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Featured Application: The procedure is applied to assemble mechanisms manufactured with 1

carbon composite materials and having hydraulic actuation. 2

Abstract: Humanoid robots have rapidly become the focus of research in recent years, with the most 3

impressive humanoids being hydraulically actuated. This is due to the capacity of hydraulic actuation 4

to provide simultaneous high forces with dynamic motion. The scarcity of hydraulic robots is mainly 5

due to the difficulty in managing hydraulic pipes. Those decrease the robot’s social acceptance, 6

safety, and are the main source of leaks. Recently, there has been a new trend in hydraulically 7

actuated robots that involves creating internal oil passages within the robotic parts to eliminate the 8

need for external flexible tubes. Developing these parts using carbon composite materials provides 9

an additional advantage of ensuring lightweight yet robust robotic parts. However, assembling 10

hydraulically integrated parts is challenging due to the leakproof requirement and the high pressures 11

involved. This article proposes a new, reliable, and effective method that ensures a strong, leakproof 12

assembly. A mathematical model with 11 parameters describing the assembly zone and accounting for 13

geometric, material characteristic parameters, and porosity has been developed. A numerical model 14

was conducted to evaluate the effect of those parameters on the state of the assembly. Experimental 15

validation was conducted to evaluate the assembly force. A satisfactory convergence between the 16

mathematical model and the experimental results was observed with a maximum deviation of 20%. 17

Keywords: Assembly procedure, Hydraulic integration, Carbon composite assembly 18

1. Introduction 19

Recent years have witnessed a technological revolution in the field of humanoid 20

robotics. This has led to advances in all the disciplines involved, particularly in actuation 21

technologies. The choice of the actuating technology depends upon the application. In 22

fact, electric actuators are typically used for light tasks, notably for humanoid robots 23

designed for social interaction. On the contrary, hydraulic actuators are used when high 24

force is required. For example, the humanoid robot ATLAS from Boston Dynamics [1], 25

SARCOS from Carnegie Mellon University [2] and HYDROïD, a full-size humanoid under 26

development from Paris Saclay [3] are hydraulically actuated as they are destined to 27

perform heavy-duty tasks. HYDROïD has 36 hydraulically-actuated Degrees of Freedom 28

consisting of multiple mechanisms designed to fit in a restrained volume to respond to an 29

anthropomorphic design [4]. 30

Amid this technological evolution, hydraulic actuation is proving its ability to provide 31

a high force-to-weight ratio and a high force-to-volume ratio. Several advances have 32
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Figure 1. HYDROïD’s arm and forearm-Integrated hydraulic tubes manufactured with conventional
manufacturing processes

occurred in this domain where hydraulic cylinders became more electrically integrated and 33

compact [5]. However, this technology requires the use of hydraulic tubes. The multitude 34

of hydraulic tubes in humanoids has several disadvantages: they decrease their social 35

acceptance, and the tubes face the danger of tearing off, which puts the global function 36

of the system at risk. A compromise must therefore be found between the advantages 37

and disadvantages of hydraulic actuation to maximise the effectiveness of this technology. 38

One possible solution for eliminating hydraulic tubes is using decentralized hydraulic 39

systems. This technology consists of integrating multiple electro-hydraulic actuators at 40

joints to locally generate the required energy [6]. Another method consists of using a single 41

hydraulic pump and integrating hydraulic pipes into the robotic parts to create internal oil 42

passages. Three methods were defined for this purpose: 43

1. Conventional manufacturing: Typically, these processes start with the rough machin- 44

ing of metallic blocks to create external shapes, and then oil passages are drilled to 45

form internal oil tubes. This process requires considerable labor, resulting in high 46

machining times and costs. The first generation of HYDROïD - V1 with full hydraulic 47

integration was manufactured using conventional technologies mainly from steel, 48

titanium, and aluminum. This work became more challenging when hybrid (Serial + 49

parallel) mechanisms are involved which added to the complexity of the integration 50

[7]. Referring to the figure 1, a high-pressure tube fed the robot arm at the shoulder, 51

and the drilled tubes fed the arm and forearm joints internally [8]. The process sup- 52

plies oil to all 36 hydraulically actuated active joints. Once the manufacturing process 53

was complete, post-processing for corrosion protection or hardening was required, 54

which added cost and time to the initial process. However, this manufacturing process 55

is lengthy and costly and adds to the complexity of the design to take into account the 56

feasibility of the manufacturing processes. 57

58

2. Metal additive manufacturing: With advances in manufacturing processes and mate- 59

rials, additive manufacturing has emerged as a new approach to designing portable 60

devices. This technology allows the development of intricate shapes in which hy- 61

draulic oil passages can be pre-designed and printed within the structure. In 2016, 62

Boston Dynamics announced that the next generation of ATLAS would incorporate 63
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Figure 2. HYDROïD’s arm manufactured with 3D-PPRCFRP (ElAsswad et al. [11]); printed shell part
has three layers of tubes; it is then molded with carbon composite materials.

structures manufactured with additive manufacturing [9]. The robot leg housed a 64

hydraulic cylinder barrel and valve emplacements. Following the same logic, a smart 65

integrated actuator was developed in IIT-Italy. It was printed with Titanium alloys to 66

permit the complex shapes to be made. The all-in-one actuator included integrated 67

hydraulic paths, wire channels, valve emplacements, and position, force, and temper- 68

ature sensors[10]. However, this technology requires post-processing of the material 69

for stress relief and porosity elimination, which renders it ineffective in terms of cost 70

and time. 71

72

3. 3D- Pre-Printed Random Carbon Fiber Reinforced Plastic - 3D-PPRCFRP: In 2018, 73

El-Asswad et al. proposed the 3D-PPRCFRP (3D- Pre-Printed Random Carbon Fiber 74

Reinforced Plastic) methodology. This method enables the production of integrated 75

hydraulic robotic parts by combining additive manufacturing and carbon composites. 76

The process begins with printing a shell-shaped structural robotic part in plastic, with 77

internal passages for oil and electrical wires. The shell-shaped part is then infused 78

with randomly oriented carbon composite particles to increase its ability to withstand 79

high pressures and forces. Figure 2 shows the second generation of HYDROïD’s arm 80

manufactured using this developed technology, with the printed shell part comprising 81

three layers and a total of 14 internal oil passages. The process led to reducing the 82

weight of the robotic parts by 85%, significantly reducing manufacturing time and cost 83

[11]. The combination of additive manufacturing and composites resulted in a ground- 84

breaking technology that provided a cost-effective way to produce hydraulically 85

integrated components, overcoming the limitations of previous technologies. 86

The 3D-PPRCFRP has the most advantages compared to conventional and additive 87

manufacturing methods. Carbon-reinforced plastics contribute to the reduction in the 88

weight of mechatronic components. Firstly, lightweight materials improve energy efficiency 89

by reducing the power required to move the device. This has a positive effect on extending 90

the battery life, which increases autonomy. Secondly, lightweight humanoids promote 91

safety, the lighter they are, the easier they are to control, which reflects positively on risk 92

reduction and cost optimization. Despite being lightweight, carbon-reinforced materials 93

are also strong, which can be translated into a high strength-to-weight ratio. Consequently, 94

carbon composite material offers high design flexibility and the capacity to develop complex 95

shapes through molding, optimizing the device’s form and weight. 96

2. Problematic 97

As a recently introduced manufacturing technique, the assembly process of compo- 98

nents produced with this method is yet to be investigated. Referring to Figure 3, parts A, 99

B, C, and D are manufactured with 3D-PPRCFRP; while part E is a commercially avail- 100

able servovalve. The internal oil passages (3) are made of plastic (1) and reinforced with 101
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Figure 3. A, B, C, D, F parts are manufactured with 3D-PPRCFRP ; E is a commercial hydraulic valve.
A, B, C, and E are fixed statically while parts A, F, and D are allowed to rotate in relation to each other.
1- Plastic shell; 2- composite material, 3- Internal oil paths; 4- Hydraulic seal.

composite material (2), with more than one passage passing between the parts. A typical 102

mechanism comprises multiple parts that are either statically assembled, such as parts A/B, 103

A/C, and A/E, or dynamically assembled, such as A/F/D. Dynamically assembled parts 104

are leakproof due to hydraulic seals (4). But statically fixed assemblies must withstand 105

the working forces while conserving the leakproof capacity. Challenges arise, particularly 106

when integrating off-the-shelf components such as sensors and servo valves (E), which 107

require precise surface finishing to prevent leakage. Consequently, the assembly procedure 108

for the humanoid parts must be easy to perform and maintain, adaptable for the hydraulic 109

application, and have a long service life. The study of the assembly zone includes various 110

critical factors that should be considered. i) Material resistance in which the maximum 111

forces the material can support are identified. ii) Manufacturing defects and surface fin- 112

ishing. In fact, deviations from the required tolerances can be sources of leak or stress 113

concentrations, leading to fractures. iii) Temperatures can affect the material by causing 114

expansions or retractions, leading to assembly failure. iv) Aging of the material can cause 115

degradation in the long term, especially since these components are exposed to oil and 116

moisture. v) Leak at high pressures. Including these domains in one multi-physics mathe- 117

matical model is complex, but it allows a better understanding of the assembly procedure 118

and a comprehension of the parameters involved. 119

3. Existing solutions 120

Several assembly solutions for parts manufactured with composite materials can be 121

envisaged such as direct threading, bonding, or metallic inserts. 122

• Direct threading: Direct threading is generally used for metallic component assem- 123

bly. Several researches were conducted to study the effect of drilling and tapping 124

parameters on the tools and the resulting force at the assembly [12] [13] in composite 125

materials. It has been concluded that the tool is highly affected by the number of 126

drills made per tool, which negatively influences the dimensions of the hole. Adding 127

to that, due to the wear of the tools, the thread parameters are inconsistent, which 128

reflects an inconsistency in the allowable forces supported by the assembly. This has 129

led to additional research in order to reduce the tool wear and defects such as burr 130

caused in the drilled material by using hybrid composite material, for example, aramid 131

(C-AFRP) [14]. Other studies are working on applying Artificial Neural Network to 132

predict the adequate machining parameters such as spindle rotation speed and feed 133

rate [15]. Direct threading has a major drawback. In case of thread failure, the part 134
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cannot be repaired, and a replacement of the full part might be necessary. 135

136

• Adhesive bonding: Ebnesajjad et al. [16] explored adhesive bonding to assemble 137

parts manufactured with carbon composite materials. This method allows for a large 138

stress-bearing area and a uniform distribution of stresses. However, there are draw- 139

backs: i) assessing the bond area is impractical; ii) extensive surface preparation is 140

required to ensure an adequate bond; iii) the use of tools like autoclaves and presses 141

can complicate the assembly process, and iv) assembly takes a long time to allow for 142

complete curing. 143

144

Figure 4. Commercial inserts types ultrasonic(a), expansion(b),press in(c), self tapping(d), molded
in(e), and rivet nut inserts(f)- Image courtesy Bollhoff.

• Metallic inserts: 145

Metallic thread inserts shown in Figure 4 are suitable for non-permanent assembly 146

solutions. They are mainly used for plastic, wood, or aluminum assembly applications. 147

Those inserts have external knurls to grip the material of the part they assemble. 148

Replacing those described inserts will eventually result in permanent deformation of 149

the parts, compromising the interchangeability requirement. Additionally, the external 150

knurls cause irregular deformations that compromise the leak tightness requirement 151

in a hydraulically integrated component. 152

4. Proposed solution 153

Figure 5. A & B are the parts to be assembled; C: intermediate, D: screw; 1- Expanding the composite
material; 2- Inserting of the intermediate part, 3- Assembling the two parts; 4- Assembling the screw.

Having concluded that the existing solutions do not respond to the assembly require- 154

ments, a new solution is proposed in this section. The developed assembly procedure 155

consists of three steps: i) A local modification in the material characteristics at the assembly 156

place, ii) an internally threaded intermediate implementation, and iii) a threaded element 157

to assemble the parts[17]. To comply with the hydraulically actuated humanoid robots 158

assembly mentioned in section 2, the procedure must acquire: 159

1. High strength capacity: During hydraulic system operation, axial forces can cause the 160

assembled parts to separate. 161

2. Replaceability: The intermediates must not damage the composite material when they 162

are replaced. 163
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3. Leakproof capacity: Hydraulic actuation systems require tightness characteristics. 164

The mechanism’s mounting surface must be flat and smooth. T 165

4. Light in weight: Robotic mechanisms usually need multiple fasteners for assem- 166

bly. This increases the assembly time and compromises the system’s lightweight 167

requirements. 168

The proposed solution is based on Elastic expansion of the composite material; Press 169

fitting the intermediate in the expansion, and Assembling with a threaded element, notably 170

a screw which creates a suitable Technology for Hydraulic integration - (EPATH). The 171

assembly of parts A and B is explained in Figure 5, where the EPATH solution is applied. 172

First, the expansion process occurs to the composite material (1), allowing for the interme- 173

diate (C) to be pressed (process 2). Part A is then fixed at the surface of part B (process 3) 174

using the screws (D) (process 4). 175

5. Mathematical modeling of EPATH 176

The mathematical modeling of the EPATH procedure is crucial. It evaluates the force 177

that holds the assembly zone function of geometric and material-related parameters. This 178

allows for a better comprehension of the system and an evaluation of the parameters 179

involved. 180

5.1. Concept description 181

The EPATH solution utilizes elastic expansion to fit the intermediate inside composite 182

materials. Figure 6 shows a cross-section of an intermediate pressed inside a composite 183

tube. The internal tube’s radius Ri2 is smaller than the external radius of the intermediate 184

Ro1. This difference in diameters allows the composite material to expand elastically and 185

grip into the intermediate, which increases the resistance to axial forces. 186

Figure 6. Parameters in the interference fit assembly, intermediate’s internal radius Ri1, intermediate’s
external radius Ro1, Composite’s internal radius Ri2, Composite’s external radius Ro2, Interference fit
radius R.

Based on Lame equations for thick-walled cylinders under pressure, the interference 187

fit assembly is modeled [18]. The intermediate is considered a cylinder under external 188

pressure, and the composite part is a cylinder under internal pressure. 189

The EPATH modeling consists of identifying the maximum axial force that holds 190

the assembly. Consequently, parameters controlling the model are classified into four 191

categories: 192

• Material: The elastic property of the composite material Ecomp plays a significant role 193

in defining its maximum allowable expansion at the interference fit zone. 194

• Geometric: The model takes into consideration dimensional parameters that include 195

the intermediate’s radii (Internal Ri1 and external Ro1) as well as the composite mate- 196
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rial (Internal Ri2 and external Ro2). They also include the interference fit contact length 197

l. 198

• Friction coefficient: The composite material and the intermediate are in full surface- 199

to-surface contact at the interference fit zone. The maximum allowable thrust force is 200

then a function of the friction coefficient µK between the two materials in contact. 201

• Composite material fill rate k: One of the main challenges in the composite molding 202

process is the air bubbles. The high viscosity of the mixture traps the bubbles inside, 203

weakening the structure and decreasing the effective working area. 204

5.2. Mathematical model 205

The radial interference fit is computed as a function of nominal radius R and the hoop 206

strains in the intermediate ϵt1 and the composite ϵt2 [18]: 207

δr = R(ϵt2 − ϵt1) (1)

The mathematical model will then start with the development of radial and hoop 208

stresses (Equations 2 and 3) in thick walled cylinders calculated through the application of 209

boundary conditions on the Lame’s equations. This permits to determine Lame’s constants 210

A and B for the intermediate and the composite material [18]: 211

σr = A − B
r2 (2)

212

σt = A +
B
r2 (3)

where r is a variable radius. 213

Ri1 < r < R01 (4)

Ri2 < r < R02 (5)

At the interference fit radius, once the elastic expansion is accomplished, 214

R = Ro1 = Ri2 (6)

Since both intermediate and composite hole have open ends, σz = 0. Lame’s constants are 215

now calculated for the intermediate and the composite material considering the boundary 216

conditions: 217

⋄ Concerning the intermediate: At its internal diameter, the radial stress is null, σr = 0 218

A1 − B1
R2

i1
= 0 therefore 219

A1 =
B1

R2
i1

(7)

At the interference fit radius R, the radial stress is equal to the negative pressure: So 220

σr = −P 221

A1 −
B1

R2 = −P (8)
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by replacing A1 by its value we obtain: 222

A1 = − PR2

R2 − R2
i1

(9)

B1 = −
PR2

i1R2

R2 − R2
i1

(10)

⋄ Concerning the composite material: At its outer diameter, no pressure is applied 223

σr = 0, therefore 224

A2 =
B2

R2
o2

(11)

At the interference fit radius R the radial stress is equal to the negative pressure: So 225

σr = −P 226

A2 −
B2

R2 = −P (12)

by replacing A2 by its value we obtain: 227

B2

(
1

R2
o2

− 1
R2

)
= −P (13)

Therefore 228

B2 = −
PR2

o2R2

R2 − R2
o2

(14)

A2 = − PR2

R2 − R2
o2

(15)

Applying HOOK’s law at a plane strain state the hoop strain at the intermediate is: 229

ϵt1 = 1
Ei
(σt1 − υiσr1) 230

ϵt1 =
1
Ei

− P

1 − R2
i1

R2

−
PR2

i1

1 − R2
(

R2
i1

R2

) − υi

− P

1 − R2
i1

R2

+
PR2

i1

1 − R2
(

R2
i1

R2

)

 (16)

ϵt1 =
1
Ei

− P

1 − R2
i1

R2

(
1 +

R2
i1

R2

)
+ υi

P

1 − R2
i1

R2

(
1 −

R2
i1

R2

)
(17)

Therefore 231

ϵt1 =
P
Ei
(−Wi + υi) (18)

where 232

Wi =
R2 + R2

i1
R2 − R2

i1
(19)

233

ϵt2 =
1

Ecomp

(
σt2 − υcompσr2

)
(20)
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234

ϵt2 =
1

Ecomp

− P

1 − R2
o2

R2

−
PR2

o2

1 − R2
(

R2
o2

R2

) − υcomp

− P

1 − R2
o2

R2

+
PR2

o2

1 − R2
(

R2
o2

R2

)

 (21)

ϵt2 =
1

Ecomp

− P

1 − R2
o2

R2

(
1 +

R2
o2

R2

)
+ υcomp

P

1 − R2
o2

R2

(
1 −

R2
o2

R2

) (22)

Where the Young modulus of the composite material is calculated through the rule of 235

mixture for reinforced composite materials [19]: Ecomp = K f E f ν f + Emνm; where ν is the 236

volume fraction coefficient and the subscript f refers to the particles, the subscript m refers 237

to the matrix; the volume fraction coefficient of fiber is ν f = 1 − νm and k f is the particle 238

efficiency parameter. Its value is k f =
1
5 for discontinuous randomly oriented particles in 239

space [19]. Assuming that the material is homogeneous and no porosity is present: 240

ϵt2 =
P

Ecomp

(
−Wcomp + υcomp

)
(23)

where 241

Wcomp =
R2 + R2

o2
R2 − R2

o2
(24)

By replacing equations (18) and (23) to the equation (1) we obtain the radial interference 242

fit: 243

δr = RP
[

1
Ecomp

(
−Wcomp + υcomp

)
+

1
Ei
(Wi − υi)

]
(25)

The pressure at the interference fit zone is then calculated: 244

P =
δr[

R
(

1
Ecomp

(
−Wcomp + υcomp

)
+ 1

Ei
(Wi − υi)

)] (26)

Knowing that the pressure resulting from the interference fit should overcome every 245

pressure created by the applied force and torques as shown in figure 7, we can consider 246

that [20]: 247

P ≥ F
2πRlµK

(27)

where F is the applied axial force, and l the length of the intermediate. 248
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Figure 7. Force F and Torque T applied on the intermediate. Pressure created at the interference fit is
represented P

The Push Through Force (PTF) is then equal to this force. 249

F = PTF = 2πRlPµK (28)

Referring to the equation 28, we can identify 11 variables. 250

PTF = f (R, Ri1, Ro2, l, Ei, E f , Em, νk, ν f , νi, νcomp) (29)

Each parameter has a different impact on the PTF value. Their effect is studied 251

numerically in the upcoming section. 252

6. Numerical validation 253

The numerical validation of the mathematical model is conducted in this section using 254

MATLAB. It permits the identification of the impact of the 11 parameters on the PTF. 255

The composite material properties used in the experimental validation are obtained 256

using specimens according to ISO 527-4 [21]. This allows for a more realistic numerical 257

simulation. Therefore, rectangular specimens are designed and molded according to the 258

ISO standard. They are then placed on a universal testing machine, and a traction force 259

is applied. The test is conducted until the specimen is fractured. The elongation of the 260

specimen and the force are registered. The 10% carbon composite properties are given in 261

table 1. 262

Table 1. Carbon composite characterization; Traction test results.

Characteristic Value Unit

ν f 10 %
Stress at fracture 28 MPa

Theoretical Young Modulus 2.6 GPa
Experimental Young Modulus 2.66 GPa

Young Modulus- Deviation 2.3 %
Strain at fracture 0.6 %
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Figure 8. PTF represented as a function of the nominal diameter d and the thickness of the composite
material e for a 10% volume fraction coefficient and 0.04mm radial interference fit. The intermediate
used for the simulation is made of Steel. The acceptable range of PTF is marked inside the red area.

Referring to Figure 8, a numerical simulation was conducted to determine the effect 263

of the nominal diameter d and the composite thickness e = Ro2 − Ri2 on the PTF value 264

that the EPATH assembly can support. The intermediate’s material is steel. The acceptable 265

range of PTF is marked inside the red area. It is defined by the maximum stress that the 266

composite material can support. It can be noticed that the thickness of the composite e and 267

the nominal diameter d play a major role. It is obvious that when e increases, PTF increases. 268

Also, at the same nominal diameter, PTF becomes constant after a certain value of e. This 269

allows for the optimization of the design of the robotic part and avoids over-dimensioning. 270

271

Numerical simulation of the Von Mises stresses, and the Push Through Force for 10% 272

volume fraction coefficient of carbon particle are plotted in (a,b) for steel intermediates, 273

(c,d) for brass intermediates, and (e,f) for aluminum intermediates and shown in Figures(9). 274

The limit line of the admissible Von-Mises stresses is drawn based on the values of the 275

maximum stresses found in the traction test (Table 1). It can be noticed that the Push 276

Through Force (PTF) is higher when the interference fit value (δr) is higher and the nominal 277

diameter (d) is lower. A combination of (δr, d) that creates stresses above the limit line 278

causes plastic deformation of the composite material or even breaks it. Therefore, the choice 279

of (δr, d) is then done from the acceptable area in the graph. 280
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Figure 9. Acceptable values of the radial interference fit for a 3mm thickness of composite with
ν f = 10% for steel intermediates (a,b), brass intermediates (c,d), and aluminum intermediates (e,f).

7. Experimental validation- Leak Proof test 281

The developed intermediates are destined to assemble two hydraulically integrated 282

parts. Therefore, the intermediates must comply with the leakproof requirement. An 283

experimental validation test is then essential to evaluate the assembly’s capacity to remain 284

leakproof during the functioning of the hydraulic system. 285

Specimens consisting of plastic cube shells are printed. They are then filled with 286

composite material. The molded part is then drilled for an oil passage. An intermediate is 287

pressed perpendicularly to the surface to receive high pressure from the drilled channel 288

(Figure 10). Pressure is increased progressively until the burst of the molded specimen. 289

The highest reached pressure was 100 bars. The tested specimens did not show any leak 290

around the intermediates. 291

Figure 10. Leak test- A- tested specimen, B- Intermediate, C- Screw, D- Pressurized oil
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8. Experimental validation- Evaluation of the PTF 292

The required force to push the intermediate from its position; the PTF is experimentally 293

validated in this section. Therefore, specimens of carbon composite tubes with pressed 294

intermediates were prepared. The intermediate was pushed from its emplacement on an 295

MTS universal testing machine. The displacement of the intermediate and the force applied 296

are then registered and plotted. 297

8.1. Specimen preparation 298

The specimen preparation for the PTF validation test underwent several steps : i) 299

155mm long tubes were designed and printed with PLA as shown in Figure 11-a. ii) 300

Then randomly oriented carbon composite specimens were molded inside them with 301

10% volume fraction coefficient. The molding procedure was delicate due to the high 302

exothermic curing process, which can cause mold deformation and the creation of air 303

bubbles. Therefore, carbon particles were first mixed in the resin to ensure a full wet out of 304

the particles. Then the hardener was added at a 100 − 30 weight proportion(following the 305

manufacturer’s recommendation [22]). The mixture (resin-carbon particle) was degassed 306

in the degassing chamber to release air bubbles created during the mixing procedure. 307

After adding the hardener, the new mixture was degassed again. The entire mixture of 308

epoxy carbon particles was allowed to cure at room temperature for two days (Figure 309

11-b). iii) The plastic/composite tubes were machined to create small cylinder tubes. The 310

internal diameter is made to the tolerance d H7 (d − 0.018mm; for diameters up to 18 mm) 311

(Figure 11-c). To create an interference fit, metallic intermediates were manufactured (brass, 312

steel, aluminum) with an external diameter d + 2δr (Figure 11-d), then pressed inside the 313

composite tubes to create the assembly of the full specimen(Figure 11-e). These specimens 314

will be used in the PTF test. 315

Figure 11. Steps for specimen preparation- a) PLA 3D printed hollow tubes used as molds; b) Carbon
composite material molded inside PLA tubes; c) The molds are turned into small cylinders to host
intermediates, and d) intermediates are machined at different diameters; e) intermediates are pressed
in composite tubes in a press fit assembly and ready for test

8.2. Test description 316

The test’s purpose is to apply a force at the top surface of the intermediate to push 317

it from the composite tube. Therefore, new supports were developed for the MTS-100KN 318

universal testing machine (Figure 12). The new upper support has a cylindrical extremity 319

that will be applied on the top part of the intermediate to pull it down. It was attached to 320

the moving part of the machine. The lower one serves as a support for the assembly. The 321

upper jaw moved at the speed of 2mm/s and pushed the intermediate. The displacement 322

and applied force to push the intermediate inside the composite tubes were recorded. 323
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Figure 12. Test setup of the Push through test; the upper support moves downwards to push the
intermediate out from the composite tube; the required force to remove it as well as the displacement
are registered

8.3. Test results 324

A typical test result is shown in Figure 13. The typical curve starts with a pre- 325

displacement where the intermediate will theoretically return to its position if the applied 326

force is removed. The curve shows the maximum value of the force that forms a landing, 327

recorded as the PTF. 328

Figure 13. Result curve of the PTF test- d = 12mm, e = 4mm, ν f = 10%

The experimental PTF was registered and compared to the theoretical value calculated 329

through the equation 28. Two zones were identified in the specimen of Figure 11-b. The 330

specimens that originate from the upper side of the specimen showed a deviation of 20% 331

between experimental and theoretical data; whereas specimens originating from its lower 332

part had a deviation up to 27.2%. 333

The causes of these deviations are mostly attributed to unaccounted parameters in the 334

equation 28 such as surface rugosity, temperature, porosity, and experimental conditions. 335

This article will further investigate the presence of pores in the molded material. 336

9. Porosity evaluation and mathematical model enhancement 337

Porosity is defined as having small voids in the materials. In fact, air bubbles are com- 338

mon in composites and inevitable. Their presence has a negative effect on the mechanical 339



Version April 15, 2024 submitted to Appl. Sci. 15 of 21

properties. In fact, 1% of air bubble presence in composite materials reduces the tension 340

strength by 3%, bending strength by 30%, and impact strength by8% [23]. Therefore, each 341

industry defines its own acceptable threshold. In aerospace, for example, the maximum 342

allowable porosity is 2% [24]. 343

344

A quantitative analysis of the material porosity is then essential. In fact, the density of 345

the composite material is defined as: 346

ρcomp =
ρ f Vf + ρmVm

Vf + Vm
(30)

where Vf and Vm are the volumes of fiber and matrix, respectively. Due to the presence of 347

porosity, the equation 30 can be re-written as: 348

ρcomp =
ρ f Vf + ρmVm

Vf + Vm + Vp
(31)

where Vp is the volume of pores in the material. 349

Porosity can be assessed using non-destructive or destructive methods. Non-destructive 350

Evaluation methods (NDE) include ultrasonic testing, radiography testing, and flash ther- 351

mography. Ultrasonic testing is commonly used in the industry, it consists of multiple scans 352

of the material in which spherical pores can be evaluated. Pore spheres that have a diam- 353

eter smaller than the instrument’s resolution cannot be detected [25], which determines 354

its precision. The specimen for X-ray tomography is placed between the X-ray source and 355

the detector on a rotary machine. This method detects defects with a diameter up to 1µm 356

[26]. Flash thermography evaluates porosity through thermal diffusivity. This method is re- 357

cently being combined with infrared cameras that monitor the temperature variation in the 358

material[25]. Destructive evaluation includes density measurement, matrix digestion, and 359

microscopy testing, [27]. Density evaluation consists of a comparison between Archimedes’ 360

theoretical density value and the actual density. This method is complicated as it requires a 361

specific knowledge of the material’s matrix and fiber characteristics and volumes. Another 362

method is matrix burn digestion, which uses acid to break down the matrix and reduce the 363

sample to its fiber content. Microscopy is a visual characterization of the sample with a 2-D 364

cross-section analysis. This method is relatively simpler than the above and is widely used. 365

9.1. Porosity evaluation in composite specimens- Destructive test 366

In this paper, a destructive method will be deployed. It consists of a photographic/ 367

microscopic analysis of cross-sections of the specimens to determine the porosity percent- 368

age. 369

9.1.1. Specimen preparation and test 370

The composite tubes used in the PTF evaluation test of the section 8 were fractured. The 371

fractured surfaces were photographed using a Dino lite AM-4013MTL digital microscope. 372

A quantitative analysis was then performed on MATLAB (Figure 14). Each specimen was 373

photographed on its longitudinal section. The variation in light reflection on the broken 374

surface causes light areas at the holes and dark areas at flat surfaces, revealing the pores’ 375

presence. Therefore, the photo is first transformed into grayscale. Subsequently, the photo 376

is binarized at the threshold of 0.5, turning bright areas into white and dark areas into black. 377

The fill percentage "k" is then introduced as the percentage of black over the number of 378

pixels of the photo. 379
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Figure 14. An enlargement of the composite cross-section reveals trapped air in the thickness of the
composite material, the photo is grayscaled, and its binarization allows to identify the number of
bubbles and their dimensions

Figure 15. Typical tube specimen; Zone A represents the top zone of the specimen, and zone B is
the bottom zone. A cross-section of specimens increased by 20.7 times shows higher porosity in
specimens taken from zone B than specimens of zone A.

Referring to Figure 15, zone A represents the top part of the initial molded tube 380

specimen, zone B is the lower part, and zone C is the part fixed to the turning machine 381

when manufacturing the small composite tubes (Figure 11-c). Therefore, no specimens 382

were manufactured from zone C. The cross-section of these tubes, enlarged 20.7 times, 383

reveals the presence of pores highlighted in red. It was noticed that a higher concentration 384

of pores is located in zone B, while zone A specimens exhibited less amount of pores. 385
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Recalling the equation 24, Wcomp, the denominator of the equation represents the 386

cross-section of the composite material tube. The presence of porosity reduces this section. 387

Therefore, equation 24 can be written as a function of the factor "k." 388

Wcomp =
π(R2 + R2

o2)

πk(R2 − R2
o2)

(32)

Hence the equation 26 is rectified with the correction factor "k". 389

P =
δr(

R
[

1
Ecomp

(
−Wcomp

k + υcomp

)
+ 1

Ei
(Wi − υi)

]) (33)

The equation 33 represents the pressure applied on the intermediate to hold it in position. 390

It is proportional to PTF. The analysis of this equation shows that the factor "K" decreases 391

its theoretical value, which in turn decreases the deviation value between the experimental 392

data and the theoretical results. 393

9.1.2. Results analysis 394

# intermediate
material

2Ri2
(mm)

2R02
(mm)

2R01
(mm)

l
(mm)

PTF − E
(N)

PTF − T
(N)

PTF − C
(N)

T1 Steel 8.1 14 8.02 5 717 884.8 881.2
T2 Steel 16.17 24.1 16 5 1475 1482.5 1476.3
T3 Steel 16.17 24 16 5 1437 1475.2 1469
T4 Steel 16.18 24 15.99 5 1482 1566.5 1559.9
T5 Steel 12.07 20 12 5 604 727 723
T6 Steel 12.06 20 12 5 593 623.1 620
T7 Steel 12.2 20 12.05 5 1305 1548.4 1542
T8 Brass 8.1 14.07 8 5 1100 1110.8 1099.2
T9 Brass 7.99 14.07 8.15 5 1130 1223.7 1211
T10 Aluminum 8.14 14.08 8.06 5 741 869.1 865.7
T11 Aluminum 8.1 14.02 8.06 5 1128 1313 1299.5
T12 Steel 16.15 22.14 16 5 911 1083.7 1060.9
T13 Steel 16.15 22.12 16.03 5 806 860.6 842.5
T14 Steel 16.22 24.05 16.1 5 953 1033.6 1012.2
T15 Steel 12.1 18 12.04 5 416 517.6 507

Table 2. PTF test results

The evaluation of the specimens’ porosity percentage revealed that the pores’ volume 395

average was 1.2% for specimens originating from part A and 2.3% for specimens originating 396

from part B. This was due to the imprisonment of air bubbles at the cylinder tube specimen’s 397

lower part (Part B) during the curing process. It is then worth noting that the porosity 398

evaluation revealed a limitation on the feasible molding thickness; where the process must 399

be revised for parts with high thickness. Table 2 displays the obtained results; where 400

PTF-T represents the theoretical results according to the equation 24 and the column PTF-C 401

represents the results according to the corrected equation resulting from the calculated 402

pressure equation 33. Specimens (T1-T11) were taken from part A, and specimens (T12-T15) 403

from part B. Knowing that the average porosity percentage is 1.2% for specimens T1-T11, 404

the correction factor is k = 0.988; for specimens T12-T15, the average porosity percentage is 405

2.3% therefore the correction factor is k = 0.977. The application of the correction factors 406

results in a decrease between the experimental data and theoretical value by almost 0.5% 407

(T1-T11) and 1.8% (T12-T15). 408
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10. Discussions 409

Figure 16. EPATH geometric values choice procedure

The development of the EPATH provides a solution for hydraulically integrated 410

robotic components assembly. Choosing suitable parameters is depicted in the flowchart 411

of Figure 16. It starts with the robotic part’s design and determining the required volume 412

of carbon particle percentage. Once the parts are designed, the required assembly forces 413

are calculated (Ft). Then, the force is calculated per screw as: Ft
N with N representing the 414

number of screws in the assembly zone. The charts are then used to determine the values 415

d, e, l. The Figure 17 chart represents the PTF per 1 mm of engagement length. The charts are 416

designed to compensate for the maximum porosity existing in the composite. Depending 417

upon the mechanical design of the robotic part, a length l is first chosen. Consequently, 418

a pair of (d, e) can be selected from the graphs. As an example, suppose that a total force 419

Ft = 4500N is required at the assembly zone and that N = 6 screws are used. A choice of 420

engagement length of 5mm means that the intermediate’s length is l = 5mm. Therefore the 421

required 422

PTF =
Ft

NL
=

4500
6 ∗ 5

= 150N/mm (34)

Returning to Figure 17, a line is drawn at 150N/mm, it intersects the curves in five 423

points (d; e) = (16; 3, 55), (d; e) = (14; 3, 8), (d; e) = (12; 4, 15), (d; e) = (10; 4, 85), and 424

(d; e) = (8; 6, 7). Depending upon the design geometric limitation, one of the combinations 425

can be chosen, or the calculation can be repeated with an engagement length (l1 > l = 5mm) 426

to further optimize the (d, e) parameters. 427
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Figure 17. Geometric parameters design choice graphs

11. Conclusions 428

Using carbon composite materials in developing robotic parts has several advantages, 429

particularly in weight reduction and design flexibility. This technology allows the integra- 430

tion of external hydraulic tubes inside robotic parts to create oil passages for hydraulically 431

actuated robots. However, managing leaks in assembled surfaces presents a significant 432

challenge when implementing this technology in these robots. 433

This article introduced a novel assembly methodology for hydraulically integrated 434

mechanisms manufactured with carbon composite materials. The developed methodol- 435

ogy allowed for a robust, lightweight, and leakproof assembly. The article detailed the 436

mathematical model of 11 parameters for the assembly zone. A numerical simulation on 437

MATLAB permitted to evaluate the effect of these parameters and to set a limitation based 438

on maximum stress supported by the composite material. Experimental validation was 439

carried out to validate the mathematical model; it allowed the detection of pores inside 440

the molded material. The quantification of this porosity was implemented in a correction 441

factor in the mathematical model, and a maximum deviation of 20% was observed. Future 442

research will include optimizing the design parameters to optimize the assembly surface 443

and increase the assembly’s strength. 444
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12. List of abbreviations 445

Symbol Description Unit

Ei Young modulus of intermediate’s material N/m2

E f Young modulus of particles N/m2

Em Young modulus of the matrix N/m2

Ecomp Young modulus of the composite material N/m2

ϵt Hoop strain m/m
ϵr Radial strain m/m
σt Hoop stress N/m2

σr Radial stress N/m2

P Exerted pressure at the interference fit area N/m2

F Axial force applied on the intermediate N
R Radius at the interference fit m
d Interference fit diameter m
Ri1 Intermediate’s internal radius m
Ro1 Intermediate’s external radius m
Ri2 composite tube internal radius m
Ro2 composite tube external radius m
l intermediate’s length m
µK Friction coefficient between assembled materials
k f particle efficiency parameter
k Filling percentage of the composite
ν f particle volume fraction
υi Poisson ratio of the intermediate’s material
υcomp Poisson ratio of the composite material
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