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Abstract

This paper presents an approach combining additive manufacturing (AM) with carbon fiber reinforced polymers (CFRP)
in an autoclave prepreg process for the development of complex-shaped hybrid AM-CFRP structures with the potential
for individualization. The goal of this paper is to investigate the processing route in the context of low volume industrial
applications and to assess the mechanical performance of hybrid AM-CFRP structures in ultimate strength and fatigue. The
approach was applied to lower-limb prostheses using dissolvable in-autoclave tooling made of ST-130 by fused deposition
modeling, two load introduction elements made of titanium by selective laser melting, and pre-impregnated carbon fiber
reinforcements. The parts were cured in an autoclave at a pressure of 3 bar and a temperature of 110 °C. The inner toolings
were dissolved in a basic solution after curing. The prostheses were subjected to ultimate strength and fatigue tests to assess
the mechanical performance of the structures. Results show that the target load of 5474 N was exceeded by 40% and that
no fatigue failure occurred for the given loading. Weight savings of 28% compared to a state-of-the-art aluminum reference
part were achieved. Results demonstrate that the combination of technologies could be appropriate for high-performance

lightweight components with complex geometries.

Keywords Additive manufacturing - Fiber-reinforced polymers - Prosthesis

1 Introduction

Orthoses and prostheses (O&P) are artificial devices that
help people with disabilities. Orthoses are externally applied
devices that modify the structural characteristics of the
neuromuscular skeletal system, whereas prostheses replace
missing body parts [1].

There are pre-fabricated and custom-made O&P, with the
latter having a better fit to the patient’s body and performing
better in terms of custom-fit [2].

The development process of custom O&P can broadly
be divided into four main steps: geometry capture, device
design, device manufacture, fit device to patient. The tra-
ditional process for the fabrication of custom O&P uses
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manual plaster-molding techniques which are labor-intensive
and have long lead times.

Recently, additive manufacturing (AM) has been adopted
in the development of custom O&P. AM shows a clear
potential in the direct production of individualized prod-
ucts. AM has been used for the production of custom foot
orthoses, and studies report on an improved comfort of the
insoles and a more evenly distributed pressure over the foot
[3, 4]. Costs of solutions using plastic AM are comparable to
traditional techniques [5]. Moreover, compared to traditional
plaster methods, a digitalized design chain is a faster way
to create custom sockets: The geometry of the residual limb
is captured using 3D scanning, the data is then converted
into surface geometry, the socket is designed using a CAD
software and is directly produced with AM [6].

Although AM has made custom prosthetic devices more
accessible, polymeric parts made by AM lack durability
and strength. In particular, load-bearing devices for active
users require high stiffness and strength at low weight. In
this context, fiber-reinforced polymers (FRP) are desirable
high-performance materials with excellent durability as well
as stiffness- and strength-to-weight ratios. The combination
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of AM with FRP offers design opportunities for individu-
alized high-performance lightweight structures. Current
applications combining AM and FRP include layup tooling
[7-9] and structural lightweight AM elements with added
functionalities such as AM honeycombs [10] or load intro-
duction elements [11].

In the context of O&P, Leddy et al. [12] proposed a fab-
rication method for custom FRP prostheses using AM layup
molds in a multi-stage process. A prosthetic finger with inte-
grated functional elements such as pin and flexural joints
and urethane grip pads was produced. The shell is made in
a wet layup process using carbon fiber that is cured at room
temperature. The authors mention the presence of voids in
the laminate as a result of the wet layup manufacturing pro-
cess route which weaken the mechanical performance of the
composite part.

To produce high-performance FRP parts, the autoclave
prepreg process is a suitable manufacturing technique
[13]. In this process, pre-impregnated fiber reinforcements
(prepregs) are laid on a tool in the desired fiber orientation.
The layup is vacuum-bagged and cured in an autoclave at
high pressures and temperatures ranging from 80 °C up to
180 °C [14]. This process allows the manufacture parts with
a high fiber volume content and low porosity; however, the
elevated curing temperatures and pressures challenge the
stability of 3D-printed plastic molds.

In previous work we proposed two approaches for the
autoclave processing of hybrid lightweight structures.

In the first approach, a water-soluble sand core made by
binder jetting was used in combination with CFRP prepreg
to produce a complex hollow lightweight robot structure
[15]. In the second approach, a design concept for an air-
craft instrument panel consisting of a sandwich structure
with multi-functional core elements made by selective laser
sintering (SLS), 42 steel inserts made with selective laser
melting (SLM), and CFRP prepregs was cured in the auto-
clave to produce the highly integrated structure [16]. Both
studies show weight savings by 54 and 40% compared to
reference structures, but mechanical testing did not occur.

To the best of our knowledge, there is no mechanically
verified manufacturing route for the autoclave production of
hybrid load-bearing parts made of FRP and AM.

In the context of O&P most studies apply AM either on
foot or hand orthoses and on lower-limb sockets [17]. Even
though the relation between device weight and energy cost
of the user is not yet fully understood, most prosthetists
agree that lower-limb prosthetics also should be as light-
weight as possible to minimize the muscular effort required
during locomotion [18]. It is assumed that more energy
is required to move a heavier prosthesis during the swing
phase. Further consequences of heavy devices are spatial
and temporal asymmetries between the prosthetic and the
intact limb during gait [19].
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In this research, we propose to extend the approach of
combining FRP with AM to the development of a mechani-
cally verified, high-performance lower-limb prosthetic knee.
The approach uses SLM of titanium powder for the produc-
tion of load introduction elements (LIE), fused deposition
modeling (FDM) of ST-130 for the production of the layup
tooling, and SLS of a functional element. The AM compo-
nents are assembled and over-laminated with carbon-fiber-
reinforced polymer prepregs and cured in an autoclave pro-
cess to form a highly integrated lightweight part. Ultimate
static and cyclic strength tests were conducted to assess the
mechanical performance of the novel lower-limb prosthesis.

This study should provide comprehensive knowledge in
the design and manufacturing of high-performance parts
made of FRP and AM.

2 Background information
2.1 Selective laser melting (SLM)

Selective laser melting (SLM) is a powder-bed fusion pro-
cess where a laser beam selectively melts the metallic pow-
der material. The powder particles in the scanned area are
consolidated resulting in a nearly fully dense layer of the
part being built. The powder bed is lowered by thickness of a
layer and a coater applies another layer of powder material to
the bed. The process is repeated until the final physical part
is produced [20]. Residual stresses may cause part distor-
tions, crack formation, or reduce the fatigue performance of
the part [21]. To counter these challenges, support structures
are required and heat treatment or hot iso-static pressure
may be applied to relieve any residual stresses. Novel scan-
ning strategies, numerical models of the thermo-mechanical
material behavior during the process and design strategies
may be applied to reduce residual stresses [22-25].

2.2 Selective laser sintering (SLS)

Selective laser sintering (SLS) is a powder-bed process
where a laser selectively melts thermoplastic powder mate-
rial in the scanned area [26]. Common materials used in
SLS are polyamide 11, polyamide 12, or compounds of
PA12 [27]. In contrast to SLM, the melting of PA12 does
not require such high energy density inputs. The surround
powder acts a support during the building procedure, and
therefore SLS offers the possibility to produce complex
geometries without any explicit supports [28].

2.3 Fused deposition modeling (FDM)

In fused deposition modeling (FDM), a filament is fed
through a heating element and extruded through a nozzle
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onto the building platform [29]. Acrylonitrile butadiene sty-
rene (ABS), polylactide (PLA) and polycarbonate (PC) are
common materials for FDM; however, today a new class
of materials including particle [30, 31], short [32], or con-
tinuous fiber reinforcements [33] are being developed. FDM
requires support structures for overhangs which are mechan-
ically removed or chemically dissolved after manufacture.
Material properties are anisotropic as a result of process fac-
tors including directional deposition of the filament, air gap,
bead width, model build temperature and raster orientation
[34].

3 Materials and methods
3.1 Reference part: Mauch knee

The Mauch knee depicted in Fig. 1 (left) is a passive knee
that uses a hydraulic cylinder to provide support during the
stance and returns to an extended position during the swing
phase. The Mauch knee weighs 1.14 kg, while the load-
bearing frame weighs 338 g. The knee is rated for active
users weighing up to 136 kg. It is produced in low to mid
volumes [35].

The aluminum frame is a machined part (in black), that
is covered with non-loadbearing plastic elements (in white).
A movable part is mounted on top of the knee to provide an
attachment point to the socket. At the bottom, a metallic stud
is mounted providing a connection to the pylon. The Mauch
knee is a complex load-bearing part with integrated attach-
ment points, which makes it very suitable from a technical
perspective for a redesign with AM and FRP.

Mauch Knee Top lever configuration

85 mm for forefoot loading

Fr Fixation of
prosthesis

248 mm

fo

3.2 Load cases

The structure is subjected to static and cyclic loading to
verify its durability. The ultimate strength of the frame is
assessed in accordance with the standard ISO 10328:2006
[36]. The standard defines two static loading conditions that
are heel strike and forefoot loading. In this study, the fore-
foot loading induced higher stresses in the structure, which
is why it was considered to be the critical load case. In this
load case an eccentric static load of F'; = 5474 N is intro-
duced into the test set-up, corresponding to an additional
safety factor of 36% to the test force, which is an internal
safety factor defined by Ossur Iceland ehf. The geometrical
configuration in accordance with the standard is shown in
Fig. 1, right. The load is introduced into the structure using
two levers (top view) which allow for the specific arrange-
ment according to the parameters of the load case.

A cyclic test was conducted in accordance with ISO
10328:2006. With a test frequency of 6 Hz a load between
50 and 1614 N is applied on the structure for a minimum of
n=3x10° cycles. Then, a final static proof force of 2780 N
is applied to verify the residual strength of the structure.

3.3 Design concept

The design concept combines the strengths of both the AM
and the prepreg layup technologies. FRP are materials with
outstanding stiffness- and strength-to-weight ratios if the
fibers are oriented in the direction of the load. However,
the manufacturing of FRP parts requires tooling. Tradi-
tional toolmaking is costly and characterized by long lead
times. AM, on the other hand, allows the direct produc-
tion of complex-shaped tooling from digital data. For FRP

Side view ., Forefoot
Parameter Unit loading
Fr N 5474
fr mm 55
or mm 40
fs mm 129
op mm 19
Ur mm 650
Uk mm 500
Lp mm 68
Lg mm 130.5
ve0 o, ° 36
0g ° 8.5

Fig. 1 Mauch knee [35] (left) and forefoot loading parameters according to ISO 10328 [36] (right)
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laminates, the integration of additional functionalities is
possible with embedded functional layers. Typical func-
tions include damping, toughness, electrical and/or thermal
conductivity, sensing, actuation [37] but also lightning strike
[38] and icing protections [39]. However, the integration of
three-dimensional design features with a defined geometry
is more difficult, such as it is the case for load introduc-
tion, positioning and fixation elements. Here, the geomet-
ric freedom provided by AM is advantageous as complex
functional and load-bearing elements can be designed into
one single part. A division of tasks follows: FRP are used in
areas that require high strength and stiffness at low weight,
e.g. load-bearing shells, while AM is used in areas where
high geometrical complexities with additional functionali-
ties are necessary.

The design concept of the lower-limb prosthesis depicted
in Fig. 2 includes two load introduction elements (LIE), a
functional element, and a soluble tooling made by AM, and
a thin shell made by CFRP.

The two LIE (grey) connect the knee to the upper socket
and the lower pylon. They host bearing seats with tight tol-
erances, a stopper, and a stud. Therefore, they are made by
metal SLM. The load is introduced into the bearing seats
and transferred into the CFRP laminate via the bonding
surfaces. A film adhesive with a defined thickness is used
to provide sufficient shear strength to transfer the load into
the CFRP shell. The middle section (yellow) consists of a
light and stiff CFRP prepreg shell. To manufacture such a
curved structure, a soluble inner core is made by FDM. The
inner core (red) features form fits for the assembly of the
load introduction elements and a pocket for the insertion of
a functional mock-up element (green). The functional mock
up element contains design features such as snap-fit joints
for the fixation of housing elements or electronics which
may be connected to the structure after curing. In study the
co-curing to the CFRP shell and functionality of the snap-fits
is tested. It may be produced with FDM or SLS, depending
on the specific functional requirements and the curing cycle.
Two silicone molds are used to compact the CFRP laminate
during curing and to minimize wrinkles.

3.4 Detailed design

Figure 3 shows the detail design of the upper and the lower
LIE made by SLM. The section views show the as-built
versions with temporary machining and processing aids
depicted in purple. Supports structures connect the load
transfer surfaces and therefore reduce the warping of the
sides. Furthermore, they reduce vibrations of otherwise
free edges during machining. To counter process-induced
inaccuracies, a material offset is used at the location of the
bearing seats. To reduce the amount of support material,
tear-drop shapes are used for the vibration support and the
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Temporary soluble core (FDM, ST-130)

]

.

Functional element
(SLS, DuraForm HST)

Lower silicone mold

Fig.2 Design concept for the lower-limb prosthesis

bearing seats. The additional material is then removed by
machining. To save weight, hollow sections are included
in the stopper of the upper part and in the stud of the
lower part. An elliptical channel with two three millimeter
powder extraction holes revolves around the stud. Load
transferring surfaces are designed in such way to maximize
the bonding surface to the CFRP material resulting in a
0.8 mm thin surface which is reinforced with an integrated
stiffener.

The inner core (Fig. 4) is made by FDM. It features con-
tact surfaces with an offset of 0.2 mm for the pre-assembly
of the LIE and hosts the functional element that is plugged
into the core using integrated snap-fit joints.

The CFRP layup consists of a symmetric base layup
including prepreg fabrics and unidirectional plies. A total
number of 14 plies is used, resulting in a thickness of
2.26 mm. The sides are reinforced with 18 plies, resulting
in a thickness of 2.82 mm.
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(a) Upper load introduction element

Load transfer surface
|
| /

y Bearing
seats

Hollow stopper

Vibration
support

Additional material
(tear-drop shape)

Clamping/handling
support

(b) Lower load introduction element
Additional material
for machining

Section view,
as built

Local
stiffener
Bearing
seats
Load transfer
surface

Layup /

reference
Building
direction

Stud Hollow sections

Fig. 3 Detail design of the upper (a) and lower (b) load introduction
elements as-built and machined

3.5 Materials properties

Ti6Al4V by Concept Laser was used for the LIE made by
SLM due to its excellent strength-to-weight ratio of around
260 kNm/kg [40]. Static material properties were taken
from the data sheet. The inner core is made of ST-130, a
soluble plastic for FDM processes, currently in develop-
ment by Stratasys Ltd [41]. The material is developed for

Fig.4 Inner core by FDM with
contact surfaces for the preas-
sembly of the load introduction
elements (left) and CFRP layup
(right)

Functional
element

Inner core by FDM

Contact surfaces
to load introductions

in-autoclave tooling applications and is claimed to be sta-
ble up to 121 °C at a pressure of 3 bar and up to 98 °C
at 6 bar. For the functional element, DuraForm HST
Composite by 3D Systems was used due to its acceptable
mechanical performance at elevated temperatures [42]. For
the composite layup the uni-directional SIGRAPREG C
U150-0/NF-E340/38% [43] and the fabric SIGRAPREG C
W200-TW2/2-E323/45% [44] provided by SGL Group were
used. A Loctite EA 9686 AERO [45] epoxy film adhesive
was used to bond the SLM parts to the composite. Table 1
shows the material properties.

3.6 Manufacturing

The manufacturing route consists of a sequential combina-
tion of selected AM techniques with the autoclave prepreg
process. It is illustrated in Fig. 5.

Two LIE were manufactured by SLM in a Concept Laser-
Cusing machine by 3D Precision SA, Switzerland. The parts
were removed from the building platform. The bonding
surfaces were covered during the sand-blasting operation
to retain the as-built surface roughness of the SLM. The
as-built surface roughness was measured on a SURFCOM
FLEX 50A machine by Zeiss and the arithmetic average R,
amounted to 10.5 um. To relieve residual stresses, the parts
were heat-treated in a chamber filled with argon gas. The
parts were heated at a rate of 5°C/min, held for 2 h at 840 °C,
and cooled down at a rate of 1°C/min to 500 °C, resulting in
a total cycle time of 12 h. The SLM parts were then clamped
and machined to remove the temporary support structures.

The inner core was manufactured on a Fortus 900mc
by Stratasys using an extrusion nozzle with a resolution of
0.330 mm. The inner core was hand-sanded using 120 and
300 grit sand paper to smoothen the surfaces. It was sealed
with Super Seal from Smooth-On [46] to prevent the resin
inflow into the FDM part during curing.

|

| —] 7~ Base
y | (45/45,/0/90/90/90/45; )
l | 14 plies, thickness: 2.26 mm
]

\ |

(S
| \ i Side

| |1\ || (45/45/0/0/0/90/90/90/45; )
/1A ,‘,‘/r' 18 plies, thickness: 2.82 mm
- AE o+ fabric, s: symmetric
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Table 1 Material properties from spec sheets

Material Parameter Value Unit
Ti6Al4V Young’s modulus ~110 GPa
Yield strength (upright) 989 MPa
Tensile strength (upright) 1071 MPa
UD Young’s modulus 0° 140 GPa
Young modulus 90° 8.4 GPa
Shear modulus 5200 GPa
Poisson ratio 0.318
Tensile strength 0° 2400 MPa
Inter-laminar shear strength 90 MPa
Fabric Young’s modulus 0° 62 GPa
Young’s modulus 90° 60 GPa
Shear modulus 4670 GPa
Poisson ratio 0.03
Tensile strength 0° 950 MPa
Tensile strength 90° 900 MPa
Inter-laminar shear strength 68 MPa
Loctite Shear strength 40.7 MPa

1. Production of separate parts
SLM load Sandblasting Heat Machinin
introduction elements of surfaces treatment 9

Core production with Surface preparation Sealin
FDM (sand paper grinding) 9

FDM master models for >

Casting silicone mould FDM core with

functional surfaces

g«gﬁ‘

Load introduction elements

2. Assembly, layup and autoclave curing

Assembly of seperate Layup of adhesive film Vacuum bagging and
parts and CFRP curing

silicone mould

Production of functional
element with SLS

U

Silicone mould \

CFRP prepreg

3. Post-processing
Dissolve soluble core > Surface finish > Final part >

Soluble core
(in process)

Fig.5 Manufacturing route
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A two-piece outer mold was cast using ProtoSil RTV 245
silicone from Altropol [47]. The silicone was cast into a
master mold made by FDM. The functional element was
produced by SLS.

The single elements were then pre-assembled using the
complex form fits designed into the FDM tool. The CFRP
prepregs were laminated onto the assembly. A film adhesive
was placed between the SLM elements and the prepreg. The
assembly and the layup were covered with the silicone mold.
The mold was wrapped in breather material and vacuum
bagging was applied. The part was then cured in an auto-
clave: It was heated at a rate of 1°C/min up to 110 °C, held
for 200 min and cooled down at a rate of 1°C/min. Vacuum
and 3 bar autoclave pressure were applied during the pro-
cess. After curing, the part was demolded and the inner core
was dissolved for 15 h in a circulation tank containing a
heated alkaline solution.

4 Results
4.1 Manufacturing results

The clamping and machining of AM parts require particular
attention if the geometry is complex, contains thin walled
structures, and if the material is rigid. These conditions
were taken into account during the design phase by includ-
ing vibration supports. However, the upper SLM part could
not be clamped in a satisfactory way, as necessary clamping
forces could not be applied without facing the risk of distort-
ing the part. To increase the clamping stability, a bismuth
alloy [48] with a low melting point of 70 °C was melted
over hot water and poured into the fixture containing the
titanium part. The bismuth alloy solidified in the fixture and
provided a continuous load transfer of the machining forces
throughout the whole structure into the vice (Fig. 6a). After
the machining, the titanium part and the fixture were placed
in a 90 °C hot water bath for 15 min to melt away the bis-
muth alloy leaving no residual bismuth on the titanium or
on the fixture.

Cracks between delaminated printing layers were
observed after curing in the FDM core (Fig. 6b). Moreo-
ver, deformations of the core structure were observable;
however, they were considered to be of minor relevance to
the functionality of the part. These effects may have been
caused by thermal residual stresses which may be a result
of the coefficient of thermal expansion of the thermoplastic
material ranging between 76 and 177 um/(m °C) depending
on the orientation of the filaments. Moreover, the CTE of
the thermoplastic material is significantly higher than the
CTE of CFRP. Also, the combination of thermal and pres-
sure loading might have caused the cracks and deformations.
Resin accumulations were found in gaps and cavities, e.g. in
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Fig.6 Clamping of the upper
load introduction element (a)
using aluminum fixtures and

a bismuth alloy, cracks in the
FDM core after autoclave pro-
cessing (b), resin accumulations
at the snap-fit (c) and in the
lower load introduction element
(d) after core washout

the snap-fit element (Fig. 6¢) and in the lower load introduc-
tion cavity (Fig. 6d). They require manual removal during
post-processing. Particular attention is therefore recom-
mended to seal gaps and close cavities. The FDM mold was
washed out completely, which indicated that the resin did not
flow into the core. The co-curing of the functional element
was successful, and the resin formed a load-bearing bond-
ing between the CFRP and the functional element. The part
did not show any wrinkles or dry spots in the reinforcement
layers, indicating that using a silicone mold is a suitable
technique for distributing the pressure on complex geom-
etries during the curing stage.

4.2 Ultimate strength test result

The ultimate strength test set-up is shown in Fig. 7. The
structure failed at the interface of the lower LIE to the
CFRP reinforcement at a load of 7685 N, which corre-
sponds to approximately 140% of the targeted load. A
mixed failure mode including adhesive, cohesive and
laminate failure is observed. Adhesive failure areas are

Fixtures Cracks

P

Deformations

accumulations

small and found to be close to the edge of the SLM part.
A larger area shows cohesive failure which is recogniz-
able by adhesive residues. The mechanical loading condi-
tion consists of a combination of bending and compres-
sion. It is assumed that the compression loading induced
shear stresses at the interface of the CFRP to the lower
metal part. The shear stresses should ideally be distrib-
uted across the entire surface area of the adhesive film
[49]. However, in combination with the bending loading,
a peel-effect may have occurred. In such effect, the peel
stresses are concentrated at the edge of the metal-CFRP
interface, limiting the total interface strength to a very
small zone of the adhesive. This effect could have led to
adhesive failure near the edge of the SLM part. The failure
types observed in the laminate are delamination and fiber
fracture. Delamination may have occurred as a result of the
peel-effect which probably induced high transverse shear
stresses. In order to predict the failure mode in detail, a
simulation model including the adhesive layer and failure
mechanics for the CFRP and the adhesive layer is neces-
sary. No damage was observed at the SLM part.
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(a) Uttimate strength test set up

|-
I i
if

Prosthesis

¢ Load line

o

'

-

(b) Mixed mode failure at the interface to the lower load introduction element

Adhesive failure

Cohesive failure

Laminate failure

Fig. 7 Ultimate strength test set-up (left) and mixed failure at the interface of the lower load introduction element and the CFRP

Table 2 Test log of the cyclic test of the hybrid structure

Stress cycles n u (F i, =50) (mm) u
(Frax=1614)
(mm)

2500 0.00 2.30

389,000 0.00 2.30

905,500 0.00 2.30

1,430,500 0.09 2.21

1,579,500 0.09 221

3,022,000 0.01 2.29

4.3 Fatigue test result

The second prototype passed the fatigue test, which was
aborted after reaching more 3 x 10° cycles without any sig-
nificant change in the displacement or any observable failure
of the structure. Table 2 shows the number of cycles as well
as the deformation at a minimum load of 50 N which repre-
sents the calibration load, and at a maximum load of 1614 N.

4.4 Weight

The final prototype weighs 262 g, consisting of 80 g for the
upper and 72 g for the lower titanium LIE, and 110 g for the
CFRP. The weight of the mock-up element is excluded in
this calculation. This corresponds to a weight reduction by
28% from the reference weight of 338 g. With optimizations,
we expect to save a further 20% resulting in a total weight
of approximately 210 g, which would correspond to total
weight savings of around 38%.

@ Springer

5 Discussion

The thermoplastic material ST-130 was used for the produc-
tion of the soluble tooling. At the time of this research, the
material was still under development such that, even though
the material was successfully employed, some limitations
became evident: The exposure of the material to elevated
temperatures and pressures over a cycle time of several
hours can lead to creeping and residual stresses. The thermo-
mechanical stability of the polymeric material is a critical
factor in the design and processing of hybrid parts made by
AM and FRP. Lowering the curing conditions may be an
option to minimize deformations. However, lower curing
temperatures increase cure cycle times and low pressures
may lead to an increase in voids, thus affecting the mechani-
cal performance. Binder jetting of water-soluble silica sand
could be an alternative and more cost-efficient technique
for the production of inner tooling. Silica sand, for exam-
ple, is a material that shows low thermal expansion and a
high melting temperature [50, 51]. The main advantage of
the FDM core is the possibility to integrate defined design
features (e.g. positioning and fixation features) which allow
to position additional functional elements to the CFRP prior
to curing. The selection of 3D printing technology and mate-
rials therefore is a compromise between design freedom,
mechanical performance, processing suitability, and costs.
The study has shown that in hybrid structures the inter-
face between the CFRP and the titanium parts is of particular
importance in the load transfer. The current bonding design
exhibits a stiffness discontinuity at the transition of the CFRP
to the titanium parts. A ductile film adhesive with constant
thickness was used to reduce the stress peaks. However, AM
and the prepreg layup technology offer the potentials to design
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a bonding area with quasi-equal stiffness. Various design
parameters are available to tune the stiffness such as materials
selection, layup design, ply thickness, and orientation. The
roughness of AM printed surfaces could also affect the bond-
ing strength. For SLM, the parameters influencing the surface
roughness are the building orientation and the post-processing
methods such as sand-blasting or roto-finishing. The process-
inherent roughness could be beneficial to the bonding strength.
Future adhesive joining concepts propose 3D-printed pin
reinforcements that mechanically interlock with the fibers to
increase the ultimate breaking load.

The proposed manufacturing route involves a high number
of steps. The production of the titanium parts requires sand
blasting, heat treatment, and CNC machining to provide the
part with the desired functionality. Manual work is necessary
in the post-processing of the SLM parts (support removal,
clamping), and in the FRP layup process. However, the use of
AM tooling with added functionalities (e.g. pockets, mounting
surfaces) and the integration of AM elements in the course
of the layup process results in the manufacturing of a highly
integrated structure. After curing, the AM-CFRP structure
does not require any additional assembly operations as it is
the case for many machined parts made according to the dif-
ferential design approach. In this study, the stud was integrated
in the lower load introduction element, and the whole knee is
made of one single part. The reduction of the number of parts
through an integral design approach is the lever to reducing
weight. The combination of AM with layup of CFRP allows
the production of integrated structures with complex geom-
etries and added functionalities.

In the context of O&P, weight plays a significant role in
the prosthetic gait. Studies report that people with transti-
bial amputations require 20-25% more energy during gait,
walk slower and take smaller steps compared to able-bodied
subjects [52]. The gait adaption is a result of the asymmetry
in the inertia mass of the lower limbs. Studies found that
matching the mass and the moment of inertia of the pros-
thetic limb to the intact side by adding weights between 0.85
and 2.6 kg lead to increased energy cost [53, 54]. Weight
therefore seems to be one important characteristic among
many added functionalities such as powered ankles, vacuum-
assisted sockets or hydraulic suspension systems. The pos-
sibility to integrate additional functionalities such as sensors,
cable ducts, and graded stiffness in combination with light-
weight structures, makes the presented approach promising
for future applications in the field of individualized O&P.

6 Conclusions

A manufacturing approach combining AM with FRP in
an autoclave layup process was presented and applied to
lower-limb prostheses. The mechanical performance of the

prostheses were successfully verified in ultimate strength
and fatigue tests. The prostheses exhibit weight savings of
28%, with further weight reduction potentials.

Limits of the manufacturing approach are the thermo-
mechanical stability of polymeric AM components subjected
to autoclave prepreg curing conditions. Load-transferring
interfaces between AM components and the CFRP are of
particular interest, and an experimental characterization
is recommended. Finally, the design engineer should con-
sider the service operation of the part and its manufactur-
ing process during the design phase to fully leverage the
advantages AM has to offer. In the near future, the approach
could be cost-competitive for individualized, low-volume
applications.
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