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Abstract 

Background Every year, 3DP provides more alternatives and solutions in the 

medical field. Applications such as custom-made prosthetics and implants, 

platforms for pharmaceutical research, and PSAMs are the immediate emerging 

trends. Certainly, 3DP advancement is the convergence of multiple factors 

including improvements in medical software, 3D printer evolution, availability of 

new printing materials, improved industry support, and increasing commitment 

from medical societies and regulators. The overarching theme of this study is 

centered on exploring possible PSAMs and 3DP applications for improving surgical 

outcomes in orthopedics, particularly in ACL-R as well as providing functional 

models for TKA. 

Methods 3-Matic, Rhinoceros, and SolidWorks were used to create three 3D 

computer-generated PSAMs: (1) Knee Joint model, wherein collagen fibers matrix 

structure is mimicked, (2) ACL-R model using a BPTB graft, incorporating key 

surgical outcomes such as orientations-architecture and positions-dimensions of the 

tunnels, as well as a custom-made SG based on patella anatomy (3) TKA model 

considering custom-made CS implants with symmetric tibial bearing design. 

Before printing, mechanical uni-axial tensile tests of materials were conducted 

using an Instron S3300, following the ASTM designation D412-C. The printing 

materials selection process and matching with anatomical structures were based on 
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the analysis of the mechanical pattern of the strain-stress curves from different 

combinations of Agilus30™. The Stratasys J750™ printer was used to manufacture 

the ACL-R model (previous study), the ACL-R model with SG, and the TKA 

model. 

Results The combinations No. 1-4 were chosen for 3DP with elastic modules of 

1.8-0.7 MPa and Pearson coefficients of 0.980-0.991 respectively. The PSAMs 

were tested manually simulating 50 flexo-extension cycles without presenting 

ruptures, custom-made SG matches perfectly with PT anatomy. 

Conclusion Functional PSAMs were printed with high fidelity, considerable cost, 

and short duration from planning to manufacturing. These coincided completely 

with 3D computer-generated  PSAMs replicating fibers and features of the Knee 

Joint anatomy. The proposed PSAMs can be considered as an alternative to 

replacing cadaver specimens for medical training, pre-operative planning, 

education purposes, and validation of predictive models. We highlight the potential 

of PolyJet manufacturing combined with specialized medical software as a path to 

change the way specialists and researchers plan, execute, and validate complex 

procedures. 

Keywords Three-dimensional printing, Knee Joint, Patient-specific anatomical 

models, Anterior cruciate ligament reconstruction, Total knee arthroplasty. 

 

Background 

Additive manufacturing (AM) also widely known as three-dimensional printing 

(3DP) is an emerging and revolutionary technology that is getting substantial 

interest in several key areas such as the automotive, aerospace, military, and 

medical fields. The 3DP process is based on the principle of layered manufacturing, 

in which materials are overlapped layer-by-layer enabling the build of 3D objects 

(1). Nowadays, the impact of 3DP in the medical field has acquired considerable 

relevance in the scientific and academic communities owing to its potential and 

wide range of applications. However, the 3DP role in medicine is not recent, this 

has been reported since the early 1990s and in recent years, there has been a 

considerable rise in the number of emerging trends in the field, demonstrated by the 

growing body of literature featuring clinical work and medical research (2). The 

3DP advancement is the result of the convergence of multiple factors, including 

improvements in medical software, 3D printer evolution, the availability of new 
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printing materials and improved industry support, and increasing commitment from 

medical societies and regulators (3). Current research applications are classified 

into the following five main areas of focus: (1) Patient-specific anatomical models 

(PSAMs), (2) Custom-made prosthetics and implants, (3) Local bioactive and 

biodegradable scaffolds, (4) Pharmaceutical research, and (5) Research on directly 

printing tissues and organs with complete life functions. Although, such 

applications remain far from widespread in clinical use due to several technical and 

scientific issues that are currently under study (4).  

In particular, PSAMs manufacturing is becoming increasingly popular and 

accessible due to its application in pre-operative planning, surgical treatment 

analysis, medical training, and education and research purposes (5). The 3D 

computer-generated PSAMs are based on digital imaging and communications in 

medicine (DICOM) file formats, data derived from several acquisition modalities 

such as computed tomography (CT), magnetic resonance imaging (MRI), and 

ultrasound (US) (6). The DICOM file formats must be converted into a format, 

which can be recognized by the 3D printer. Therefore, first, it is uploaded into a 

program (e.g. Mimics, 3D Slicer, OsiriX) which enables segmentation and 3D 

reconstruction of the images. It is then exported in a standard triangle language 

(STL) file format making it readable by computer-aided design (CAD) and 

computer-aided engineering (CAE) software, which are used for design and 

simulation. Finally, 3D objects are created by repetitively moving the print head in 

the Z-direction and depositing the desired material into layers sequentially (7). The 

PSAMs have been utilized extensively in the area of orthopedics, providing 

essential information such as sizes, directions, positions, angulations, and 

conditions of the bones and surrounding tissues. Researchers and surgeons use this 

preliminary knowledge for studying complex cases, teaching students and patients, 

rehearsing the procedures in risk-free settings, pre-procedure designing of grafts 

and implants, performing finite element analyses, development of simulators, and 

examination platforms (8,9). 

Multiple authors describe the significant role of the PSAMs in three main domains 

of orthopedics: trauma, degenerative disorders, and oncology (10–12). In the Knee 

Joint, the most investigations conducted are focused predominantly on total knee 

arthroplasty (TKA) and their importance in the development of patient-specific 

prostheses (PSP), instrumentation (PSI) and custom-made implants (13–15). 
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Nevertheless, anterior cruciate ligament (ACL) tear remains the most frequently 

intra-articular performed surgery in orthopedic trauma (16,17). Despite its 

prevalence and impact, the number of publications about the PSAMs and 3DP 

applications in ACL reconstruction (ACL-R) has been relatively unexplored. The 

design of patient-specific ACL femoral tunnel guide (18) and a method of accurate 

bone tunnel placement for ACL-R (19) are the publications highest highlighted. 

This statement does not consider other important studies and contributions about 

surgical and computational simulations based on 3D computer-generated PSAMs. 

The ACL-R aims to restore physiological joint biomechanics in symptomatic knee 

instability as well as prevent secondary damage to other structures, such as the 

cartilage and menisci (20–22). Critical factors such as post-operative traumatic 

injuries, lack of graft incorporation, loss of motion, and surgical technical errors 

(surgical technique and surgeon skills) are some of the problems associated with 

unsatisfactory medium-long-term clinical outcomes (23,24). Moreover, several 

studies have reported the rise of re-rupture cases due to graft failure and the 

development of premature degenerative diseases such as osteoarthritis (OA) (25–

30). The ACL-R has undergone major advances in the last years. Nowadays, 

different tendon autogenous options exist for the ACL-R. However, the bone-

patellar tendon-bone (BPTB) and the semitendinosus-gracilis (STG) are the most 

commonly used and are most successful as alternatives. Each type of graft is 

associated with inherent risks and benefits. Therefore, there is no "ideal" graft to 

use for ACL-R (31–33). The success or failure of the graft depends on several 

surgical parameters including graft stiffness, dimensions and pre-tensioning, tunnel 

placement and orientation, and donor-site morbidity (non-modifiable) (34). 

Currently, surgical simulations incorporate detailed biomechanical parameters 

associated with realistic predictions with the potential to improve clinical outcomes 

of the surgery. However, surgical expertise and pre-operative planning are crucial 

factors in the ACL-R outcome. 

Despite all the recent advances in the technical aspects, traditional ACL-R methods 

have proven to be the better option to restore pre-injury activity levels. 

Additionally, there is mixed evidence about the effect of ACL-R on the 

development of premature OA (35). Structural changes combined with medium and 

long-term changes in the dynamic load of patients who have undergone a deficient 

ACL-R contribute significantly (36). Thus far, there are no available interventions-
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treatments to restore degraded structures or decelerate disease development. During 

OA progression, the entire joint organ is affected, including cartilage, bone, 

synovial tissues, ligaments, and meniscus (37). In an advanced stage, TKA is 

considered as the most suggested surgical procedure to restore mechanical axes, 

correct alignment, and soft-tissue balance. Although in several cases, TKA has 

satisfactory functional and cost-effective outcomes there is significant variability 

and globally higher revision rates.  Most failures can be attributed to the choice of 

replacement components, fixation of the cement-implant interface, incorrect 

ligament balance or incorrect alignment, surgical technique and experience, and 

post-operative care (38). Due to their potential, the PSAMs and 3DP applications 

may improve intra-operative outcomes, problems associated with graft-failure, 

recognition of nonanatomic tunnels, surgical technical errors, and reduce the risk 

of developing OA of the reconstructed knee. 

The overarching theme of this study is centered on exploring possible PSAMs and 

3DP applications for improving surgical outcomes in orthopedics, particularly in 

ACL-R as well as providing functional models for TKA.  

We manufactured and evaluated three multi-color and multi-material Knee Joint 

functional models, specifically focusing on the design of a collagen fibers matrix 

that mimics the hierarchical structure of specialized connective soft tissues. We 

aimed to take advantage of the capability of the Stratasys J750™ printer combined 

with medical software Materialise 3-Matic. Our models integrated key surgical 

outcomes of the ACL-R computational framework using a BPTB auto-graft and a 

custom-made surgical guide for avoiding graft tunnel length mismatch. 

Furthermore, we created a model affected by the advanced stage of OA with soft 

tissues involvement. In our design, we considered a custom-made cruciate 

sacrificing (CS) implants with symmetric tibial bearing design, we adapted and 

assembled the PSP components simulating a TKA procedure. 

The methodology reported for the production of the multi-material PSAMs might 

be considered as a new avenue to develop models for replacing cadaver specimens 

for medical training, research and education purposes, pre-operative planning, and 

validation of computational predictive models. 

 

Materials and Methods 

Multi-color and multi-material three-dimensional printing.  
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The present study was developed in the Shirley Ryan Abilitylab research hospital 

which has a Stratasys J750™ (Stratasys, Eden Prairie, MN) multi-color and multi-

material 3D printer. The system is by far one of the most advanced technologies of 

3D multi-material printing. This uses PolyJet AM technology to manufacture 

highly realistic and functional prototypes with sharp precision, smooth surfaces, 

and fine details in a wide range of materials with variable durometers and the 

possibility of choosing between 360,000 color combinations. 

There are many types of 3D printers available, which use a variety of media, 

substrates, and printing technologies. In particular, the Stratasys J750™ uses 

ultraviolet (UV) radiation for curing layers of jetted photopolymer. The jetting head 

is formed by a matrix of jetting orifices disposed along the Y-axis and is mounted 

on a carriage that allows for X forth-and-back displacements and alternate 

transverse Y relocations. Subsequently, the manufacturing tray moves in the 

vertical Z direction, after each layer has been successfully manufactured (39). 

The Stratasys J750™ has a large manufacturing tray; the maximum build size of a 

prototype is 490 x 390 x 200 mm (19.3 x 15.35 x 7.9 in.) The system enables 

simultaneously mixing up six different materials. In addition to the potential of 

adjusting material hardness according to shore A scale, other capabilities including 

accuracy of up to 0.2 mm and smaller layer thickness (LT) of 0.014 mm. The system 

has three print modes in line with the desired surface finish, production time, and 

the number of materials incorporated. (1) High Quality six different materials 

(0.014mm LT), (2) High Mix six different materials (0.027mm LT) and (3) High 

Speed three different materials (0.027mm LT). 

The print materials available have special features such as translucency, flexibility, 

resistance to UV rays, high temperature, and deflection. Resins are capable of 

simulating properties ranging from rubber-like to transparent, even high toughness. 

The system has two main families: Digital model and Model materials, the first one 

including engineering plastic acrylonitrile butadiene styrene (ABS) in their versions 

Digital ABS Plus - Digital ABS2 Plus™ (main material used in Fused Deposition 

Modeling (FDM) technology). The second one includes primary materials options: 

Vero™ family (rigid opaque materials), RGD525™ (high-temperature resistant 

materials), DurusWhite™ (simulated polypropylene materials), Tango™-

Agilus30™ (rubber-like materials) and VeroClear™ - RGD720 (transparent 

materials). 
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The Stratasys J750™ provides many AM advantages, such as the incorporation of 

multiple colors and materials in a single project, optimization of printing time, easy 

support material removal (waterjet removal), and easy operation. 

Image data management.  

Three 3D computer-generated PSAMs were created: (1) Knee Joint model (with a 

collagen fibers matrix structure), (2) ACL-R model, and (3) TKA model. They were 

based on standard triangle language (STL) files corresponding to a PSAM of the 

right male Knee Joint (34). The PSAM incorporates patello-femoral (PF) and tibio-

femoral (TF) joints. The following anatomical structures are included: femur, tibia, 

patella, fibula, major ligaments, articular cartilage, menisci, retinacula, and patella 

and quadriceps tendons (PT-QT). The 3D computer-generated PSAMs were 

developed in Materialise 3-Matic (Materialise NV, BE), a design and meshing 

software for anatomical data. They were exported in STL format to the CAD 

software SolidWorks, (Dassault Systèmes, France) where they were converted to 

SolidWorks part file (SLDPRT) format, before being assembled through the same 

application. The SolidWorks final assembly format (SLDASM) was compatible 

with the Stratasys GrabCAD print™ software of the Stratasys J750™ multi-

material printer where print mode, orientation, and materials were set. The 

workflow illustrated in Figure 1. shows the different file formats used in this study.  

The printing materials selection has been integrated according to the results of the 

mechanical characterization. The format extensions and file names are associated 

with a software application, which opens, manages, and saves these types of files 

used in this study. These are shown in Table 1. 

Table 1: 3D File formats used in the current study. Extensions, file names, and 

software applications. 

Format extension Filename Software application 
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(.3dm) 

(.mxp) 

(.SLDPRT) 

(.SLDASM) 

(.print) 

(.STL) 

3D Object 

Project 

3D Object 

Assembly 

Print project  

Standard triangle language 

Rhinoceros 3D 

Materialise 3-Matic 

SolidWorks 

SolidWorks 

GrabCAD Print 

Global CAD software 
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Figure 1: Schematic illustration of the formats used in this study. From the Knee Joint model, three approaches are followed: (1) Design of a collagen 

fibers matrix that mimics the hierarchical structure of specialized connective soft tissues, (2) development of an ACL-R model integrating key surgical 

outcomes of the ACL-R computational framework and a custom-made surgical guide (SG) for avoiding graft tunnel length mismatch, and (3) 

development of a model that represents total joint arthroplasty with the integration of PSP components. The illustration shows a path corresponding to 

the 3D printing trial with the ACL-R model* used in the previous study. 
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Knee Joint model manufacturing with a collagen fibers matrix structure.  

Knee Joint specialized connective soft tissues play a crucial role, providing 

strength, transmitting mechanical loads, and contributing to passive support and 

stability. Indeed, all these functions are made possible by their hierarchical 

organization. In particular, tendons and ligaments share many similar features. They 

are load-bearing structures, their high tensile strength ∼100-140 MPa and their 

stiffness ~1.0-1.5 GPa provide all the functional requirements associated with 

locomotor movement. As expected, both easily bend and change shape to 

accommodate changes in joint position and skeletal orientation (40).   

Highly paralleled collagen fibrous units characterize tendons and ligaments. 

Accordingly, it can be argued that these tissues are analogous to engineering fiber 

composites where fibers are laid down in parallel for directional reinforcement (41). 

The matrix of collagen fibrils aligned (approximate diameter Ø collagen fibril 1.5 

nm) is organized into long cross-striated fibrils that are arranged in bundles to form 

fibers (approximate diameter Ø fiber 50-500 nm).  Fibers are further grouped in 

arrays called fascicles (Ø fascicle 50-300 µm), these arrays together form the 

ligament (Ø ligament fiber 0.1-0.5 mm) (42). In the Knee Joint, the hierarchical 

structure of connective tissues described determines the mechanical behavior. 

Therefore, the knowledge of its mechanical properties is essential to elucidate 

behavior and function, as well as for selecting appropriate materials used in surgical 

reconstructive procedures. 

To mimic the collagen fibers matrix structure, the STL files of the initial Knee Joint 

model were exported to Materialise 3-Matic software. A frequent problem in the 

3D objects management is the relative position. In general, there is no match 

between the global reference system (GRS) of the different applications. The 

Materialise 3-Matic software integrates orientation tools (translate & rotate) for 

precise positioning of anatomical components according to anatomical references. 

The first step in fiber design was to establish the orientation of the Knee Joint about 

the anatomical and GRS planes of the application. 

A diameter of 0.6 mm was selected, based on approximate diameter for the fiber 

(43). A tolerance of 0.1 mm was provided considering a possible expansion of the 

material during the printing process. Successively we used a systematic method to 

generate contours and paths for each fiber distinct from each other. Fibers were 

created along with each structure from traced paths using commands Soft curve & 



 

11 

Sweet-loft. Final matrix fibers structure involved virtual post-processing using 

Auto-fix, uniform Remesh, Reduce, Smooth & Wrap commands to clean up and 

correct surface geometry errors, optimize surface mesh and generate a better-

refined surface finish for final 3DP. 

 

 

Figure 2: (A) Illustration tracing fibers through the medial collateral ligament 

(MCL), contour and sketches are shown (B) collagen fibers set manually created to 

MCL (C) Posterior view of the Knee Joint with all created fibers (D) Anterior view 

of the Knee Joint, cross-section MCL, the fiber diameter is reported. 

The number of designed fibers for cruciate ligaments, collateral ligaments, PT-QT, 

medial, and lateral patella-femoral ligaments (MPL-LPL), and medial and lateral 

patellar retinacula (MPR-LPR) were reported in Table 2. 

Table 2: Number of fibers designed for the Knee Joint Model. 

Soft tissues Number of fibers 

Anterior cruciate ligament (ACL) 

Posterior cruciate ligament (PCL) 

Medial collateral ligament (MCL) 

Lateral collateral ligament (LCL) 

Quadriceps tendon (QT) 

Patella tendon (PT) 

Medial patella-femoral ligament (MPL) 

Lateral patella-femoral ligament (LPL) 

Medial patellar retinacula (MPR) 

Lateral patellar retinacula (LPR) 

50 

45 

60 

50 

100 

45 

30 

30 

25 

20 
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ACL-R model manufacturing and surgical guide for improving surgery 

outcomes.  

The statistics of post-operative clinical outcomes represent the definitive proof of 

success in the treatment of ligament injuries. It is a clinical basis aimed at improving 

the results in procedures such as ACL-R. As mentioned, the success of the ACL-R 

depends on several surgical factors. Various specialists give strong importance to 

the surgical technique, which is associated with an adequate medical training and 

accurate pre-operative planning as well as the graft harvest. We sought the 

manufacture of a multi-material ACL-R model integrating all key surgical 

outcomes of the ACL-R computational framework using a BPTB auto-graft and a 

transtibial technique (TT) with single-bundle from a predictive model reported by 

(34). The approach incorporated orientations-architecture, position-dimensions of 

the femoral and tibial tunnels as well as the design of a custom-made SG based on 

the PT anatomy. The SG aimed to solve the problem associated with auto-graft and 

tunnel length mismatch. Pre-operative measurements of the BPTB auto-graft length 

were performed, specifically, the distance, measured from the origin in the lower 

portion of the patella until its insertion in the tibial tubercle. According to (43), if 

graft length is greater than or equal to 40 mm, the PT graft is a suitable candidate 

for replacement. Several authors suggest an average length of 40 mm for graft and 

20 mm for each bone plug. The BPTB block must have a rectangular geometry, a 

width of the graft and the bone plugs (tibial and patellar) can range between 9 and 

11 mm, a width of 9 mm was chosen. The ACL-R model was developed in the 

Materialise 3-Matic software. The measurements and landmarks were made from 

the Knee Joint Model with Measure & Landmark commands. Besides, we consider 

for the SG design an oscillating saw blade of 0.8 mm wide instead of a traditional 

scalpel for the graft harvest. Cut-plans, Boolean tools, marking & extrude 

commands were involved in the SG design. Lastly, the graft harvest was simulated 

with Boolean tools & Trim commands following the SG dimensions. Femoral and 

tibial tunnels of the knee were drilled following the orientations, and dimensions 

reported by (34) with 10 mm drills. 
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Figure 3: Schematic illustration of the pre-operative measurements and SG 

positioning. (A) Preliminary measures (mm) and landmarks of BPTB autograft, (B) 

Simulation of the cut-planes in the graft harvest, (C) Positioned SG, and graft 

harvest according to the pre-operative guidelines. 

 

Figure 4: Schematic illustration of the femoral and tibial tunnels architecture, 

orientations, dimensions, and positions. 

 

TKA model manufacturing and adjustment of PSP components in the Knee 

Joint model.  

TKA involves three critical components: femoral, tibial, and articular components. 

The femoral component is perhaps the most complex of them.  The component has 

a convex shape, which emulates the curvatures of the femoral condyles (located at 



 

14 

distal femur). The most common cause for premature failure of TKA is aseptic 

loosening of articular components. When that occurs, all components fail. The 

wrong relation between implant surfaces is usually the main cause of aseptic 

loosening. This causes an uneven stress distribution, which leads the component to 

the failure. 

The multi-material TKA model was developed in the Materialise 3-Matic software, 

the Knee Joint model affected by advanced OA stage with soft tissue involvement 

was simulated. We chose a custom-made CS implant with symmetric tibial bearing 

fixed design. The model represents the adaptation and suitable relationship of the 

prosthetic elements following the requirements: (1) the prosthetic components must 

have the ability to replicate joint motion as closely as possible. (2) The size of the 

implants must be custom-made to the actual anatomy of the Knee Joint.  

First, the anatomical and mechanical axes of the bone components were defined. 

Pre-operative measurements of the clinical angles were performed using Measure 

& Landmark commands: anatomic-mechanic femoral angle (FMAa) anatomic 

lateral distal femoral angle (FDLAa) and mechanical lateral distal femoral angle 

(FDLMa) (44). Likewise, measurements of the bone components were performed 

for the custom-made design of the prosthetic components. Cutting Planes & Trim 

commands were used to remove bone and cartilage components as follows: 11 mm 

of the proximal tibia (cross-section), 8 mm of the distal femur (cross-section), 7 mm 

in the posterior region of the femur (coronal section), 11 mm in the postero-inferior 

region of the femur (cross-section) and 6 mm in the anterior region of the femur 

(coronal section), ensuring a space of 20 mm for the replacement of the joint 

component. The patella was resected 14 mm from the anterior region (coronal 

section). 
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Figure 5: Schematic illustration of the pre-operative measurements and simulated 

cutting planes. (A) Mechanical and anatomical angles FMAa = 6.09º [5-7º] - 

FDLAa = 79.62º [79-83º] -FDLMa = 86.72º [85-90º] with their normal angular 

ranges were reported, (B) Anatomical measurements and simulation of the cutting 

planes in the bone components, (C) subtraction of the prosthetic components of the 

bone component according to the planes. 

 

The femoral and tibial components were exported from Rhinoceros 3D (Robert 

McNeel & Associates) where they were designed based on bone measurements 

through standard, Planes & Set View commands (Figure 6). The implants were 

adapted to the bone components, the tibial and patellar bearings were designed from 

them using Boolean & Marking commands. These were adapted to the trajectory 

and geometry of the femoral and tibial components respectively. In the neutral 

position, the femoral component was aligned, so that the resection of the distal bone 

was perpendicular to the mechanical axis of the femur, and the anterior and 

posterior resections are parallel to each other (Figure 7). 
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Figure 6: Schematic illustration of the prosthetic components adjustment. Design 

components were based on the anatomy of the bone components. Patellar and tibial 

bearings were designed based on the femoral component. 

 

Figure 7: Schematic illustration of the TKA model alignment in a neutral position. 

(A) Posterior view TKA model, femoral and tibial components are aligned 

perpendicular to the mechanical axis. (B) Lateral TKA model, the alignment 

corresponded to 90° concerning the mechanical axis. (C) Transverse view TKA 

model, the femoral component, anatomic axes-alignment surgical epicondylar axis, 

and mechanical axis corresponded to 90°. (D) Isometric view assembly of all the 

components of the TKA model. 

Mechanical test and the Material selection and matching.  

To print the proposed PSAMs, a key aspect was to determine appropriate material 

to emulate real tissue mechanical properties. Therefore, our first approach was to 

explore printer Stratasys J750™ multi-material capabilities. A matching between 

shore A hardness scale values of printing available materials and Knee Joint 
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anatomical structures were made. A model of ACL-R proposed in the previous 

study without considering the designed fiber matrix was printed after materials 

matching (Table 3). The materials Digital ABS™, Agilus30™, and Tango: 

FLX950™-FLX930™ (rubber-like materials family) were selected for printing 

bone components and soft tissues respectively. High Mix 27µm layer thickness 

mode was set for the model printing. 

Table 3: Proposed material matching. 

Model Structures Materials selected Durometer selected (Shore A) 

Bones 

Ligaments  

Tendons 

Retinacula  

Menisci 

Cartilage 

Digital ABS™ 

Agilus30 FLX2040™ 

Agilus30 FLX2040™ 

Agilus30 FLX2040™ 

TangoGrayFLX950™ 

TangoFLX930™ 

A 95 

A 35 

A 35 

A 30 

A 75 

A 28 

 
Unfortunately, the printing trial was not satisfactory, ligaments and tendons failed 

easily after simulating flexo-extension movements (Figure 8.) 

 

Figure 8: Printing trial scale 1:2. ACL-R model without collagen fibers matrix 

structure. Knee Joint lateral views in flexion with BPTB graft replacing ACL, 

rupture of the LPL, and MCL. 

After examining the results of the first printing trial, for the printing materials 

selection of the proposed models, we took advantage of the Stratasys J750 ™ 

printer's capability. Different combinations of hardness values of fibers were 

proposed. All models are based on the Knee Joint model. The Mechanical 
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characterization of the proposed combinations was conducted in Northwestern 

University Kaiser Lab using an Instron S3300 (Canton, MA) uniaxial testing 

instrument, following test designation D412-C for rubbers and elastomers. To 

perform the uniaxial tensile tests, it was necessary to design bone specimens with 

fibers inside (Table 4), in SolidWorks software following standard specifications 

(Figure 9.). Three bone specimens (n=3) were printed for each combination. 

Dimensions (thickness, length, width) of each bone specimen were measured with 

calibrator, values were set in the software BlueHill, Instrom SA (France, Elancourt). 

The tensile test was set using a test speed of 10 mm/min. Each bone specimen was 

attached between the materials testing system extensometer grips to apply tensile 

loads. The test was performed until the bone specimen failed. Data was recorded 

and exported to Microsoft Excel. The procedure was repeated with all bone 

specimens. Strain-stress curves of each specimen were elaborated in Matlab 

(MathWorks R2018). From them, average curves were created for each 

combination, elastic modulus, yield strength, and proportional limit values were 

reported in the results section. 

Table 4: Fibers-specimen hardness combinations (Agilus30) for the tensile test. 

Material 

combinations 

Fibers Durometer (Shore A) Specimen Durometer (Shore A) 

No 1 

No 2 

No 3 

No 4 

A.50 

A.50 

A.50 

A.60 

A60 

A55 

A40 

A70 
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Figure 9: Flowchart application standard D412-C. (A) Dimensions bone specimen 

(mm), (B) Render bone specimen in SolidWorks software, (C) Printed bone 

samples with different combinations, (D) Bone specimen attached to a materials 

testing system Instron S3300 uni-axial testing instrument, to apply tensile load. 

 

Results 

Mechanical test.  

The tensile test was performed to make a stiffness comparison (directly related to 

the slope of the linear region) of the different material combinations and Knee Joint 

soft tissues. We performed three mechanical tests for each combination to obtain 

average values reported. The approximate elastic modulus and linear tendencies 

were calculated in the elastic region (a linear approximation from endpoints of the 

toe-region to the yield strength point) of the stress-strain curves. The Table 5. 

includes values of Average-standard deviation of proportional limit (AVG/STD-

PL), Average-standard deviation of yield strength (AVG/STD-YS), Average-

standard deviation of elastic modulus (AVG/STD-E) and linear adjustment 

coefficient or Pearson's correlation coefficient R2, which varies between 0.980-

0.991. 
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Figure 10: Experimental average Stress-Strain curves of the Knee Joint soft tissues 

and material combinations. 
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Figure 11: Average linear tendencies for Knee Joint soft tissues and material 

combinations. 
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Table 5: Tensile test data. Strain-stress curve properties of different printing 

materials combinations. 

Material 

combinations 

AVG-

PL 

(MPa) 

STD-PL AVG-

YS 

(MPa) 

STD-YS AVG-

E 

 (MPa) 

STD-E 𝑅2 

No 1 

No 2 

No 3 

No 4 

1.533  

1.436 

1.486 

2.336 

0.030 

0.035 

0.012 

0.016 

1.560 

1.516  

1.580 

2.426 

0.008 

0.034 

0.008 

0.002 

0.769 

0.751 

0.660 

1.822 

0.011 

0.009 

0.005 

0.003 

0.980 

0.975 

0.970 

0.991 

 
We compared soft tissue curves (45) with the curves obtained from different 

proposed combinations; both show the same mechanical pattern exhibiting an 

approximate linear behavior (Figure 11). When we were comparing the stiffness 

and elastic modulus values, we found that combinations No 1-4 were the most 

similar to real structures with elastic modules of 1.8 and 0.7 respectively (Table 6). 

Table 6: Matching of the soft tissues with the selected combinations for the PSAMs 

models. 

Knee Joint soft 

tissues 

Elastic modulus 

(MPa) 

Selected combination Elastic modulus 

(MPa) 

MCL 

PT-QT 

MPL-LPL 

PCL 

LCL 

ACL 

3.23 

3.5 

2.41 

2.36 

2.29 

1.93 

No 4 

No 4 

No 1 

No 1 

No 1 

No 1 

1.8 

1.8 

0.76 

0.76 

0.76 

0.76 

 
Agilus30: FLX2040™ printing materials in the combinations No 1 (A50 fibers and 

A60 body) - 4 (A60 fibers and A70 body) were chosen to print ligaments, tendons, 

and retinacula according to the matching. Tango FLX930™ (A28) - FLX950™ 

(A75) printing materials were chosen to print cartilage surfaces and menisci 

respectively. Finally, Digital ABS™ (A95) was chosen to print bone components. 
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3D Printing of the Patient-specific anatomical models.  

Three patient-specific Knee Joint models ACL-R preview study (34), ACL-R, and 

TKA were printed. The models produced were accurate with no difference in size 

and positioning relative to planed 3D computer-generated PSAMs replicating fibers 

and realistic features of the Knee Joint anatomy. In this study, we did not evaluate 

the anisotropy of PolyJet AM technology (two critical factors involved orientation 

and LT). We have set PSAMs printing using High Mix six different materials 

(0.027mm LT) mode according to factory default settings. We located the model 

perpendicular to the printing tray in which, Z-axis of the SolidWorks GRS coincides 

with the Z-axis of the printing tray. The multi-material 3D printing enabled the 

combination of hard and elastic materials in a single project, enabling the 3D 

printing of the hierarchical structure, custom-made SG, and PSP for TKA. After the 

completion of printing, wax-like support material was removed using a pressure 

water gun, the whole process took about 5 minutes. One of the advantages of the 

use of PolyJet AM technology is the easy support material removal. Indeed, other 

technologies such as FDM use soluble plastics in chemical baths at high 

temperatures as a method of remove support material. The removal process can take 

approximately a day or more, which extends the manufacturing chain. In general, 

the printing price of PSAMs could be considered profitable about the costs 

associated with the use of cadaver models or traditional educational models. This 

was USD 570 with a production time of 28 hours. Finally, it was possible to validate 

the collagen fibers matrix structure designed and material proposed combinations 

in the models. After removing support material, the PSAMs were evaluated 

manually simulating 50 flexo-extension cycles using a three-in-one multi-purpose 

oil (ACL-R model was tested without BPTB positioned). The PSAMs did not 

present rupture or wear in their connective structures or at the insertion points. The 

custom-made SG matches perfectly with the anatomy of the PT in the ACL-R 

model. Likewise, as it was planned, the BPTB measurements match perfectly with 

the SG dimensions. The custom-made implants of the TKA model accomplished its 

requirements and established preliminary planning but the range of motion was 

more limited. 
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BPTB graft 

Fibers inside MCL 

Femoral tunnel 

Fibers inside PCL 
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Surgical guide 

Tibial tunnel 

Fibers 

Femoral tunnel 
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Figure 12: Illustration of Knee Joint PSAMs: (1) Anterior-Lateral- Posterior views of ACL-R (preview study), (2) ACL-R, and (3)TKA models. Final 

models showed the same details as the 3D computer-generated PSAMs, where the fibers were evident in the grafts and other anatomical structures. 

Tibial component 

Tibial and 
patellar bearings 

Femoral component 

Tibial component 
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Discussion  

The aim of the current study was to take advantage of the multi-color and multi-

material Stratasys J750™, and to use CAD software to mimic anatomical features 

of the soft tissue structures. In addition, the SG and PSP were designed to improve 

surgical outcomes in orthopedics, particularly in ACL-R as well as providing 

functional models for TKA. We concluded that the approach mimicking the 

hierarchical structure of the Knee Joint connective soft tissues was successful. 

When we compared Stress-Strain curves for Knee Joint soft tissues and material 

combinations as well as linear tendencies (Figures 10-11), we highlighted that 

mechanical patterns and stiffness are comparable, despite different elastic modulus 

values. For the proposed combinations, Pearson correlation coefficients 𝑅2, were 

close to one, which means that data adjustment was a good approximation of the 

linear region, representative of the elastic behavior of ligaments and tendons (Table 

6). From a functional point of view, when we compared the initial ACL-R model 

(without hierarchical structure) and ACL-R proposed model, we confirmed that the 

last one achieved expected results without connective structures wear or rupture. 

In general, the proposed PSAMs withstood repetitive flexo-extension cycles 

without problems (Figure 12). 

The custom-made ACL printed surgical guide matches perfectly with the anatomy 

of the PT in the ACL-R model. This would enable the surgeon to solve the problem 

related to graft tunnel length mismatch and uncertainty in the graft harvest, 

ensuring dimensions established in the pre-operative plan. The main limitation of 

this approach is surgical validation, it is expected that the SG can be used in the 

application of real cases of ACL-R. Figure 13. Shows the comparison between the 

traditional approach and the proposed solution. 
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Figure 13: Traditional approach for BPTB autograft harvest using a ruler to 

measure graft dimension and proposed approach using ACL surgical guide. 

Finally, in our study, the purpose of the TKA model was to fulfill the functional 

requirements established in preoperative planning. There were two main 

limitations: the PSP designed considered an extreme case of OA in which the 

cruciate ligaments are sacrificed, which is not recommended from the medical 

criteria. Besides, the approach was based on a Knee joint under normal conditions 

and it does not represent a real OA condition, therefore despite the results, the PSP 

designed are not a real application for TKA. Other critical factors determine the 

success or failure of TKA that this study does not consider. 

Our study serves as the first step and a proof of concept for the accurate creation 

of PSAMs, SG, and PSP.  

 

Conclusion 

The full-color, multi-material 3D printer: Stratasys J750™ has demonstrated its 

capability to produce functional PSAMs with high fidelity, cost, and short-duration 

from planning to manufacturing. The proposed PSAMs offer a diverse range of 

applications. These can be considered as an alternative to replacing cadaver 

specimens for medical training, pre-operative planning, research and education 

purposes, and predictive models validation.  We highlight the potential of PolyJet 

AM technology combined with specialized medical software as a path to change 

the way specialists and researchers plan, execute, and validate complex procedures.  
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Figures

Figure 1

Schematic illustration of the formats used in this study. From the Knee Joint model, three approaches are
followed: (1) Design of a collagen �bers matrix that mimics the hierarchical structure of specialized
connective soft tissues, (2) development of an ACL-R model integrating key surgical outcomes of the
ACL-R computational framework and a custom-made surgical guide (SG) for avoiding graft tunnel length
mismatch, and (3) development of a model that represents total joint arthroplasty with the integration of
PSP components. The illustration shows a path corresponding to the 3D printing trial with the ACL-R
model* used in the previous study.



Figure 2

(A) Illustration tracing �bers through the medial collateral ligament (MCL), contour and sketches are
shown (B) collagen �bers set manually created to MCL (C) Posterior view of the Knee Joint with all
created �bers (D) Anterior view of the Knee Joint, cross-section MCL, the �ber diameter is reported. The
number of designed �bers for cruciate ligaments, collateral ligaments, PT-QT, medial, and lateral patella-
femoral ligaments (MPL-LPL), and medial and lateral patellar retinacula (MPR-LPR) were reported in
Table 2.

Figure 3



Schematic illustration of the pre-operative measurements and SG positioning. (A) Preliminary measures
(mm) and landmarks of BPTB autograft, (B) Simulation of the cut-planes in the graft harvest, (C)
Positioned SG, and graft harvest according to the pre-operative guidelines.

Figure 4

Schematic illustration of the femoral and tibial tunnels architecture, orientations, dimensions, and
positions.



Figure 5

Schematic illustration of the pre-operative measurements and simulated cutting planes. (A) Mechanical
and anatomical angles FMAa = 6.09º [5-7º] - FDLAa = 79.62º [79-83º] -FDLMa = 86.72º [85-90º] with their
normal angular ranges were reported, (B) Anatomical measurements and simulation of the cutting planes
in the bone components, (C) subtraction of the prosthetic components of the bone component according
to the planes.



Figure 6

Schematic illustration of the prosthetic components adjustment. Design components were based on the
anatomy of the bone components. Patellar and tibial bearings were designed based on the femoral
component.

Figure 7

Schematic illustration of the TKA model alignment in a neutral position. (A) Posterior view TKA model,
femoral and tibial components are aligned perpendicular to the mechanical axis. (B) Lateral TKA model,
the alignment corresponded to 90° concerning the mechanical axis. (C) Transverse view TKA model, the
femoral component, anatomic axes-alignment surgical epicondylar axis, and mechanical axis
corresponded to 90°. (D) Isometric view assembly of all the components of the TKA model.



Figure 8

Printing trial scale 1:2. ACL-R model without collagen �bers matrix structure. Knee Joint lateral views in
�exion with BPTB graft replacing ACL, rupture of the LPL, and MCL



Figure 9

Flowchart application standard D412-C. (A) Dimensions bone specimen (mm), (B) Render bone specimen
in SolidWorks software, (C) Printed bone samples with different combinations, (D) Bone specimen
attached to a materials testing system Instron S3300 uni-axial testing instrument, to apply tensile load.



Figure 10

Experimental average Stress-Strain curves of the Knee Joint soft tissues and material combinations.



Figure 11

Average linear tendencies for Knee Joint soft tissues and material combinations.



Figure 12

Illustration of Knee Joint PSAMs: (1) Anterior-Lateral- Posterior views of ACL-R (preview study), (2) ACL-R,
and (3)TKA models. Final models showed the same details as the 3D computer-generated PSAMs, where
the �bers were evident in the grafts and other anatomical structures.



Figure 13

Traditional approach for BPTB autograft harvest using a ruler to measure graft dimension and proposed
approach using ACL surgical guide.


