and allowing it to drop under gravity. The 

method described in European Pharmacopoeia 8.0 introduced a settling apparatus 

capable of producing 250±15 taps per minute from 3±0.2 mm height or 300±15 taps per 

minute from 14±2 mm height [68]. 

In a free flowing powder, the bulk density and tapped density would be close in value. 

Thus the Carr’s index would be small or Hausner’s ratio would be small. For a non-free 

flowing powder where there are greater interparticle interactions, the difference 

between the bulk and tapped density observed would be greater, therefore, the Carr’s 

index would be bigger or Hausner’s ratio would be larger. For the Carr’s index and 

Hausner’s ratio, the generally accepted scale of flowability of solid particles is given by 

Carr [7] in Table 2-2. 

Table 2- 2 Flowability Scale of Solid Particles Given by Carr [7] 

Carr’s Index (%) Flow Character Hausner Ratio 

≤10 Excellent 1.00-1.11 

11-15 Good 1.12-1.18 

16-20 Fair 1.19-1.25 

21-25 Passable 1.26-1.34 

26-31 Poor 1.35-1.45 

32-37 Very poor 1.46-1.59 

>38 Very, very poor >1.60 

The density and compressibility of bulk solids have caught more attentions in industry 

as they are always related to the other properties of bulk solids as well as flowability. 

Since the 1920’s the compaction of powders has been studied with a view to predict the 

bulk solids density in industrial process. Walker [3] proposed the first compaction 

equation for predicting volumes V as a function of the axial pressure P applied, 

 𝑉 = −𝑤 ∙ 𝑙𝑜𝑔𝑃 + 𝐴 (2.4) 

where w is Walker compressibility coefficient and A is a constant. This equation was 

developed empirically where w values were found different for materials with different 

plasticity. 

Denny’s [70] has reviewed and compared the most commonly used compaction 

equations in pharmaceutical industry: Heckel’s equation and Kawakita’s equation. Each 
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industry tends to use different equations for reasons linked to the research priorities or 

the kind of powder used to develop the equation.  

Heckel’s equation: 

 
𝑙𝑛
1

𝑒
= 𝑙𝑛

1

𝑒0
+𝐾𝑃 (2.5) 

where e and e0 are porosity and initial porosity of powder being compacted. K is a 

constant related to plasticity of material; P is pressure applied. 

Kawakita’s equation: 

 𝑃

𝐶
=
1

𝑎𝑏
+
𝑃

𝑎
 (2.6) 

where P is pressure applied; C is relative volume decrease, 𝐶 =
𝑉0−𝑉

𝑉0
; a and b are 

compatibility constant. 

Equation 2.5 and 2.6 have been reported only available for a limited range of materials 

as they are less successful in relating densification behaviour to the physical and 

mechanical properties of the materials being compacted [70]. Mendez et al. [71] 

developed an experimental methodology for the characterization of density in a powder 

bed utilizing X-ray micro-computerized tomography (micro-CT). The density changes of 

three common pharmaceutical powders were studied in his work. It was found that the 

three powders exhibited different packing rates and final states. It was also found that 

the density increased in the powder bed as a function of the number of taps, frequency, 

and amplitude. Additionally, a more uniform density profile was achieved by employing 

higher amplitudes. It was found that changes in density were more significant in less 

cohesive powders when tapped with lower amplitude and frequency, while the density 

changed enormously in cohesive powders when tapped with higher frequency. As 

powders increase in cohesion, it was found that more mechanical energy was required 

to alter the agglomerated powder bed. Additionally, the density at the top of the powder 

bed was significantly more dense than that at the bottom for free-flowing 

microcrystalline cellulose, however, the results were directly opposite for the other 

more cohesive powders. Traina et al. [72] introduced an additional porous volume 

added to the optimal granular packing to represent the difference between the volume 

of the powder bed and that of the same powder but when ideally packed. It was found 
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that the volume of additional air trapped/stored between the particles when the powder 

passes from a dynamical state to a static state. If the powder bed traps air, it is then able 

to restore air partially or completely or not at all, depending on the interparticle 

cohesion level. The data showed if the powder is non-cohesive or free flowing, it traps a 

small amount of air in its static state. Conversely, if the powder is cohesive, it traps more 

air. 

2.1.2.6.    Angle of repose 

When bulk solid is piled on a plate, the top surface of the pile is not necessarily 

horizontal. The maximum angle between the slope, where the particles are on the verge 

of sliding, and the plate is called Angle of Repose (AoR). It can be measured with a 

conical pile made from bulk solids (Figure 2-5(a)). The pile is usually formed by pouring 

the bulk solid through a funnel which is located above a bottom plate. The funnel can be 

either fixed or moved upwards while the pile is formed in order to keep the distance 

between the tip of the pile and the funnel constant [73, 74]. Different measurements are 

drained angle of repose (Figure 2-5(b)) and dynamic angle of repose (Figure 2-5(c)) [74] 

(p. 25-27). Angle of repose is not intrinsic property of bulk solid material as it is very 

dependent on the test procedure, e.g. the way pile is formed. 

 

Figure 2- 5 Measurement of angle of repose, αM: (a) poured angle of repose; (b) drained angle of 

repose; (c) dynamic angle of repose, re-printed from [13] (p.172) 

Angle of repose is a bulk solid property related to the internal friction so that measuring 

angle of repose can compare the flowability of bulk solids [75, 76]. In general, the 

material with good flowability has a smaller angle of repose [77, 78]. Due to poor 

flowability, cohesive powders is often piled with a peaked tip and varying angle from top 

to the bottom so that the angle of repose of cohesive material is unlikely to be measured 
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[13, 79, 80]. Carr [7] classified flowability according to angle of repose measured with 

solid particles poured from bins, hoppers, and feeders, shown in Table 2-3. 

Angle of repose can be used in the design of vessel, such as hopper or silo, for feeding 

particulate solids [81]. AoR related to the angle of internal friction of bulk solid material 

(see section 2.1.3) determines the angle of the hopper (angle between the slope of 

hopper and the horizontal), which needs to assure a mass flow of bulk solids [6] (p. 219-

228) (discussed in section 2.2.2). The influence of angle of repose of materials on 

powder dispensing will be discussed in Chapter 5 section 5.2.2.  

Table 2- 3 Flowability and corresponding angle of repose classified by Carr [7] with solid 
particles poured from bins, hoppers, and feeders. 

Flow Character Angle of Repose (°) 

Excellent 25-30 

Good 31-35 

Fair―aid not needed 36-40 

Passable―may hang up 41-45 

Poor―must agitate, vibrate 46-55 

Very poor 56-65 

Very, very poor >66 

Gold et al. [82] compared the results from the angle of repose and powder flowmeter, 

for range of powders previously classified empirically as glidants. It was found that 

some glidants did not necessarily increase flow rate and many of them that lowered the 

angle of repose but did not necessarily improve the flow behaviour. It was also stated 

that from the comparison between two methods used, the angle of repose was not a 

reliable method for evaluating flow behaviour for the reason of strong cohesion in finer 

particles. 

2.1.3.    Flow Properties of Bulk Solids 

2.1.3.1.    Stress state  

In bulk solids dispensing, the flow properties of bulk solids in defined feeding vessels is 

the main objective of study including initiation and suspension of flow, steady-state 

mass flow in the vessel, and solids discharging through the outlet of vessel.  Bulk solids 

flow refers to the deformation of particulate solids bed under stresses, and it is a 

reflection of the mechanical behaviour of bulk solids under the certain state of stresses 

in the vessel [83]. One of the most important contributions in understanding the bulk 

solids mechanics was made by Jenike in 1960s. The state of stresses in all possible 
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cutting planes within a bulk solid element can be represented by a normal stress - shear 

stress diagram, which is also known as Mohr’s stress circle [6] (p. 5-10).  

The Figure 2-6 shows the Mohr’s circles of shear stress, τ, and normal stress, σ, 

measured in different stages of unconfined failure test undertaken by Schulze [13] (p. 

35-41). As the assumption in Schulze’s tests, the gravity and friction between wall and 

bulk solids were neglected. In the first part of test, the bulk solid specimen was 

compacted under the vertical compressive stress σv = σ1 and the horizontal compressive 

stress σh = σ2. The circle A represents the consolidation stage in the test. In this stage, a 

vertical failure stress was applied to the specimen and the failure did not take place 

under the stress. In the stage represented by circle C, a vertical stress caused the failure 

of bulk solid when compressive stress in the horizontal direction, σ2, was constant. The 

vertical failure stress σv was equal to principal consolidation stress σ1 in the horizontally 

confined condition. 

 

Figure 2- 6 Mohr’s circles plotted by bulk solid unconfined failure test in diagram of shear stress 

against normal stress. Re-printed from [13] (p. 40). For full explanation refer to the text 

In the second part of unconfined failure test, the bulk solid specimen was pre-compacted 

under the principal stress, σ1 and the horizontal constrain was removed. Circle B1 and B2 

represent vertical stresses applied to the bulk solid specimen only cause a deformation 

of the bulk solid specimen but no failure. When the vertical stress increased until the 

bulk solid specimen failed represented by circle B3, the critical stress causing failure is 
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defined as unconfined yield stress σc, which equals to the principal consolidation stress 

σ1 in unconfined condition.   

As seen in Figure 2-6, both Mohr’s stress circles B3 and C representing the failure stage 

reached to a yield limit, whereas the circles could not reach to it in consolidation stage. 

Thus, the yield limit of the bulk solid must have been attained in one cutting plane of the 

specimen when the stress causes the incipient flow of bulk solid. Schwedes [84] studied 

the relationship between the unconfined yield stress and the principal consolidation 

stress at steady state flow by using shear tester. A series of yield limit locus can be 

obtained with shearing bulk solid specimen under different principal consolidation 

stress σ1. Each yield locus gives one pair of values of the unconfined yield stress σc and 

the principal consolidation stress σ1 which can be used to determine the flow function of 

bulk solid (see 2.1.3.2). 

2.1.3.2.    Flow function 

The level of stress causing the incipient flow of bulk solids can be used to measure the 

flowability with a flow function introduced by Jenike [6] (p. 26-28). Jenike’s flow 

function is described as that the unconfined yield stress σc is a function of the principal 

consolidation stress σ1. Flow function A of unconfined yield stress σc against principal 

stress σ1 is shown in Figure 2-7. A ratio ffc of principal consolidation stress to 

unconfined yield stress is defined as flow factor to characterize flowability,  

 𝑓𝑓𝑐 =
𝜎1
𝜎𝑐

 (2.7) 

The flow factors are represented by straight lines in Figure 2-7 which can be tested by 

ring shear tester (Appendix II). Jenike [6] (p. 215) classified the flowability according to 

flow factor ffc listed in Table 2-4. It shows that larger ffc indicates better flowability of 

bulk solid. 

Table 2- 4 Flowability and corresponding flow factor ffc classified by Jenike [6] (p. 215) 

Flow Factor ffc Flow Character 

ffc<1 Not flowing 

1<ffc<2 Very cohesive 

2<ffc<4 Cohesive 

4< ffc<10 Easy-flowing 

10< ffc Free-flowing 
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As shown in Figure 2-7, the flow factor becomes greater with increasing consolidation 

stress for bulk solids. It’s because the voids between particles get filled when the 

specimen is consolidated with larger principal. Consequently, there is an increase in the 

flowing density of bulk solid and hence the flowability. Because of the dependence of 

flowability on consolidation stress, it is not possible to describe the flowability of a bulk 

solid without taking account of the consolidation stress history [13, 84]. 

 

Figure 2- 7 Lines of constant flowability and flow function A of unconfined yield stress σc against 

the principal consolidation stress σ1. Re-printed from [13] (p.42) 

2.1.3.3.    Angle of internal friction and angle of wall friction 

According to the Coulomb criterion [85], when a bulk solid fails under a stress, it may 

divide itself into two parts which slide past each other. If internal sliding occurs in the 

bulk solid, the shear stress on the slip plane is dependent on the normal stress, σ, acting 

on the plane, which takes the form,  

 𝜏 = 𝜇𝜎 + 𝑐 (2.8) 

where µ and c are coefficient of friction and the cohesion. When the friction coefficient, µ, 

is constant, a linear internal yield limit locus (IYL) (shown in Figure 2-8) can be obtained 

from equation 2.8. The particles slip on an internal plane of bulk solid under the failure 

stress when the Mohr’s circle is tangential to the IYL. The angle of internal friction, δ, is 

defined by [85] 

 tan 𝛿 = 𝜇 (2.9) 
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Angle of internal friction is determined by the properties of particle, i.e. particle size and 

particle shape [60]. It has a range from about 20° for smooth spheres to about 50° for 

angular particles [1] (p. 25). Attention is needed to distinguish the angle of friction and 

angle of repose discussed in section 2.1.2.6. The angle of repose can be considered as a 

critical state friction angle. Critical state is the state of failure when normal stress and 

shear stress do not change any more during shearing and the volume is constant. In this 

circumstance, the angle of repose can be used to represent the angle of internal friction. 

In this project, the angle of repose is assumed to be equivalent to the angle of internal 

friction as bulk solids flow in dispensing hoppers is considered as the failure in the 

critical state for simplification. 

Besides internal sliding, the bulk solid can also slip along the wall of the container. 

Similar to internal angle of friction, the angle of wall friction ϕw is defined by [1] (p. 40-

46) 

 𝜏𝑤 = 𝜎𝑤 ∙ tan𝜙𝑤 + 𝑐𝑤 (2.10) 

where cw is adhesion between particles and wall. In Figure 2-8, it also shows a wall yield 

limit locus (WYL), by reaching to which the bulk solid can form a slide along the wall. 

Both angle of internal friction and angle of wall friction play important roles in powder 

flow on the slopes in a hopper. It will be further discussed in section 2.2.2. 

 

 

Figure 2- 8 Mohr’s circle with internal yield limit locus and wall yield limit locus. δ is angle of 

solid friction; ϕw is angle of wall friction 
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2.1.3.4.    Flow properties of bulk solids in silo 

An actual case of bulk solid flow in a silo is reviewed by Schulze [13] (p. 249-257). When 

bulk solid is discharged from an outlet at the bottom of silo, the bed of particulate solids 

in the silo moves downward from the vertical section to the hopper section. In the 

vertical section, the bulk solid is compressed vertically by gravity, but strain in the 

horizontal direction is prevented. The principal consolidation stress, σ1, is identical to 

the resultant of vertical stress σv and wall normal stress σw and this state of stress is 

called “active state of stress” [86]. The orientations of the principal consolidation stress 

can be represented by solid lines in the silo in Figure 2-9. Thus, the deformation in the 

vertical section is comparable to the consolidation stage shown in Figure 2-6 A in 

section 2.1.3.1. As seen in Figure 2-9, both vertical stress σv and wall normal stress σw 

increase but the increasing is less and less in downwards direction in the vertical section 

of hopper. It is assumed due to the shear stress exerted from the bulk solid onto the wall 

carries part of the bulk solids weight. Janssen’s tests in 1895 (translated by Sperl [11]) 

found the pressure at the flat bottom of a square bin does not increase linearly with 

filling height of the solid but becomes constant from a certain height. A simplified 

Janssen’s equation derived to calculate the total pressure of the solid on the bottom of 

silo, 

 
𝑃 = 𝑠3(1 − 𝑒−0.8

ℎ
𝑠) (2.11) 

where P is total pressure of the solid on the bottom of silo; s is the side length of the 

square silo; h is filling height of solid in the silo. The results of his tests also indicate that 

the change of pressure gets smaller with filling height increases when the ratio of filling 

height and the side length of bottom, h/s, is larger than 2. When the ratio, h/s, is larger 

than 6, the pressure on the bottom can be considered as a constant.  

In Figure 2-9, in the transition region from vertical section to the hopper section a peak 

wall normal stress is developed. In the hopper section, the bulk solid is compressed 

horizontally due to the convergent flow zone in the hopper, while it dilates in the 

vertical direction due the downwards flow [87]. As result, the wall normal stress, σw, is 

larger than the vertical stress σv, and thus the orientations of principal consolidation 

stress in the hopper can be represented by the arches shown in Figure 2-9 [87]. When 

bulk solid is discharged from a hopper, a stress field in the hopper was reported to cause 

solid particles to be “arched” or form a “dome” subjected to the consolidation stress [88, 
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89]. This state of stress is called “passive state of stress” or “radial stress field” where 

the local stress decreases in downwards direction approaching the hopper apex [86]. 

Schulze [13] (p. 252-257) indicated that in the discharging state the stresses close to the 

outlet are independent of the stresses in the upper part of the hopper and, therefore, 

also independent of the silo’s dimensions or level of filling. The deformation of the bulk 

solid while flowing in the hopper approximately corresponds to steady-state flow in 

which stresses and bulk density are constant. However, with local stress decreasing in 

downwards direction in the hopper, the flowability of bulk solid becomes worse when it 

gets closer to the outlet of hopper (or the radius of hopper is decreased) (see section 

2.1.3.2). Dome of particles may be formed in the hopper to prevent the steady-state flow. 

The hopper design regarding to the formation of dome and the steady state flow will be 

discussed in next section.  

 

Figure 2- 9 Schematic diagram of bulk solid discharging from a silo and qualitative distributions 

of wall normal stress, σw, and vertical stress, σv, vs. the vertical coordinate. Re-printed from [13] 

(p.253). For full explanation refer to the text 

 

 

2.2.    Hopper Design for Flow of Bulk Solids  

Symmetric conical hopper is often used as the storing and transporting vessel for bulk 

solids [6, 87, 90]. Dispensing bulk solids with a hopper has advantages as follows: The 

shape of hopper is regular and easy to be processed and modified; the wall of hopper 

requires no lateral reinforcement in bulk solid dispensing, because they do not transfer 
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any bending stresses from applied external forces; the well-designed hopper can assure 

a steady-state flow of bulk solid with relatively small outlet [1, 6, 13]. Generally, flow in 

the hopper with a vertical angle α shown in Figure 2-10 can form two flow patterns: 

mass flow and core flow. The mass flow, which can be described as the whole bulk solid 

is in motion (Figure 2-10(a)), occurs when the retaining wall of dispensing hopper is 

sufficiently steep and smooth, and the hopper does not have any sharp corners, abrupt 

transitions, or discontinuities in the frictional properties of the wall [6] (p. 28-34). 

Otherwise, a core flow pattern is developed with a stagnant zone formed at the 

transition region in the hopper, though mass flow may prevail in the vertical section. 

The angle between the stagnant zone boundary and the horizontal is фd shown in Figure 

2-10(b). Hopper design, such as dimension and shape, has been studied on assuring a 

steady-state flow of bulk solids with different flow properties [91, 92]. The use of 

computer simulations, specifically the discrete element method (DEM) was attempted to 

identify the internal mechanism of bulks solids flow in the hopper [93, 94]. The DEM 

results suggest possible practical solutions using information which may be difficult or 

impossible to obtain in practice using traditional observation and experimental 

techniques. A poorly designed hopper may cause flow problems of bulk solids such as 

rat-holing (piping),  plugging, strong arching (blocking) and flooding (overflow) in 

dispensing [1, 6, 10, 13, 17, 74]. 

 

Figure 2- 10 Flow patterns in hoppers (a) mass flow; (b) core flow 

 

2.2.1.    Orifice Size of Hopper 

In a standing hopper, bulk solids stay put when the hopper has a closed end. With 

opening an orifice at the bottom of hopper and increasing the size, bulk solids start to 
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flow through the orifice under the influence of gravity when the size exceeds a critical 

value [87, 95]. Jenike [6] (p. 231) and McLean [96] provided a method to calculate the 

minimum diameter of the orifice which assures a spontaneous gravity flow of bulk solid. 

For the circular orifice of conical hopper, the critical diameter is obtained from the 

equation, 

 
𝐷𝑐 =

𝐻(𝛼)𝜎𝑐
𝜌𝐵𝑔

 (2.12) 

where function H(α) takes into account the hopper angle, α (shown in Figure 2-10). The 

value of H(α) is given in Figure 2-11 by Schulze [13] (p. 305). σc is unconfined yield 

stress and ρB is the bulk density.  

 

Figure 2- 11 Function H(α) [13] (p. 305). α is the hopper angle defined in Figure 2-10 

When an empty hopper is filled with a bulk solid, the orifice size determines whether 

the bulk solid is preserved in the hopper or discharged. When the orifice size is larger 

than the critical value Dc given in equation 2.12, the flow is unlikely to be stopped in the 

convergent flow zone in the hopper and, therefore, the bulk solid flows out while the 

hopper is filled. When the orifice size is smaller than Dc, the bulk solid can form a dome 

across a channel of width Dc in the hopper to prevent flowing (Figure 2-12) and 

meanwhile, the radial stress field is developed in the process (see section 2.1.3.4). In the 

dome, the principal stress, σ1, resulting from the weight of the bulk solid is transferred 

to the hopper wall as a bearing stress, σ1', to support a stable bulk solid dome. Jenike [6] 

(p. 156) developed a flow criterion by assuming that the bulk solid dome has a smooth 
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shape with a constant thickness in vertical direction, and that the dome must carry only 

its own weight. Jenike’s flow criterion can be described as the failure of dome only 

occurs when 

 𝜎1
′ ≥ 𝜎𝑐 (2.13) 

The above discussion is based on the case of spontaneous bulk solid flow under the 

gravity. In the hopper with an orifice smaller than the critical value Dc, the dome is 

formed at a height of h from the outlet and stable when the flow criterion is not met. 

External forces can be applied as the driving force of dome failure to initiate the flow of 

bulk solid in the domed hopper [6, 13]. The use of vibration as the driving force for the 

flow of bulk solids in the hopper will be discussed in section 2.2.3. 

 

Figure 2- 12 Schematic diagram of dome formed in the hopper with orifice size Do. The dome 
formed at a height of h from the outlet. The span of dome is Dc in horizontal direction.  

 

2.2.2.    Angle of Hopper 

As the conical hopper with circular orifice is symmetric, the half conical angle, α, (the 

angle between the slope and the vertical, represented in Figure 2-10 and Figure 2-12, 

respectively) is important for the hopper design. Jenike [6] (p. 220-228) and Arnold et al. 

[17] discussed the selection of the hopper slopes for mass flow based on the angle of 

internal friction, δ, and the angle of wall friction, ϕw. Jenike [6] (p. 226)  suggested the 

half angle of hopper, α, should not exceed a critical value as a function of the angle of 

internal friction, δ (Figure 2-13), which can be described as 
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 𝛼𝑚𝑎𝑥 = −0.5𝛿 + 55 (2.14) 

Thus, bulk solid can flow in a hopper with angle less than αmax, which is dependent on 

the material flow properties. As discussed in section 2.1.3.3, the angle of internal friction 

of materials is normally between 20° and 50°. According to equation 2.14, it can be 

concluded that the bulk solid with poor flowability requires a small angle of hopper, 

whereas the angle of hopper for the material with good flowability is not that 

circumscribed.  

 

Figure 2- 13 Critical value of half conical angle of hopper, αmax, as a function of the angle of 

internal friction, δ, represented by the red line. Re-printed from [6] (p.227) 

However, when the angle α is large, the bulk solid may flow in a core flow pattern [97, 

98]. The presence of stagnant zone was found in the experiment affecting the discharge 

consistency of the bulk solid as the stagnant zone varied in its size and shape in different 

experimental conditions [97]. Jenike [6] (p. 220-228) also reported that the maximum 

angle αmax’ of the hopper for mass flow to occur can be determined by the angle of wall 

friction, ϕw, and the effective angle of internal friction, δe. The boundary lines are plotted 

in Figure 2-14 indicating that the maximum hopper slope for mass flow is steeper when 

the angle of wall friction, ϕw, is larger. 

Lu et al. [29] used a glass capillary (Figure 2-15) to dispense fine powders under 

ultrasonic vibration. Same glass capillary was tested in the early stage of this project and 

proved to have three main disadvantages. Firstly, the diameter of both the vertical 

section and nozzle section shown in Figure 2-15 is too small for some cohesive powders. 

Also, the designed 75mm and 90mm nozzles are too long to be applied with effective 

vibration in the whole range so that the dome forms easily in this section. Secondly, the 
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dispensing capillary has a convergent section with an abruptly reduced diameter in 

transition zone where the unconfined yield stress is very large (see section 2.1.3.4) and 

therefore, the powder can be strongly arched in the convergent section to cause the 

blockage of hopper. Thirdly, the overall dimension of this capillary is too small which 

lacks of capacity for dispensing larger particles and running for long hours. 

 

Figure 2- 14 Critical value of half conical angle of hopper, αmax’, for mass flow determined by the 

angle of wall friction, ϕw, and the effective angle of internal friction, δe [13] (p. 298) 

 

 

Figure 2- 15 Dispensing capillaries used in the work of Lu et al. Re-printed from [29] 
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2.2.3.    Vibration induced bulk solid flow in hopper 

As discussed in previous sections, when the gravitational force is the only driving force 

to discharge particles from hopper, the flow of bulk solid may be hindered in hoppers 

with smaller outlet diameters and shallower wall slope angles. Vibration has been used 

as a means of promoting flow in hoppers [99-102].  

A number of works have been done on the study of bulk solids fluidization under the 

influence of vibration. Takahashi et al. [19] reported the appearance of convection cells 

near the inclined wall boundaries of the hopper. The particulate solids assume a 

circulatory motion in a two-dimensional hopper-shaped vessel when the vessel is 

subjected to vertical sinusoidal vibration.  

Matchett [103] studied the effects of vibration on promoting flow of bulk solid in the 

hopper with considering two extremes of vibration: the push mode and the pull mode. 

In the push mode, the vibrated section of the hopper wall moves inwards towards the 

hopper axis, so that the bulk solid in the hopper is in plastic compression, and therefore 

at yield. In the pull mode, the vibrated section moves away from the hopper axis and 

hence the enclosed bulk solid, thus relaxing the hoop stress which is over the wall in 

contact with the contained bulk solid. The pull mode is assumed to induce a switch in 

consolidation stress orientation from a passive to an active stress state (see section 

2.1.3.4).  

Yang et al. [26] and Jiang et al. [104] reported when the hopper is vibrated, a small 

clearance is formed between particles and the wall. As a result, the adhesive and 

cohesive forces are reduced, and then particles move down through the hopper. As 

particles flow out of the hopper, the void fraction in the bulk solid increases and thus the 

distance between particles are enlarged, therefore, the particles can easily move in the 

hopper [104].  

Roberts [100] developed a failure criterion for the vibrational bulk solid flow. The shear 

stress in the presence of vibrations τvibr depends on the maximum vibration velocity vmax. 

It can be represented by 

 𝜏𝑣𝑖𝑏𝑟
𝜏
= 1 −

𝛽

𝜏
[1 − 𝑒𝑥𝑝 (−

𝑣𝑚𝑎𝑥
𝛾
)] (2.15) 
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where τvibr is shear stress in the presence of vibrations and τ is shear stress without 

vibration. vmax is the maximum vibration velocity. The parameter β indicates the 

maximum possible shear stress reduction. The parameter γ represents a characteristic 

vibration velocity.  

Janda et al. [105] in their extensive study on understanding the jamming behaviour of 

powder particles in a vibrated hopper found that an increase in vibrations could lead to 

a gradual decrease in the hopper orifice diameter and in the absence of vibrations the 

flow could be continuous for a certain period followed by a complete blockage. It was 

also reported that flow rate increases at higher vibrational amplitudes until a certain 

time of vibration is reached where the mean flow rate is similar. 

The fluidization of bulk solid under the influence of vibration can be described as the 

vibration inducing a boundary layer interaction between bulk solids and the wall of 

vessel. The mechanism is different from conventional solids flow based on particle 

saltation [106]. As a result of vibration, the friction between the powder and the wall 

surface is decreased due to dilation of bulks [107]. It causes the failure of dome along a 

vertical plane through the solid, after which the solid slides down along the inclined wall. 

Dumbaugh [108] proposed the term “vibration induced gravity flow”, an appropriate 

description for such applications. The current bulk solids dispensing techniques 

applying the vibration as the driving force will be introduced in section 2.3.2.2. 

Based on previous works, the effect of vibration on bulk solid flow in the hopper can be 

concluded as: 

(1) Vibration can be very effective in promoting bulk solid flow in hoppers and 

can generate flows at shallower wall-slope angles and much smaller outlet 

diameters than gravitational method [103-105]. 

(2) The most effective strategy is to induce vibration over the complete height of 

the hopper. When vibration is applied to a section of the cone, the location of 

the vibration source is a critical design parameter [103]. 

(3) Vibration leads to a significant reduction of the shear stress to initiate the flow 

[26, 104, 109]. 

(4) Vibration may also cause problems for bulk solid flow, e.g., irregular flow due 

to collapsing arches and ratholes, consolidation of the bulk solid due to 

inappropriate operation [13] (p. 353). 
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2.2.4.    Correlations between Bulk Solid Flow Rate and Design Parameters 

The knowledge of correlations between bulk solid flow rate and hopper design 

parameters can be used to predict dispensing results in practical applications. However, 

it is limited as the mechanism of bulk solids flow and discharge is complex and not well 

understood. Early researchers discovered mass flow equations of bulk solids based on 

an analogy to the outflow of liquids following the Torricelli’s law [13] (p. 341). The 

velocity of bulk solid flow under the gravity, w, can be expressed by 

 𝑤 ∝ √𝑔𝐷ℎ (2.16) 

The hydraulic diameter of outlet opening, Dh, is defined by 𝐷ℎ =
4𝐴𝑜

𝑃𝑜
, where Ao is the area 

of the orifice and Po is the perimeter of the orifice. When the bulk solid flowing through 

the outlet with a cross section area, Ao, the mass flow rate, W, can be presented by  

 𝑊 ∝ 𝐴𝑜𝜌𝐵√𝑔𝐷ℎ ∝ 𝜌𝐵√𝑔𝐷ℎ
2.5 (2.17) 

 

where ρB is the bulk density. 

Deming and Mehring [4] examined the flow of granular solids in conical bins and 

derived an equation to predict the flow rate. There were seven physical quantities and 

four dimensions involved in the investigation of the motion of bulk solid. With 

dimensional analysis, a function was found in the form of, 

 
𝑡𝐷𝑜

2.5𝜌𝐵𝑔
1/2 = 𝑓 (

𝑑

𝐷𝑜
, 𝜇, 𝛼) (2.18) 

where t is the flow rate in minutes per 100 grams; Do is orifice size in millimetres; ρB is 

the bulk density of bulk solids; g is gravitational acceleration; d is the diameter of 

granule; µ is the tangent of angle of repose; α is the half angle of conical bin. According to 

the experimental results, linear regression between 𝑡𝐷𝑜
2.5𝜌𝐵   and 

𝑑

𝐷𝑜
 obtained the 

correlation between flow rate, t, and other physical quantities in the form of  

 
𝑡 =

𝜇

𝐷𝑜
5/2𝜌𝐵

[34.6 + (67.4 + 444 sin𝛼) (
𝑑̅

𝐷𝑜
+ 0.130 − 0.161𝜇)] (2.19) 

where 𝑑̅ is the average diameter of granules. The granules tested in the experiment were 

not perfectly spherical and with exactly same diameter. 
1

2
(𝑑1 + 𝑑2) was used for 𝑑̅ in his 
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work as an approximation, where d1 and d2 referred to the opening of a larger and a 

smaller sieve passed by the granules, respectively. The equation was claimed to be 

applicable to granules with any density and shape free flowing in the conical bin with 10 

to 55 degrees half angle [4]. However, in their work relatively large deviation was found 

in the case of less free flowing when the value of 
𝑑̅

𝐷𝑜
 was larger than its limit of 0.15 to 

0.25 [4].  

Fowler and Glastonbury [5] studied the flow of granular materials with different particle 

shape from flat-bottomed hoppers. They proposed an equation to predict the discharge 

rate of spherical and non-spherical materials. 

 
𝑊 = 0.236𝜌𝐵𝐴𝑜√2𝑔𝐷ℎ (

𝐷ℎ
𝜆𝑠𝑑
)
0.185

 (2.20) 

where g is the gravity acceleration. The particle shape factor λs is sphericity defined in 

equation (2.3). The equation conforms the basic structure of mass flow rate equation 

provided by equation (2.17) with free-flowing granular materials, such as wheat, rice, 

rape seed, sugar and sand, which particle size is in a range of 0.2-2 mm. They suggested 

the discharge rate is a function of the ratio of orifice size to particle size taking account 

of the shape of particle [5].  

Beverloo et al. [110] found the gravity flow of granules in a flat bottom cylinder with 

circular orifice was developed through an effective area in the cross-section of orifice. 

The margin of the orifice was useless for granules flow. The extent of the margin is 

proportional to the particle size, d. Thus, the flow rate, W, in equation 2.17 can be 

presented by  

 𝑊 = 𝐶𝜌𝐵 √𝑔(𝐷𝑜 − 𝑘𝑑)
2.5 (2.21) 

where the constant k is related to the surface properties of solid materials [110]. The 

orifice size Do was replaced by an effective flow diameter Do – kd. Brown and Richards 

[74] (p. 193-195) suggested there is an annulus with width d/2 adjacent to the orifice 

edge where no flow takes place and thus, all particles pass through an orifice of reduced 

diameter equal to (D-d). However, the reason for k being greater than 1 was failed to be 

explained by the authors. The constant C was introduced as the coefficient of various 

orifice shapes, such as circle, square, rectangle and triangle. Beverloo’s equation is 

simpler than Deming’s equation in the form, and it introduced an effective flow diameter 

Do – kd to represent the influence of the particle size on the flow. Beverloo’s equation is 
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applicable for the gravity flow of free-flowing granules through the orifice with various 

shapes in flat bottom cylinders. Additionally, it was indicated that head of granules in 

the range investigated (10-30 cm) has no influence on the flow-rate, and the diameter of 

the cylinder does not have an influence on the flow-rate [110].  

Rose and Tanaka [15] studied the gravity flow of bulk solids in a conical hopper. It was 

reported in their work that the flow rate, W, is a function of the half conical angle of 

hopper, α, and the angle between the stagnant zone boundary and the horizontal, ϕd, 

(see in Figure 2-10(b)),  

 
𝑊 ∝ 𝐷𝑜

2.5 (
𝐷𝑜
𝑑
− 3)

0.3

𝐹(𝛼, 𝜙𝑑) (2.22) 

Function F is given by, 

 𝐹(𝛼, 𝜙𝑑) = (tan𝛼 tan𝜙𝑑)
−0.35, 𝑓𝑜𝑟 𝛼 < 90 − 𝜙𝑑 

𝐹 = 1, 𝑓𝑜𝑟 𝛼 > 90 − 𝜙𝑑 (2.23) 

As he angle ϕd is hard to be determined in experiment, a value of 45° can be used for 

simplification [111].  

The discovery of all above flow equations is based on the flow of coarse-grained, 

cohesionless bulk solids. Verghese and Nedderman [112] investigated the flow of fine 

particles sized between 100 and 600 µm in conical hoppers and derived a flow rate 

equation conformed to the equations of Beverloo et al. [110] and Rose and Tanaka [15]. 

It was reported in Verghese’s work that the gravity flow of bulk solid was retarded by 

interstitial pressure gradients resulting from the dilation of bulk solid approaching the 

outlet in conical hopper. The interstitial pressure gradients were independent of orifice 

diameter and inversely proportional to the square of the particle diameter, d2. Thus, the 

flow rate is given by: 

 

𝑊 = 0.5 tan−0.35 𝛼√1 +
𝜆

𝑑2
𝜌𝐵√𝑔(𝐷𝑜 − 𝑘𝑑)

5/2 (2.24) 

λ is a parameter related to the compressibility and density of material and was found to 

be a negative value in the correlation. Thus, the flow rate is reduced when the particle 

size is smaller. 
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As discussed in section 2.2.3, vibration can play as an extra driving force to promote 

bulk solids flow in hopper. Suzuki et al. [113] proposed an equation for the flow rate of 

bulk solids from a vibrating hopper. They suggested that the discharge of bulk solid from 

a vibrating hopper can be divided into three steps:  

(1) Particles are in flight. The flow rate, W1 equals to 0; 

(2) Particles impact the wall of hopper. The flow rate, W2 is given by 

 

𝑊2 = 𝐶1𝜌𝐵√
𝛥𝑣

𝛥𝑇
𝐷ℎ
5/2

 (2.25) 

where Δv is the relative velocity of free fall particle and the wall of hopper at 

impact. ΔT is the duration of the impact period. C1 is a constant; 

(3) Particles remain on the wall of hopper. They are accelerated by the wall and 

therefore, the acceleration of particles is g[1-Gsin(2πft)], where G is the intensity 

of vibration and equals to a(2πf)2/g and a is the amplitude of vibration. Then, the 

flow rate, W3, is given by 

 𝑊3 = 𝐶2𝜌𝐵√𝑔[1 −  𝐺 𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝐷ℎ
5/2

 (2.26) 

where t is the time and C2 is a constant. 

Therefore, the flow rate from vibrating hopper can be presented by 

 

𝑊 = 𝑊1 +𝑊2 +𝑊3 = 𝐶1𝜌𝐵√
𝛥𝑣

𝛥𝑇
𝐷ℎ
5/2
+ 𝐶2𝜌𝐵√𝑔[1 −  𝐺 𝑠𝑖𝑛(2𝜋𝑓𝑡)]𝐷ℎ

5/2
 (2.27) 

Wassgren et al. [102] suggested equation (2.27) can be also presented by 

 𝑊 ∝ 𝜌𝐵𝑔eff
1/2
𝐷ℎ
5/2

 (2.28) 

where Dh is the hydraulic diameter of either circular orifice or non-circular orifice. The 

flow rate was assumed to be a function of an effective gravity acceleration of particles, 

geff, in the vibrating hopper.  
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2.3.    Bulk Solids Dispensing  

2.3.1.   Bulk Solids in Manufacturing Industry 

Bulk solids are involved as raw materials, intermediates and final products in 

manufacturing industry. Accurate and efficient handling of bulk solids is always a hot 

issue and research object. So far, coarser particles (normally larger than hundreds of 

microns) have been proved easier to be transferred from one vessel to another, since 

the movement of each particle is not dominated by cohesive and adhesive forces but by 

the force of gravity [114]. Fine powders are mainly used in pharmaceutical industry as 

the particle size of drug can affect its dissolution rate [115]. A reduced particle size, 

often micrometre or nanometre, can improve the bioavailability of the drug substances 

[116] and the absorption of poorly water-soluble drugs in humans [115, 117]. 

Biomaterials, such as calcium phosphate, used in bone tissue regeneration are often 

nanosized for new bone formation and new bone attachment [118]. However, the 

reduced particle size often presents difficulties in the flow of fine powders.  

Several studies on flowability of fine-particle cohesive pharmaceutical powder have 

been reported on tableting [119, 120] and powder inhalation [121]. The particles of 

excipients are always micronized and the size of API particles is even smaller than a few 

of microns. As a result, the powders show a strong cohesion and poor flowability when 

they are handled in the process. In the pharmaceutical research and development, the 

process of synthesizing new chemical entities and identifying them as potential drug 

candidates often involves with a limited availability of high value powder materials. The 

production efficiency is also highly concerned as the screening time of these candidates 

governs the development time of drug products [104]. Therefore, accurate and efficient 

handling of small amount of fine powders is a necessity for pharmaceutical 

manufacturing industry.  

In pulmonary drug delivery system, the drug powder should have a narrow particle size 

distribution and micronized particles, size of which is no more than 5 µm in average, 

with no particle larger than 10 µm [122]. Dry powder inhaler (DPI) has been used for 

pulmonary delivery of drugs by humans for more than 40 years since 1967 [123]. A 

typical formulation of dry powder inhaler for the treatment of respiratory disease [124] 

is listed in Table 2-5. DPIs are subject to strict pharmaceutical and manufacturing 

standards by regulatory bodies, the most challenging of which is the demonstration of 

device reliability in terms of delivered dose uniformity [125]. Single- or multi-unit dose 
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devices of DPI have individual pre-metered doses sealed in the device, whereas in 

reservoir devices the patient dispenses the dose at each use [125]. Besides the 

development of the device should provide accurate dose delivery in different dose types 

(capsule, reservoir or blister package) over a wide range of inspiratory flow rates, the 

drug formulation in each dose must be uniform whether single or multiple dose devices 

[126]. A good dose-to-dose conformity in DPIs is especially crucial as it determines the 

consistent therapeutic effect to patients [126]. However, dispensing cohesive inhalation 

drug powders, normally below few of micrograms, in the DPI device with good dose-to-

dose conformity is difficult [127].  

The demand for an accurate and efficient dry powder metering and dispensing 

technology in pharmaceutical industry is unprecedentedly high. Besides the capability of 

fast and accurate dispensing very small amount of fine powders, the dispensing device is 

also required to keep the physical properties of pharmaceutical powders, such as 

particle size and shape, unchanged in the process as the physical properties of particles 

have influence on the drugs dissolution rate [128]. 

Table 2- 5 Dry powder inhalation formulation (per dose) for the treatment of respiratory 
decease [124] 

Ingredients Action 
Amount 
per Dose 

/mg 

Particle 
Size /µm 

Active 
Pharmaceutical 

Ingredients 
(API) 

Salmeterol Xinafoate 
long-acting beta-2 

agonist 
0.0725 0.1 – 5 

Fluticasone Propionate 
inhaled 

corticosteroid 
0.25 0.1 – 5 

Tiotropium Bromide 
anticholinergic 

agent 
0.0225 0.1 – 5 

Excipients Lactose carrier 20 30 – 120 

Total 20.345 
55 – 65 in 
average 

 

2.3.2.    Bulk Solids Dispensing Technology 

The study on the transportation of bulk solids was initially started with handling a large 

quantity of grain in a bunker in nineteenth century [1] (p. 1). In the past half century, the 

improvement in the field of engineering sciences has provided abundant solutions to the 

issues of bulk solids flow and discharge. Meanwhile, the researchers have been paying 

more attention to the techniques used to dispense small amount of fine powders in 

pharmaceuticals and biomaterials industry [129-132].  
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Yang and Evans [14] have provided a comprehensive review on micro-dispensing 

techniques. The most common dispensing techniques for small amount of powders 

adopt pneumatic and volumetric methods which are simpler and still widely used in 

industry nowadays. In pneumatic method, conveying the powder is completed in two 

steps: powder is dosed by aspiration of a pre-selected volume; and then powder is 

conveyed and deposited by injection [22]. The disadvantage of this method is that it 

cannot provide continuous dispensing of powder as the powder collection and delivery 

were finished alternately; the dispensing mass management and metering is achieved by 

recesses with pre-determined volume so that the accuracy of dispensing is strongly 

related to the capability of the recess in holding the powder. Thus, the pneumatic 

method is always applied with other methods rather than solely finishing a dispensing 

task. 

Volumetric methods involve dipping the capsule or blister package into a bed of powder, 

then scrapping off excess residue with a blade. Or it works with the pneumatic method 

to retrieve and eject powder samples via a recess with certain volume. Volumetric 

powder dispensing devices can usually dispense powder with higher accuracy but are 

very sensitive to any change of packing density [14]. The disadvantage of volumetric 

method is that it is not possible to dispense very small amounts of powder using this 

method, and if more than one ingredient is to be dispensed then the ingredients must be 

mixed in large quantities, which can result in inhomogeneous doses. 

A simple technique combined the pneumatic and volumetric methods in powder 

dispensing was designed by Gupte et al. [22], shown in Figure 2-16. The brief operating 

principle was reviewed in Yang and Evans work [14]. It is able to draw off powder in 

discrete metered quantities of 0.5 to 10 mg. It comprises a tubular aspirator having a 

dosing chamber at one end. The other end of the aspirator is connected to the vacuum 

and/or compressed air sources. In powder collection, the recess end is dipped a few 

millimetres into powder bed from which a quantity is drawn off. The volume of dosing 

chamber is adjusted according to the dose requirement. When the dosing chamber is 

retrieved, extra powder is scraped off and the dosing chamber is moved to the dosing 

site. The pressure within the tube is then increased to a pressure exceeding atmospheric 

pressure so that the quantity of powder in the dosing chamber is ejected.  

There are a wide range of powder dispensing techniques and devices on the market 

combined with various principles and methods. It often has more than one techniques 

applied in one micro-dispensing device. Therefore, it is hard to classify the devices with 
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the techniques they’ve used. Podczeck and Jones [23] reviewed powder micro-

dispensing devices for producing capsules in pharmaceutical industry. These techniques 

can be classified into indirect dispensing techniques and direct dispensing techniques 

according to their operating principles.  

 

Figure 2- 16 Aspirating–dispensing head for volumetric dosing, originally invented by Gupte et 

al., re-printed from Yang and Evans [14] 

 

2.3.2.1.    Indirect dispensing techniques 

Indirect dispensing techniques are very common in pharmaceutical industry for the 

filling tasks of solid form drugs, such as capsules, blisters etc., on the production line. It 

still has been used for many large-scale productions in pharmaceutical manufacturing 

company these years. Pneumatic, volumetric and the techniques combined both are all 

ascribed to the indirect dispensing techniques. In these techniques, the powder is firstly 

filled into a pre-selected volume of cavity by aspiration, and then moved to the target 

sites with the assistant of the likes of robot, to the end the powder is ejected by high 

atmospheric pressure into capsules or blisters. Another way is dipping a slotted tube 

with piston into the bed of powder, retrieving the recess of tube with the powder in a 

selected volume. The powder has been compacted in the process. The compact stress 

should be sufficient to lock the powder in the recess. After scrapping off excess residue 

on the edge of tube with a blade, the powder is then ejected into the target by pushing 

down the piston. This technique is also called dosator in some place. A principle scheme 

of dosator is shown in Figure 2-17. The dosator consists of a body and a pin in the centre. 

The pin is set a height to form a certain volume of recess at the end of dosator. When the 

dosator is inserted in the powder bed within a powder bowl, the powder is filled in the 

recess with a degree of compaction and hence, the powder can be held in the recess of 

dosator. The dosator will be then extracted from the powder bed and moved to the 

target receptor. The held powder is ejected by pushing the pin downwards. The dosage 

of powder can be adjusted with the volume of recess through setting the initial position 

of pin in the dosator. 
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Yang and Evans [14] reviewed a type of indirect dispensing device based on the powder 

feeding from a hopper into a rotating plate with a groove. Volumetric metering is 

achieved by drawing the powder from the groove in the conveyor, shown in Figure 2-18. 

A circular groove in a rotating disc receives powder from a hopper when the groove 

rotated to the position underneath the hopper. An aspirating pipe is located above the 

point where the groove is when the disk rotates the groove to this side. The pipe is then 

used to draw powder from the groove to the destination. The disk has a constant speed 

of rotation, so the volume of powder delivered to the groove in unit time is constant 

which can be adjusted by changing the rotation speed. A constant powder level is 

maintained in the hopper by an automatically controlled screw feeder. The hopper is 

agitated by a wire-frame stirrer to avoid variation of static pressure on the groove and 

the formation of a density gradient within the powder. The machine is able to meter 

powder with high instantaneous precision (less than 1% variation) and at high speed (3 

to 11 g/s) [14]. The error of this device is mainly from the variation of powder packing 

density in the hopper despite the stirrer is used. For the powder with high Carr’s index, 

a very large variation of dosage can be expected. The feeding of very cohesive powder 

from the hopper to the groove is also a problem. 

 

Figure 2- 17 A principle scheme of dosator. Copied from online article “Enhancing dose 

consistency” in manufacturing CHEMIST PHARMA, 2010 

Omnidose [133] is one of Harro Hӧfliger’s products based on pneumatic and volumetric  

techniques (Figure 2-19). The device consists of a wheel with several volume-defined 

cavities on it and a vacuum/air channel. When the cavity is rotated to the position 
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underneath the powder bed, the powder is drawn in the cavity by vacuum through a 

filter membrane. The wheel rotates 180° and powder is released in the blister under 

gravity. It is reported that the dosage of 1 to 50 mg can be dispensed from this system. 

The problem of this device still lies on the feeding of powder from powder bed to the 

cavity on the wheel. Although the vacuum could draw the powder in the cavity, non-free 

flowing fine powders are most likely to stick on the channel and block it. Moreover, even 

if the powder could be drawn into the cavity by the vacuum, the release of non-free 

flowing powder would be still a challenge due to strong cohesive and adhesive forces of 

fine particles. The fine particles tend to stick on the surface of cavity so that the mass 

loss of powders in the dispensing process has big influence on the variation of dosages.      

 

Figure 2- 18 Schematic diagram of rotating groove dispensers originally invented by Douche et 

al., re-printed from Yang and Evans [14] 

 

Figure 2- 19 Omnidose dosing wheel system by Harro Hӧfliger company [133] 
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2.3.2.2.    Direct dispensing techniques 

The powder can be also dispensed directly to the target sites without using a recess or 

cavity. Direct dispensing techniques have the advantages such as it is simple in device 

construction, fast in dispensing process and able to achieve continuous dispensing of 

powders. In some occasion, direct dispensing can complete smaller dosage task than 

volumetric techniques. Therefore, the direct dispensing techniques are more and more 

accepted and used in practice. 

Gravimetric method 

Gravimetric method is a simple direct dispensing solution. The powder is dispensed 

through a nozzle from the container to target sites under the influence of gravity. 

However, the flowability of fine powders is not good enough to develop a free flow 

under the gravity. The dispensing accuracy is also very susceptible to the wear of fine 

powders on the container which causes mass loss [134, 135]. In order to achieve 

accurate dosages, dispensing powder from a nozzle may require an iterative feedback 

loop of weighing by a balance system [136]. The system can determine the next additive 

amount according to the difference between dispensed dosage and the target, and send 

the information back to the dispensing amount control mechanism, such as valve or 

switch. This will improve the dispensing accuracy but is time consuming and hard to 

lend itself to large scale production-line processes.  

Vibration-assisted method 

Vibration controlled micro-dispensing through a capillary, tube or hopper has evolved 

as a feasible alternative in accurate dispensing of fine powders [24, 28, 114, 137-141]. 

The use of vibrations aids in breaking domes or the agglomerated powder clots by 

applying a distributed and continuous force on the powders. As a result, these vibrations 

when switched on, can initiate the flow of powder from a fine nozzle. When switching off 

the vibrations, particle-particle and wall-particle stresses lead to the formation of domes 

which causes powder flow arrested in the nozzle without using a mechanical stopper 

[28, 142]. Such kinds of dry powder micro-dispensing can be used in many fields, such as 

solid freeform fabrication, drug delivery and pharmaceutical screening [25, 143-145].  

The mechanical vibration was studied earlier on powder flow in hoppers. Staffa et al. [21] 

used a classic Hall flow meter [146] (Figure 2-20) fitted with vertical and horizontal 
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sinusoidal vibration to test the flowability of powders. An electromagnetic vibrator was 

attached to provide vibrations in both directions. With and without the vibration, Cu, 

AlNiCo and Al2O3 powders passed 2.5 mm and 5 mm orifices of Hall flow meter. The 

sample powders were categorized into two classes, free-flowing and non-free-flowing, 

by their flow properties. They found that the flow time of a free-flowing powder is 

usually increased by vibration compared to gravity flow conditions, since an increased 

packing density causes a transition from core to mass flow.  The mass flow is created by 

continuous breakdown of domes, which, with increasing intensity of vibration, become 

strong enough to stop flow.  A critical value of vibrational intensity, at which flow begins, 

exists for non-free-flowing powders.  When flow is imitated by a single, high-intensity 

impulse, lower intensities suffice to keep the powder flow.   

 

Figure 2- 20 Hall flow meter used by Staffa et al. [21] for the investigation of influence of 

vibrations on powders flowability  

Matsusaka and co-workers have reported continuous micro-feeding of fine particles 

from a vibrating capillary tube under the influence of mechanical vibration [114] and 

ultrasonic vibrations [137]. The system of motor-driven vibrating capillary tube was 

under conditions of less than 760 Hz and 30 µm in amplitude (Figure 2-21). The alumina 

and fly-ash of about 10 µm in particle size can be discharged continuously at a constant 

rate as small as 0.2 mg/s. They found the flow rate increased with the frequency and 

however the maximum flow rate was determined by the diameter of capillary and 

powder flow properties. The system of ultrasonic vibrating feeder was similar, which 
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applies 20 kHz ultrasonic vibration through a piezoelectric transducer to the capillary. 

In the study, water was used as the medium of propagation of the ultrasonic vibration 

and thus a factor corresponding to the viscosity of fluid medium was investigated in 

characterizing the powder discharge. 

Yang et al. [24-27] developed an acoustic controlled dry powder printer which can 

“print” dry powders synchronized with motion planar analogue to a desktop drop-on-

demand inkjet printer (Figure 2-22). In a glass capillary attached to an electromagnetic 

transducer, the wave characteristics of the forced vibration control both flow rate and 

switching of powder flow. The vibration was reported effectively increase the flow rate 

of powders at or below 200Hz. The flow rate of powder was controlled on the basis of 

intermittent arrest and stasis of particles in the gravitational field. Since flow stops 

when acoustic vibration stops, the vibrating tube is like a valve that provides computer 

controlled powder flow metering, mixing and dispensing. The effects of acoustic 

frequency, amplitude, tube diameter, mechanical damping and particle size distribution 

have been investigated [25, 27]. The dispensing device is being used to make three-

dimensional functional gradients by selective laser sintering (SLS) [25, 147].  

 

Figure 2- 21 Vibrating capillary feeding apparatus, reprinted from Matsusaka et al. [114] 

One recent work published by Chen et al. [130] about vibration based system 

introduced a micro dosing system for fine powder of lactose using a vibrating capillary. 

The capillary is assembled on a piezo-electric actuator of 1 to 1.5 kHz in frequency 

shown in Figure 2-23. The vibration principle is based on the piezo effect, where the 
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application of an electrical field creates mechanical deformation in the crystal. They 

mainly investigated the flow rate and its variability in relation to parameters such as 

capillary diameter, frequency, and amplitude. It was found that both the frequency and 

the amplitude affect the flow rate and variability of dosing. The frequency is more 

predominant in the process comparing with the amplitude. The impact of powder 

properties such as density, particle size, size distribution and shape was also studied 

with five different kinds of lactose powder. The powder with larger particle size and 

smaller Carr’s index normally obtains a higher flow rate. This technique can achieve 

flow rate from 1 mg to 10 mg per second and less than 3% relative standard deviation 

(RSD). 

 

Figure 2- 22 Acoustic controlled dry powder printing system, reprinted from Yang and Evans 

[25] 
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Figure 2- 23 The view of micro-dosing system, copied from Chen et al. [130] 

Auger method 

Besides the vibration dispensing technique, there is another semi-automatic direct 

dispensing technique: auger filling. It is the earliest adopted capsule filling technique in 

pharmaceutical industry. The Figure 2-24 shows the auger principle. The powder in a 

hopper is dosed by a central rotating auger, which typically operates in conjunction with 

a counter rotating agitator. As a powder passes through the auger a number of particles 

are transferred through the clearance between the auger and the straight funnel, as the 

auger rotates [148]. The dose weight of auger filling is a function of the auger speed, 

pitch and diameter [23, 148].  

The disadvantage of auger filling technique is: (1) the inconsistent filling efficiency due 

to the variations in bulk density of agitated powder bed; (2) the poor repeatability due 

to powder randomly detaching from the auger when it stops; (3) the reduction of 

particle size by comminution; (4) the need of ranges of auger designs for different 

material and dosage requirements. 



2.  Background of Bulk Solids Fluidization and Dispensing 50 

 

 
 

 

Figure 2- 24 Schematic of auger filler, re-printed from Hewitt et al. [148] 

 

2.4.    Summary 

In this chapter, the fundamentals and important researches on properties of individual 

particle, bulk solids fluidising mechanism and flow properties were reviewed. The 

particle size, size distribution and shape have influence on the bulk solid flowability 

which can be represented by the collective behaviours of bulk solid, such as bulk density 

and angle of repose.  

The flowability of bulk solids was studied based on the state of stresses. A flow function 

is able be used to characterize the flowability of materials. The theories can be applied 

to the investigation of bulk solids flow and the design of dispensing hoppers.  

The requirement of micro-dispensing fine powders in pharmaceutical industry was 

introduced. The current indirect and direct techniques for powder dispensing were 

reviewed and compared. The vibration dispensing techniques was focused in the review 

as it was proved effective in dispensing fine powders and has not yet been rigorously 

explored. 

 

 

 



 
 

 
 

Chapter 3 

Materials and Experimental Method of 

Bulk Solids Dispensing 

 

 

This chapter introduces materials and experimental methods in this project. All bulk 

solid materials are categorized in two classes according to mean particle size and bulk 

solids properties are probed and measured by general bulk solid characterization 

processes. The experimental methods of dispensing hopper and vibratory dispenser 

design are described. A computer controlled auto dispensing and weighing system are 

set up for the dispensing tests with two mechanical vibration dispensers and an 

ultrasonic vibration dispenser. The weighing and data evaluation method of dispensing 

test is described. The mass of dose and relative standard deviation (RSD) of dropwise 

dispensed samples will be used to evaluate dispensing test results in following chapters.  
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3.1.    Materials 

Pharmaceutical and biomaterial powders and granules listed below are widely used in 

industry. These bulk solids exhibit diverse flowability when they are handled in the 

process. Accurate and efficient dispensing of these materials is a main objective in this 

project. The materials involved in dispensing tests are generally categorized in two 

classes according to mean particle size: 

Coarse granules (>1 mm): Actifuse®  hydroxyapatite (HA) granule 

Fine powders (≤100 µm): Inhalac® 70, Inhalac® 120, Inhalac® 230, Sorbolac® 400 

(lactose); starch; Merck hydroxyapatite, CAPTAL® R, 

CAPTAL® S (hydroxyapatite); β-TCP (β-tricalcium 

phosphate) 

The information of these materials is listed in Table 3-1. 

3.1.1.    Materials Characterization  

Mean particle size and particle size distribution (PSD) of powders were measured by 

laser diffraction particle sizing (Mastersizer 2000 with Hydro 2000S side feeder, 

Malvern Instruments, Worcestershire, UK). The powders were dispersed and prepared 

in the suspension. It was found difficult to de-agglomerate the cohesive powders in the 

dispersant due to the strong cohesive forces between particles. Therefore, the D50 of 

particles shown in Table 3-1 may be larger than the size reported somewhere else 

measured by dry methods, such as air jet sieving. More details of PSD measurements 

from laser diffraction particle sizing are shown in Appendix I. 

The morphological properties of material particles were observed by scanning electron 

microscopy (SEM). It describes a broad outline of particle shape in Table 3-1. The SEM 

images of materials are shown in Appendix III. Actifuse®  hydroxyapatite granule is a 

particular case. Not only are the granules hard to disperse in the suspension, but also the 

feret diameter of granule is unlikely to be measured from microscope images due to its 

irregular and porous morphology. Thus, the D50 particle size for hydroxyapatite granule 

in Table 3-1 is actually the average size determined by mesh sieving.  

The bulk density and tapped density of materials were measured in a graduated cylinder 

by using the method introduced in section 2.1.2. The Hauser ratio, H, was then 

calculated by equation, 𝐻 =
𝜌𝑇

𝜌𝐵
.  
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Table 3- 1 Materials used for dispensing tests in this project 
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The angle of repose (AoR) was measured from the conical pile by pouring the powders 

through a standing hopper with sufficient large opening onto a plate (see section 

2.1.2.6). The value of AoR in Table 3-1 is the average based on 3 times of tests at 25°C 

and 40% relative humidity (RH). As a precise value of AoR is hard to be obtained for 

cohesive powders, such as Sorbolac® 400, hydroxyapatite fine powder and β-tricalcium 

phosphate, an approximate range is given in Table 3-1.  

3.1.2.    Sample Preparation 

Each of the materials was moved from its original package to a glove box and stored at 

25°C and 40% relative humidity (RH) for 24 hours prior to the dispensing test, which 

was carried out in the glove box maintained at 25 ± 1°C and 40 ± 2% RH. It is supposed 

that the moisture content of powder sample could be equilibrium with the moisture of 

atmosphere in the glove box if it is well sealed for long hours [149].    

Then, all the samples were sieved with different meshes in the glove box before testing. 

The sieving of powders has two purposes. Firstly, the fine powders tend to form 

agglomerates due to strong interparticle forces in storing and handling. The presence of 

agglomerates affects the actual flow behaviour of the powder. Thus, the inherent 

agglomerates need to be broken down by high shear force with the sieve before 

dispensing. The fine powders were sieved by 425 µm mesh which is larger than the 

individual particle size and thus, the particle size distribution of these fine powders is 

not changed in sieving. Secondly, the hydroxyapatite coarse granule has a wide particle 

size distribution. The sieving aims to filter each batch of samples by removing the excess 

large and small particles from the majority with 2.8 mm and 0.7 mm mesh, respectively. 

After sieving, the dispensing test was carried out promptly to avoid the time 

consolidation and re-agglomeration in sample storage.  

3.2.    Dispenser Design and Dispensing test  

3.2.1.    Design of Dispensing Hopper 

A micro-dispensing hopper analogue to the traditional large scale silo has been designed 

in a much smaller dimension, shown in Figure 3-1. The specification of all the dispensing 

hoppers used in this project is listed in Table 3-2. The hopper is made from 1.5 mm thick 

raw borosilicate glass straight open tube. The diameter of vertical section, D, is 

determined by the internal diameter of straight tube. A conical hopper section was 

drawn from the vertical section with a half conical angle, α. A few example images of 
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hopper with different angle are shown in Figure 3-2. Yellow sand was filled in the 

hopper in order to improve the recognisability of internal slope for angle measurement 

in the images. A series of hopper angle from 6° to 39° were planned to be processed and 

duplicated for testing. However, as making the exactly same angles for dispensing 

hopper is unable to be assured technically, there was an average error of ±1.5° for 

processed hoppers and duplicated hoppers from batch to batch. The conical hopper was 

drawn with a closed end and then ground to a circular orifice with size Do. A few 

example images of hopper orifice are shown in Figure 3-3. The orifice was carefully 

ground with observing under the microscope.  The size error due to the rough edge of 

orifice was controlled in 0.02 mm which is smaller than general particle size of sample 

material. Besides the diameter D, the capacity of dispensing hopper is also determined 

by the total height of hopper which is in the range of 100 mm to 150 mm in this project. 

 

 

Figure 3- 1 Sketch of micro-dispensing hopper with three variable design parameters: orifice 

size, Do; half conical angle, α; and diameter, D. 
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Table 3- 2 Specification of dispensing hoppers used in this project 

Diameter
, D /mm 

Orifice 
Size, Do 

/mm 

Half Conical 
Angle, α /° 

Applications 
in Dispensing  

Appearances 
in Chapters 

6 0.8, 0.9, 1.0 15±1.5 

Merck HA, 
CAPTAL® R, 
CAPTAL® S,      

β-TCP 

5 

8 
0.6, 0.7, 0.8, 
0.9, 1.0, 1.2 

6 – 39 (with an 
average error of 

±1.5°) 

Inhalac®  series 
lactose, 

Sorbolac® 400, 
starch  

5, 6, 7, 8 

9 
0.8, 0.9, 1.0, 

1.2 

6 – 39 (with an 
average error of 

±1.5°) 

Inhalac®  series 
lactose 

7 

10 
0.8, 0.9, 1.0, 

1.2 

6 – 39 (with an 
average error of 

±1.5°) 

Inhalac®  series 
lactose 

7 

12 

0.8, 0.9, 1.0, 
1.2 

6 – 39 (with an 
average error of 

±1.5°) 

Inhalac®  series 
lactose 

7 

6.0, 9.0, 9.5 15±1.5 
Actifuse®  HA 

granule 
4 

 

 

Figure 3- 2 Angle measurement of dispensing hopper. The angle is marked with error due to the 

blur boundary 
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Figure 3- 3 Vertical view of cross section of hopper nozzle under the microscope. The size of 

orifice is marked with error due to the roughness of edge 

 

3.2.2.    Vibratory Dispenser 

3.2.2.1.    Electromagnetic hammering dispensing device 

An electromagnetic hammering device was built and applied to dispensing Actifuse®  

hydroxyapatite granule. The hammering device is composed of a linear motion 

electromagnet solenoid and a spring plunger. The specification of electromagnet 

solenoid is listed in Appendix IV. The push and pull of the plunger is controlled by a 12V 

DC on/off pulse signal. The frequency of the pulse train is adjustable. In dispensing test, 

the plunger hammers the lower section of dispensing hopper at a constant frequency. 

The dispensing hopper is vibrated horizontally and the granules are discharged from the 

hopper until the hammering is shut down. The granule sample is continuously filled in 

the dispensing hopper during the dispensing for long hours test. 

A schematic diagram of the experimental setup is shown in Figure 3-4. Besides the 

design parameters of dispensing hopper and the frequency of hammering, there are 

three variables in device setting investigated in the dispensing test: L1 is the height of 

plunger to the outlet of hopper in the vertical direction; L2 is the distance between the 

plunger at its original position (when push type solenoid recoils) and the dispensing 

hopper; L3 is the height of clamps fixing the dispensing hopper vertically to the outlet of 

dispensing hopper. The effect of dispensing hopper size, the frequency of hammering 

and device setting variables on HA granules dispensing will be discussed in section 4.2 

of Chapter 4. 
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Figure 3- 4 Schematic diagram of the experimental setup of electromagnetic hammering device. 

L1, L2 and L3 are variables in device setting. For full explanation refer to the text 

 

3.2.2.2.    Vibration motor aided dispensing device 

An eccentric rotating mass (ERM) vibration motor (Vibration motor 312-401, Precision 

Microdrives Ltd., UK) was used to vibrate dispensing hopper for dispensing 

hydroxyapatite granules. The ERM vibration motor is a DC motor with an offset (non-

symmetric) mass attached to the shaft. As the mass rotates, the asymmetric centripetal 

force of the offset mass causes the vibration of motor and therefore, the displacement of 

dispensing hopper. The vibration produced by ERMs is an example of “harmonically 

excited vibration” [150]. This means there is an external driving force causing the 

system to vibrate at the frequency of the excitation. In the case of the ERM model, the 

excitation input is not the DC voltage applied to the motor. Instead, it is the rotation of 

the mass around the central motor shaft. The DC voltage controls the speed of the motor 

(the two are directly proportional) and therefore, the frequency. The specification and 

performance characteristics of vibration motor are shown in Appendix V. 

The vibration motor was attached to the side of dispensing hopper as shown in Figure 3-

5. A 12V DC on/off pulse signal is generated to control the motor vibration. In 

dispensing, the hopper is constantly being displaced by the asymmetric force at a 

constant frequency. The granules are discharged from the hopper until the motor is shut 

down. The granule sample is continuously filled in the dispensing hopper during the 

dispensing for long hours test. Same as the electromagnetic hammering device, the 

experimental setups have effect on dispensing result. As shown is Figure 3-5, L1 is 
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height of centre position of vibration motor to the outlet of hopper; L2 is the height of 

clamps fixing the dispensing hopper vertically to the outlet of dispensing hopper. A high 

speed camera (Phantom 7.1 colour, Vision Research) was used to investigate the 

vibration characteristics of motor-aided dispenser and the discharge of granules under 

the influence of vibration. The effect of dispensing hopper size, duration of vibration and 

device setting variables on HA granules dispensing will be discussed in section 4.3 of 

Chapter 4. 

 

Figure 3- 5 Sketch of vibration motor dispensing device and schematic diagram of the 

experimental setup. L1 and L2 are variables in device setting. For full explanation refer to the text 

 

3.2.2.3.    Ultrasonic vibration dispensing device 

An ultrasonic vibration dispensing device, shown in Figure 3-6, is assembled to dispense 

fine powders. The device is composed of a dispensing hopper, a bottle-shaped glass 

water tank with flat bottom and a piezoelectric ceramic ring (SPZT-4 A3544C-W, 35mm 

×15mm ×5 mm, MPI Co., Le Locle, Switzerland). The piezo ring is attached to the bottom 

of water tank with an adhesive commonly used in ultrasonic cleaning tank construction 

(9340 GRAY Hysol Epoxi-Patch Structural Adhesive, DEXTER Co., Seabrook, USA). The 

conical section of dispensing hopper is stuck and sealed in a premade hole at the bottom 

of tank. The tank is filled by water which is supposed to have two functions: a medium 

for the vibration propagation [29] and exerting extra force on the dispensing hopper by 

cavitation effect [151]. The water tank is covered by a lid in which there is an o-shaped 

rubber ring fixing the dispensing hopper.  

In dispensing, a voltage signal in square waveform is generated by computer and the 

signal is enhanced by a voltage signal amplifier with the “closed loop feedback” function. 
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The function can be described as the circuit's overall gain and response becomes 

determined mostly by the feedback network [152] (p. 523-527). As result, the piezo is 

actuated by the amplified signal at its resonance frequency of approximately 44 kHz, at 

which the ceramic element vibrates most readily and most efficiently converts electrical 

energy input into mechanical energy [29]. Due to the mechanical deformation in the 

crystal of piezo ring, vibration is generated and then propagated to the dispensing 

hopper through water inside the tank. The vibration intensity and duration can be 

varied with the voltage signal. When the device starts vibrating, the powder is 

discharged from the hopper. The flow of powder is ceased when the vibration stops. A 

high speed camera (FASTCAM SA5, Photron USA, Inc) was used to capture images of 

powder discharge during dispensing. The effect of design parameters of dispensing 

hopper and vibration signal parameters on the dispensing of fine powders will be 

discussed in Chapter 5. 

 

Figure 3- 6 Sketch of ultrasonic vibration dispensing device 

3.2.3.    Computer Controlled Micro-Dispensing and Dosage Weighing System  

A computer controlled auto micro-dispensing and dosage weighing system is built for 

vibratory bulk solids dispensing (Figure 3-7). The system comprises a computer, a D/A 

Card (NI-6733, National Instruments Corporation Ltd. Berkshire, UK), a voltage signal 

amplifier (50w, Sonic Systems Ltd, Somerset, UK) for ultrasonic device only, a relay for 

mechanical vibration devices and a microbalance (2100 mg ± 0.1 µg, Sartorius AG, 

Germany). In dispensing test, there are two dispensing modes: continous dispensing and 

intermittent dispensing. In continous dispesning, the vibration device is turned on by 

operating voltage signal sent by the computer. The sample is continously dispensed until 
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the vibration is shut down by truning off the signal. In intermittent dispensing, the 

samples are dispensed and measured dose by dose. Therefore, a pulse wave is generated 

by the computer. For electromagnetic hammering device and vibration motor device, 

the pulse wave is used as an on/off voltage siganl for the relay to control the 

electromagnet solenoid and the vibration motor. There is a 12V DC power supply 

providing the operating voltage for mechanical vibration devices. In the ulrasonic 

vibration device, the pulse wave is amplified (Vrms = 370V) by the voltage signal 

amplifier to intermittently actuate the piezoelectric transducer. The duration of 

vibration, Td, is the vibration duration induced by the wave pulse for dispensing single 

dose. It is normally variable between 0.1s and 10s. The dispensed dose mass is verified 

and recorded by the microbalance and the data is sent to the computer via RS232 serial-

port. The microbalance is capable of recording instant mass data at 0.4s intervals. Thus, 

the time interval between each dosing, Ti, should be larger than 0.4s in order to 

distinguish dosages by the microbalance. One dispensing cycle per dose is composed of 

duration of vibration, Td, and the time interval between each dosing, Ti. 

 

Figure 3- 7 Schematic diagram of the experimental arrangement of computer controlled micro-

dispensing system. For full explanation refer to the text 
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The operation of data collection and signal generation are enabled by a Labview 

programmed interface designed by X. Lu and S. Yang in Queen Mary University of 

London (Figure 3-8). Three processing parameters: dispensing (wave) cycle, wave 

duration per dose and wave amplitude, can be tuned on the interface for different 

dispensing tasks.   

 

Figure 3- 8 Labview programmed micro-dispensing control interface on PC by X. Lu and S. Yang 

 

3.2.4.    Dispensing Data Evaluation 

Figure 3-9 shows an example of function curve plotted by dispensed dose mass against 

dispensing time. In Figure 3-9(a), a “staircase” represents one cycle of dispensing which 

is composed of vibration duration for dispensing that dose and time interval before next 

dispensing. The height of “staircase” refers to the increase of dispensed mass in one 

cycle and also, the mass of dose. The microbalance is stabilized during the interval 

between each dispensing and thus a platform is plotted on the curve. Theoretically, the 

staircase is forwarded evenly and the gradient of the curve is constant if the doses are 

uniformly dispensed. An example of dispensing evaluation chart of Inhalac® 120 with 

ultrasonic vibration is shown in Figure 3-10. The length of column represents the dose 

mass, and in the column chart the conformity of doses is more visualized than the 
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staircase curve. Mean dose mass and relative standard deviation (RSD) of dispensed 

doses are used to evaluate dispensing test result. It can be concluded that the larger the 

mean dose mass, the higher the flow rate of powder; the smaller RSD, the better the 

dose-to-dose conformity.  

 

Figure 3- 9 (a) Function plot of dose mass vs. dispensing time with 1s vibration per dose. (b) 

Zoomed-up view of one “staircase” in plot (a). For full explanation refer to the text 

 

 

Figure 3- 10 Evaluation chart for dispensing data. For full explanation refer to the text 
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3.3.    Summary 

This chapter introduced pharmaceutical and biomaterial powders and granules used for 

dispensing tests in this project. The properties of these materials were given by general 

bulk solid characterization processes. The methodology of dispensing hopper and 

vibratory dispenser design were described. A micro-dispensing hopper analogue to the 

traditional large scale silo has been designed in a much smaller dimension. The 

dispensing hopper is composed of a vertical section on top and a hopper section in the 

bottom. Three design parameters, orifice size, hopper angle and diameter of vertical 

section were introduced. Two mechanical vibration dispensers were designed with 

using electromagnet solenoid and vibration motor as the vibration generator. The setup 

of the vibration source was proposed as critical design parameter. An ultrasonic 

vibration device was designed with using piezoelectric ceramic transducer as the 

vibration source. The piezo can generate a high frequency vibration to dispense 

materials. At last, a computer controlled auto dispensing and weighing system was setup 

to operate vibratory dispensing devices with voltage signal in two dispensing modes: 

continuous dispensing and intermittent dispensing. The dose weighing and data 

evaluation method of dispensing test were also established. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

Chapter 4 

Mechanical Vibration Induced Coarse 

Particles Dispensing 

 

 

This chapter presents experimental study investigating the dispensing of hydroxyapatite 

(HA) granule with mechanical vibration devices. The basic principle of how the vibration 

works on fluidizing bulk solids in the hopper is presented. The experimental results 

show that the vibration leads to a reduction of the bridge strength of particles in the 

hopper. The two types of horizontal vibration provided by electromagnet solenoid and 

vibration motor were proved effective in dispensing irregular shaped coarse granules 

such as HA. The effect of dispensing hopper size, device settings and vibration 

characteristics on the dispensing was discussed. 
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4.1.    Introduction 

Coarser particles have been proved easier to be transferred from one vessel to another, 

since the movement of each particle is not dominated by cohesive and adhesive forces 

but by the force of gravity [114]. However, if particles are rough, sharp-edged, and large 

with respect to the size of hopper outlet, a granular bridge can be formed above the 

outlet so that discharge is stopped. The reason for bridge formation of the coarse 

particles is  interlocking and wedging [13] (p. 294). Also, rough surface increases 

friction between particles and therefore, the bridge strength. The coefficients of friction 

normally encountered vary from about 0.3 for smooth spherical particles to about 1.5 

for angular particles [1] (p. 24). Although the bridging of coarse particles can be avoided 

if the diameter of outlet is sufficiently large, in micro-dispensing techniques the outlet of 

hopper has to be small comparing with conventional large silos for such materials in 

order to dispense materials in small dosages. Vibration has been used as a means of 

promoting flow in hoppers with smaller outlet.  

Actifuse®  hydroxyapatite granule is a rigid, porous and irregular shaped granule. 

Although it exhibits a good flowability in handling, the micro-dispensing of this granule 

is difficult with good dosage conformity. In this chapter, the micro-dispensing of HA 

granule is tested with an electromagnetic hammering and a vibration motor device, 

respectively. The aim for this chapter is to examine the effect of dispensing hopper size, 

vibration characteristics of device and device setting variables on flow rate and dosage 

conformity of HA granules dispensing. 

 

4.2.    Hydroxyapatite Granule Dispensing with Electromagnetic 

Hammering Device 

4.2.1.    Hopper Flow and Bridging Controlled Flow Mechanism 

Actifuse®  hydroxyapatite granule has large particle size which is 1.5 mm in average. The 

cohesion between coarse particles is small. The gravity flow test of HA granules was 

conducted on chutes, parallel open tubes, and conical hoppers, respectively. In the test, 

HA granule exhibited good flowability sliding along the chute with the angle larger than 

30° and freely flowing out of the parallel open tube with the diameter larger than 9 mm. 

Nevertheless, when the granules are filled in a hopper with 10 mm orifice size, the flow 
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was found obviously retarded in the convergent zone of cone. When the orifice size of 

hopper was reduced to 9 mm, the flow was ceased by bridging of granules above the 

outlet of hopper. As shown in Figure 4-1, granules are bridged by interlocking and 

wedging. The convergent zone in the hopper plays a key part in the formation of 

granular bridge. The granule occludes with one another through pronged surface so that 

the frictional force between granules is dominant in bridging, whereas the friction 

between granules and the wall of hopper is weak. The friction between granules 

contributes to the bearing force of bridge. The granules near the outlet were compacted 

when more granules filled. The strength of bridge was therefore increased and as result, 

the granules were found unable to be discharged under the gravity.  

 

Figure 4- 1 Vertical view of hydroxyapatite granules bridge above the outlet of dispensing 

hopper 

The electromagnetic hammering device was used to provide extra driving force to 

initiate the flow of granules in the hopper with 9 mm orifice size. As observed, when the 

hammer impacted the hopper, the granules started to discharge from the orifice; when 

the hammering was stopped, the flow was found ceased immediately by bridging of 

granules. The granular bridge acts as a valve in this process. The bridging controlled 

flow mechanism can be illustrated by Figure 4-2. When the hopper is vibrated by the 

impact of hammer, granules are dilated under the influence of vibration (Figure 4-2(b)). 

The voidage between granules are increased and therefore, the interlocking and 

wedging of granules are weakened. The bridge is failed with a reduction of unconfined 

yield stress (bearing stress). Then the “flow valve” is opened. When the vibration is 
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stopped, the granules re-bridged in the convergent flow zone of hopper and the “flow 

valve” is closed (Figure 4-2(c)).  

 

Figure 4- 2 Bridging controlled flow mechanism for HA granule. For full explanation refer to the 

text 

The impact of hammering is very effective in promoting granules flow from hoppers 

with smaller outlet diameter where free flow is unavailable under the gravity. However, 

when the orifice size of hopper is excessively small with respect to the particle size of 

granule, the discharge channel is congested and the granules are easier to be bridged 

than dilated as the voidage between granules is hard to be increased in the convergent 

zone of hopper. The vibration is therefore invalid to force the flow. 

Jenike proposed a critical diameter of hopper orifice in gravity flow (see section 2.2.1). 

In vibration promoted hopper flow, a critical orifice diameter, Do,vibr, for a free flow 

under the vibration can be defined as, 

 
𝐷𝑜,𝑣𝑖𝑏𝑟 =

𝐻(𝛼)𝜎𝑐,𝑣𝑖𝑏𝑟
𝜌𝐵𝑔eff

 
(4.1) 

where geff is the effective gravity acceleration proposed by Suzuki et al. [113]. When 

granules is bridged above the outlet of hopper, they are accelerated by the wall at the 

start of flow and therefore, equation (4.1) can be also presented by, 

 
𝐷𝑜,𝑣𝑖𝑏𝑟 =

𝐻(𝛼)𝜎𝑐,𝑣𝑖𝑏𝑟

𝜌𝐵𝑔 [1 −
𝑎(2𝜋𝑓)2

𝑔 sin(2𝜋𝑓𝑡)]
 

(4.2) 
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where a is the amplitude of vibration. f is the frequency. 
𝑎(2𝜋𝑓)2

𝑔
 is nondimensional 

acceleration amplitude. Therefore, when vibration is applied to promoting flow of 

particles in a hopper, the vibration characteristics and location of the vibration source is 

critical factors for hopper orifice selection.  

4.2.2.    Effect of Device Settings on HA Granule Dispensing 

The HA granules dispensing by electromagnetic hammering was demonstrated in the 

hopper with 9mm orifice size. The experimental settings are shown in Figure 3-4. Each 

of the three setting parameters L1, L2 and L3 had two assignments listed in Table 4-1. 

The flow rate of HA granule under 8.5Hz continuous hammering is shown in Table 4-2. 

Table 4- 1 Electromagnetic hammering experimental setup 

Parameters Settings Value Note 

L1 
L11 5 mm 

 
L12 15 mm 

L2 
L21 5 mm 

The stroke of spring plunger is 6mm 
L22 6 mm 

L3 
L31 60 mm The total length of dispensing hopper is 

12 mm L32 100 mm 
 

Table 4- 2 Flow rate of HA granule from 9.0 mm orifice under 8.5Hz continuous hammering 

L1 /mm L2 /mm L3 /mm Flow Rate /gs-1 

5 5 60 0.533 
5 5 100 1.248 
5 6 100 1.176 

15 5 100 0.828 
15 6 60 0.350 

The results in Table 4-2 shows that factor L3, the height of clamps fixing the dispensing 

hopper vertically to the outlet of dispensing hopper, has the most impact on the flow 

rate.  Flow rate generated by vibration in case L32 is 130% of case L31. If the clamping 

position is too close to the bottom end of hopper, it will restrain the movement of 

dispensing hopper under the hammering. The striking force only acts on a point of 

hopper and the upper section is less vibrated. Thus, the factor L3 affects the distribution 

of energy in the whole hopper. The low amplitude of vibration is less effective to break 

the bridge as the extent of rearrangement of particles is less. When the clamping 

position moves up, the amplitude causing particles rearrangement in the hopper is 

increased. As shown in equation 4.2, in a hopper with orifice size Do,vibr, increasing 

amplitude of vibration cause the unconfined yield stress reduced. L3 can be interpreted 
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as the factor of efficiency of mechanical vibration on reducing the unconfined yield 

stress and therefore, the bridge strength of granules.  

Factor L1, the height of plunger to the outlet of hopper in the vertical direction, presents 

the relative position of collision point and the bridge. If the collision point is closer to the 

bridge, it has more influence on the movement of particles in the bridge, which makes 

the bridge easier to be broken by hammering. On the contrary, the hammering is invalid 

to break the bridge when the collision point is far from the bridge. It is because the 

external force is not directly acted on the bridge to provide sufficient driving force for 

the failure. The rearrangement of particles at higher position in the hopper has no 

influence on the bridge at the outlet. 

Factor L2, the distance between the plunger at its original position (when push type 

solenoid recoils) and the dispensing hopper, also affect the flow rate shown in Table 4-2. 

The velocity of plunger is lower when it reaches to its more front position (6mm). In this 

case, less energy was transmitted when the plunger hit the dispensing hopper. The 

vibration is weaker. 

Table 4-3 shows the influence of setting parameters on the dosage conformity of 

intermittent dispensing of HA granule. The results show that the effect of factor L1, L2 

and L3 on the dosage conformity is similar to that on the flow rate.  In dispensing, if the 

vibration is insufficient to provide persistent driving force causing the bridge failed, the 

flow rate decreases. As result, the granules get compacted in the hopper and thus, the 

bridge strength is increased. In this process, the dosage varies with the stress state of 

granules in the hopper.  

It can be concluded that device settings have the same effect on the flow rate and dosage 

conformity of HA granule as the flow rate and dosage conformity of dispensing are 

subjected to the same doming mechanism and bridge failure criteria. Therefore, to 

achieve the highest flow rate and best dosage conformity, the optimum setting is L1=5 

mm; L2=5mm; L3=100mm. 
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Table 4- 3 Dosage conformity of HA granule represented by relative standard deviation from 9.0 
mm orifice under 8.5Hz, 1s intermittent hammering 

L1 /mm L2 /mm L3 /mm Mean dose mass /g 
Relative Standard 

Deviation 
5 5 60 0.517 6.0% 
5 5 100 1.260 4.8% 
5 6 100 1.159 5.1% 

15 5 100 0.835 5.4% 
15 6 60 0.378 7.2% 

4.2.3.    Effect of Frequency on HA Granule Dispensing  

The hammering tests were carried out at the frequency ranging from 1 Hz to 20 Hz with 

the optimum device setting: L1=5 mm; L2=5mm; L3=100mm.  The effect of frequency on 

flow rate was noticeable at or below 20 Hz. Figure 4-3 shows that hammering frequency 

from 1 Hz to 10 Hz caused a significant increasing of flow rate which was peaked at 

10Hz. The frequency of hammering determines the number of times of particles 

rearrangement occurred in the hopper. Higher frequency causes more frequent 

rearrangement of particles, as result of which the interlocking and wedging of granules 

are weaken so that the strength of bridge is decreased. At lower frequency, the bridge is 

less effectively broken by hammering as the movement of particles is less. As result, it 

causes larger variation in flow rate. The dispensed mass of granules was plotted against 

dispensing time as shown in Figure 4-4. The slope of the curve represents the flow rate 

and the degree of linearity indicates the flow consistency. When the flow was 

proceeding, jamming was observed frequently occurred at lower frequency (Figure 4-4). 

The overflow is also a circumstance taken place in lower frequency hammering, in which 

the bulk solids fail to form a bridge in the hopper so that encounter an abrupt increasing 

in the flow rate. The jamming and overflow are two notorious problems causing poor 

flow consistency in bulk solids flow. When the frequency increased, more steady flow of 

granules was developed due to the decrease of bridge strength. The deviation of flow 

rate is the minimum at 8.5 Hz.  

However, with increasing the frequency to 20 Hz, the flow rate dropped to the same 

level as at 5 Hz and the flow consistency was deteriorated (Figure 4-3). It can be 

explained that electromagnetic hammering only provides vibration in the single 

direction. The high frequency of hammering caused the stress prevails in horizontal 

direction and the vertical stress is not enough causing the failure of bridge. As result, the 

interlocking and wedging of granules are strengthened by high frequency horizontal 

vibration. Thus, 8.5 Hz can be considered as the optimal frequency at the hammer 

setting of L1=5 mm; L2=5mm; L3=100mm. Similar results were also reported. Hunt et al. 
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[101] investigated the discharge of glass spheres in a planar wedge-shaped hopper that 

is vibrated horizontally and indicated the discharge rate increases with vibrational 

acceleration. However, at the higher frequencies, the increase in discharge rate does not 

occur until the acceleration amplitude is greater than approximately 1. Matsusaka and 

co-workers [114] have reported that on increasing the frequency of vibrations, the 

micro-vibrating particles undergo increase activity. This further reduces the frictional 

stress between the particles and the wall surface leading to an increase in flow rate. The 

flow rate however saturates beyond a certain upper limit of frequency, as the activity of 

micro-vibration of particles no longer increases at higher frequencies. 

 

Figure 4- 3 Flow rate vs. frequency of electromagnetic hammering dispensing  

 

Figure 4- 4 Function plot of dispensed mass of HA granule vs. dispensing time under 1 Hz, 5Hz 

and 8.5Hz of electromagnetic hammering. For full explanation refer to the text 
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4.3.    Hydroxyapatite Granule Dispensing with Vibration Motor 

Dispenser 

4.3.1.    Effect of Hopper Size on HA Granule Dispensing 

As discussed in section 4.2.1, the orifice size for vibration motor dispenser must be 

larger than the a critical orifice diameter, Do,vibr, under the influence of vibration to avoid 

intermittencies in the flow due to jamming. Brown and Richards [95] suggested the 

critical value as 2.5 for slots and 4.0 for circular orifices when particles are in gravity 

flow. Although the vibration can promote granules flow from hoppers with smaller 

orifice size comparing with the gravity flow, by taking account of high friction coefficient 

of HA granules the dispensing test with vibration motor dispenser is started with 6.0 

mm nozzle at 12V. The diameter of orifice is 4 times of the average particle size of HA 

granule. The duration of vibration is 1s for an intermittent dispensing. As seen in the 

results in Figure 4-5, the dosages varied significantly. An irregularly small dosage was 

obtained at the 4th dose. The decreasing of dosage is supposed due to a jamming 

happened at the outlet. With continuous vibration, the jammed granules are dilated. 

Comparing with relatively large orifice, the jamming or blockage is likely happened in 

the hopper with small orifice. Also, low flow rate of granules from a smaller orifice may 

cause the rest granules in the hopper more compacted by the vibration and thus, the 

strength of granular bridge is increased. This is also a reason for the bad dosage 

conformity. 

 

Figure 4- 5 Dispensing results of hydroxyapatite granules from 6.0 mm nozzle. Duration of 

vibration is 1s. 
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To solve this issue, the diameter of hopper orifice should be enlarged. As shown in 

Figure 4-6, the deviation between dosages decreases and the flow rate increases with 

the increasing orifice size. By increasing the orifice, granules tend to form a bridging-

free flow in the hopper as the consolidation stress is increased and therefore the 

flowability of granules. Considering particles interaction, the increased orifice size 

provides more space for the movement of vibration-dilated granules in the hopper. The 

flowing bulk density is increased and hence the flow rate. These explanation also works 

on the dosage conformity which had been significantly improved when the hopper 

orifice diameter reached to 9.0 mm. Figure 4-7 shows the dispensing result of HA from 

9.0 mm nozzle over 1s duration of vibration. In this case, the ratio of orifice diameter to 

the mean particle size is 6. And the best dosage conformity was obtained with 9.5 mm 

nozzle which RSD was less than 5% over 1s duration of vibration (Figure 4-8). 

 

Figure 4- 6 Motor vibration dispensing results of Hydroxyapatite granules from different 

duration of vibration and orifice size  

With increasing the orifice to 10 mm, the flow of granules could not be stopped even if 

the vibration was shut down. The dilated granules is failed to be bridged in the hopper 

in the condition of the orifice size is excessively large with respect to the particle size. 

The granules overflow from hopper which is in contrast to the jamming in excessively 

small nozzle.  
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Figure 4- 7 Dispensing results of hydroxyapatite granules from 9.0 mm nozzle. Duration of 

vibration is 1s. 

 

Figure 4- 8 Dispensing results of hydroxyapatite granules from 9.5 mm nozzle. Duration of 

vibration is 1s. 

 

4.3.2.    Effect of Vibration Output on HA Granule Dispensing 

The setup of motor vibration dispensing system is illustrated in Figure 3-5. The whole 

dispensing device is put in motion by the rotation of eccentric mass of attached 

vibration motor. The location factor L1 and L2 in device setting shown in Figure 3-5 
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have similar effect on the flow rate and dosage conformity for HA granule as the 

electromagnetic hammering device. The position of motor on the side of dispensing 

hopper, L1 presents the relative position of vibration source to the bridge formed by 

granules. If the vibration source is closer to the bridge, it has more impact on the 

dilation of granules at the bridge, which makes the bridge easier to be broken under by 

reducing the bearing force of bridge. For the clamping position L2, if it is too close to the 

bottom end of hopper, it will restrain the movement of dispensing hopper under the 

vibration. The low amplitude of vibration is less effective to break the bridge. 

The vibration of dispenser was captured by the high speed camera which shows that the 

movement of mass can be illustrated as a sinusoid (Figure 4-9) and the dispenser is 

vibrated sinusoidally in the horizontal plane. The frequency of this sine wave is the 

frequency at which the ERM vibrates. The vibration displacement of dispensing hopper 

was measured from the high speed camera frames in Figure 4-10, which shows that the 

peak-peak displacement in x direction is approximately 0.3mm in 0.5s vibration cycle.  

The DC voltage controls the speed of the motor (the two are directly proportional) and 

therefore, the frequency. The dispensing test was conducted at different voltage. In 

Table 4-4, it shows that in 9.5 mm nozzle the dose mass is increased and RSD is 

decreased with increasing voltage. 

Table 4- 4 Dispensing results of HA granule dispensed with vibration motor device from 9.5 mm 
nozzle at different voltage 

Voltage /V 
Frequency 

/Hz 

Dose mass 
in 1s 

vibration 
/mg 

RSD 

8 200 5.90 7.5% 
10 245 6.33 6.6% 
12 290 7.06 2.4% 
14 330 9.17 1.9% 

As the vibration frequency increases, the duration of time for the force to be applied in 

one direction is reduced. Due to the cyclical nature of ERM, high frequency vibrations 

only have a short period of time to displace the motor before it is displaced in the 

opposite direction. This means the peak to peak displacement is greatly reduced. The 

dilated granules therefore have more chance to pass through the orifice in one cycle of 

vibration. It can be concluded the flow rate increases with the increasing frequency and 

decreasing vibration displacement. A harmonically excited vibration source for 
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promoting solid discharge in a hopper is preferred to have high frequency and low 

displacement. 

 

Figure 4- 9 The bottom view of vibration motor dispensing device.  The eccentric rotating mass 

of the motor moves in a sine wave. 

 

Figure 4- 10 High speed video images for displacement measurement of vibration motor 

dispenser 
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4.3.3.    Effect of Vibration duration on HA Granule Dispensing 

As shown in Table 4-5, HA granules can be uniformly dispensed by motor vibration 

device from 9.5mm nozzle over more than 0.2s duration of vibration. The dosage 

conformity with less dispensing durations is worse.  

Table 4- 5 Dispensing results of Hydroxyapatite granules from 9.5 mm nozzle with motor 
vibration 

Vibration 
Duration 

per Dose/s 

Mean 
Dosage/g 

RSD% 
Minimum 
Dosage/g 

Maximum 
Dosage/g 

Flow 
Rate/gs-1 

0.02 0.220 21.6 0.116 0.317 11.0 
0.05 0.407 14.2 0.272 0.538 8.14 
0.1 0.788 7.93 0.656 0.949 7.88 
0.2 1.55 4.99 1.333 1.686 7.75 
0.5 3.62 2.57 3.410 3.845 7.24 
0.7 4.87 3.39 4.596 5.095 6.96 
0.8 5.52 1.84 5.329 5.694 6.90 
1.0 7.01 3.06 6.602 7.413 6.98 

The discharge of HA granules was captured by high speed camera. The high speed 

images recorded the HA granules dispensing process over a period of 0.5s vibration 

duration (Figure 4-11). At beginning of the period, the starting signal was sent to the 

vibration motor. The mass of motor started to rotate at T0 or the first frame of the high 

speed footage. It can be noticed that, although the mass was rotating there was no 

granules discharged so far. This delay lasts 24.95 milliseconds until the granules started 

to move at T1. The granules start to flow out when the bridge is failed. With the flow 

processing, huge amount of granules had been discharged freely without any jamming 

observed. With higher magnification of camera, it observed that the flow of granules was 

whirling in the hopper and there was void between granules and the wall of glass 

hopper. The emergence of the void is caused by the dilation of granules under the 

influence of vibration.  The friction is reduced and hence the unconfined yield stress. 

The mass of motor stopped rotating after 480.90 milliseconds which is not same as the 

setup 0.5s duration of vibration. It is because of the delay of motor responding to the 

stopping signal. When the motor stopped at T3, there was still a few of granules 

dropping off because they were below the bottom layer of formed bridge. After the last 

frame, there was no granule discharged from the outlet.  

The vibration motor has a few milliseconds delay when the starting and stopping signal 

is sent.  Also, the delay may vary in each vibration cycle. As result, the dosage error is 

increased with the decreased dispensing durations as the effect of delay accounts for a 
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significant proportion in a short duration of vibration. Another possible reason for the 

poor dosage conformity over short vibration durations is that a shorter vibration does 

not provide sufficient energy to break the bridge. It can be seen in Table 4-5 that over a 

sufficient long duration of vibration, the flow rate tends to be stable at approximately 7 

g/s. 

 

Figure 4- 11 High speed video frames of hydroxyapatite granules dispensing with motor driven 

vibration. T0, T1, T2, and T3 are different time points in one cycle of dispensing. For full 

explanation refer to the text 
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4.4.    Summary  

An electromagnetic hammering device providing a horizontal vibration to the 

dispensing hopper has been demonstrated to dispense an irregular shaped and porous 

hydroxyapatite granule. The eccentric rotating motor induced vibration has been also 

demonstrated as a feasible vibration mode to dispense hydroxyapatite granules. The 

effect of dispensing hopper size, vibration characteristics of device and device settings 

on flow rate and dosage conformity of HA granules dispensing was investigated.  

The results suggest two vibratory dispensers follow a bridging controlled flow 

mechanism. The micro-dispensing of HA granule is controllable in the hopper with 

optimum orifice size, whereas smaller hopper size may cause jamming of granules and 

larger hopper size causes overflow. A critical orifice diameter, Do,vibr, for a free flow 

under the vibration was defined. It is related to the vibration characteristics of vibratory 

dispenser. The influence of vibration source location in the device setting has been 

examined for the flow rate and dosage conformity. For electromagnetic hammering 

device, the flow rate of HA granule in dispensing increases with an increasing frequency 

of vibrations but no longer increases at higher frequencies. There is an upper limit of 

frequency at which the flow rate is highest and most consistent. For ERM, the flow rate 

increases with the increasing frequency and decreasing vibration displacement. A 

harmonically excited vibration source for promoting solid discharge in a hopper is 

preferred to have high frequency and low displacement.  

  



 
 

 
 

Chapter 5  

Ultrasonic Vibration Powder Micro-

dispensing  

 

 

This chapter presents experimental study on the ultrasonic vibration dispensing of 

pharmaceutical and biomaterial fine powders. The inhalation grade lactose powders 

exhibit a good flowability in the hopper with consistent flow rate, whereas the non-free 

flowing powders exhibit an “extrusion” mechanism. The experimental results show the 

dispensing with ultrasonic vibration device is subjected to a dome-controlled flow 

mechanism. The flow rate of free flowing powder is consistent so that the dosage is 

mainly determined by the duration of vibration. The flow rate of non-free flowing 

powder subjected to extrusion mechanism normally is low and less consistent under the 

influence of ultrasonic vibration. The dosage is found not proportional to the vibration 

duration due to the strong cohesions and poor flowability of non-free flowing powders. 

The effect of hopper geometries on the dispensing is assessed with different powder 

materials. 
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5.1.    Introduction 

An acoustic controlled dry powder printing technique developed by Yang et al. [24-28] 

has been demonstrated to accurately dispense small dosage of fine powders as low as 50 

µg without weighing [28]. An ultrasonic vibration micro-feeding developed by the same 

group [29, 30] can precisely initiate and halt the flow of powder in a capillary. The signal 

amplitude voltage and oscillation period were reported as two important factors 

influencing dose mass of powders, such as tungsten carbide, steel tool and glass bead 

[30].  

Inhalation grade Inhalac®  α-lactose monohydrate is a series of micron-sized crystalline 

lactose obtained by milling with narrow particle size distribution. Products Inhalac® 70, 

Inhalac® 120 and Inhalac® 230 are used as excipient in the formulation of dry powder 

inhalers. Micronized officinal starch is a versatile excipient used primarily in oral solid-

dosage formulations where it is utilized as a binder, diluent, and disintegrant [153]. 

Hydroxyapatite and β-tricalcium phosphate as the biomaterials used in bone tissue 

regeneration are often nanosized for new bone formation and new bone attachment 

[118]. These powders exhibit diverse flowability when they are handled in the process 

(Table 3-1). Strong cohesion and poor flowability of fine powders may cause problems 

in the dispensing and therefore, the quality of final products [93]. Thus, accurate and 

effective dispensing of powders is of prime concern in the formation of pharmaceutical 

and biomaterial products. 

In this chapter, an ultrasonic vibration dispensing device is tested with micro-

dispensing pharmaceutical and biomaterials fine powders, including free flowing 

excipients, cohesive pharmaceutical and biomaterial powders. The dispensing results 

are discussed with different design parameters of dispensing hopper and vibration 

signal parameters.  

 

5.2.    Dispensing of Free Flowing Excipient Powders 

5.2.1.    Fluidization and Discharging of Free Flowing Lactose Powders  

The measured angle of repose and Hausner ratio in Table 3-1 suggest that Inhalac®  

lactose have relatively good flowability. It can develop a free flow in a hopper with 

sufficient large orifice. In general, reducing the orifice size and decreasing the duration 
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of flow are two most direct ways to realise micro dosage dispensing. As the flow of 

powder is subjected to the doming mechanism in the hopper, dosage is determined by 

the dome failure and restore. As discussed in Chapter 2, powder can generate domes 

preventing particles from falling when the orifice size of hopper is smaller than the 

critical diameter Dc, and the flowability gets worse when the orifice size is decreased. As 

vibration has been proved effective in generating flows at much smaller outlet [98, 99, 

101], an ultrasonic vibration is applied to initiate the flow of powder. The influence of 

ultrasonic vibration can be described as leading to a lower shear force between particles 

at the same normal stress level in the hopper and therefore, causing the dome failure. 

The particles in the region of the shear zone move against each other under the 

influence of vibration. When some of particles flow out, the distances between the 

particles increase. Thus, bulk density in the shear zone decreases, and the material in 

the shear zone dilates. When vibration was applied, a space was observed at the end of 

the hopper, and the position of the space was changed with the vibration. As particles 

flow out of the hopper, the average void fraction increases and the particles are loosely 

connected with each other, therefore, the particles can easily move in the horizontal and 

vertical directions. Consequently, particles can easily flow out. Therefore, both gravity 

and ultrasonic vibration can contribute to the driving force for powder flow through the 

orifice smaller than the critical diameter of outlet. When the vibration ceases, the shear 

force increases again and the dome is effectively formed, thereby particles flow stops.  

The doming controlled flow mechanism of powder in the vibrating hopper has been 

previously introduced in Chapter 4. The dome of powder behaves like a “flow valve” so 

that the hopper has no need of a mechanical closure. This flow control mechanism has 

been reported in previous works on the acoustic vibration induced powder flow in 

capillaries [24-29]. Matsusaka and co-workers [114] have reported similar flow 

behaviour on micro-feeding of fly-ash spherical fine particles with particle size of 15 μm 

from a vibrating capillary tube. The adhesive fine particles adhering to the inner wall of 

the capillary tube act as a micro-vibrating layer of particles which avoid contact of the 

larger or small agglomerates with the wall of the capillary tube. This micro-vibration 

behaviour lowers the frictional stress between the inner powder and the wall, causing 

the agglomerates to fall under gravitational force and leading to an increase in flow rate.  

The mean dose mass over 1s duration of vibration obtained using a pair of value (Do, α) 

is presented by a 3D column chart in Figure 5-1, and the colour of column indicates the 

relative standard deviation (RSD) of dosages from the dispensing hopper. 
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Figure 5- 1 Dispensing results of Inhalac®  lactose from nozzles with different orifice size and half 

angle over 1s duration of vibration 
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5.2.2.    Effect of Hopper Geometry on the Dispensing  

5.2.2.1.    Orifice size 

As discussed in last section, the dosage control of micro-dispensing Inhalac®  lactose is 

based on the powder doming mechanism. The orifice size is smaller than the critical 

diameter Dc as the introduction of external vibration force changed the flow criterion. 

A 0.6 mm orifice was firstly used for Inhalac® 70 dispensing. In the experiment, the 

blockage was observed during the dispensing with the function curve plotted by 

accumulated dose mass against dispensing time as shown in Figure 5-2. At the stage of 

T1, powder had been blocked for around 40 seconds as few powders were dispensed in 

this period shown by the hardly increased accumulated mass. As the standing time set 

up as 6 seconds in this test, there were at least 6 pulses of 1s vibration acted on the 

dispensing hopper until the blockage was fully collapsed. The orifice was estimated too 

small that the dilation of powder was limited and the strength of doming was increased. 

The continuous ultrasonic vibration may make the particles compacted densely in this 

circumstance.  

As seen in Figure 5-2, after several vibration cycles, the blockage was broken but with 

several excessively large dosages dispensed at T2 due to the increased bulk density of 

powder at T1. The stage of T3 in Figure 5-2 represents non-uniform dispensed dosages 

in dome-controlled dispensing. The flow properties of powder determined by particle 

size (distribution), time-dependent bulk density and stress state in each dispensing of 1 

second are all the possible reasons for the inconsistent dosages, which are common in a 

poorly designed dispensing hopper with, i.e. inappropriate orifice size and insufficiently 

narrow angle (see section 5.2.2.2). 

The results show that 0.6 mm orifice size for Inhalac® 70 is too small to maintain a 

steady flow under ultrasonic vibration. It can be expected that a ratio of orifice size to 

particle size should be larger than 3 to avoid blockage for Inhalac®  lactose. 

Figure 5-3 shows the staircase curve of accumulated dose mass against dispensing time 

for Inhalac® 70 from 0.8mm, 0.9mm and 1.0 mm nozzle. The constant staircase and 

linear increase indicate the consistency of dosage from these orifices. The static powder 

is activated and starts to flow when a pulse of vibration is applied. In 0.8mm, 0.9mm and 

1.0 mm nozzles, it can be observed the dose mass read by the balance is equal to the 

mass of powder ejected from the hopper within 1 second of vibration. In other words, 
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the discharge of powder has prompt response to the on/off signal and there was no 

obvious delay observed in 1s discharging. The rearrangement of particles with the 

dilation induced by the vibration caused the bulk density of powder in the shear zone 

less changed. As result, the dosage indicated by the height of platform on the curve in 

Figure 5-3 is consistent in the dispensing. When the vibration stopped, the discharge of 

powder ceased immediately by the formation of dome as the size of orifice is smaller 

than the critical diameter of orifice in the static condition. The balance was stable until 

next pulse come. The slope of staircase curves compares the dispensing rate of 

Inhalac® 70 from different orifice size. The results show that with larger orifice size of 

hopper Inhalac® 70 has higher flow rate in ultrasonic vibration dispensing. The 

relationship between flow rate and orifice size of hopper will be further discussed in 

section 7.2.2. 

 

Figure 5- 2 Function plot of dose mass vs. dispensing time with 1s dispensing vibration per dose 

from 0.6 mm orifice size. Sample: Lactose Inhalac® 70. Conical angle: 30°. Vibration mode: 

Ultrasonic. At the stage of T1, T2 and T3, three irregular flow patterns occurred. For full 

explanation refer to the text 

Figure 5-4 shows the result of Inhalac® 70 dispensed from 1.4 mm orifice. The powder 

was discharged consistently at the beginning of dispensing because of the pre-

compaction of the powder at the outlet which contributes to the strength of dome to 

prevent failure. However, along with the descending level of powder bed and the 

dilation of powder during the dispensing, the consolidation stress was decreased and 

the dome of particles was failed to form at a high level of strength after the ultrasonic 
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vibration stopped. An irregularly large dosage was dispensed at T1. The orifice size was 

too large that the particles may take longer to form the dome after it failed and excessive 

powder was dispensed before the dome was formed. The unstoppable overflow 

occurred at T2 until the powder run out. When the orifice size is sufficiently large, the 

dome is hardly formed and the powder is subjected to the gravity flow.  

 

Figure 5- 3 Function plot of dose mass vs. dispensing time with 1s dispensing vibration per dose 

from 0.8 mm, 0.9 mm and 1.0mm orifice, respectively. Conical angle: 30°. Sample: Lactose 

Inhalac® 70. Vibration mode: Ultrasonic 

 

Figure 5- 4 Function plot of dose mass vs. dispensing time with 1s dispensing vibration per dose 

from 1.4 mm orifice size. Sample: Lactose Inhalac® 70. Conical angle: 30°. Vibration mode: 

Ultrasonic. At the stage of T1 and T2, overflow occurred.  For full explanation refer to the text 
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Thus, 1.4 mm orifice size for Inhalac® 70 is too large to maintain a steady dosing under 

ultrasonic vibration. It can be speculated that the size of 1.4 mm is close to the critical 

value Dc and the ratio of orifice size to particle size should be smaller than 7 to avoid 

overflow for Inhalac®  lactose. 

In the tests with different orifice size of hopper, there are three main discharging 

situations, i.e. consistent discharge, blockage and overflow. Powder discharged in which 

situation is determined by the relationship of powder properties and orifice size of the 

dispensing hopper. Inhalac® 70 is feasible to be handled with 0.8 mm to 1.2 mm orifices 

while 0.6 mm caused occasional blockage and 1.4 mm caused overflow. The appropriate 

orifice size which guaranteed a stable flow and uniform dosing is between 3 and 7 times 

of particle size for free-flowing Inhalac® 70. The selection of orifice size for dispensing 

powder material is related to the properties of particles, such as particle size, shape and 

flowability. Yang et al. [26] have dispensed several fine metal powder and ceramic 

powder sized below 100 µm. They found for these free flowing powder, nozzle size, Do, 

should be at least twofold but less than fivefold of the particle size, d, in order to achieve 

a good switching control of the flow (2 < Do/d < 5). Lu and co-workers [29] in their 

studies with different powders have shown that ultrasonic vibration induced micro-

feeding depended on the balance between compaction and dilation of the powder in the 

nozzle. Powders such as H13 tool steel powder (<22μm) and tungsten carbide (<12μm) 

showed stable micro-feeding in smaller nozzle sizes under ultrasonic controlled 

vibrations at a fixed voltage. The micro-feeding was more controllable and stable at 0.21 

mm and 0.35 mm than at 1.35 mm. The authors speculated that arches of lower strength 

could form in larger nozzles leading to dispensing of excessively large dose masses.   

5.2.2.2.    Hopper angle 

As described in section 2.2.2, the selection of nozzle angle is determined by the property 

of bulk solids (angle of internal friction, δ) and the wall of hopper (angel of wall friction, 

ϕw). To analysis the influence of hopper angle on the powder dispensing, two 

assumptions are proposed: 

(1) The angle of repose of material can be used to represent the angle of 

internal friction in the experimental condition; 

(2) The angle of wall friction is very small between lactose particles and glass 

wall when comparing with the angle of internal friction. 
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The angle of repose of Inhalac® 70 is 33° as shown in Table 3-1. According to the critical 

half conical angle of hopper, αmax, recommended by Jenike [6] (p.220-228), the powder 

of Inhalac® 70 can develop a steady-state flow in the hopper with angles between 0° and 

38.5°. Figure 5-5 shows the dispensing results of Inhalac® 70 from the hopper with half 

angle of 7.5° and 22.5°, respectively. 

 

Figure 5- 5 Evaluation chart of ultrasonic dispensing of lactose Inhalac®  70 with half conical 

angle (a) 7.5° and (b) 22.5°. Orifice size is 0.8 mm and duration of vibration is 0.5s 

As shown in Figure 5-5, the mean dose mass of Inhalac® 70 dispensed from the nozzle 

with 7.5° half angle is larger than the mean dosage from 22.5° nozzle. The half conical 

angle, α, can indicate the angle between wall normal stress, σw, and major principal 

stress, σ1 in the powder at the inclined wall. Figure 5-6 shows the analytical solution of 

stress level of powder at the wall of nozzle. A larger angle α causes higher wall shear 

stress τw when the powder sliding down on the wall of hopper in a mass flow. The 
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unconfined yield stress increases with the increasing angle of nozzle, which determines 

the strength of dome in the radial stress field. The vibration needs to overcome higher 

unconfined yield stress to break the dome in a shallower nozzle and thus in certain 

vibration duration the dosage is less. Therefore, a steeper nozzle is preferred to obtain a 

higher dosage in a mass flow. The correlation between the flow rate and half angle of 

nozzle will be further discussed in Chapter 7. 

Figure 5-5 also shows the relative standard deviation (RSD) of dispensed dosages, which 

is 7.4% and 5.9% from the hopper with half angle of 7.5° and 22.5°, respectively. Figure 

5-7 shows that the powder forms dome at different position in the nozzle with different 

angle. As discussed in section 2.2.1, if the orifice of nozzle Do is confirmed, the position of 

dome is related to the angle of nozzle. When α = 7.5°, the dome formed with larger 

distance between the outlet and the dome position as shown by the distance h1 between 

point A1 and point B1 in Figure 5-7(a). In the nozzle with 22.5° half angle, it was 

observed that the dome was formed closer to the outlet with distance of h2 between 

point A2 and point B2 in Figure 5-7(b).  As the unconfined yield stress is increased in the 

hopper with larger angle, the critical diameter Dc is larger. It can explain why the dome 

in the shallower hopper is more likely formed close to the outlet of nozzle. 

 

Figure 5- 6 Analytical solution of stress level of powder at the wall of nozzle inclined with angle 

α  

The deviation of dispensing can be explained by the changing of dome position after 

vibration stops in each cycle of dispensing. When vibration stops, the dome may form at 

a random position (Figure 5-8(b)) between the actual outlet opening (Figure 5-8(c)) and 

the critical diameter, Dc (Figure 5-8(a)). Thus, flow promoting devices have to be 

installed between the actual outlet opening and the critical diameter. In a steep hopper, 
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the distance h is larger than a flat hopper if the actual outlet opening is same and thus, 

when the vibration stops, the variation of dome position in steep hopper is large which 

may cause bad dosage conformity. However, taking account of the friction between wall 

and powder, it generates larger shear stress on the wall of flat hopper and therefore, the 

unconfined yield stress is high. The flowability of powder is worse in the flat hopper 

than in steep hopper. In addition, when flow property of powder is changed as the result 

of time-dependent consolidation stress and bulk density, the dome position h will be 

changed. The changing of the void between the dome position and the nozzle outlet is 

assumed the main cause of the dose mass deviation and the deviation is larger in the 

steeper nozzle than the shallower one in case that both angle can assure a mass flow.  

 

Figure 5- 7 Images of dispensing nozzle with 0.8 mm orifice and half conical angle (a) 7.5° and (b) 

22.5°: The dome of lactose Inhalac®  70 is formed at different position in the nozzle, h is the 

distance between the possible dome position and the outlet 

 

Figure 5- 8 Possible dome position in a vibrating hopper. For full explanation refer to the text 
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5.2.2.3.    Internal diameter of the vertical section of hopper 

Dispensing hoppers with different vertical section internal diameters have been tested 

with same orifice size 0.9 mm and conical angle of 30°. As shown by the results in Table 

5-1, the mean dose mass shows a relatively stable amount. As in the vertical section, the 

diameter of vertical section is much larger than the critical diameter for powder free 

flowing. Powder exhibits a steady plane flow as the level of powder bed descents 

gradually in the dispensing. Also, there is no strong correlation between the RSD of 

dosages and the diameter of vertical section of hopper. However, it can be speculated 

that the RSD may increase with the increasing internal diameter shown in Table 5-1. 

When powder is dispensed in a certain flow rate, the descending level of powder bed is 

determined by the internal diameter D. The level change of powder bed, dh, in the 

hopper with a larger internal diameter (Figure 5-9(a)) is less with a discharged mass, M, 

than in a smaller internal diameter (Figure 5-9(b)). As result, the movement of particles 

in vertical direction is less so that it causes more compaction in the powder in the 

vertical section of hopper. The formed dome is getting stronger during the dispensing 

due to the pre-compaction in the upper section. The dose mass may decrease and thus 

the variation of doses increases. Therefore, the internal diameter has influence on the 

dispensing consistency despite it has no effect on the flow rate. In dispensing hopper 

design, the internal diameter also determines the capacity of dispensing hopper. As long 

as the flow rate and dispensing consistency are not harmed, the hopper can be given a 

bigger diameter to be applied in large amount sample dispensing and long hours 

dispensing task. Also, for some small scale application, the smaller diameter is preferred 

to reduce the overall dimension of dispensing device. 

 

Table 5- 1 Dispensing results of Inhalac® 70 from hoppers with different diameter of vertical 
section 

Diameter 

/mm 

Cone 

Angle  

/° 

Orifice Size  

/mm 

Initial 

Bed 

Level 

/mm 

Duration of 

Vibration /s 

Mean 

Dose 

Mass /mg 

RSD% 

8 30 0.9 70 0.5 11.1 2.85 

11 30 0.9 70 0.5 10.4 3.37 

16 30 0.9 70 0.5 11.3 3.06 

23 30 0.9 70 0.5 10.6 3.88 
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Figure 5- 9 Powder flow in dispensing hoppers with different internal diameter of vertical 

section; dh represents the descending level of powder bed 

 

5.2.3.    Effect of Vibration on the Dispensing 

5.2.3.1.    Vibration duration 

The dispensing amount can be controlled by setting up the vibration duration for the 

single dose. With the assistant of high speed camera, it can be observed that the flow 

halted on stopping the vibrations as the powder formed a dome structure at the outlet of 

nozzle (Figure 5-10). The domes are constantly disturbed by vibrations enabling flow 

and recreated by jamming. In Figure 5-10, particles start to change their positions when 

vibration induced at T0=0. It is hard to investigate what time it is exactly the point the 

first particle leaves bulks in the high speed camera, it is assured that first particle come 

out from nozzle at T1 = 0.004 s. Particles maintains a steady flow after T1 until the last 

particle comes out from nozzle at T3 = 0.11s. The vibration has already stopped earlier 

before the point T3. Suppose the delay between real time and observation point are 

exactly same at the start and the end of dispensing, the vibration time is the difference 

between T3 and T0, then the time of particles discharging T = 0.106 s which is very close 

to the setup duration of vibration, Td = 0.1s. It is positively proved the dispensing is very 

sensitive to ultrasonic vibration signal to start and stop the powder flow. 

Figure 5-11 shows the mean dose mass of InhaLac® 70 dispensed from hoppers with 

different orifice size over the duration of vibration in the range of 0.1s to 1.0s. Compared 

with the results from different nozzles, the dosage is increased from 0.6 mm nozzle to 

0.9 mm. The change of dosage dispensed over different duration of vibration is getting 
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larger with the increased orifice size. As shown in the high speed camera images, 

InhaLac® 70 may be dispensed in form of discrete particles or large agglomerates from 

the nozzle. The large-size agglomerate formed in the hopper is supposed as an 

important cause of lower flow rate. In a larger orifice, the effect of particle 

agglomeration on the flow rate is less severe so that the increase of dosage with the 

increasing duration of vibration is more significant. Also, a longer vibration increases 

the dilation of powders in the nozzle and reduces the agglomerates. Therefore, longer 

vibration and larger orifice benefits a large flow rate with less chance of jamming and 

blockage. 

 

Figure 5- 10 High speed video frames of InhaLac® 70 from dispensing with ultrasonic vibration. 

T0, T1, T2, and T3 are different time points in dispensing. They make a full cycle of dispensing 

starting at T0 and ending at T3 

 

The linear relationship of mean dose mass and duration of vibration is presented with 

different orifice size in Figure 5-12. The results show that very linear function curve of 
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mean dose mass against duration of vibration was obtained. The flow rate of lactose 

powder dispensing is independent of the duration of vibration and dependent on the 

nozzle size. The slope of linear curve indicates the flow rate for Inhalac® 70. The 

ultrasonic vibration causes the wall of the hopper to release stress over the powder in 

the nozzle so that the dome was unable to be formed during the vibration. If it is further 

sheared after failure, the powder in the shear zone will dilate increasingly until steady-

state flow prevails, where shear stress and bulk density are constant. In steady-state 

flow, the excitation energy input during shear causes the plastic deformation of powder 

without changing particle properties. The shear stress during steady-state flow is 

reduced. The powder in a doming controlled hopper can develops a constant flow under 

ultrasonic vibration. The constant flow rate suggests the powder exhibits a steady 

switch from doming to free flow in the hopper which is similar to the flow of fluid with a 

closure valve. The longer the vibration lasts, the more powder is dispensed in one dose. 

The mean dose mass range from 0.15 to 21.8 mg of InhaLac® 70 could be dispensed 

within 1 second using different nozzles. 

 

 

Figure 5- 11 Mean dose mass vs. orifice size of dispensing hopper over different duration of 

vibration. Sample: Inhalac® 70 lactose. Conical angle of hopper: 30° 
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Figure 5- 12 Mean dose mass vs. duration of vibration with different orifice size. Sample: 

Inhalac® 70 lactose. Conical angle of hopper: 30° 

 

5.2.3.2.    Amplitude of vibration signal 

Figure 5-13 shows the effect of increases in signal amplitude on the dispensed mean 

dose mass of InhaLac® 70. At a pulse vibration of 0.1s and signal amplitude of 2V, an 

initial mean dose mass of 0.96mg was dispensed. No change in dispensed mean dose 

mass was evident by increasing the signal amplitude to 4V. However, a significant 

increase in mean dose mass takes place at signal amplitude of 5V. The stability of the 

dome in vibrated conical hopper has been explained using a model derived by Matchett 

[103, 154]. Under the influence of vibrations, two limiting conditions i.e. push mode and 

pull mode has been considered which governs the flow behaviour of contained materials 

through small outlet diameters. The push mode leads to compression of the material by 

vibrated wall section, while pull mode releases the stress upon the contained material 

and causes a switch in stress orientation from passive to active stress state. The active 

stress state causes the dome to collapse and material to flow. The switch to active stress 

should be quick and the flow should be established before it reverts back to the push 

mode. The achievement of active stress state also requires the vibrations to cover large 

portion of the hopper and should last for larger part of the vibration cycle for the flow to 

be reliable. In order to achieve this, larger amplitude or longer duration is preferred. 

The significant increase in flow rate and mean dose mass at 5V is supposed due to the 

switch to an active stress state. However, the switch could not be correlated to changes 
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in amplitude as the real amplitude remained constant above 2V (Figure 5-13) suggesting 

the saturation of the output from the ultrasonic power amplifier. 

The maximum force produced by a piezoelectric block in a vibrated system is influenced 

by the signal amplitude as explained by Loverich [155]. This was exemplified by Lu and 

co-workers while studying the effect of different parameters on the ultrasonic micro-

dispensing behaviour of fine powders [29]. The authors found that H13 tool steel fine 

powder showed linear increases in mean dose mass dispensed, while titanium dioxide 

showed a similar change in mean dose mass as InhaLac® 70 on increasing the signal 

amplitude from 3-6 V under square wave form actuation. In addition, an upper limit of 

voltage amplitude was defined beyond which an irregular dose mass was dispensed 

indicated from the width of the error bars. The inconsistent dispensing is also observed 

in dispensing of InhaLac® 70 with unstable amplified signal from current equipment 

shown in Figure 5-13. The big error are found when the amplitude is lower (≤ 3V), while 

a more consistent dispensing with less deviation is noted beyond 4V. One explanation 

may be that irregular low vibration amplitudes are less effective to force the flow which 

bring the system into blockage as explained by Janda et al. [105].  

 

Figure 5- 13 Mean dose mass vs. signal amplitudes and real amplitude after amplification vs. 

original signal amplitude. Sample: Inhalac® 70; duration of vibration: 0.1s; orifice size: 8mm; 

conical angle: 30°. 



5.  Ultrasonic Vibration Powder Micro-dispensing 98 

 

 
 

5.3.    Dispensing of Non-Free Flowing Powders 

5.3.1.    Fluidization of Non-Free Flowing Powders 

The very fine particles tend to stick to the wall of hoppers and form agglomerates due to 

the strong adhesive and cohesive forces. They exhibit very limited flowability in the 

hopper. Under the influence of ultrasonic vibration, the plastic deformation of fine 

powder is induced when the vibration acts on the dispensing hopper. The kinematic 

friction between a powder and the wall of hopper can be reduced by applying ultrasonic 

vibration equivalent to the reduction of the internal friction [100]. It was reported by 

Kollmann et al. [109] that while the angle of internal friction δ is nearly independent of 

the vibration application, the unconfined yield strength σc decreases with increasing 

vibration velocity. The wall shear stress τw decreases with increasing vibration velocity 

to approach a minimum value.  

The vibration also leads to a compression of the material by vibrated wall section and 

powder is “extruded out” of nozzle following Jenike’s flow criteria (Figure 5-14). The 

powder is extruded in a rod shape and each dose is dispensed as a fracture of the 

stretched out powder rod. In the extrusion, the powder agglomerates may not be broken 

by the vibration force, but it does not affect the deformation of bulks. In High-speed 

camera images (Figure 5-15), the nanosized biomaterials were extruded in the rod 

shape. The doses were obtained by the fracture of stretched rod in each vibration cycle.  

 

Figure 5- 14 Extrusion mechanism for cohesive powder fluidizing under ultrasonic vibration 

In the high speed camera images (Figure 5-15), some cracks or bubbles in the powder 

was observed. It was estimated the cracks or bubbles were caused by the uneven 

density from particles rearrangement due to the poor flowability of fine powders. 
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Matsusaka et al. [156] reported the vigorous bubbling in a bed of fine particles is caused 

by the vibration-induced air inflow. When convective flow occurs in a powder bed as a 

result of vibrations, the upper powder layer with a high void ratio moves downward and 

is compressed. This process forces the air in the powder layer out, which leads to the 

formation of bubbles that rise and eventually burst at the top surface of the powder bed. 

A negative pressure is created below the rising bubbles. A narrow opening at the bottom 

allows the outside air to flow into the powder bed, which produces a vigorously 

bubbling fluidized bed. However, the unpredictable bubbles in the powder bed would 

distinctly bring deviations to the amount of dispensed powders for each dose.  

 

Figure 5- 15 High-speed camera images of powder flow during the dispensing. All nanosized 

cohesive biomaterials are “extruded” out as agglomerate rods. The rod diameter closely equal to 

the orifice size of hopper   

 

5.3.2.    Effect of Orifice Size on the Dispensing 

The particle size of cohesive powders is small but they always form larger agglomerates 

in handling. Because of strong cohesive and adhesive forces, the unconfined yield stress 

is large in the dome formed by cohesive fine powder. Thus, cohesive powders have large 
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critical diameter Dc. Subjected to the extrusion mechanism, cohesive powders can be 

dispensed in hoppers with a wide range of orifice size. Xie [157] and Feng [158] also 

reported for non-free flowing powder, the range of nozzle size can be much wider 

because the fine particles tend to form agglomerates caused by strong interparticle 

forces and poor flowability.  

A set of parallel dispensing tests for officinal starch were performed in hoppers with 

orifice size from 0.6 mm to 1.5 mm. The ratio of orifice size to particle size is in the range 

of 30 to 70. In Figure 5-16, the dispensed dosage increases with enlarged orifice size. For 

the smaller orifice, the dose mass has relatively large deviation which is caused by the 

presence of strong dome structures. 

 

Figure 5- 16 Mean dose mass vs. orifice size of dispensing hopper, half angle: 15°; duration of 

vibration: 0.5s; sample: starch 

5.3.3.    Effect of Hopper Angle  

The cohesive and adhesive force in non-free flowing powder is large. To initiate the flow 

of non-free flowing powder in the hopper, the deduction of friction is prior to force a 

flow. The friction between particles and the wall of hopper can be reduced by applying 

vibration. The wall friction is influenced by the hopper angle.  Figure 5-17 compares the 

mean dosage and consistency of starch dispensed in the hopper with 7.5° (Figure 5-

17(a)) and 15° (Figure 5-17(b)) half conical angle. The steeper angle has much better 
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consistency and larger dosage. A 22.5° was tested as well but the starch powder was 

even unable to be dispensed. In a hopper with larger angle, the wall friction is larger so 

that the unconfined yield stress is increased. With increased dome strength, the powder 

flowability gets poorer and thus, the flow rate decreases and the deviation between 

dosages is increased. Moreover, when the hopper angle exceeds a critical value, the 

angle of wall friction, ϕw is large so that the powder flow occurs when the Mohr’s circle 

reaches to the internal yield limit. As result, a core flow of powder may develop in the 

hopper. Due to the uncertainty of the stagnant zone in the core flow pattern, the flow 

rate of powders may be inconsistent. 

 

Figure 5- 17 Evaluation chart of ultrasonic dispensing of starch with conical angle (a) 7.5° and (b) 

15°. Orifice size: 1.0 mm; duration of vibration: 0.5s 
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Therefore, for dispensing non-free flowing powder, the dispensing hopper needs to be 

sufficiently steep and smooth surface in order to minimise the friction between particles 

and wall. 

5.3.4.    Effect of Vibration Duration on Dispensing 

Table 5-2 shows the dispensing results of starch from the hopper with 0.6 mm orifice 

size over different duration of vibration. The dose mass from 0.05 mg to 1 mg can be 

obtained from different duration. Larger dosage is also available by increasing the 

vibration time and it can be noticed that the dosage conformity represented by relative 

standard deviation (RSD) gets better when the duration of vibration increases. It is 

because the powder compressed by the vibration for a longer time will attain a constant 

flowing bulk density. Consequently, the extruded rod fracture will be uniform. Also, the 

longer vibration provides more energy to overcome the friction and break the dome. 

However, with increasing the duration of vibration, the void between particles and glass 

wall will not expand further. The separation of boundary only occurs at the beginning of 

vibration acting. Therefore, with the increasing of vibration duration, the dosage is 

increased but not in a linear trend shown in Figure 5-18. The flow rate of non-free 

flowing starch is dependent on the duration of vibration, Td, which is a dominant factor 

in the mass control of dispensing non-free flowing powder.  

Table 5- 2 Dosing results of Starch dispensed with a 0.6 mm nozzle at different time of vibration, 
5V signal amplitude 

Duration of 

Vibration /s 

Mean Dose 

Mass /mg 

Relative Standard 

Deviation /100 

Total Dispensing 

Time /min 

0.01 0.054 19.4 5 

0.02 0.127 9.2 5 

0.05 0.685 9.2 5 

0.5 0.973 6.1 5 

 

5.3.5.    Dispensing of Nanosized Biomaterials 

The nanosized calcium phosphate biomateral powders show a very poor flowability 

with angle of repose larger than 50°. The needle shape of particles makes CAPTAL®  R 

powder even more difficult to flow. The particles of these biomaterial powders are often 

found sticking on the surface of glass capillary or to each other due to interactions 

between a particle and surface of another material or between particles of the same 

material which act as strong adhesive and cohesive forces. Because the fundamental 

mechanisms for the occurrence of van der Waals forces are of electrostatic nature, the 
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primary source of particle adhesion and cohesion is electrostatic forces [158]. Powder 

particles can acquire charge in many different ways such as by triboelectric charging 

with other contacting materials, corona ions, or by induction in an externally applied 

electric field, etc.[159] In the dry powder dispensing system, the electrostatic force has 

negative effect on the uniformity of the dispensing by immobilizing particles to the wall 

of glass capillary.  

 

Figure 5- 18 Mean dose mass vs. duration of vibration. Sample: Starch. Orifice size: 0.6mm. 

Conical angle of hopper: 30°  

For nanosized biomaterial powders, the nozzle size can be selected from about 0.2mm 

to about 6.5mm, which gave great flexibility on the nozzle selection and dosage control.   

Figure 5-19 shows the dosing results of dispensing of those four nano biomaterials from 

1.0 mm nozzle at different time of vibration.  The peaks in the curves are assumed due to 

the impact of trapped air in the powder bed on the balance when powder being 

extruded under the ultrasonic vibration. Also, this phenomenon is often observed in 

dispensing very cohesive powders as they are easy to trap air and the dispensed weight 

read by the balance for each dose is small. 

As dicussed in last section, for non-free flowing powder the most convenient way to 

control the dosage is by adjusting the duration of vibration, Td.  Td normally varied from 

0.1s to a few seconds, which is the most significant approach to change the dose mass, 

from a few micrograms to several grams. In other word, by adjusting Td, arbitrary mass 

of dispensing is available once the dispensing device is calibrated.  
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Figure 5- 19 Dispensed mass vs. dispensing time for biomaterials dispensed over 0.5s, 1.0s and 

2.0s duration of vibration. Orifice size: 1.0mm. conical angle: 15°. The uniformity of “staircase” 

curve represents the consistency of dipensed dosage. 

 

Table 5- 3 Dosing results of different samples with a 1.0 mm nozzle at different time of vibration, 
5V signal amplitude 

Sample T /s Mean dose mass /mg 

Merck HA 

0.5 0.1602 

1.0 0.6313 

2.0 2.3175 

CAPTAL S 

0.5 1.0318 

1.0 1.349 

2.0 3.3762 

CAPTAL R 

0.1 0.1594 

0.2 0.2509 

0.5 0.374 

β-TCP 

0.1 0.3096 

0.2 0.3842 

0.5 1.4533 

The dispensing results of nanosized biomaterial powders show a non-linear correlation 

between dosage and vibration duration of dispensing similar as the starch (Table 5-3 
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and Figure 5-20). CAPTAL® S exhibits a better consistency in flow rate under different 

signal of vibration. This can be explained by the different leve of cohesion between 

particles with different particle size and shape shown in the SEM picture (Appendix III), 

and the manufacturing process of the materials [60]. CAPTAL®  S was sintered and re-

ground which has bigger particle size, rounded particle shape and it’s assuemed with a 

smaller internal friction and less agglomeration comparing with others, which gave 

better flowablity. The Merck®  HA has very fine particles which formed very strong 

agglomeration and lowest flowability.   

 

Figure 5- 20 Mean dose mass of Merck®  Hydroxyapatite, CAPTAL®  S Hydroxyapatite, 

CAPTAL® R Hydroxyapatite and β-TCP vs. duration of vibration at 5V amplitude in 1.0 mm 

nozzle. CAPTAL R with the best flowability has a linear fuction of dose mass against duration of 

vibration 

 

 

5.4.    Summary  

The study of dispensing free flowing powder shows that use of different dispensing 

hoppers of an ultrasonic vibration micro-dispensing system with from 0.1 s to 1s pulse 

of vibration at 5V could aid in obtaining a mean dose mass range of 0.15 – 21.8 mg in 

InhaLac® 70 micro-dispensing. The consistency of InhaLac® 70 particles flow suggested 
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the dome structures formed easier at smaller nozzle sizes which the flow rate is 

dependent on the orifice size. The dose mass has a linear correlation to time of vibration 

per dose suggesting that an accurate amount of dosage of InhaLac® 70 could be 

modulated depending on different time of vibration. The present work further shows 

that modulating the signal voltage of an ultrasonic vibration could also be used to 

control the flow rate and dosing of InhaLac® 70. These results provide a strong basis for 

exploring the application of an ultrasonic controlled micro-dispensing system as a 

feasible method in dispensing of inhalation grade micron-sized pharmaceutical 

materials. 

The micro-dispensing system was also used to dispense non-free flowing 

pharmaceutical powders. The powders with fine particle size are “extruded” from the 

hopper. The system was proved suitable for low doses (as low as a few milligrams) 

dispensing and accurate and fast in dispensing of powders with wide particle size 

distribution and cohesiveness. The hopper design parameters such as orifice size and 

hopper angle, and the duration of vibration have influence on the mean dose mass. The 

dosage exhibits a nonlinear trend regarding to the duration of vibration. It is assumed to 

be due to the strong interparticle force and poor flowability of powders. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

Chapter 6 

Triboelectric Charging in Ultrasonic 

Vibration Dispenser 

 

 

This chapter describes a triboelectric charging phenomenon investigated in ultrasonic 

vibration dispensing of pharmaceutical powders. The charge of powder influences the 

accuracy and consistency of powder dispensing. A solution to the charging issue is 

proposed by modifying the contact surfaces in the hopper with platinum coating. Glass 

dispensing hopper and platinum coated hopper was tested respectively to investigate 

the flow and discharge behaviour of pharmaceutical excipient powders. With comparing 

the dispensing results from both hoppers, the Pt-coated surface favourably changed the 

powder charging and flow in the dispensing hopper. The hopper surface modification 

provides a possible solution to the charging issue in ultrasonic vibration powder 

dispensing in order to improve dispensing results of pharmaceutical powders. 
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6.1.    Introduction   

In powder processing and handling, operations such as milling, sieving, mixing and 

conveying cause particles to make frequent contact amongst each other and with the 

walls of the vessel. During these operations, the electrification of particles takes place. 

This refers to a process where two dissimilar materials contact each other through 

impact, friction or sliding and are then separated [160]. When fine powders get charged, 

the resulting electric forces can change their flow behaviour, and as a result, they may 

adhere to contact surfaces and attract/repel each other. This can lead to a loss of 

powder in process.  

Most pharmaceutical powders are dielectric materials. They are very prone to 

electrostatic charging by colliding and sliding contacts with walls and other particles 

because they normally have a high resistivity, which prevents the transferred charge 

from leaking back [161]. As a result, electrostatic charging may cause the agglomeration 

or segregation of particles during powder transportation. The electrostatic forces acting 

on charged pharmaceutical particles may dominate in adhesion and deposition of the 

particles to walls, especially in the case of fine particle systems, such as dry powder 

inhalers (DPI) [162, 163]. In the pharmaceutical industry, particle charging is often a 

nuisance and can cause problems in manufacturing, such as affecting powder flow, and 

reducing fill and dose uniformity. However, there are also cases where the electrostatic 

forces are used advantageously for control of drug particles such as for a DPI [164, 165] 

or mixing of ordered powders [166, 167].  

The charge was found to depend on both the nature of the powders and the vessel 

surface [134]. Although the factors affecting the tribo-electric charging is not fully 

understood, it is necessary to control the charging propensity of pharmaceutical 

powders in process. Bennett et al. [168] studied to reduce static charge on the mixes of 

inhaled carrier lactose particles with adding fine particles. Coating the vessels with drug 

or excipient can reduce the influence of the vessel material on charge generation [134]. 

Previous study by Eilbeck et al. [169] reports that static charge of lactose powder in 

contact with stainless steel reduces with increasing surface contamination. Cassidy et al. 

[170] studied the surface contamination and in their work the charge was found to 

increase with increasing adhesion.  

As the static charging of pharmaceutical powders has been observed in the ultrasonic 

vibration dispensing, the influence of charged powders on the dispensing result will be 
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primarily investigated in this chapter. One traditional method to measure the 

electrostatic charge is using Faraday cage [171-173]. The charged powders can be 

dispensed into Faraday cage and the mass and the charge is measured with balance and 

electrometer, respectively. Alternatively, an approach of measuring static charge with a 

non-contact vibrating capacitive probe has been developed by Kwek et al. [174].  

The work presented in this chapter also aims to find a solution to the charging problem 

for ultrasonic vibration micro-dispensing technique to improve the dispensing accuracy 

with pharmaceutical powders. 

6.2.    Experimental  

6.2.1.    Static Charge Measurement in Faraday’s Cup 

The static charge of intermittently dispensed doses from ultrasonic vibration dispenser 

was measured in a shielded Faraday’s cup (Figure 6-1). Faraday's cup consists of two 

stainless steel cups which are electrically insulated from each other. The charge inserted 

inside the inner cup generates a potential difference V between the cups. An 

electrometer (Keithley 6514, Keithley Instruments Inc. USA) was used to measure the 

charge of dispensed doses in the Faraday cup. The specific charge, Q, of powder dose 

was calculated by dividing the charge, q, by the mass of dose, m, 𝑄 =
𝑞

𝑚
. The powder 

sample was dispensed with one dose at a time into the inner cup through a small hole on 

the top of the Faraday’s cup. The dose was dispensed in every 6s and every one of the 

five doses was collected and the charge of dose was measured in the Faraday’s cup.  The 

interval between every charge measurement is therefore 30s. During this interval, the 

Faraday’s cup was cleaned and grounded and the reading of electrometer was reset with 

auto discharge function of the electrometer. Measurements were repeated at least five 

times for each sample. The dispensing hopper was carefully cleaned after the 

measurement of each sample.  
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Figure 6- 1 Schematic diagram of static charge measurement for dispensed doses 

6.2.2.    Electroless Plating of Platinum on Borosilicate Glass Hopper 

The borosilicate glass dispensing hopper was coated with platinum by using electroless 

plating method to modify the contact surface of excipient powders against the wall. The 

aim of modifying the contact surface was to reduce the tribo-electric charging of 

powders in the process of dispensing. The borosilicate glass hopper was firstly heated to 

600°C and cooled down in air, then immersed in 5% (w/w%) hydrofluoric acid for 10 

minutes to clean the contamination on the surface. After rinsing with deionised water, 

the hopper was immersed in 20g/L SnCl2 acidic solution for 30 minutes and then moved 

into 0.5g/L PdCl2 acidic solution for 1 minute. After dried in an oven, it was rinsed with 

NaBH4 solution. Dinitrodiammine platinum was dissolved in ammonia solution (pH ≈ 

10.6.) to form an alkaline bath. Pre-treated glass hopper with palladium catalyst active 

sites on the surface was placed in the solution. 3g/L hydrazine was added gradually in 

50µl per drop. The equations of proceeded reaction can be illustrated by: 

(a). 2(𝑁𝐻3)2𝑃𝑡(𝑁𝑂2)2 + 𝑁2𝐻4 ∙ 𝐻2𝑂
𝑃𝑑
→ 2𝑃𝑡 + 5𝑁2 + 9𝐻2𝑂   

(b). 𝑁2𝐻4 + 4𝑂𝐻
− → 𝑁2 + 4𝐻2𝑂 + 4𝑒

− 

The electroless plating was proceeding at 58°C in a water bath. After being evenly 

coated, the glass hopper was taken out, air-dried and annealed at 600°C for 10 minutes. 

The process flow diagram was shown in Figure 6-2. The Pt-coated dispensing hopper 

was grounded when being applied in the dispensing device. 
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Figure 6- 2 Process flow diagram of platinum plating on glass hopper 

6.3.    Results and Discussion 

6.3.1.    Powder dispensing from borosilicate glass hopper 

In Figure 6-3 the dispensed mass of dose from ultrasonic dispensing device was plotted 

for Sorbolac® 400 (S400), Starch and Inhalac® 70 (I70) in a run chart. The doses were 

dispensed in every 6s. All three samples were stored and grounded at 25 ± 1°C and 40 ± 

2% RH before the start of dispensing. The initial status of samples may be different as 

they has different moisture sorption propensity [149]. But for one material, the status is 

invariable when the sample is stored in a constant temperature and relative humidity. 

The trend of dose mass shown in Figure 6-1 indicates the quite different flow behaviour 

for materials. The dose mass of S400 and starch decreases gradually from the beginning 

to the end of dispensing. The variation of dose was significant in the end of dispensing 

with a deviation of approximately 2mg to the dosage dispensed at the start. It was 

almost 200% and 70% as much of the average dose mass of S400 and starch, 

respectively. The difference between maximum and minimum value in the whole run 

was even larger comparing with the average. The poor consistency of dispensing was 

represented by relative standard deviation (RSD) in Table 6-1. As for I70, the dose 

decreased as well but less significant than the other two. After a period of time, the dose 

mass tend to be stable at approximately 13mg after 60 doses. To investigate the 

difference of dispensing results between materials, it focused on the flow and discharge 

status of powders in the dispensing hopper. The high speed image of dispensing nozzle 

in Figure 6-4(a) shows that near the end of dispensing S400 powder was often stuck at 
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the nozzle tip with a strong agglomerated powder cluster formed and unable to fall off 

from the hopper under the influence of vibration. When the rest powder was unloaded 

run out in the nozzle, it could be observed that on the inner surface of glass hopper there 

was a thin film of fine particles (Figure 6-4(c)), although it could be easily blown off to 

get a relatively clean hopper. It is supposed that the static charge was generated during 

the dispensing which plays the most important role in changing the flow behaviour of 

powders. It has been already studied in other powder delivery systems for plastics [171] 

and pharmaceuticals [135, 162, 163, 173]. Charge generated by frequent inter-particle 

and particle–wall collisions in the vibrating hopper often differs from dose to dose. At 

the beginning, the tribo-electrification took place between glass surface and particles 

with initial charge. The initial charge of samples in this work is assumed neglectable as 

all the samples were stored and grounded in a same condition before dispensing. The 

powder got charged in the vibrating hopper and charge accumulated when it 

approaching to the outlet. The dosage got less and less as the charge increased in the 

powder bed. Some of the material may eventually reaches the saturation value of charge 

[175] such as I70 in this work. The dosage stayed at approximately 13mg at the end. 

However, when the powder bed descended along the hopper, fine particles are easier to 

stick on the surface due to a large adhesive force. The powder film formed by fine 

particles could get thicker in dispensing such as S400 and starch. It’s hard to evaluate 

the charge variation along with the changing of thickness of this powder film. Also, the 

static charge is not the only factor as other inter-particle force may influence on the flow 

behaviour in this case. However, the static charge was dominant in fine particles which 

inevitably hindered the flow and get the dosage less and less.  

Tribo-electrification of the powder inside the hopper was caused by particles impacting 

and sliding against the glass surfaces under the influence of high frequency vibration. 

When insulating pharmaceutical powders, such as lactose and starch, are transported in 

the glass hopper, a large amount of frictional charge will build up.  

Table 6- 1 Dispensing results for dose of excipient samples from 1.0 mm glass dispensing nozzle 

Sample Doses 
Max(dose 

mass) /mg 

Min(dose 

mass) 

/mg 

Mean (dose 

mass) /mg 
RSD 

Lactose 

Sorbolac® 400 
106 2.319 0.022 1.188 45.7% 

Starch from wheat 106 5.709 0.833 3.138 35.1% 

Lactose Inhalac® 70 104 14.518 12.641 13.471 3.0% 
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Figure 6- 3 Run chart of mass of dispensed doses for excipient samples from 1.0 mm glass 

dispensing hopper 

6.3.2.    Electroless plating of Platinum on borosilicate glass hopper 

Several reports on basic electroless platinum plating can be seen in previous technical 

papers and patents. There are two types of electroless platinum plating bath, essentially 

alkaline [176] and acidic baths [177]. In this work, an modified alkaline bath was 

utilized with dinitrodiammine platinate, 𝑃𝑡(𝑁𝐻3)2(𝑁𝑂2)2, as the source of metal. 

The borosilicate glass needs special pretreatments to serve as the substrate of 

electroless platinum plating.  First of all, the cleaning of hoppers with detergent is not 

enough to remove the contamination on the surface so that the glass hopper was heated 

to 600°C in the fire. And then the use of hydrofluoric acid was to further clean and 

coarsen the glass surface. The concentration of HF acid and immersing time needs to be 

controlled as an excessive coarsened surface may influence the powder flow with the 

higher friction between powder and glass wall. 

The hopper is different from plane substrate when placing in the bath. To make sure the 

inner surface was fully coated, the hopper was firstly designed with one end closed. All 

the sensitizer and catalyst solution and alkaline bath was filled in the vertical hopper to 

react in the water bath. NaBH4 was used as reductant to restore elemental palladium on 

the glass surface. However, later filled alkaline bath might affect the uniform 
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distribution of palladium on the surface. As a result, the platinum couldn’t grow on the 

spot lack of palladium catalyst where the platinum coating fell off during the reaction 

(Figure 6-5(a)).  Therefore, to obtain a decent platinum coating on the inner surface on 

glass hopper (Figure 6-5(b)), the NaBH4 was added after alkaline bath filled in the 

hopper reached to 55°C. Improper pre-treatment may also cause the bad coating quality. 

 

Figure 6- 4 High speed images of dispensing nozzle with extruded powder (a) from glass hopper; 

(b) from Pt-coated hopper; (c) empty glass nozzle and (d) empty Pt-coated nozzle after powder 

run out 

 

Figure 6- 5 Platinum plating on the surface of borosilicate glass hopper, (a) coating defect and (b) 

decent coating  
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6.3.3.    Powder dispensing from Platinum coated glass hopper 

The results of dispensing tests from Pt-coated dispensing nozzle were plotted in Figure 

6-6. When comparing with the results from the glass hopper, the doses of all three 

excipient samples did not show an obvious decreasing trend in dispensing process, 

especially for S400 and starch. The dose mass tend to be stable  after a few doses despite 

the variation of dose still existed in cohesive powder samples such as S400 and starch. 

Notably, the average dose mass had increased significantly for all three materials. That 

increase for starch was more than 30% and the dose mass was doubled for S400. The 

high speed image shows that S400 powder was extruded in form of a rod (Figure 6-4(b)) 

without huddling at tip of nozzle. Moreover, the diameter of powder rod was measured 

as same as the orifice size which means there was no bulk deformation caused by 

attraction/repellent of highly charged particles. When powder was run out, residues and 

powder film on the surface of nozzle was hardly observed (Figure 6-4(d)).  

The improved dispensing consistency and increased dose mass (shown in Figure 6-6 

and Table 6-2) suggests that the modified contact surface between powder and 

dispensing hopper has favourably influenced the triboelectric charging behaviour for 

fine excipient powders. The results of static charge measurement are shown in Figure 6-

7 for lactose S400 and I70 and Figure 6-8 for wheat starch. In the charge measurement, 

the influence of impact charge proposed by Watanabe et al. [139] on the charge of each 

dose is not considered in this work as the method is a rate-based process by which the 

charging rate and the saturation value or maximum of charge are only evaluated. 

Generally, the charging rate for S400 between doses is higher than I70. In glass hopper, 

I70 eventually reached to a saturation value of charge whereas the charge of S400 kept 

increasing. With Pt-coated dispensing hopper, the charging rate is lower between doses 

in the dispensing. All the materials in the Pt-coated hopper can attain a acceptable 

charge level after a few doses.  

Table 6- 2 Dispensing results for dose of excipient samples from 1.0 mm Pt-coated glass 
dispensing nozzle 

Sample Doses 
Max(dose 

mass) /mg 

Min(dose 

mass) 

/mg 

Mean (dose 

mass) /mg 
RSD 

Sorbolac® 400 64 3.287 1.149 2.120 22.5% 

Starch  89 5.448 2.540 4.118 14.0% 

Inhalac® 70 86 16.168 14.413 15.296 2.4% 
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The results are yet satisfactory for S400 and starch comparing with I70 even though 

they were all improved. We have two concerns on this issue. Firstly, although the Pt-

coated contact surface shows a promising solution to the triboelectric charging issue for 

fine excipient powder dispensing, the charge generated in the vibrated powder bed is 

yet fully eliminated. The coating morphology on the hopper surface reveals fundamental 

differences compared to coatings on flat substrates. The latter can obtain a 

homogeneous and coherent coating, whereas for the hopper it is very difficult. On both 

sides of the hopper, defects of coating are observed, especially for the inner coating 

which has a low density and an almost continuous network of cracks. Secondly, the 

inner coating exhibits an inhomogeneous distribution in the average roughness Ra. For 

fine particle which has proverbially strong adhesive force, a very smooth inner surface 

especially in the convergent zone of hopper is vitally important to reduce the friction 

between particle and wall. The improvement on the plating method may provide a 

better surface modification for promoting the powder flow. 

 

Figure 6- 6 Run chart of mass of dispensed doses for excipient samples from 1.0 mm Pt-coated 

glass dispensing nozzle 
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Figure 6- 7 Specific charge of dispensed dose of Lactose Sorbolac® 400 and Inhalac® 70 measured 

from ultrasonic vibrating dispenser 

 

 

Figure 6- 8 Specific charge of dispensed dose of wheat starch from ultrasonic vibrating dispenser 
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6.4.    Summary 

The glass vibrating hopper often leads to a severe problem on powder dispensing due to 

triboelectric charging generated during the sliding and collision between particles and 

glass wall. The charging will change the flow behaviour of powders and it may cause a 

decreasing flow rate and irregular variations in dispensed dosages. For finer lactose 

powders, the charging rate is higher than the coarse one. A Pt-coated glass hopper was 

demonstrated in ultrasonic vibration dispensing device. The modified surface of 

dispensing hopper has effectively reduced the accumulated charge in the vibrating 

powder bed and therefore the dispensing consistency has been improved and the flow 

rate is increased for pharmaceutical excipient powders. The dose weighing and charge 

measuring tests have shown the evidence of the favourable influence of modified glass 

nozzle on the triboelectric charging issue and meanwhile a further improvement on fine 

powder dispensing can be expected. 

 

  



 
 

 
 

Chapter 7    

Flow Rate Prediction for Ultrasonic 

Vibration Powder Dispensing 

 

 

 

This chapter presents the derivation of a correlation between ultrasonic vibration 

dispensing results and device design parameters taking account of different properties 

of material particles. The correlation aims to predict the flow rate in dispensing with the 

information of device specification and material properties. Compared with the 

experimental results, the predicted results suggest the correlation is able to predict the 

discharge rate for inhalation grade lactose in ultrasonic vibration dispensing when the 

flow of powder is steady and controllable in the vibrating hopper. 
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7.1.    Introduction 

The development of bulk solids micro-dispensing technique aims to improve accuracy 

and efficiency in storing and delivering bulk solids at a controlled rate. An accurate 

prediction of the discharge rate in the dispensing process is therefore critical. Moreover, 

knowledge of correlations between discharge rate and device design and processing 

parameters is necessary in applying micro-dispensing technique to practical 

applications.  

A number of correlations have been proposed for the prediction of discharge rate of 

free-flowing bulk solids. Fowler and Glastonbury [5] and Beverloo et al. [110] proposed 

the most widely used correlations to predict discharge rate of granular materials from 

flat-bottomed hopper, which suggested the discharge rate is determined by the 

relationship between the orifice size of hopper and the particle size. Rose and Tanaka 

[15] studied the discharge of bulk solids from conical hopper and indicated the 

dependence of the discharge rate on the hopper angle. Verghese [112] studied the 

influence of fine particles on the discharge rate from hopper and expanded the 

application of Beverloo’s and Rose and Tanaka’s correlation to the prediction of 

discharge rate of fine particles sized below 500 µm. Suzuki et al. [113] and Wassgren et 

al. [102] proposed the acceleration of particles has been changed in the hopper under 

the influence of vibration. As result, the discharge rate in a vibrating hopper is a function 

of the instantaneous ‘‘effective gravity’’ acting on the particles. 

The present work in this chapter aims to propose a correlation to predict discharge rate 

of inhalation grade lactose powders from ultrasonic vibration micro-dispenser. The 

factors that may influence the discharge rate of powders, i.e. orifice size, hopper angle, 

particle size and vibration, will be discussed with previous discharge rate models. The 

measured discharge rates of Inhalac®  lactose from dispensing tests will be used in the 

derivation of new equations. 

7.2.    Results and Discussions 

7.2.1.    Discharge Rate 

In the continuous dispensing mode, the discharge rate of samples can be directly 

measured by weighing the accumulated mass in a defined dispensing time. When 

samples are dispensed dose by dose in the intermittent dispensing mode, difficulties in 

obtaining discharge rate may be encountered. If the deviation between dosages is large, 
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the discharge rate varies from dose to dose and the mean dose mass may show a 

nonlinear relationship with the duration of vibration. In this case, a constant discharge 

rate is not available and thus the discharge rate cannot be simply calculated by 
𝑚̅

𝑇𝑑
, where 

𝑚̅ is the mean dose mass. This problem is especially significant in the case of very 

cohesive powder and inappropriate orifice size and/or angle of hopper being used (see 

Chapter 5). For intermittent dispensing, the mean discharge rate is obtained by linear 

regression between the mean dose mass and the duration of vibration.  The discharge 

rate equals to the slope of fitted line. Therefore, a good dosage conformity and linearity 

of mean dose mass to the duration of vibration is the premise of obtaining a constant 

discharge rate. 

Table 7-1 shows the discharge rates for three Inhalac®  lactose: Inhalac® 70, Inhalac® 120 

and Inhalac® 230, measured from hoppers with different orifice size, Do and half conical 

angle, α. 

Table 7- 1 Discharge rate of Inhalac®  lactose, in mg/s, measured from hoppers with different 
orifice size and half angle 

 
 

Half Angle, 
α /° 

Orifice Size, Do /mm 

0.8 0.9 1.0 1.2 

Inhalac® 70 

7.5 19.3 27.2 37.5 63.0 

15 16.0 22.2 30.9 52.1 

22.5 14.1 18.0 27.1 43.9 
30 7.0 9.4 15.3 23.8 

37.5 - 3.5 4.8 7.7 

Inhalac® 120 

7.5 27.4 34.7 50.7 81.0 
15 24.1 30.3 44.0 69.9 

22.5 21.9 28.4 40.9 66.2 
30 12.7 18.8 23.7 40.8 

37.5 - 8.5 11.1 18.6 

Inhalac® 230 

7.5 12.3 15.8 24.0 39.9 
15 8.0 10.5 16.1 27.0 

22.5 5.1 6.6 9.7 16.1 
30 2.2 2.5 5.4 6.7 

37.5 - 1.1 1.6 2.8 

 

Based on the conclusions in previous chapters, the discharge rate of powder from 

ultrasonic vibration micro-dispenser is considered to be influenced by the factors listed 

in Table 7-2. 

There are other factors affecting the discharge rate not listed in Table 7-2 as they are 

coupled to some of the listed factor. For example, the angle of repose and the flowability 

of powder are reported to be influenced by particle size, size distribution and shape [60].  
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Table 7- 2 Proposed factors influencing the discharge rate of powder from ultrasonic vibration 
micro-dispenser 

Factor Symbol 
Dimension in terms of M, 

L, T 

Bulk density of powder ρB M·L-3 

Particle size d L 

Particle shape λs 1 

Orifice size of hopper Do L 

Half conical angle of hopper α  

Effective gravity acceleration 

under the influence of vibration 
geff L·T-2 

  

Therefore, the discharge rate, W, can be expressed as a function of these factors 

 𝑊 = 𝑓{𝜌𝐵, 𝑑, 𝜆𝑠, 𝐷𝑜, 𝛼, 𝑔eff} (7.1) 

Based on mass flow equation for bulk solid (eq. 2.17), the discharge rate, W, can be given 

by dimensional analysis. Then, 

 
𝑊 = 𝜌𝐵√𝑔eff𝐷ℎ

2.5𝑓 {
𝐷𝑜
𝑑
, 𝜆𝑠, 𝛼 } (7.2) 

where Dh is the hydraulic diameter of outlet opening. 
𝐷𝑜

𝑑
, 𝜆𝑠, 𝛼 are dimensionless and 

independent of each other.  

7.2.2.    Discharge Rate and Orifice Size 

Beverloo et al. [110] and Brown and Richards [74] (p. 193-195) suggested the hydraulic 

diameter of orifice Dh can be replaced by an effective flow diameter Do – kd for circular 

orifice. The correlation between discharge rate and orifice size of hopper were analysed 

by plotting W2/5 vs. Do with dispensing results of Inhalac®  lactose listed in Table 7-1. As 

shown in Figure 7-1, straight lines were obtained for three Inhalac®  lactose. Lines 

obtained from hoppers with different half conical angle were approximately crossed at 

one point on Do axis but with exceptions, i.e. 30° for Inhalac® 70, 22.5° and 30° for 

Inhalac® 230. The linearity of W2/5 vs. Do for Inhalac® 70 in the hopper with half angle 

greater than 30° is poor as the flow was not steady and the deviation of dosages was 

relatively large. Inhalac® 230 shows worse flowability than Inhalac® 70 and thus it only 

has a steady flow in hoppers with half angle smaller than 22.5°. It is supposed that for a 

steady flow lines obtained from hoppers with different half conical angle are crossed at 
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one point on Do axis and therefore, orifice size and half angle of hopper are independent 

of each other. 

The value of kd was obtained from the intercept on the Do axis. The mean particle size d 

for Inhalac® 70, Inhalac® 120 and Inhalac® 230 is 200 µm, 130 µm and 90 µm, 

respectively. Thus, it was found that k = 0.7 for Inhalac® 70 and Inhalac® 120, k = 2 for 

Inhalac® 230. Brown and Richards [74] (p. 193-195) assumed there is an annulus with 

width d/2 adjacent to the orifice edge where no flow takes place and thus, all particles 

pass through an orifice of reduced diameter. According to their assumption, 𝐷𝑜 − 𝑘𝑑 

represents the effective orifice size for powder discharge, and the value of k can be 

considered as a hypothetical number of particles in radial direction forming a reduced 

orifice where the majority of particles flow through. Beverloo et al. [110] indicated the 

variations in k are probably related to the surface properties of particle. The discharge 

of powders can be observed with the high speed camera. As shown in Figure 7-2, 

Inhalac® 70 and Inhalac® 120 were discharged as discrete particles, whereas less free-

flowing Inhalac® 230 was large agglomerate. k increases with decreasing flowability. For 

less free-flowing powder, the parameter k is believed larger and the effective orifice gets 

smaller.  

Despite the value of k for Inhalac®  lactose is different from k in Beverloo’s model, the 

discharge rate in ultrasonic dispensing conforms to Beverloo’s equation (eq. 2.21) with 

the discharge rate, W, being proportional to (𝐷𝑜 − 𝑘𝑑)
2.5.  Thus, equation (7.2) can be 

represented by 

 
𝑊 = 𝜌𝐵√𝑔eff(𝐷𝑜 − 𝑘𝑑)

2.5𝑓 {
𝐷𝑜
𝑑
, 𝜆𝑠, 𝛼 } (7.3) 

7.2.3.    Discharge Rate and Hopper Angle 

Rose and Tanaka [15] reported the discharge rate from a hopper is a function of the half 

conical angle of hopper, α, and the angle between the stagnant zone boundary and the 

horizontal, ϕd (shown in Figure 2-10(b)). In Rose and Tanaka’s model, the discharge rate 

is proportional to (tan𝛼 tan𝜙𝑑)
−0.35 for 𝛼 < 90 − 𝜙𝑑. As the value of 𝜙𝑑 is hard to be 

predicted, British Draft Design Code [111] recommends that 𝜙𝑑 equals to 45° when a 

mass flow is developed in a hopper with angle α less than 45°. Then, the discharge rate 

is proportional to (tan𝛼)−0.35 for 𝛼 < 45°. 
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Figure 7- 1 W2/5 vs. Do from hoppers with different half conical angle for (a) Inhalac® 70; (b) 
Inhalac® 120; (c) Inhalac® 230. For full explanation refer to the text 
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Figure 7- 2 High speed camera images of powder discharging: (a) Inhalac® 70; (b) Inhalac® 120; 

(c) Inhalac® 230 

To investigate the validation of Rose and Tanaka’s model on ultrasonic vibration 

dispensing, the dispensing test results obtained by using hoppers with 0.9 mm orifice 

for Inhalac®  lactose were analysed by plotting lnW vs. ln(tanα). As shown in Figure 7-3, 

piecewise linear functions were obtained for three inhalation lactose. The intersection 

point shown on the piecewise function plots represents α = 26°, 23° and 27° for 

Inhalac® 70, Inhalac® 120 and Inhalac® 230, respectively. An average value of 25° is 

assumed for α, at which the function of lnW against ln(tanα) is divided into two parts 

with distinct slope. As discussed in Chapter 5, powders may form a core flow in the 

hopper with a large angle. Despite the core flow pattern is hard to be observed, the 

significant decreasing in discharge rate when the half angle of hopper larger than 22.5° 

shown in Table 7-1 is considered as a sign of core flow. The angle of 25° is supposed as 

the critical angle of hopper, by exceeding which the flow of inhalation lactose powder 

may transform from mass flow to core flow. This critical angle of flow pattern depends 

on various factors such as internal friction coefficient of the particles, wall friction 

coefficient, vibration characteristics and so on. 

According to the function plot of lnW vs. ln(tanα), the discharge rate, W, can be given by 

 ln𝑊 = 𝜇 ln tan𝛼 + 𝛽       𝛼 < 25° (7.4) 

 

                                                        𝑊 = 𝑒𝛽(tan𝛼)𝜇       𝛼 < 25° 

Then, 

 𝑊 ∝ (tan𝛼)𝜇        𝛼 < 25° (7.5) 
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where the parameter µ and β was obtained from the slope of piecewise linear function 

and the intercept on the ln(tanα) axis in Figure 7-3. The parameter µ for Inhalac® 70, 

Inhalac® 120 and Inhalac® 230 equals to -0.35, -0.17, -0.74, respectively. 

 

Figure 7- 3 lnW vs. ln(tanα) from hoppers with 0.9mm orifice for: (a) Inhalac® 70; (b) 

Inhalac® 120; (c) Inhalac® 230. For full explanation refer to the text 
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In Rose and Tanaka’s model, µ is a constant at -0.35. The value of µ for free-flowing 

Inhalac® 70 equals the value in Rose and Tanaka’s model as the particle size and 

flowability of Inhalac® 70 is more like the materials involved in Rose and Tanaka’s model. 

Inhalac® 120 has smaller particle size and shows better flowability than Inhalac® 70 from 

same orifice size. The value of µ is increased. As shown in Figure 7-3, the finer 

Inhalac® 230 powder is cohesive and the flowability is poor. The value of µ is decreased. 

Rose and Tanaka [15] suggested an inclusion of a multiplicative factor of 

𝑒
−7.7×10−6

𝐹𝐶

𝜌𝑔1/2𝑑3 in discharge rate equation for cohesive materials. FC is the cohesive 

force between the particles. Thus, the parameter µ is supposed as an indication of 

powder flowability in a hopper. It can be concluded that the larger µ is, the better 

flowability the powder shows in the hopper and the less influence of the convergent 

flow zone has on the discharge rate.  

Combine equation (7.3) and (7.5), 

 
𝑊 = 𝜌𝐵√𝑔eff(𝐷𝑜 − 𝑘𝑑)

2.5(tan𝛼)𝜇𝑓 {
𝐷𝑜
𝑑
, 𝜆𝑠}        𝛼 < 25° (7.6) 

 

When the hopper angle is larger than 25°, it is assumed that the inhalation lactose 

powders are discharged in the core flow pattern. The flow rate is significantly decreased 

and inconsistent due to the presence of unstable stagnant zone. The effect of angle of 

stagnant zone, ϕd, on the discharge rate cannot be ignored. A function of angle ϕd is 

supposed as a multiplicative factor in the discharge rate equation (7.6). Thus, the 

discharge rate from the hopper with half conical angle larger than 25° can be given by 

 𝑊 = 𝑊0(tan𝛼)
𝜇𝑓(𝜙𝑑)        𝛼 ≥ 25° (7.7) 

where W0 is the discharge rate predicted by equation 7.3. As previously discussed, the 

size and shape of stagnant zone are varied in dispensing cycles and therefore, the angle 

ϕd is not a constant and hard to be predicted. As shown in Figure 7-3, the slope for three 

Inhalac®  lactose is close to a constant value -3 when angle α is larger than the critical 

angle. Thus, it is assumed that the discharge rate for α ≥ 25° can be given by replacing 

(tan𝛼)𝜇𝑓(𝜙𝑑) with (tanα)-3 in the absence of information of angle ϕd. Then, 

 
𝑊 = 𝜌𝐵√𝑔eff(𝐷𝑜 − 𝑘𝑑)

2.5(tan𝛼)−3𝑓 {
𝐷𝑜
𝑑
, 𝜆𝑠}        𝛼 ≥ 25° (7.8) 
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However, the dosage conformity for three lactose powders is poor with RSD larger than 

10% from hoppers with angle larger than 25° (see section 5.2.2). Therefore, the hopper 

with angle larger than 25° is often avoided for dispensing inhalation lactose in practical 

application. 

7.2.4.    Ratio of Orifice Size to Particle Size 

In equation (7.3), the influence of orifice size and particle size on the discharge rate is 

expressed by the term Do – kd, which represents an effective zone where particles pass 

through of the orifice. The orifice size determines the discharge rate with particle size 

giving the useless annular zone along the margin of the orifice. As previously discussed, 

the orifice size must be in a range compared to the particle size to avoid flow 

obstructions and assure a controllable discharge rate in vibratory dispensing. As shown 

by equation (4.1), the orifice size assuring controllable discharge is dependent on the 

hopper angle and the flowability of powder in vibrating hopper. Thus, it is assumed that 

the dimensionless group 
𝐷𝑜

𝑑
 coupled with tanα affects the discharge rate, subjected to the 

flow factor µ. The discharge rate therefore reads: 

 
𝑊 ∝ (

𝐷𝑜
𝑑
tan𝛼)

𝜇

       𝛼 < 25° 
(7.9) 

The dispensing test results for Inhalac®  lactose were analysed by plotting W vs. 

(
𝐷𝑜

𝑑
tan𝛼)

𝜇
. With regression analysis, discharge rate, W, is proportional to (

𝐷𝑜

𝑑
tan𝛼)

𝜇
 

expressed by the linear relationship shown in Figure 7-4. Therefore, 
𝐷𝑜

𝑑
tan𝛼  is an 

inclusion of a multiplicative factor in the discharge rate equation. It can be concluded 

that the larger µ is, the better flowability the powder shows in the hopper.  

The particles of three inhalation grade lactose are all angular-shaped and have same 

morphology observed by SEM (see Appendix III). The particle shape has same influence 

on the discharge rate of three lactose powders, and the effect of particle shape can be 

presented by the parameter k and µ in the discharge rate equation. Therefore, the 

discharge rate is given by 

 
𝑊 = 𝜌𝐵√𝑔eff(𝐷𝑜 − 𝑘𝑑)

2.5 (
𝐷𝑜
𝑑
tan𝛼)

𝜇

       𝛼 < 25° (7.10) 
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Figure 7- 4 W vs. (Do/d·tanα)µ from hoppers with half conical angle less than 25° for Inhalac® 70, 

Inhalac® 120 and Inhalac® 230. For full explanation refer to the text 

As presented by equation (7.8), the parameter µ is a constant when the half conical 

angle of hopper is larger than 25°. The influence of the ratio of orifice size to particle size 

on the discharge rate has not been well known due to the lack of information of stagnant 

zone when powder is discharged in a core flow pattern. For inhalation grade lactose 

powders, the discharge rate is assumed to be expressed by  

 𝑊 = 𝐶∗𝜌𝐵√𝑔eff(𝐷𝑜 − 𝑘𝑑)
2.5(tan𝛼)−3       𝛼 ≥ 25° (7.11) 

where 

 
𝐶∗ = 𝛼 (

𝐷𝑜
𝑑
)
𝛽

        (7.12) 

One can calculate the discharge rate of powder from a vibrating hopper with half conical 

angle larger than critical angle of flow pattern if the constant C* are determined. An 

average value of 0.09 is obtained for the constant C* by using dispensing test data of 

free-flowing powders Inhalac® 70 and Inhalac® 120 from hoppers with 30° half conical 

angle. The following equation is therefore proposed: 
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 𝑊 = 0.09𝜌𝐵√𝑔eff(𝐷𝑜 − 𝑘𝑑)
2.5(tan𝛼)−3       𝛼 ≥ 25° (7.13) 

 

7.2.5.    Effect of Vibration on the Discharge Rate 

In ultrasonic vibration micro-dispensing, vibration plays as an extra driving force to 

promote powders discharged from the hopper. As previously discussed in section 5.2.3, 

the movement of a single particle of Inhalac® 70 was tracked by the high speed camera 

frame by frame. The particle is accelerated by the vibration prior to flowing out of the 

hopper. Therefore, the effective gravity acceleration in equation (7.10) can be presented 

by 

 𝑔eff = 𝛾
2𝑔 (7.14) 

where coefficient γ depends on various factors such as cohesion of particles, powder 

flowability, vibration characteristics and so on. It can be evaluated by selecting two 

discharge rates at two values of geff under the condition that the other variables are 

constant. For α < 25°, an average value of 0.85 is obtained for the coefficient γ by using 

dispensing test data of three lactose powders listed in Table 7-1. 

7.2.6.    Discharge Rate Prediction 

In conclusion, the discharge rate of inhalation grade lactose from ultrasonic vibration 

micro-dispensing device can be predicted by general equation 

𝑊 = 0.85𝜌𝐵√𝑔(𝐷𝑜 − 𝑘𝑑)
2.5 (

𝐷𝑜
𝑑
tan𝛼)

𝜇

       𝛼 < 25° (7.15) 

 

𝑊 = 0.076𝜌𝐵√𝑔(𝐷𝑜 − 𝑘𝑑)
2.5(tan𝛼)−3       𝛼 ≥ 25° (7.16) 

 

The value of constants and variables for predicting the discharge rate of inhalation 

grade lactose from ultrasonic vibration micro-dispensing device are listed in Table 7-3. 
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Table 7- 3 Constants and variables for predicting the discharge rate of inhalation grade lactose 
from ultrasonic vibration micro-dispensing device 

 
ρB 

/mg·mm-3 
g  

/mm·s-2 
d 

/mm 
k µ γ DO /mm α /° 

Inhalac® 70 0.59 9800 0.2 0.7 -0.35 0.85 0.8 – 1.2 7.5 - 30 

Inhalac® 120 0.70 9800 0.13 0.7 -0.17 0.85 0.8 – 1.2 7.5 - 30 

Inhalac® 230 0.71 9800 0.09 2.0 -0.74 0.85 0.8 – 1.2 7.5 - 30 

 

Figure 7-5 compares the measured and the predicted discharge rates by equation (7.15) 

and (7.16) for three inhalation lactose. The difference between the predicted and the 

measured discharge rates for Inhalac® 70 and Inhalac® 120 is within 20%. It also shows 

that the predicted discharge rate for Inhalac® 230 is larger than the measured, especially 

from the hopper with half conical angle larger than 25°. The deviation is supposed from 

the regression analysis when a number of assumptions are proposed: 

 Particle size, d 

The particle size, d in all the correlations is represented by a statistic value D50 

which is the maximum particle size below which there is 50% of the sample volume 

exists. Such value might not accurately represent particle size for samples. Also, for 

Inhalac® 230 which tends to be agglomerated in discharging, the use of single 

particle size d is not able to present the actual influence of particle agglomerates on 

the flowability and discharge rate as the flowability of less free-flowing powder is 

different from free-flowing powder due to the strong cohesion. 

 Bulk density, ρB 

The bulk density used in the prediction is the filled (poured) bulk density and 

treated as a constant. However, under the influence of periodic vibration, powder in 

the hopper dilates to some voidage. The voidage in bulk solid may vary in dispensing 

due to the duo effect of dilation and compaction of vibration. Thus, the flowing bulk 

density does not depend on the initial voidage and hence the original filled bulk 

density. However, there is not enough clarity to date on which density should be 

used [178].  
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Figure 7- 5 Predicted discharge rate from equation (7.15) and (7.16) vs. measured discharge 

rate in dispensing tests  

 

 Parameter k  

It has been worked out in this project that k is 0.7 for free-flowing lactose and 2.0 for 

less free-flowing one. However, the value of k is obtained by using the mean particle 

size d in the regression analysis. Although the parameter k is reported as the surface 

properties of particle which contributes to an useless annulus adjacent to the orifice 

edge of hopper, there is not enough information on how the parameter k affects the 

proposed effective orifice size when cohesive agglomerates are extruded from the 

orifice. It is a concern on the accuracy of k for less free-flowing powder as the 

cohesive agglomerate shows quite different flow behaviour from the discrete 

particle.  

 Parameter µ 

For α ≥ 25°, an assumption was proposed that the parameter µ is a constant in the 

absence of information of stagnant zone. How the parameter µ affects the angle ϕd is 

still unknown. As the flowability of sample powders is different, the angle ϕd in the 

core flow pattern is different and the parameter µ should be a variable dependent on 

the flowability of powder in the hopper.  
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 Parameter γ  

The Parameter γ is supposed as a constant for three lactose powders in discharge 

rate prediction. However, it can be observed for high speed camera that the flow 

behaviour of cohesive powder and free-flowing powder is different and thus, the 

extra driving force provided by the vibration on the agglomerates is unlikely 

equivalent to the discrete particles. The acceleration coefficient γ should be a 

variable for materials with different flowability.  

 Measured discharge rate 

The discharge rate is obtained from intermittent dispensing test. In the hopper with 

half conical angle larger than 25°, the deviation between dosages is large and hence 

the discharge rate, which directly affects the accuracy of prediction. 

Although the deviation of predicted discharge rate is larger in the case of less free-

flowing powder discharging from hopper with larger angle, it is an optimum correlation 

to predict discharge rate for the inhalation grade lactose powder when the flow is steady 

and controllable in the vibrating hopper. The parameters in Table 7-3 shows that the 

coefficients in these equations are sufficiently constant to use for all the inhalation grade 

lactose and it is also able to be applied to other pharmaceutical powders with similar 

properties. Moreover, the correlation provides a possibility for the ultrasonic vibration 

micro-dispensing device to be applied to evaluating the flowability of powder material 

with factors k, µ and γ in dispensing test. It can be concluded that k increases with 

decreasing flowability; µ decreases with decreasing flowability; γ decreases with 

decreasing flowability. These flowability indicators are different from the flow factor 

obtained by conventional static shear cell test. They provide the information of 

flowability in a vibrating hopper.  

 

7.3.    Summary 

The derivation of a correlation between discharge rate of powder from ultrasonic 

vibration dispenser and device design parameters taking account of different properties 

of material particles was presented.  

Based on mass flow equations of bulk solid extended from Torricelli’s law, the discharge 

rate of powder from ultrasonic vibration dispenser is proposed proportional to 
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𝜌𝐵√𝑔𝐷ℎ
2.5 and influenced by particle size, hopper orifice size, hopper angle and 

ultrasonic vibration. The discharge rate is proposed proportional to (𝐷𝑜 − 𝑘𝑑)
2.5, where 

k is a constant related to the surface properties of particle and powder flowability. The 

value of k increases with decreasing flowability. The discharge rate is proposed 

proportional to (
𝐷𝑜

𝑑
tan𝛼)

𝜇
when powder is discharged in mass flow pattern, whereas 

the discharge rate was found influenced by the size and shape of stagnant zone in core 

flow pattern. An approximate equation is proposed for core flow in the absence of 

stagnant zone information. The constant µ is related to powder flowability. The value of 

µ increases with increasing flowability. Ultrasonic vibration influences the discharge by 

accelerating particles prior to flowing out of the hopper. The effective gravity 

acceleration for the powder is presented by 𝛾2𝑔, where coefficient γ depends on various 

factors such as cohesion of particles, powder flowability, vibration characteristics. 

The discharge rate of inhalation grade lactose powder can be well predicted by derived 

correlation. The coefficients in these equations are sufficiently constant to use for 

inhalation grade lactose and pharmaceutical powders with similar properties. The 

correlation also provides a possibility for the ultrasonic vibration micro-dispensing 

device to be applied to evaluating the flowability of powder material with factors k, µ 

and γ in dispensing test. 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 
 

Chapter 8 

Dry Powder Printing and its Application 

in Pharmaceuticals and Biomaterials 

 

 

This chapter presents an application by integrating ultrasonic vibration dispensing 

device with 3D printing technology. The aim is to build a powder dispensing platform to 

demonstrate the feasibility of producing solid form oral drugs and 

pharmaceutical/biomaterial dry powder libraries for high-throughput screening (HTS) 

of new products. 
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8.1.    Solid Form Oral Drugs of Personalized Medicine 

A traditional medication is generally designed for a heterogeneous population of 

patients admitted with a same or similar symptom. The main disadvantages of such 

traditional drug products, are the single disease treatment and the fixed dose that make 

it not suitable to specific groups of patients, such as children, the aged and drug-

susceptible patients. Personalized medicine, as a technological advancement, can 

promise all prediction, prevention and treatment of disease that are targeted to 

individual patients' need. Solid dosage forms, popular due to their advantages 

comparing with liquid forms, were produced by a new dosing approach using a dry 

powder drop-on-demand printing technology in this chapter. Capsule filling with 

inhalation grade lactose demonstrated the potential of this technology to be applied in 

the production of personalized medicine. 

8.1.1.    Challenges in Modern Pharmaceutical Industry 

Modern pharmaceutical industry has developed rapidly. In 2011, the annual profit of the 

pharmaceutical market in Europe was more than €200 billion [179] and only in the UK, 

the pharmaceutical industry generated a trade surplus of £7 billion which was greater 

than any other industrial sector [180]. The healthcare policies and the development of 

advanced medicine manufacturing methods promote an improved medicines availability 

and affordability in either developed or developing countries [181, 182]. Hence, there is 

no doubt the pharmaceutical industry will keep developing extremely fast and being one 

of the major industries for human beings. 

However, not only pharmaceutical companies, but also patients and the society are 

currently facing more challenges and having more expectations (Figure 8-1). A serious 

problem is the wrong dose taken by patients carelessly or reluctantly. Poisoning, which 

is the cause of over 70000 of hospital admissions in the UK, is usually due to the 

medicines taken in overdose [183]. Although about 5% of instances were self-poisoning, 

inaccurate prescribed drugs or non-prescribed analgesics had led to over 90% of the 

poisoning instances in England and Wales. Young children, usually under 5 years of age, 

may swallow drugs by accident because of their curiosity about medications. And the 

lack of access to suitable medicines for young children has led health-care providers and 

caregivers to estimate the dose by breaking tablet into quarters and halves, crushing 

tables or opening capsule [184]. Another problem is the medicine waste: for example in 

the UK, used, partially used or unrecyclable medication leads to as much as £300 million 
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waste every year [185]. It was found that most of healthcare payers only use part of 

medicine products, which may contains tens of pills or tablets. Besides, rising customer 

expectation on pharmaceutical products is other challenge for the industry. Healthcare 

payers expect new products that are clinically and economically better than the existing 

ones, such as multifunctional medicines. Older or disable patients prefer to more 

convenient pill or capsule which contains all essential substances.  

 

Figure 8- 1 Challenges in modern pharmaceutical industry 

In the past decades, pharmaceutical companies, associations and researchers have tried 

their best to relieve these stresses in pharmaceutical industry: The International 

Committee of the Red Cross (ICRC) recommended to use four methods to minimize 

medicine waste: reducing the amount of waste at source, purchasing policy geared to 

minimizing risks, product recycling and stock management [186]. GlaxoSmithKline, the 

largest pharmaceutical company in the UK, did very well on medicine waste 

management that approximately 82% of their waste were reused or recycled in 2011. 

Another inspiring news was that tens of essential medicines, include Tylenol, Motrin, 

calcium and vitamins, have already produced in also child size, to reduce the possibility 

of potential accidental poisoning and overdose. However, these improvements and 

solutions are high cost ones, which are only possible to the largest pharmaceutical 

companies in the world. Besides, these improvements cannot satisfy all the expectations 

from both healthcare payers and pharmaceutical companies in a relatively short period, 

for example, 5 years. Hence, most of challenges are still blocking the development of 

pharmaceutical industry, as they have not yet been relieved or solved in very suitable 

and economical ways. 
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8.1.2.    Personalized Medicine 

Personalized medicine or PM, as a technological advancement that enables practitioners 

to identify and treat individual patients based on unique characteristics, is one of the 

most promising products in pharmaceutical industry [187-189]. Generally, it proposes 

the customization of healthcare with medical decision, practices and products tailored 

to the individual patient and mainly has three potential applications: 

pharmacogenomics, cancer management and customized drug products. 

Pharmacogenomics is the application of personal genomics to clinical medicine [189] 

and cancer management includes testing in cancer cells, defining prognosis and 

suggesting the most likely-to-succeed treatment options for individual patients [190, 

191]. Customized drug products generally contain several drug substances in particular 

respective doses, specifically for individual patients. They are usually prescribed by 

physicians who have wide discretion and then the prescriptions can be custom-

produced. Since customized drug product is more based on simpler characteristics such 

as age, weight and drug sensitivity, instead of complex genetic information, it has the 

higher possibility to be achieved in the next several years. With the help of an individual 

database, the symptom, the efficacy and bio-availability of medicines and the 

prescription record of a patient can always be tracked and studied and thus improve the 

quality and the safety of treatment.  

Hence, patients, the pharmaceutical industry, and society can all be the beneficiaries 

from the developments of customized drug products: Because of the precisely selected 

drug substance, the medicine waste can be easily managed within manufacturing, sale 

and patient healthcare, and the risk of overdose can be significantly reduced. Besides, 

customized poly-pills and child size medicine, both the potential products of such 

customized drugs, can highly contribute to the development of medicinal products for 

the aged, the disable and the young patient healthcare respectively [192]. Although 

there are truly tens of compounding pharmacies existing in some of the Western 

countries, particularly in the United Kingdom and the United States [193], the extremely 

high costs of raw drug material, operating, labor and pharmaceutical machines are still 

the barriers for the development of customized drug product. Thus, both medicine 

specialists and engineering researchers have tried to discover the alternative methods 

and applications to produce personalized healthcare products, for example, the use of 

printing technologies (Figure 8-2). The first solid free-form fabrication printer, which 

can form tablets using pharmaceutical-grade materials, was designed and produced by 
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Massachusetts Institute of Technology (MIT) scientists in 1997 [194]. Their drug printer 

operates by dropping drug doses onto thin layers of fine powder. The tablet was finally 

formed when the doses were bound layer by layer with pharmaceutical-grade binder. 

They reported hundreds of pills could be produced at one time and the printing forms 

with higher dosage would be possible as the drug suspensions could overcome drug 

solubility limits and uni-axial compression could reduce tablet volume. In University of 

Glasgow, Lee Cronin and his team is developing a revolutionary new technique using 3D 

printer to print special drugs [195]. The principal of the drug printing technique is to 

print the last reagent first and then build other chemical layers above, finally adding a 

liquid at the top; this liquid flows into the layer in sequence and until at the bottom, the 

final drug product will be the same as prescription. 

 

Figure 8- 2 The scheme of producing multi-substances capsules and tablets by printing 

technology 

 

 

8.2.    Dry Powder Libraries Fabrication by Printing Technology 

for High Throughput Screening 

High-throughput screening (HTS) and combinatorial searches for the discovery, 

development and optimization of functional materials have been widely accepted in 

many new materials discovery including superconductors [196], heterogeneous 

catalysis [197, 198], sensors [199, 200], luminescent materials [201, 202], solid-state 

battery materials [203, 204], fuel-cell materials [205], coating materials [206], novel 

magnetic materials [207, 208], and dielectric and ferroelectric materials [209-211]. 

However, HT biomaterials discovery and screening is still in infancy. Recently, Hook et al. 

[212] reviewed high-throughput discovery of biomaterials using polymer microarrays 
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for many cell-based applications including the isolation of specific cells from 

heterogeneous populations, the attachment and differentiation of stem cells and the 

controlled transfection of cells. Simon and Lin-Gibson [213] has reviewed advances in 

utilizing combinatorial and high-throughput methods to better understand cellmaterial 

interactions and fabrication techniques to generate controlled surfaces (two-

dimensional) and three-dimensional cell environments as well as methods to 

characterize and analyze material properties and cellmaterial interactions. 

Although the first combinatorial approach to materials research is often attributed to 

Edison and Ciamician around 100 years ago [214], it was first conceptualized by Joseph 

Hanak in 1970 [215] but awaited the advent of computational data storage and handling. 

The first report of the rapid, automated synthesis of diverse organic molecules appeared 

in the late 1960s [216]. At that time, pioneers like Merrifield used polypeptide-synthesis 

machines to automate the rapid production of diverse amino acid sequences [216]. 

High-throughput (HT) methodology is a scientific approach to realize the rapid 

discovery, study, and optimization of new materials often accompanied with other 

relevant techniques including precise sample dispensing and metering, rapid synthesis, 

high throughput characterization, and massive data processing to manage and analyze 

large numbers of diverse material compositions [217]. They were initially widely 

adopted in the pharmaceutics industry for the discovery of drugs, involving a large 

amount of chemicals simultaneously [218, 219]. With its promise to speed up the 

discovery and development processes, high throughput technologies have been 

explored and developed for fast increasing requirements in a number of materials such 

as biomaterials, polymer-based materials, functional materials, and catalysts [217]. 

Libraries can be discrete, continuous, or random and can be constructed by thin film 

methods [220, 221], solution-based [222] inkjet printing methods [223-226] and/or by 

dry powder mixing [28, 147, 227, 228]. Though thin film technologies have been widely 

adopted for HT library synthesis, unsurprisingly, it is found that there is sometimes a 

lack of correlation between the properties of materials in thin film form and bulk. It has 

difficulties in achieving homogeneous mixing of solid-multi-layer thin films, and there 

exists a huge deviation in physical and chemical properties of solid-state materials using 

this thin film format.  

Solution methods are complex and labor-intensive processes that are sensitive to 

handling procedures, for example experimental conditions, pH value, and nature of 
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solvents etc. [217]. The majority of small-molecule libraries generated to date have 

followed a solid-phase format for ease of isolation and purification of products, coupled 

with the ability to drive a reaction quickly to completion and then by-products and 

excess reagents simply removed by a washing procedure. The solution phase allows 

mixing at the molecular level, which reduces the need for high-temperature 

interdiffusion and also facilitates the isolation of metastable phases. It has several 

advantages: few reactions have been adapted to solid phase, and some reactions are 

incompatible with the heterogeneous nature of insoluble polymer supports. Although 

solid-phase synthesis can produce large sample libraries, utilizing the split/pool 

technique to afford small amounts of compound, solution-phase synthesis is often 

applied to lead development capable of affording larger quantities of material. 

However, for many insoluble materials or materials with low solubility, such as most of 

bioceramics, for example, bioglass, hydroxyapatite and β-Tricalcium Phosphate, it is 

difficult or impossible to make solutions of these materials other than suspensions or 

slurry. To make stable suspensions, large amount of experiments are needed to find the 

best combination of additives such as dispersants, or to change pH value, or to use 

various solvents [229]. Though good suspensions can be optimized and achieved for 

individual materials, they may not able to be mixed into a uniform mixture due to 

different dispersants, pH or solvents used [230]. The removal of the dispersants and 

solvents have also negative impact into the following steps of screening, for example, the 

residual of the additives could be toxic to the cells. During the drying of the libraries, 

non-uniform pattern could be formed due to “coffee stain effect” [231, 232]. Therefore, a 

library started from dry powder mixing would have advantages. 

The libraries based on dry powder mixing provide starting materials which can not only 

be used to synthesize thin film with different deposition methods (laser sintering, 

sputtering, and evaporation) and masking techniques (physical masks and 

photolithography) but also to prepare solutions an slurries consisting of nano-particles 

suspended in either water or an organic solvent. Such solutions or slurries are very 

useful for measuring and mixing the starting materials for combinatorial processing. 

Solid-phase peptide synthesis methods has been adopted for the combinatorial 

production of large numbers of different compounds [219]. Solid-phase beads were 

recombined, mixed and again split to repeat this process [219]. This method has also 

been used for producing short oligonucleotides [218], and more recently, with the 

advent of microwave induced solid-phase synthesis, has been used to produce nonlinear 

organic molecules [233]. 
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8.3.    Dry Powder Libraries Synthesis and Capsule Filling with 

Dry Powder Printing Technique 

8.3.1.    Design of Powder Printing Technique 

The experimental works on powder printing application were completed by using a dry 

powder printing platform which was based on a modified RepRap®  3D printer (Figure 8-

3). The platform employs a clear and simple interface to control the printing process 

with G-code. The printing target is composed of a 96-wells microplate which can be used 

for dry powder libraries synthesis and 0# and 1# capsules for capsule filling test.   

Three ultrasonic dispensing devices (printing head) were assembled on the platform in 

a triangular arrangement for multi-component printing tasks. Thus, the printing area on 

the X-Y motion table needs to be defined and calibrated in coding (Figure 8-4). The 

specification of both the printer platform and the printing target is listed in Table 8-1.  

 

 

 

Figure 8- 3 Sketch of dry powder printing platform 
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Figure 8- 4 Schematic diagram of printing area definition and calibration on powder dispensing 

platform  

Table 8- 1 Specification of X-Y motion table and dispensing target 

Specification  

Maximum moving range on X-Y table in x-axis 135.0 mm 

Maximum moving range on X-Y table in y-axis 150.0 mm 

Number of wells per row (y-axis) 12 

Number of wells per column (x-axis) 8 

Distance between well centres (y-axis) 8.75 mm 

Distance between well centres (x-axis) 8.75 mm 

Effective printing distance in x-axis 61.25 mm 

Effective printing distance in y-axis 96.25 mm 

Depth of well 16.45 mm 

Diameter of well 6.85 mm 

Depth of 0# capsule body 18.44 mm 

Internal diameter of 0# capsule body 7.13 mm 

Depth of 1# capsule body 16.61 mm 

Internal diameter of 1# capsule body 6.43 mm 
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8.3.2.    G-Code and Dispensing Test 

Before testing the overall powder dispensing performance of the printer, the G-codes 

generated for the moving path and the dispensing were tested separately. The path test 

helped to improve the accuracy of printing head movement and the dispensing 

benefited by the precise timing control. Meeting the requirement of powder printing in 

all 96 wells, the created code file represented two forward paths and one reversed path, 

which were the moving paths for dispensing all three substances, shown in Figure 8-5.  

 

Figure 8- 5 The demonstration of the moving path for powder dispensing 

The dispensing test for 3D dry powder printing was to investigate the flow pattern of 

dispensed powders in volume which determines the optimal vertical distance between 

the nozzles and the capsules.  

After calibration, a nano-biomaterials proportion gradient library was synthesised with 

hydroxyapatite and β-tricalcium phosphate. The capsule filling has been demonstrated 

with Inhalac® 230 in 0# capsules and three components capsules were fabricated with 

successively filling different colour dyed inhalation grade lactose powders in 1# 

capsules. 

 

8.4.    Results and Discussion 

Solid dosage forms are prior consideration in personalized drugs. First of all, chemicals 

and drugs are most stable as dry powders. They are packaged, transported, 
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administered, and stored more easily than are drugs formulated in solutions or 

suspensions. Secondly, solid dosage forms, such as tablets and capsules, possess more 

chemical and physical stability and less undesirable taste when substances are in solid 

form than when in solution. Moreover, when it was packaged in blister packs can also 

enhance the stability of tablets. Besides, more accurate dosing is facilitated with dosage 

forms furnished as individual units, such as tablets, capsules, and divided powders. At 

last, controlled release is much easier to achieve with solid dosage forms than with 

liquids. Although the solid dosage forms have these advantages comparing with liquids, 

the challenge always exists in industry to dose powder material accurately and 

reproducibly into the capsules, blisters or reservoir containers of drugs especially when 

each capsule or blister is required to be filled with micro mass ingredients. Currently 

available powder dispensers have a few limitations in dispensing such small amounts of 

micron-sized powders, e.g. expensive, time consuming and require high levels of 

operational complexity. Most importantly, it is the drug content uniformity in each 

dosage which assures consistent therapeutic benefits in patient [234]. 

8.4.1.    Positioning Path Test 

Base on the data, a map of the actual and the theoretical positioning results was created 

as Figure 8-6 shown.  

 

Figure 8- 6 Map of both theoretical and real resultant positions of printing process (unit: mm). 
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In Figure 8-6, it was easy to find that the values of error increased from the positioning 

process of substance A, to the positioning process of substance B, and finally to the 

positioning process of substance C. Notice that the positioning path of substance was a 

reversed one and thus the largest errors were reflected in the positioning of dispensing 

device B to the last capsule wells, which were at the right-bottom corner of the well 

plate. Statistic Table 8-2 provides more details of the results. 

Table 8- 2 The relationship of error and capsule sequence 

Error range (unit: mm) 

Capsule Sequence Dispensing device A Dispensing device B Dispensing device C 

 Y axis X axis Y axis X axis Y axis X axis 

1-23 -0.2 to -0.2 -0.4 to -0.4 -0.3 to -0.4 -0.4 to -0.5 -0.9 to -0.9 -0.5 to -0.6 

24-47 -0.2 to -0.4 -0.4 to -0.7 -0.4 to -0.5 -0.4 to -0.5 -0.9 to -1.0 -0.6 to -0.7 

48-71 -0.4 to -0.5 -0.7 to -0.9 -0.5 to -0.6 -0.4 to -0.5 -1.0 to -1.0 -0.6 to -0.7 

71-96 -0.5 to -0.6 -0.9 to -1.0 -0.6 to -0.7 -0.4 to -0.5 -1.0 to -1.1 -0.7 to -0.8 

 

8.4.2.    Capsule filling Test 

Dispensing test included two sections: dispensing volume test and mass accuracy test. 

The dispensing volume test was to obtain a visualization of dispensing volume to 

determine an optimal vertical distance between the end of hopper and the capsules and 

wells. The dispensing volume could be either a cone or a stream (Figure 8-7), which was 

affected by the properties of powders, the orifice size, hopper angle and vibration 

characteristics.  

For free flowing powder, the flow is in form of an approximate stream and the extent of 

the stream is very close to the orifice size. The orifice size can be selected with the ratio 

to the particle size in the range of 4-6 times for free flowing powders with particle size 

smaller than 200µm. For free flowing powder with 200µm mean particle size, the height 

of the orifice to capsule/well needs to be less than 20mm, by exceeding which the drug 

would be sprayed out of the 1# capsule.  
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The discharge rate of materials can be predicted by the discharge rate equation for free 

flowing powder: 

 
𝑊 = 0.85𝜌𝐵√𝑔(𝐷𝑜 − 𝑘𝑑)

2.5 (
𝐷𝑜
𝑑
tan𝛼)

𝜇

       𝛼 < 25° (7.15) 

By using this equation, the dispensing hopper can be determined with the information of 

drug materials. Besides, it is programmable that different masses of powder can be 

dispensed into capsule/well corresponding to the specified duration. The resultant 

values of obtained doses are listed in Table 8-3, with the duration of vibration. As the 

volume of capsule and micro-well is a constant, the filling dosage can be obtained for 

homogeneous printing and gradient printing. The dose mass, M, can be given for 

homogeneous printing,  

 𝑀 = 𝑊 ∙ 𝑇𝑑 (8.1) 

and for gradient printing, 

 

𝑀 = [

𝑇1,1 ⋯ 𝑇𝑚,1
⋮ ⋱ ⋮
𝑇1,𝑛 ⋯ 𝑇𝑚,𝑛

] ×𝑊 (8.2) 

where Td and Tm,n are vibration duration in second. 

 

Figure 8- 7 The possible flow pattern of dispensed powders in volume: left-hand-side is conical 

spraying and right-hand-side is linear streaming 
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Table 8- 3 Results of dispensed doses 

Test Oscillation Duration /ms Mean Value /mg 

1 50 56.2 

2 100 161.4 

3 200 239.7 

4 400 513.4 

5 1000 1205.3 

The results of dispensing may have variations for some material, as shown in Figure 8-8. 

Thus, the powder should be pre-treated to have uniform properties and fineness. 

Besides, the selection of hopper orifice, hopper angle and voltage amplitude has to be 

very careful and based on the powder properties.  

 

Figure 8- 8 Visualized variation of printing results in 1# capsule with different duration of 

vibration. 

With this printing technology, the release time of drug pills can be easily controlled by 

defining the placement of drops in the mould, and therefore provide a better match the 

pharmacology of drug absorption. A three ingredients capsule filling has been 

demonstrated with dyed inhalation grade lactose powder shown in Figure 8-9. The ratio 

of three components yellow, green and red was 1:1:2 in which the amount of component 

yellow/green was 1± 0.1 mg. 

8.4.3.    Libraries Fabrication with Dry Powder Printing Technology 

The desktop powder printing platform is assembled from ultrasonic powder micro-

dispensing device and a numerical controlled 3D table. The platform is used for high 

throughput powder library fabrication and filling of pharmaceuticals capsule and 

blisters for dry powder inhalers (DPI). 

Different biomaterial powders were loaded into different ultrasonic dispensers which 

were independently controlled and mounted on a computer controlled 3D table. 

Different amount of the powders were dispensed into each well of microplate according 
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to the library design. The microplate can move along x-axis and y- axis at high speed 

(Figure 8-10). When more than one dry powder were dispensed in each wells, a vortex 

mixer (SA8, Stuart® , Bibby Scientific Limited, UK) was used to mix prepared samples 

within the microplate after the dispensing of all of the powders. A high throughput ball 

milling machine can also be used for a better mixing [235]. 

 

Figure 8- 9 Three ingredients capsule samples fabricated by dry powder printing platform, (a) 

side view of capsules in a same row; (b) single printed capsule; (c) top view of 96 capsules 

printed on the platform 

 

Figure 8- 10 Schematic diagram of HT library fabricated in a microplate using the dry powder 

printer with two independently controlled dispensing units in which different powders were 

loaded 
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By the dispensing of controllable powders dosage using the micro-dispensing system, 

different type of libraries can be designed and fabricated.  

The HA, TCP and HA/TCP mixture libraries can be fabricated following the designs in 

Figure 8-12 . For library fabrication strategy represented in blue, different dosage of 

single material A is dispensed in different columns of the microplate (for example, 1mg 

in column 1, 2mg in column 2, etc). In each column, the wells are filled with same dosage. 

This design can be used for further dispensing of different solvents in different rows, to 

build a library with variable concentration of biomaterials in different solvents. This 

library can be used to screen solubility or effect of concentration of biomaterials in 

further experiments. As shown in red color, a similar library of material B can be 

designed with variable dosage at different rows. Those two libraries can also be mixed 

to form another library, by dispensing two different materials into one microplate using 

two nozzles, to produce a mixture of two different dry powder biomaterials with 

variable composition. According to different experimental requirement, more complex 

combinations can be achieved by changing strategy of dispensing two materials with 

different amount of dosage and accompanying with xy table to offer a positioning 

dispensing. An example of a Merck® HA library following the design of Figure 8-12(a) is 

shown in Figure 8-11(a), and a TCP library following the design of Figure 8-12(b) is 

shown in Figure 8-11(b). 

 

Figure 8- 11 Dry powder biomaterials libraries fabricated in the microplate (a. Hydroxyapatite; 

b. β-TCP) 

8.5.    Summary 

The feasibility of dry powder printing technology has been demonstrated in the 

production of solid dosage forms. It provides the possibility of producing personalize 
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medicine in the near future, and would lead to more rapid development timeframes, 

from early stage clinical trials to on-line production at a reduced cost. 

Ultrasonic micro-dispensing system was used to fabricate nano size hydroxyapatite and 

β-tricalcium phosphate dry powder libraries for high throughput screening. Different 

biomaterials powders with different particle size, particle shape, flowability and particle 

size distribution have been successfully dispensed. The dispensing speed could be as 

high as one dosage per second with controllable dispensing mass from micrograms to 

milligrams for each dose. A few different library layouts have been designed and 

fabricated to demonstrate the feasibility of this method which provides a platform for 

high-throughput experiments. 
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Figure 8- 12 Scheme of fabrication of HA, TCP and HA/TCP mixture libraries with micro-

dispensing system 
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Chapter 9  

Conclusions and Further Works 

The aim of this Ph.D. was to investigate bulk solids fluidizing process under the 

influence of vibration and develop a bulk solids micro-dispensing technique taking 

account of material properties, device design and processing parameters. The works 

also included demonstrating the dispensing process with active pharmaceutical 

ingredients (API), excipients and biomaterials fine powders and coarse granules. The 

other objective of this project is to develop mathematical models to correlate dispensing 

results, i.e. discharge rate, dosages consistency, with device design, vibration signal 

parameters and materials properties. The derived equation can be used to predict 

dispensing results and supervise practical applications. 

9.1.    Conclusions 

There are two main threads to the work undertaken: an experimental investigation of 

vibration induced bulk solids micro-dispensing, and a computational modelling for 

ultrasonic vibration dispensing. 

9.1.1.    Experimental Investigation of Vibration Induced Bulk Solids Micro-

Dispensing 

9.1.1.1. A micro-dispensing hopper made of borosilicate straight tube was designed 

with setting up three main geometry parameters: orifice size, angle of nozzle 

and diameter of vertical section of hopper. A computer controlled auto 

dispensing and weighing system were developed to verify dispensing dose 

mass and evaluate the dispensing results such as mean dose mass, flow rate 

and deviation between doses. 

9.1.1.2. An electromagnetic hammering device has been demonstrated to dispense an 

irregular shaped and porous hydroxyapatite granule. Granules formed a 

bridge above the outlet of hopper to prevent the flow under the gravity. The 

bridge formed has a width smaller than a critical diameter determined by 

material properties and stress state of bulk solids. For HA granules, horizontal 

vibration provided by electromagnetic hammering was proved effective to 
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initiate the in-tube flow by agitating the rearrangement movement of granules 

in the hopper. The position of electromagnetic hammering to the dispensing 

hopper and frequency of hammering were proved to have the influence on the 

flow rate and dosing conformity.  

9.1.1.3. An eccentric rotating motor induced vibration has been demonstrated as a 

feasible vibration mode to dispense hydroxyapatite granules. The ERM forces 

the dispensing hopper into vibrating in the horizontal plane. For a constant 

dispensing process, the dosage was found linear to the duration of vibration. 

The flow rate and dosage conformity are subjected to the output of vibration 

motor and the design parameters of dispensing hopper such as orifice 

diameter. 

9.1.1.4. An ultrasonic controlled micro-dispensing system was demonstrated as a 

feasible method in dispensing inhalation grade micron-sized lactose powders. 

The dispensing with ultrasonic vibration device is subjected to a doming 

controlled flow mechanism. Besides the design parameters of dispensing 

hopper, the duration of vibration induced by pulse wave is a key factor to 

control the dosage. With better dosing conformity, the dosage is linear to the 

duration of vibration and thus the flow rate is a constant. The amplitude of 

ultrasonic vibration also affects the flow rate and dosage conformity.  

9.1.1.5. The micro-dispensing system was also used to dispense fine pharmaceutical 

and biomaterial powders (particle size less than 10µm). The powders with 

particle size below 10 µm exhibit an “extrusion” discharge mechanism. The 

system was proved suitable for low doses (as low as a few milligrams) 

dispensing of powders with wide particle size distribution and cohesiveness. 

The hopper design parameters, amplitude and duration of vibration affect the 

mean dosage and dosage conformity. The dosage shows a nonlinear 

relationship with duration of vibration due to the strong cohesion and poor 

flowability of non-free flowing fine powders. 

9.1.1.6. The glass vibrating hopper often leads to a severe problem on powder 

dispensing due to triboelectric charging generated during the sliding and 

collision between particles and glass wall. The charging will change the flow 

behaviour of powders and it may cause a decreasing flow rate and irregular 

variations in dispensed dosages. For finer lactose powders, the charging rate 
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is higher than the coarse one. A Pt-coated glass hopper was demonstrated in 

ultrasonic vibration dispensing device. The modified surface of dispensing 

hopper has effectively reduced the accumulated charge in the vibrating 

powder bed and therefore the dispensing consistency has been improved and 

the flow rate is increased for pharmaceutical excipient powders. The dose 

weighing and charge measuring tests have shown the evidence of the 

favourable influence of modified glass nozzle on the triboelectric charging 

issue and meanwhile a further improvement on fine powder dispensing can 

be expected. 

9.1.1.7. A powder printing platform is built by integrating ultrasonic vibration 

dispensing device with 3D printing technology to demonstrate the feasibility 

of producing solid form oral drugs and pharmaceutical/biomaterial dry 

powder libraries for high-throughput screening (HTS) of new products. It 

provides the possibility of producing personalize medicine in the near future, 

and would lead to more rapid development timeframes, from early stage 

clinical trials to on-line production at a reduced cost. 

9.1.2.    Computational Modelling for Discharge Rate in Ultrasonic Vibration 

Dispensing  

9.1.2.1. Based on mass flow equations of bulk solid extended from Torricelli’s law, the 

discharge rate of powder from ultrasonic vibration dispenser is proposed 

proportional to 𝜌𝐵√𝑔𝐷ℎ
2.5 and influenced by particle size, hopper orifice size, 

hopper angle and ultrasonic vibration. 

9.1.2.2. The discharge rate is proposed proportional to (𝐷𝑜 − 𝑘𝑑)
2.5, where k is a 

constant related to the surface properties of particle and powder flowability. 

The value of k increases with decreasing flowability. 

9.1.2.3. The discharge rate is proposed proportional to (
𝐷𝑜

𝑑
tan𝛼)

𝜇
when powder is 

discharged in mass flow pattern, whereas the discharge rate was found 

influenced by the size and shape of stagnant zone in core flow pattern. An 

approximate equation is proposed for core flow in the absence of stagnant 

zone information. The constant µ is related to powder flowability. The value of 

µ increases with increasing flowability. 
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9.1.2.4. Ultrasonic vibration influences the discharge by accelerating particles prior to 

flowing out of the hopper. The effective gravity acceleration for the powder is 

presented by 𝛾2𝑔, where coefficient γ depends on various factors such as 

cohesion of particles, powder flowability, vibration characteristics. 

9.1.2.5. The discharge rate of inhalation grade lactose powder can be well predicted 

by derived correlation. The coefficients in these equations are sufficiently 

constant to use for inhalation grade lactose and pharmaceutical powders with 

similar properties. The correlation also provides a possibility for the 

ultrasonic vibration micro-dispensing device to be applied to evaluating the 

flowability of powder material with factors k, µ and γ in dispensing test. 

 

9.2.    Further Work 

The results presented in this thesis introduce new questions about bulk solids micro-

dispensing technology and a number of avenues for further research are listed in this 

section. 

9.2.1.    Stress State and Flowability Tests for Bulk Solids  

Shear tester is a common tool for measuring stress state of bulk solids and flow function.  

However, the measurement data is inappropriate to be used for analyzing the flow of 

powder in the ultrasonic vibration dispenser from conventional static shear cell test, 

which is invalid to give the accurate information of stress state and flow function for 

bulk solids in a vibrating hopper. 

For testing the vibration induced powder flow behaviour, a vibrating direct shear tester 

designed by Kollmann and Tomas [109] can be used, which was based on the test 

apparatus developed by Roberts et al. [99]. Two test arrangements are possible to carry 

out shear tests in the presence of vibrations:  

(a) Vibration of the top half of the shear cell:  

The shear base is fixed and the vibrations are applied to the horizontal plane, 

perpendicular to the shear direction. This arrangement allows the measurement of 

powder flow properties needed for storage and handling equipment design, including 

wall friction angle, as functions of the vibration parameters.  
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(b) Vibration of the whole shear cell:  

The whole shear cell is located on a vibrating plate, which is mounted on vertical leaf 

springs. On the shear base and the shear ring, one piezoelectric accelerometer is located 

on each for measuring the base- and the response- vibration acceleration ae and ar 

respectively. The ratio ar /ae can be used to determine resonance and damping 

behaviour of powders and the influence of resonance on shear strength.  

Nevertheless, the vibrating direct shear tester is still incapable of simulating the real 

environment in the ultrasonic vibration dispenser. Thus, we are thinking about 

developing the possibility of ultrasonic vibration micro-dispensing device being applied 

to evaluating the flowability of powder material with flow-related factors, such as k, µ 

and γ for fine pharmaceutical powders flowing in the vibrating vessel. It may have 

advantages, such as fast, small sample usage especially valuable for those high value 

drug materials with limited availability, and low cost. 

9.2.2.    Vibration Measurement  

In this project, we employs different types of vibration to enhance bulk solids flow in the 

hopper, we’ve investigated the influence of wave signal frequency and amplitude on the 

dispensing. However, the mechanism of vibration output influencing the flow of bulk 

solid in the hopper is not well known yet. We are thinking about using 3-dimensional 

laser Doppler vibrometer to measure the vibration output of vibratory dispensing 

device. However, there are a number of issues needs to be considered before measuring.  

 Due to the complexity of the dispenser’s structure, a spatial calibration is 

required to establish the physical positions of the three laser heads with respect 

to the vibration source, dispensing hopper and the nozzle section, respectively.  

 The validity of the calibration and nozzle geometry data will be inspected by 

scanning the nozzle surface and checking for signs of misalignment between the 

three laser beams. The relatively small size of the nozzle means that the surface 

area may be not sufficient to perform the spatial calibration with satisfactory 

accuracy.   

 The inclined wall of conical hopper may affect the alignment of the position 

coordinate. In order to find the optimum spatial location on the nozzle for 

vibration measurements, more individual positions and times of measurement 

are needed to obtain statistically representative spectra. 
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9.2.3.    Interparticle Forces Investigation 

The main challenge for the ultrasonic dispensing technique is to handle ultrafine 

powders which consist of particles less than 1 µm exhibiting very strong cohesion and 

poor flowability. For some of powder materials, the current ultrasonic vibration applied 

is less effective to initiate the flow.  

We have used high speed camera to investigate the flow and discharge behaviour of bulk 

solids in vibrating nozzle. We are working with Professor John Shrimpton’s research 

group in University of Southampton using the Discrete Element Method (DEM) to 

simulate ultrasonic vibration dispensing described in this work in order to identify the 

internal mechanism that allows the flow to be controlled so precisely.  

A parametric study has been conducted on the cohesion and friction properties of the 

particles in the simulations. It has been found that both friction and cohesion have an 

effect on the doming phenomena; during vibration cohesion has a clear inversely 

proportional effect on outflow rate and friction is required for doming to occur. The 

discharge rates from the dispensing tests have been compared with the DEM 

simulations. The range of parameters used includes cases in which the particles do not 

dome during the filling phase, the experimental results lie between the cases of doming 

and the cases that dome-free.  

The doming controlled flow mechanism needs to be further studied. There is a lack of 

statistical data to characterise the absolute magnitude of cohesive forces for inclusion in 

a DEM model. Research to quantify inter-particle cohesive forces needs to be 

undertaken, especially for those non-free flowing powders.  

9.2.4.    Dispensing of Pharmaceutical Blends 

Volumetric dosator is widely used in pharmaceutical industry to fill active 

pharmaceutical ingredient (API) in dry powder inhalers, which requires uniform mixing 

API with coarser carrier particles such as lactose to provide sufficient flowability. The 

feasibility of ultrasonic vibration micro-dispenser in directly dispensing pharmaceutical 

blends is therefore worth to be investigated. And the problems in dispensing blends 

need to be considered. 

 The surface morphology and higher ratio of the carrier may affect efficient 

dispensing of the API [236]. What’s more, the strong interparticle forces 
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between API and carrier could affect uniformity of mixed powders and therefore, 

DPI efficacy.  

 Electrostatic charging has significant effect on powder blending performance. 

Non-uniform mixing of API and excipient may cause accumulated charges in the 

blend in dispensing. The accumulated charge brings strong inter-particle force to 

the particles and its adjacent particles in the vibrating hopper where the flow 

may get retarded. The influence of electrostatic charge on adhesion forces 

between drug and excipient particles needs to be investigated.  

 The active pharmaceutical ingredient (API) concentration may be changed in 

blend after getting charged in vibrating dispensing hopper. The correlation 

between the API concentration variation and the charge-to-mass ratio of the 

blend samples needs to be examined. 

 Although the Pt-coated glass hopper described in Chapter 6 can improve powder 

flowability by reducing electrostatic charging in powder dispensing, the charging 

behaviour of particles in powder dispensing process has not been fully studied 

and solved with the method mentioned in this thesis. More investigation needs 

to be undertaken on the charging characteristics of different materials and using 

antistatic material to make dispensing hoppers is in discussing. 
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Appendix I 

Particle Size Measurement with Laser 

Diffraction Method 

Cohesive fine powders may contain agglomerates of particles that are held together by 

particulate interactive forces. Since agglomerates will be measured as large particles by 

most particle sizing methods, complete de-agglomeration and particle detachment in the 

medium is necessary to ensure effective particle size measurement of all particle 

distributions [41]. 

The particle size of non-free flowing powders was measured by laser diffraction 

(Malvern Mastersizer 2000, Malvern Instruments Ltd., U.K.) using the 300 RF lens and 

the small volume sample presentation unit (capacity 150 ml). Approximately 500 mg of 

powder was dispersed in 5 ml of dispersant with the aid of a sonication in a water bath 

for 3 min. Propan-2-ol is used as the dispersant for lactose and water for starch. Ethanol 

is for  hydroxyapatite and β-tricalcium phosphate [229]. 

The sonicated sample was added dropwise into sample cell containing 150 ml 

dispersant until an obscuration was between 10–30%. Size measurement of each 

sample was performed using 2000 sweeps and analysed with the reference refractive 

index of  

 Lactose: 1.533  

 Starch: 1.50  

 Hydroxyapatite: 1.65  

 β-tricalcium phosphate: 1.63 

 Propan-2-ol: 1.378  

 Ethanol: 1.36  

 Water: 1.33 

The measurement results of fine powders: Sorbolac® 400, starch, hydroxyapatite (from 

Merck), CAPTAL® R, CAPTAL® S and β-tricalcium phosphate (β-TCP) are shown as 

follows. 
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Sorbolac® 400 

 

Starch, Merck®  

 

Hydroxyapatite, Merck®  
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β-tricalcium phosphate, Plasma Biotal Limited 

 

CAPTAL®  R, Plasma Biotal Limited 

 

CAPTAL®  S, Plasma Biotal Limited 
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Appendix II 

Shear Test 

The shear tester RST-01.pc developed by Schulze [13] is shown as follow: 

 

 

In an annular cell, the bulk solid is filled under an annular lid which is attached to a 

cross-beam. If the lid is connected to a displacement transducer, the vertical position of 

the lid can be measured so that bulk density, ρB, can be calculated from mass and volume. 

Two parallel tie rods are connected to the crossbeam. With connecting a load beam to 

the tie rod, the forces, F1 and F2, can be measured. The bulk solid is sheared by rotating 

the bottom ring when the lid is prevented from relative rotating by two tie rods. The 

sum of F1 and F2 acting on tie rods is therefore the shear force which is proportional to 

the shear stress τ.  

In order to obtain a yield locus, a normal force FN acts on the bulk solid through a hanger 

attached to the cross-beam to apply the vertical stress σ on the specimen. An upward 

force FA is applied on the cross-beam to counterbalance the weight of the lid and all 
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other parts connected to it. The powder sample is sheared in two steps. In the first step, 

the bulk solid is sheared under a normal stress until a constant shear stress is obtained. 

The bulk solid is consolidated and then the shear stress is reduced to zero. In the second 

step, the bulk solid is sheared under a smaller normal stress until the shear stress has 

reached a maximum. The maximum is the point of incipient flow where the consolidated 

bulk solid fails. Several points of incipient flow at different levels of normal stress can be 

measured and drawn in σ-τ diagram. The curve through the points of incipient flow in 

the σ-τ diagram is the yield locus. With plotting Mohr’ circles in the σ-τ diagram, major 

principal consolidation stress, σ1, and unconfined yield stress σc can be determined and 

therefore the flow factor, ffc, 𝑓𝑓𝑐 =
𝜎1

𝜎𝑐
. The flow properties can be measured with a ring 

shear cell are:  

 consolidation stress, σ1  

 unconfined yield stress, σc 

 angle of internal friction, δ 

 cohesiveness, c 

 bulk density, ρB 

 flow factor, ffc  
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Appendix III 

Particle Morphology Characterization with 

Scanning Electron Microscope 

Powder samples were mounted on metal sample plates. The samples were gold coated 

with a sputter coater using an electrical potential of 2.0 kV and 25 mA for 3 min. The 

particles were examined at several magnifications under scanning electron microscope 

operating at 10 kV for lactose, starch and hydroxyapatite (from Merck), 15 kV for 

CAPTAL® R and β-tricalcium phosphate, 20 kV for CAPTAL® S. The SEM images are 

shown as follows. 

 

Lactose: a. Inhalac® 70; b. Inhalac® 120; c. Inhalac® 230; d. Sorbolac® 400 
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Starch 

 

a. hydroxyapatite (from Merck); b. CAPTAL® R; c. CAPTAL® S; d. β-tricalcium phosphate (β-

TCP) 
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Appendix IV 

DC Electromagnet Solenoid for Hammering 

Dispensing Device 

The hammering dispensing device represented in Chapter 4 was composed by a linear 

motion electromagnet solenoid and a spring plunger. The specification of electromagnet 

solenoid was listed in the table below. The push and pull of the plunger was controlled 

by DC 12V on/off pulse signal. The frequency of the pulse train is adjustable. During the 

process, the end of plunger kept hammering the lower portion of the vertical dispensing 

hopper with a certain frequency. A 2N hammering force exerted on the outer surface of 

dispensing hopper was propagated inside to overcome the inter-particle force. It 

provides a horizontal vibration to the dispensing hopper.  

Specification of electromagnet solenoid 

 

 

 

 

 

 



 

IX 
 

Appendix V 

Vibration Motor Used for Vibration 

Dispensing Device 

The eccentric rotating mass vibration motor was attached with the dispensing hopper 

described in Chapter 4. The specification and performance characteristics of vibration 

motor, provided by manufacturer: Precision MicrodrivesTM Ltd., are shown below. The 

DC motor has an offset (non-symmetric) mass attached to the shaft. As it rotates, the 

centripetal force of the offset mass is asymmetric, resulting in a net centrifugal force, 

and this causes a displacement of the dispensing unit. With a high number of revolutions 

per minute, the unit is constantly being displaced and moved by these asymmetric 

forces. It is the repeated displacement that is perceived as a vibration. 
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Parameter Conditions Specification 

Typical Performance Characteristics 

Typical Rated Power 

Consumption 
At rated voltage and load 1008 mW 

Typical Rated Operating 

Current 

At rated voltage using the inertial test 

load 
84 mA 

Typical Vibration 

Amplitude 

Peak-to-Peak value at rated voltage 

using the inertial test load 
3.4 G 

Typical Start Current at rated voltage 350 mA 

Typical Vibration Efficiency 
At rated voltage using the inertial test 

load 
3.5 G/W 

Typical Normalized 

Amplitude 

Peak-to-Peak vibration amplitude 

normalized by the inertial test load at 

rated voltage 

8.5 G 

Typical Start Voltage with the inertial test load 1.6 V 

Typical Terminal 

Resistance 
 31 Ω 

Typical Terminal 

Inductance 
 4700 uH 

Typical Haptic Characteristics 

Typical Lag Time At rated voltage using the inertial test load 10 ms 

Typical Rise Time At rated voltage using the inertial test load 27 ms 

Typical Stop Time At rated voltage using the inertial test load 49.5 ms 

Typical Active Brake 

Time 

Time taken from steady-state to 0.04 G 

under inverse polarity at max. voltage 
21.3 ms 
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