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A B S T R A C T   

A knowledge on the pullout forces of degradable craniomaxillofacial screws is essential in designing pediatric 
cranial implants. Herein, four non-identical commercially available screws composed of different aliphatic 
polyesters were fixated to 3D-printed poly(L-lactide) screw hole test rig and onto a bone substitute material using 
manual tapping and ultrasonic welding fixation techniques. A method for mechanical testing was developed to 
determine and compare their quasi-static pullout strength. The degradation of the screws was followed for up to 
one year in three different degrading environments. While the screw size influences the initial pullout force, the 
degrading environment, size, and screw composition determine the degradation rate which in turn influences the 
pullout force over time. Given the limited availability of standard methods, the method developed herein can be 
used in determining the pullout forces of degradable craniomaxillofacial screws and comparing the effectiveness 
of various screw insertion techniques.   

1. Introduction 

Pediatric cranial trauma is one of the leading causes of fatality and 
long-term disability in children [1]. As a result, decompressive cra-
niectomy is usually carried out to release the pressure caused by 
swelling of the brain by removing a bone flap from the affected area. 
Once the swelling has decreased, the skull is reconstructed either using 
the autologous bone, which is kept frozen until the swelling has 
decreased, or by replacing the natural bone with an alloplastic implant 
[2]. The pediatric cranium changes rapidly in both size and shape during 
the growth of a child, especially up to 3 years of age [3]. Initially, the 
cranial bone is composed of thin flexible plates separated by fibrous 
structures capable of significant deformation; as the child growths, these 
gradually differentiate into inner and outer layer of cortical and a middle 
layer of cancellous bone [4–8]. Therefore, optimal patient-specific im-
plants and their fixation devices require materials capable of undergoing 
controlled resorption while allowing the normal growth of the patient’s 
skull during their development. Even though autologous bone is some-
times preferred due to its lower cost and anatomical fit, resorption rates 
of 29–81% have been reported in children [9–13]. Therefore, synthetic 

implants are becoming more common due to their lower rate of infection 
and degradation when compared to autologous bone [14]. Materials 
that are most commonly used in synthetic craniomaxillofacial (CMF) 
implants include poly(methyl methacrylate) (PMMA), poly(ether-
etherketone) (PEEK), calcium phosphate (CaP), and titanium [14–16]. 

PMMA has been associated with lower revision rates than autologous 
calvarial bone in patients between 18 and 65 years old; however, due to 
the growing process in children, revision surgeries are necessary and 
secondary cranioplasty should be performed as soon as possible after 
decompressive craniectomy [17]. PEEK remains a popular alternative 
due to its strength and elasticity being similar to bone, which makes it 
more comfortable and well-tolerated; although retrospective studies 
have shown higher infection rates than other materials in children [18]. 
Customized hydroxyapatite (HAp) implants have shown excellent re-
sults, even in pediatric patients [7]. Nevertheless, HAp is rather stable 
and poorly soluble, and therefore, resorbable dicalcium phosphate 
anhydrous (DCPA, monetite), and β-tricalcium phosphate (β-TCP) might 
be preferred in the design of resorbable implants [19,20]. Monetite has 
also been used successfully in combination with additively manufac-
tured titanium to take advantage of the properties of both materials [15, 

* Corresponding author. 
E-mail address: hakan.engqvist@angstrom.uu.se (H. Engqvist).  

Contents lists available at ScienceDirect 

Polymer Testing 

journal homepage: www.elsevier.com/locate/polytest 

https://doi.org/10.1016/j.polymertesting.2022.107519 
Received 29 December 2021; Received in revised form 15 February 2022; Accepted 18 February 2022   

mailto:hakan.engqvist@angstrom.uu.se
www.sciencedirect.com/science/journal/01429418
https://www.elsevier.com/locate/polytest
https://doi.org/10.1016/j.polymertesting.2022.107519
https://doi.org/10.1016/j.polymertesting.2022.107519
https://doi.org/10.1016/j.polymertesting.2022.107519
http://crossmark.crossref.org/dialog/?doi=10.1016/j.polymertesting.2022.107519&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Polymer Testing 109 (2022) 107519

2

21,22]. Titanium is strong, malleable, printable, corrosion-resistant, 
non-toxic, and does not trigger inflammatory responses. However, it 
results in image artifacts and poses a risk to patients suffering from metal 
hypersensitivity [16,23,24]. Titanium is also non-degradable, which 
limits its usability in pediatric patients, particularly in patients under the 
age of 3 years old due to concerns with cranial constriction [25]. 

Given the recent advancements in cranioplasty towards implants 
with an improved capacity of integration with the surrounding bone, 
and the necessity of these implants to adapt to a growing skull for pe-
diatric indications [26], replacing non-degradable materials in CMF 
implants is highly desired. By using degradable screws to fixate the 
implants, the new design may be adapted to pediatric patients since this 
would allow for natural growth of the cranial vault, and prevent cranial 
constriction. Degradable screws would prevent undesirable effects such 
as local bone resorption due to stress shielding, allergic reactions due to 
long-term metal ion release, and potential refracture post removal [27]. 

Aliphatic polyesters have been extensively used in medical implants, 
owing to their ability to tune mechanical strength and degradability [28, 
29]. In general, aliphatic polyesters degrade hydrolytically, resulting in 
a lowering of molar mass and mechanical properties [28,30]. In the 
ultimate stages of degradation, they degrade to low molar mass products 
that can be metabolized by the human body, resulting in complete 
resorption of the medical implant. Important advantages of these poly-
esters in implant applications include: no interference with imaging 
techniques, no need to perform surgeries to remove the implants, and 
the potential to adapt to the natural growth of bone [28,31,32]. How-
ever, one such class of aliphatic polyesters, the homopolymers of lactide 
(LA) suffer from some disadvantages such as low toughness, low hy-
drophilicity [33], high crystallinity [31,34,35], and slow degradation 
[33]. For instance, PLLA of high molar mass needed around 2–5.6 years 
to resorb in vivo [29,36]. One solution to shorten the degradation time 
and tune mechanical properties is copolymerization. For example, co-
polymers of D-lactide (DLA), L-lactide (LLA) [37], and trimethylene 
carbonate (TMC) [33,38] have displayed shorter degradation times than 
their corresponding homopolymers. Moreover, the copolymers can be 
processed using a variety of techniques such as injection molding, 3D 
printing, melt fiber-spinning, etc. [28,39–41]. 

Degradable fixation screws are commonly produced using aliphatic 
polyesters such as polyglycolide (PGA), and stereoisomers and co-
polymers of polylactide (PLA)e.g., poly(L-lactide) (PLLA), poly(D-lac-
tide) (PDLA), poly(L, D -lactide) (PDLLA) [36,42]. Such degradable 
screws have been used for orthopedic applications like mandibular 
fracture fixation and cruciate ligament reconstruction [36,43] and were 
shown to be safe [44] in children [45]. In addition to the abundance of 
material choice and the possibilities to tailor the screws according to 
size, length, and design, two different techniques are prominently fol-
lowed to fixate them at the site of implantation. The first technique is 
manual tapping—a handle is used to insert a screw subcortically into a 
pre-punched bone socket [46]. The second technique uses ultrasound to 
anchor screws—the ultrasound melts a polymer screw into a pre-drilled 
hole in cancellous bone. This technique offers advantages such as 
reduced time for surgery, minimal invasiveness, less bone trauma, and 
enhanced material-bone integration. PDLLA screws (2.1 mm diameter) 
were fixed ultrasonically to repair skull defects in dogs [47]. PDLLA 
screws (diameter 1.6 mm and 3.2 mm) were bonded to the cranium 
successfully using ultrasound in 28 consecutive human patients and 
monitored over two years, during which adequate stability of screws 
have been confirmed with only few complications [48]. Another study 
established that melting of PDLLA (30% DLA and 70% LLA) during 
welding did not affect the tissues around the implantation site [49]. The 
welding technique was also used to anchor a 3.6 mm diameter PDLLA 
screw (16 mm in length with a PEEK eyelet of length 7 mm) for rotator 
cuff repair: very good results were obtained in human cadaveric humeri 
specimens irrespective of bone mineral density, i.e., the welded screws 
provided comparable biomechanical stability (tested according to 
standards) as that of a benchmark anchor screw composed of PLLA (5.5 

mm in diameter and 15 mm in length) fixed through manual tapping 
technique [46]. 

There are no well-established standard methods for measuring and 
comparing the pullout strength of degradable CMF screws inserted 
through different techniques. Moreover, even though degradable screws 
are used in clinics, there is a lack of knowledge of whether the screw 
insertion technique influences the results. The scope of the research 
herein was therefore to develop a method for measuring and comparing 
pullout force of degradable CMF screws. This method was then used to 
generate knowledge of whether the screw insertion technology in-
fluences the results and thereafter further developed to assess the per-
formance in the presence of calcium phosphate. Two commonly used 
screws and two commonly used CMF screw fixation technique were 
correlated i) PDLLA screws fixed using the ultrasonic welding technique, 
ii) screws made of a copolymer of L-LA, D, L-LA and TMC fixed using the 
manual tapping technique. 

2. Materials and methods 

2.1. Overview of the experimental design 

Screws (SonicWeld) from KLS Martin (Φ1 = 1.6 mm; Φ2 = 2.1 mm) 
(KLS Martin Group, Tuttlingen, Germany) made of 100% poly(D,L-lac-
tide) and from Inion (Φ1 = 1.5 mm; Φ2 = 2.0 mm) (Inion Oy, Tampere, 
Finland) made of a copolymer of L-lactide, D,L-lactide and trimethylene 
carbonate were chosen as these brands are well known, and the sizes are 
representative of what is used to fixate pediatric CMF implants. The 
retention force was measured for all specimens in a pullout model, and 
correlated to polymer degradation over a 1-year period. In order to 
support the pullout data, and to understand the degradation of the 
screws under hydrolysis in vitro even in the presence of calcium phos-
phate, polymer degradation was also characterized in two other ways: 1) 
by characterizing the degradation of the screws conditioned on their 
own (not inserted in a bone model); 2) by characterizing the degradation 
of the screws (KLS Martin) inserted in another resorbable (ceramic) 
material used in CMF implants. The experimental design is summarized 
in Table 1. 

2.2. Screw pullout model, degradation and testing 

The screws (Fig. 1) were used to fasten a 3D-printed PLA fastening 
arm with a 1 mm thick test rig, onto a solid rigid polyurethane foam with 
a density of 30 pounds per cubic foot (30 PCF SawBone, Pacific Research 
Laboratories, Inc., Vashon, WA, United States) cubes according to the 
screw manufacturer’s instructions (Fig. 2). The chosen solid rigid Saw-
Bone 30 PCF material meets ASTM F1839-08 [50] specifications and 
was chosen based on its resemblance to cortical bone as well as pre-
liminary testing which resulted in highest screw retention and repro-
ducibility of results (data not shown). The density of the SawBone 
material was chosen not only to mimic the bone mineral density in the 
skull but also to allow reproducible fixation of all sizes and types of 
screws tested herein. The size of the test block was chosen to be (3 × 3 
cm) since according to Ref. [51] it shall be no less than 20 mm. 

The screw hole test rig design and SawBone type were chosen based 
on preliminary testing. The test rigs used for the different screws were 
identical by size (Fig. 1C), material composition (PLA), and processing 
(3D-printing). The dimensions of the test rig were adapted to fit the 
screws used in the current study (Fig. 1C). The test rigs were printed 
from PLA filament (Ultimaker, Utrecht, The Netherlands) using an 
Ultimaker S5 (Ultimaker, Utrecht, The Netherlands) fused filament 
printer. The screws were used to attach the rig to the bone analogue 
material. The deformation of the rig while acknowledge as a limitation, 
was considered as a part of the design to mimic a fastening arm to be 
manufactured by 3D-printing technology with PLA. 

In order to insert the KLS Martin screws (Φ1 = 1.6 mm; Φ2 = 2.1 
mm), holes were pre-drilled in each SawBone bone block using drill J- 
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latches (Φ1 = 1.0 mm; Φ2 = 1.6 mm) (KLS Martin Group, Tuttlingen, 
Germany) respectively, installed on a tabletop Bosch PBD 40 drilling 
machine (Robert Bosch GmbH, Gerlingen, Germany) for adequate 

vertical alignment. Excess debris was then removed using compressed 
air. The screws were then manually inserted into the pre-drilled holes 
using a handheld equipment consisting of a straight Sonotrode equipped 

Table 1 
Experimental design and number of specimens, all samples have been conditioned in PBS (pH = 7.4) at 37 ◦C.  

Screw Material composition Inserted in SawBone 30 (pullout study) No insertion (screw study) Inserted in calcium phosphate (calcium phosphate 
study) 

Insertion technique Pullout SEC DSC SEC Insertion technique SEC 

KLS 2.1 PDLLA Ultrasonic welding 6 3 3 1 Ultrasonic welding 2 
KLS 1.6 PDLLA Ultrasonic welding 6 3 3 1 – – 
Inion 2.0 Copolymer of LLA, DLLA, TMC Manual tapping 6 3 3 1 – – 
Inion 1.5 Copolymer of LLA, DLLA, TMC Manual tapping 6 3 3 1 – – 

1 The smallest screw type was not possible to insert in the calcium phosphate tile. 

Fig. 1. Specification for screws and screws: (A) KLS Martin SonicWeld screw; (B) Inion tapped screw; (C) Cross-section of screw hole; (D) Test rig design.  

Fig. 2. Design and process for pullout testing of degradable screws: (A) 3D drawing of the pullout setup design that holds the sample block in place including a 
pointer tool to align the loading axis with the center of the screw; (B) Example μCT image showing a cross-section of a SonicWeld screw inserted in SawBone block; 
(C) Sample block consisting of the SawBone block, the screw and the PLA test rig; (D) Image of the test setup; (E) Image of a pulled-out specimen. 
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onto a SonicWeld Rx® equipment (KLS Martin Group, Tuttlingen, Ger-
many) operated according to the manufacturer’s instructions. 

In order to insert the Inion screws (Φ1 = 1.5 mm; Φ2 = 2.0 mm), 
holes were pre-drilled in each SawBone bone block using drill J-latches 
(Φ1 = 1.2 mm; Φ2 = 1.6 mm) (Inion Oy, Tampere, Finland) respectively, 
installed on a tabletop Bosch PBD 40 drilling machine (Robert Bosch 
GmbH, Gerlingen, Germany) for adequate vertical alignment. Excess 
debris was then removed using compressed air. Manual bone taps (Φ1 =

1.5 mm; Φ2 = 2.0 mm) (Inion Oy, Tampere, Finland) were then used to 
tap the holes before inserting the screws manually using a universal 
screwdriver blade (Inion Oy, Tampere, Finland). 

One group of samples was tested at the initial time point, before the 
degradation started. For the degradation, each sample block was placed 
upside down in a 90 mL plastic cup with PBS (pH = 7.4) so that the screw 
and the fastening arm were fully immersed in the PBS. The cups were 
stored in an oven at 37 ◦C. Each group was tested in sextuplicates. The 
samples were removed from PBS after 1, 2, 3, 4, 5, 6, 8 and 12 months, 
and tested, without drying. 

The samples were tested under quasi-static tensile loading on a 
universal materials tester machine 5 kN AGS-X (Shimadzu Corporation, 
Kyoto, Japan) equipped with a load cell with a capacity of 500 N at a 
crosshead speed of 5 mm/min according to ASTM standard [51]. A 
specially-made pullout rig was designed according to ASTM standard 
[51] and installed onto the machine. Prior to testing, the screws were 
aligned with the loading axis using the pointer tool included in the 
setup. The pullout strength was measured as the maximum force 
measured in each test. The screws and the fastening arms were dried and 
collected for physicochemical characterization according to sections 2.3 
and 2.4. 

2.3. Complementary degradation testing 

Two complementary degradation studies were conducted to evaluate 
the changes in the physicochemical characteristics of the screws by 
themselves or when inserted in calcium phosphate block. In the first, one 
sample of each screw type was fully immersed in PBS and placed in an 
oven at 37 ◦C. In the second, duplicates of the largest screw type (KLS, Φ 
= 2.1 mm) were inserted into calcium phosphate tiles, however, KLS 1.6 
and Inion screws could not be inserted. The calcium phosphate tiles were 
prepared from a 1:0.85 M ratio mixture of β-tricalcium phosphate 
(β-TCP) and monocalcium phosphate monohydrate (MCPM), respec-
tively, mixed with 0.5 M citric acid at a liquid-to-powder ratio of 0.22 
mL/g and molded into tiles mimicking a commercial implant [52,53]. 
The tiles were allowed to set at 37 ◦C for 24 h and then placed in 
quick-seal 300 sterile bags and autoclaved at 125 ◦C for 40 min. The 
autoclaving process is used for both sterilization and transformation of 
the dicalcium phosphate dihydrate (brushite) phase into dicalcium 
phosphate anhydrate (monetite) phase. Upon drying of the tiles, the 
screws were inserted (Fig. 3) as described in section 2.1 and the samples 
were immersed in PBS at 37 ◦C. The samples were removed from PBS 
after 1, 2, 3, 4, 5, 6, 8, and 12 months. 

The screws from the first complementary study were dried and tested 
as described in section 2.4. The screws from the second complementary 
study were released from the tile by cracking the tile and tested as 
described in section 2.4. 

2.4. Size exclusion chromatography (SEC) 

The number-average molar mass (Mn), weight-average molar mass 
(Mw), and dispersity (Đ = Mw/Mn) of the screws and test rigs were 
measured using SEC. Measurements were performed at 35 ◦C on a Vis-
cotek GPCmax system equipped with a refractive index detector, two 
linear mixed-bed columns (2*Plgel 5 μm MIXED-D), and a guard column 
(Plgel 5 μm Guard). Calibration was achieved using polystyrene stan-
dards with low dispersity. Chloroform was used as an eluent (0.5 mL/ 
min), and flow rate fluctuations were corrected using toluene as an 

internal standard. Mn, Mw, and Đ were obtained using OmniSEC soft-
ware, and the average values have been reported. 

2.5. Differential scanning calorimetry (DSC) 

A Mettler-Toledo DSC 1 instrument system calibrated with indium 
was employed to study the thermal properties of screws and test rigs. 
Approximately 6.6–17.9 mg of sample (i.e., screws and test rigs) was 
enclosed inside a 100 μL aluminum crucible whose lid was pierced with 
a hole whereas an empty aluminum crucible wrapped with a lid was 
used as a reference. The measurements were performed under nitrogen 
atmosphere which was maintained at a flow rate of 50 mL/min. The 
samples were subjected to a DSC program consisting of two cycles. In the 
first cycle, the samples were heated from − 20 ◦C to 250 ◦C at a heating 
rate of 10 ◦C/min and then cooled to − 20 ◦C at a cooling rate of 10 ◦C/ 
min. In the second cycle, the heating stage was similar to the first cycle, 
but the cooling stage was carried out only to 25 ◦C. The samples were left 
for 2 min at both the initial and final temperatures in both heating and 
cooling stages. All values have been reported from the heating stage of 
the first cycle, which included the thermal effects associated with pro-
cessing techniques (injection molding/3D printing), fixation technique 
(manual tapping/ultrasonic welding), and subsequent hydrolysis in PBS. 

Triplicate measurements were obtained for every sample at different 
timepoints (30, 90, 150, 240, and 365 days), and the average values 
have been reported. The data were evaluated using Mettler Toledo 
STARe v. 15.00 software. The glass transition temperature (Tg) was 
recorded from the midpoint of the transition while the cold crystalli-
zation temperature (Tc) and melting temperature (Tm) were recorded 
from the maximum of the respective peaks, as per ASTM D 3418:2015. 
Apart from these values that were obtained directly from DSC, the 
percent of crystallinity (Xc) was calculated according to the following 
equation using the values obtained from DSC: 

Xc =(
ΔHm − ΔHc

ΔH◦

m
) × 100  

where ΔHm denotes melting enthalpy, ΔHc denotes cold crystallization 
enthalpy, and ΔH◦

m denotes the enthalpy of pure polylactide (93 Jg− 1) 
[54]. 

3. Result and discussion 

Pullout testing of degradable polymer screws inserted in 30 PCF 
SawBone blocks were first carried out. The samples were also degraded 
for one year and characterized at different timepoints. Together, this 
provided a model to measure and understand the insertion strength 
during degradation and comparisons could be drawn between the two 

Fig. 3. Sample of a degradable screw (KLS 2.1) inserted in a calcium phos-
phate tile. 
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insertion techniques, polymers and screw sizes. 
Even though the use of uniaxial pullout testing constitutes a limita-

tion of the present study due to the higher relevance of shear forces 
applied perpendicularly to the screw axis during the growth of the 
cranial vault, it is considered a standard method to comparatively assess 
the capacity of the two materials, different screw sizes and insertion 
techniques to fixate and stabilize an implant. By using a PLA test rig, it 
was possible to mimic the degradation of a degradable fastening arm and 
the welding of the SonicWeld screws to the arm itself. The screws were 
composed of PDLLA or a copolymer of L-LA, D, L-LA, and TMC, and as 
such, are expected to undergo hydrolysis in PBS when conditioned for a 
year. The factors governing the hydrolysis of these aliphatic polyesters, 
such as initial molar mass, surface area, shape, thickness [55,56] and 
residual monomer content [57] of the sample, pH of aging medium [58], 
the ability of the sample to interact with aging medium [59] have been 
studied. Moreover, the use of standardized SawBone removed the vari-
able associated to the variability of natural human bone, which might 
have affected the holding power of the screws [60], allowing for a 
smaller screw size to be tested at each time point. 

The force versus displacement behavior was similar for all screws at 
the initial time point, independent on size, design or polymer, charac-
terized by a linear increase in loading profile up to a maximum (pullout 
force value) followed by a sharp failure (Fig. 4). However, an initial toe- 
region was seen in some of the samples. 

Overall, all screws exhibited a quasi-linear decrease in pullout force 
over time. The largest of the screws inserted by manual tapping (Inion 
2.0) showed the highest initial pullout force (127 ± 2 N), Fig. 4, at the 
initial time point before the degradation. Whereas the smallest of the 
screws inserted by manual tapping (Inion 1.5) and both SonicWeld 
screws (KLS 1.6 and KLS 2.1) exhibited a similar initial pullout force of 
approximately 60 N. 

Interestingly, according to the literature, KLS screws inserted 
through an ultrasonic welding process, which fills the pores in the 
SawBone bone analogue, as well as weld to the rig, should have shown 
higher pullout forces [46,47,49]. However, our results from our exper-
imental set up show that the pullout forces depend more on the contact 
surface (size) and less on the insertion technique. Assuming the body of 
the screw to be a cylinder, we calculated the apparent contact surface 
based on the values given in Fig. 1. The contact surfaces are then: KLS 
1.6 (24.13 mm2); KLS 2.1 (33.32 mm2); Inion 1.5 (25.21 mm2); Inion 2.0 
(40.84 mm2). Here we can see that the longest screw with the largest 
possible contact surface showed the highest pullout force whereas the 
rest of the screws, which had shorter lengths and a similar contact sur-
face had also similar pullout forces up to 180 days. 

There was a difference in failure mode between the two insertion 

techniques and type of screws regardless of the state of degradation. The 
SonicWeld screws (KLS) typically were pulled out entirely, including the 
screw hole test rig to which the screws had been welded indicating 
failure at the interface between the body of the screw and the SawBone. 
On the other hand, the screws inserted by manual tapping (Inion) did 
not adhere to the screw hole test rig and the most common mode of 
failure was head split-off leaving the body of the screw inserted in the 
SawBone. This indicates stronger retention of the screws inserted by 
manual tapping when compared to SonicWeld screws, which in turn 
indicates that the pullout force would have been higher if the failure had 
not occurred at the head. 

Interestingly, after 90 days there was a drop in pullout force for the 
largest screw inserted by manual tapping (Inion 2.0) and the pullout 
force remains at similar levels as that of other screws. There was no 
noticeable difference in screw failure mode before and after this time 
point. By 8 months, both screws inserted by manual tapping failed 
during conditioning as shown by a loose screw hole test rig, whereas 
SonicWeld screws (KLS 1.6 and KLS 2.1) were still retained and 
exhibited pullout forces of 17 ± 6 N and 29 ± 11 N respectively. By 12 
months, failure or near zero pullout forces were measured for the Son-
icWeld screws. 

The reason for the drop in pullout force for the largest screw inserted 
by manual tapping (Inion 2.0) could be related to degradation, and to 
deepen the knowledge around the pullout performance of the screws, a 
detailed characterization of the degradation in terms of composition, 
molar mass and thermal analysis of test rigs and screws were carried out. 
The 1H NMR analysis of Inion 2.0 screws obtained at 90 days and 120 
days (Supplementary Information: Fig. S2 and Fig. S3) revealed similar 
spectra with nearly identical contents of L-/D, L-lactide to TMC. This 
clearly indicates that the chemical composition of Inion 2.0 screw did 
not change during the time points considered and hence could not be a 
causal factor for the drop in pullout strength after 90 days. Neither 
crystallinity could be the reason for the high pullout strength during the 
first 120 days as the amount of crystallinity was very low (Table 2). One 
probable reason to the drop in pullout force could be the reduction in 
contact surface area due to degradation. However, the pullout force 
obtained depends not only of the screw but also on the behavior of PLA 
in the test rigs, and hence it is important to understand how the PLA that 
surrounds each screw degrades over time. As expected, all the test rigs 
displayed identical degradation due to hydrolysis and exhibited corre-
sponding changes in molar mass and thermal properties. (Supplemen-
tary Information: Table S1 and Fig. S1). Hence, it becomes clear that the 
degradation of test rigs should bear either nil or equal influence on the 

 

Fig. 4. Example of load-displacement curves for the pullout testing of screws 
before degradation (time point 0). 

Table 2 
Thermal properties of screws inserted in SawBone over different hydrolysis 
times.  

Sample Degradation 
time (days) 

Tg 

(◦C) 
Tm 

(◦C) 
Melting 
enthalpy 
(ΔHm) (J/g) 

Crystallinity 
(%) 

Inion 
1.5 

30 59.4 153.5 2.3 2.46 
90 59.3 153.3 1.2 1.30 
150 57.2 149.2 3.8 4.09 
240 54.3 134.0 14.3 15.38 

Inion 
2.0 

30 60.1 151.7 0.3 0.36 
90 55.5 149.4 7.3 7.89 
150 56.4 151.3 8.1 8.71 
240  135.6 19.3 20.76 

KLS 1.6 30 60.3 150.4 0.5 0.58 
90 61.1    
150 59.9    
240 59.9    
365 58.6 

KLS 2.1 30 60.5    
90 60.9    
150 59.7    
240 59.7    
365 53.3  
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pullout values obtained for different screws. 
The fixated screws tested for pullout strength were characterized in 

terms of changes in Mn, as given in Fig. 6. The initial Mn was estimated as 
received, before ultrasonic welding/manual tapping. After 180 days, 
Inion 1.5 and Inion 2.0 screws had degraded to 72% and 81% of their 
initial Mn’s to become around 21 kg mol− 1 and 16 kg mol− 1 respectively; 
whereas, KLS 1.6 and KLS 2.1 screws had degraded only by 34% and 
56% of their initial Mn’s to become around 102 kg mol− 1 and 62 kg 
mol− 1. Thus, it can be concluded that KLS screws degraded slower than 
Inion screws. At the end of one year, KLS 1.6 and KLS 2.1 screws retained 
their structural integrity and were able to be tested whereas Inion screws 
became powdery by 180 days. However, the KLS screws had lost more 
than 95% of their initial pullout force values by then. In pediatrics, an 
implant with a degradation time between 18 and 36 months could be 
suitable since there is bone formation in this range [61]; however, 
additional studies would be required to establish an adequate timeframe 
for the degradation. 

Despite KLS screws always possessing molar masses at least twice 
higher than Inion 2.0 screw at any time point, their pullout force values 
were lower. Also, the pullout forces for both Inion and KLS screws were 
closer to each other after 180 days even though their molar masses were 
very different. The results from Fig. 5 show that the initial pullout forces 
depend more on the contact surface (size) and less on the insertion 
technique and Fig. 6 indicates that the length and contact surface of the 
screws play a more significant role in the pullout forces over time than 
the molar mass. To look at this more closely, the pullout force versus Mn 
of KLS and Inion screws are shown in Fig. 7. 

KLS 1.6 and 2.1 which had similar Mn’s, KLS 1.6 also exhibited 
similar pullout force values whereas Inion 1.5 screw exhibited lower 
pullout force values than Inion 2.0 (Fig. 7). It is worth noting that the 
pullout force values of Inion 1.5 and Inion 2.0 vary considerably be-
tween each other during the initial 120 days (Figs. 5 and 7). There is also 
another trend shown in Fig. 7, the pullout force drops when the number- 
average molar mass becomes lower than 40 kg mol− 1. This is clearly 
seen for KLS 2.1, KLS 1.6, and Inion 2.0 screws. This drop in pullout 
force can be a result of mass loss (not tested) because if a screw loses 
mass and becomes small, the contact surface will of course be less and so 
will be the pullout force. 

Even though there is no clear correlation between the molar mass 
and the pullout force of the screws, we know that the initial molar mass 
and composition are important for the degradation rate which in turn 
influence the pullout force and so it is interesting to deepen the dis-
cussion around why the KLS screws degrade slower than the Inion 
screws. Several parameters may contribute to the differences in 
degradation:  

(i) Firstly, the size difference among the screws not only affects the 
pullout force values but also degradation. Heterogeneous degra-
dation is known and it has been shown that large samples of PLLA 
and its copolymers facilitate autocatalytic hydrolysis and result in 
faster degradation than the smaller samples of the same polymer 
[36,62]. Inion screws (4.6 mm or 5.5 mm) were longer than KLS 
screws (4 mm), and their diameters were more or less equal 
(Inion 1.5 is smaller than KLS 1.6 only by 0.1 mm and similarly 
Inion 2.0 than KLS 2.1) (Fig. 1). Correspondingly, as discussed 
earlier, at the end of 180 days, Inion screws degraded more than 
KLS screws (Fig. 6). Expectedly, due to the larger size, KLS 2.1 
degraded more than KLS 1.6, and Inion 2.0 more than Inion 1.5.  

(ii) Secondly, the differences in the material composition of KLS and 
Inion screws can bring about differences in degradation. The 
water in PBS causes hydrolysis by cleaving the solely available 
lactide-lactide bonds in KLS screws. However, it can split both 
lactide-carbonate bonds and lactide-lactide bonds present in 
Inion screws. Moreover, Inion 2.0 possesses higher TMC content 
than Inion 1.5 which might explain its higher degradation 
compared to Inion 1.5: the higher statistical availability of the 
easily cleavable lactide-carbonate bonds in Inion 2.0 than in 
Inion 1.5. It is worth noting that the cleavage of a lactide- 
carbonate bond involving a primary alkoxy moiety is sterically 
more favorable than the cleavage of a lactide-lactide bond 
involving a secondary alkoxy moiety [28].  

iii) Thirdly, crystallinity influences the degradation, and is related to 
both molar mass and microstructure of the copolymer. The 
changes in crystallinity and thermal properties of the screws and 
test rigs due to hydrolysis were monitored using DSC (Table 2). 
The amorphous regions in a semi-crystalline polymer are more 

Fig. 5. Pullout force versus time of screws/screws fitted to a linear regression. KLS 1.6 (▴); KLS 2.1 (◆); Inion 1.5 (■) Inion 2.0 (•).  
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susceptible to degradation than the crystalline regions. As a result 
of the degradation, the crystallinity will therefore increase [36]. 
This phenomenon, the increase in crystallinity over time, can be 
observed in Inion screws. KLS screws remained amorphous 
throughout the study even after substantial levels of degradation 
for a year (Table 2). 

During the first 150 days, with Inion screws, water in PBS would 
have initially attacked the TMC-containing amorphous portions leaving 
the lactide-containing crystalline portions unaffected, which is reflected 
in Mn loss and their almost constant Tm’s (around 151 ◦C) and increase 
in crystallinity (however still less than 8.5%) (Table 2). But, by 240 days, 
the Tm’s of Inion screws decreased to around 134–136 ◦C, while 
simultaneously, the crystallinity increased to above 15%. The fact that 
Tm decreases when the crystallinity increases is related to the low molar 
mass of the copolymer (around a few thousand g mol− 1 only) which 
makes the chains move within a crystalline domain, but not between 
domains [63]. It could also be attributed to the random scission of chains 
and that the cleaved chains become more mobile and tend to crystallize 
[56] and it is possible that the cleaved esters and the formed oligo lactic 
acids, can cause nucleation [64] thereby resulting in higher levels of 
crystallinity, especially at the later stages of degradation. These crys-
talline residues might cause inflammatory reactions in vivo [36]. It is 
worth noting that the KLS screws experienced an additional thermal 
treatment due to the ultrasonic fixation of screws and the influence from 
this treatment on pullout force or degradation cannot be distinguished in 
our study. 

To further understand how the degradation of screws vary with 
changes in the degradation environment, they were hydrolyzed alone in 

PBS buffer without fixating to test rig and Sawbone. All the screws 
exhibited higher levels of degradation in this environment (Fig. S4 and 
Fig. S5) when compared with the pullout degradation study (Fig. 8), as 
here the PBS medium surrounds the screws, causing increased exposure. 
In the pullout study, the screws were encompassed by PBS on only one 
side and by the test rig and SawBone interface which might have limited 
the access of PBS to screws. This can be easily understood when we 
compare the degradation of KLS screws: after 240 days, KLS 1.6 had lost 
91% and KLS 2.1 had lost 98% of their initial Mn

’s in this study (Fig. 8) 
whereas the same screws lost 56% and 67% only, respectively, during 
the pullout degradation study (Fig. 6). The Mn of Inion 1.5 and Inion 2.0 
decreased by 99% and 98%, which was similar to what was observed 
during pullout degradation study, but it should be considered that the 
values are close to 100% and cannot further increase. After 12 months, 
there was only powder left, which could not be characterized with SEC 
or DSC. 

Since the environment influences the degradation, the screws should 
ideally be assessed in their intended application environment. There-
fore, to gain a preliminary insight into the possible degradation that can 
occur in vivo when degradable screws are fixated in CMF implant made 
of resorbable ceramics, KLS 2.1 screw was inserted in calcium phosphate 
tiles and placed in PBS medium to study its degradation in terms of 
changes in molar mass. The screw degraded in an approximately similar 
fashion (Fig. 9) as when it was fixated to the test rig and SawBone in the 
pullout degradation study (Fig. 6) but degraded noticeably more at the 
end of 240 days, by 85% of its initial Mn (67% reduction in case of 
pullout degradation study). As the calcium phosphate surrounding the 
screw is relatively hydrophilic when compared with SawBone, PBS can 
penetrate more easily and cause increased degradation [30]. However, 

 

Fig. 6. Left: Number-average molar mass, Mn, of KLS and Inion screws hydrolyzed over a year, characterized by SEC, calibration curve obtained using polystyrene 
standards. Right: Number-average molar mass, Mn, loss % of KLS and Inion screws hydrolyzed over a year, characterized by SEC, calibration curve obtained using 
polystyrene standards. 

Fig. 7. Left: Scatterplot showing Mn vs. pullout force of KLS screws (produced from PDLLA). Right: Scatterplot showing Mn vs. pullout force of Inion screws 
(produced from a copolymer of L-LA, D, L-LA, and TMC). 
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when compared with the 99% loss of Mn when the same screw was aged 
alone in PBS for the same duration (Fig. 8), the 85% loss of initial Mn is 
lower, probably because the screw is more shielded in the calcium 
phosphate (in comparison) and the phosphate content in the calcium 
phosphate can buffer and neutralize some cleaved acid groups [65]. 

4. Conclusions 

In conclusion, a method for measuring and comparing pullout forces 
of degradable CMF screws was presented. The pullout force mainly 
depended on the size of the screws, through the surface area in contact 
with the bone substituent material, and was independent of the screw 
fixation technique. Moreover, the results showed that the long-term 
functionality of CMF screws, characterized by their degradation 
behavior, does not depend on the fixation technique but on other factors 
such as the degrading environment, screw size, and the composition and 
crystallinity of the polymer. The degradation of screws depended mainly 
on the degrading environment: the degradation rate was the highest 
when the screw degraded in isolation, followed by a medium degrada-
tion rate in calcium phosphate, and finally, the lowest degradation when 
the screw was fastened to the PLA test rig and Sawbone. The results 
warrant more tests in the presence of degradable calcium phosphates 
and other such materials and environments potentially coming in con-
tact when implanted, in order to determine their influence on the 
retention of polymer-based degradable screws for CMF applications in 
children. 
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