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for tensile test of human graft– a systematic 
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Abstract 

Background:  The use of tendon allografts for orthopedic repair has gained wide acceptance in recent years, most 
notably in anterior cruciate tendon reconstruction. Multiple studies support the use of tendon allografts and the 
benefits of its use are well accepted and understood. One of the important criteria of the use of tendon allografts 
is statistically similar histological and biomechanical properties to autographs. The aim of this systematic literature 
review is to investigate and categorize existing clamps used in the determination of the biomechanical properties of 
tendons such as maximum load, maximum strength, modulus of elasticity, ultimate strain, and stiffness. A variety of 
clamps for use during the endurance test of tendons were categorized according to the temperature used during the 
measurement. The clamps are divided into three groups: room temperature, cooled and heated clamps. The second 
goal of our review is to overview of clamps on the following aspects: name of clamp, author and date, type of clamps, 
type of endurance test (static or dynamic), type preloading (dynamic or static), type of tendon and measured and 
calculated parameters, and summarize in Table 3, as a comprehensive catalogue.

Methods:  This systematic review was carried out in keeping with the PRISMA 2020 E&E and the PRISMA-S guidelines 
and checklists. A search was conducted for publications dating between 1991 and February 28th 2022 through three 
electronic databases (Web of Science, Scopus, and PubMed). We used Critical Appraisal Skills Program checklist to 
check the quality of included articles.

Results:  The database search and additional sources resulted in 1725 records. 1635 records eliminated during the 
screening for various reasons (case report, other languages, book chapter, unavailable text/conference abstract, unre-
lated topic). The number of articles used in the final synthesis was 90. A variety of clamps for use during the endur-
ance test of tendons were identified and categorized according to the temperature used during the measurement. 
Based on this, the clamps are divided into three groups: room temperature, cooled or heated clamps.

Conclusions:  On the basis of the systematic literature review, mechanical parameters determined by usage with 
cooled clamps proved to be more reliable than with those at room temperature and with heated clamps. The col-
lected information from the articles included name of clamp, author and date, type of clamps, type of endurance 

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Open Access

†Denes Farago, Blanka Kozma and Rita Maria Kiss contributed equally to this 
work.

*Correspondence:  farago@mogi.bme.hu

2 Department of Mechatronics, Optics and Mechanical Engineering 
Informatics, Faculty of Mechanical Engineering, Budapest University 
of Technology and Economics, Budapest, Hungary
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12891-022-05650-w&domain=pdf


Page 2 of 20Farago et al. BMC Musculoskeletal Disorders          (2022) 23:707 

Introduction
The use of tendon allografts for orthopedic repair 
has gained wide acceptance in recent years, most 
notably in anterior cruciate tendon reconstruction 
[1–3]. Multiple studies support the use of tendon 
allografts and the benefits of its use are well accepted 
and understood [2, 4–7]. Specifically, these benefits 
include decreased surgical time, decreased surgical 
morbidity and unaltered mechanics secondary to har-
vesting. Furthermore, animal and human studies have 
shown that soft tissue allografts are statistically simi-
lar to autografts on a histological and biomechanical 
basis [8–10].

Anterior cruciate ligament (ACL) reconstruction is a 
common procedure in orthopedic practice. One of the 
most important decisions for the surgeon to make is the 
right choice of graft. Although autografts have proven 
to be capable and showed good clinical outcomes, graft 
harvest can cause persistent pain at the harvest site and 
a limited range of motion [11–14]. Therefore, allograft 
use has significantly increased in the last decades. Since 
it eliminates donor-site morbidity, and albeit its use is 
associated with higher costs, it remains a viable option, 
especially in revision cases. In order to ensure that there 
is a minimal biomechanical difference between the ACL 
and the graft, the biomechanical properties need to be 
tested so that we can choose which tendons can be good 
substitutes [7, 15]. The tendons are subjected to tensile 
testing, which can be static or dynamic. From these we 
get a force-elongation diagram, which can be calculated 
based on, for example the Young’s modulus of elasticity 
[16–18].

The purpose of a clamp is a proper fixation tech-
nique for allograft endurance tests, and adapt it to be 
compatible for the loading machine [10, 19]. The main 

problem with tendon clamps is that it is hard to main-
tain the high pressure needed to provide enough fric-
tion force between the tendon and the clamp to resist 
a large tensile load, and at the same time to reduce the 
cutting effect of the clamp, reducing slippage danger [7, 
20–24].

Various clamps have been developed for the assess-
ment of the endurance test. These clamps are usually 
specific for measurement methods, thus, the results of 
the measurement methods are difficult to compare [1, 
8, 11–15, 25, 26].

Aim of study
The literature of the effect of the sterilization method 
on the material properties of the tendon is well 
researched and discussed [27–31]. Nevertheless, there 
are no systematic reviews on the subject that would 
provide guidance on the clamps used for the measure-
ments. The aim of this systematic literature review is 
to investigate and categorize existing clamps used in 
the determination of the biomechanical properties of 
tendons such as maximum load, maximum strength, 
modulus of elasticity, ultimate strain, and stiffness. A 
variety of clamps for use during the endurance test of 
tendons were categorized according to the tempera-
ture used during the measurement. The clamps are 
divided into three groups: room temperature, cooled 
and heated clamps. The second goal of our review is to 
overview of clamps on the following aspects: name of 
clamp, author and date, type of clamps, type of endur-
ance test (static or dynamic), type preloading (dynamic 
or static), type of tendon and measured and calculated 
parameters, and summarize in Table 1, as a comprehen-
sive catalogue.

test (static or dynamic), type preloading (dynamic or static), type of tendon and measured and calculated parameters 
given in Table 3. summarized. The main advantage of the cooled clamps is that there is no limit to the type and length 
of the tendon. This study provides an overview of clamps and does not represent the modernity of any method.

Keywords:  Tendon, Biomechanical endurance test of tendon, Clamp type, Mechanical properties

Table 1  Inclusion and exclusion criteria

Viewpoints Inclusion Exclusion

Tendon and endurance test and clamp Studies which included tendon and endurance test 
and clamp in their experimental procedures.

Studies which only included a tendon measurement 
method without any type of clamp.

Description of tendon and endurance 
test and clamp

Studies with detailed descriptions of the tendon 
and endurance test and clamp and the experimen-
tal process that was followed.

Studies without detail or incomplete descriptions of 
the clamp and endurance test and the experimental 
process that was followed.

Assessment of results Studies with objective result assessment based on 
measurable parameters.

Studies with subjective scoring/assessment of results, 
not (entirely) based on measurable parameters.
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Materials and methods
Data sources and search strategy
This systematic review was carried out in keeping with 
the PRISMA 2020 E&E and the PRISMA-S guidelines 
and checklists [32, 33]. A search was conducted for pub-
lications dating between 1991 and February 28th 2022 
through three electronic databases (Web of Science, 
Scopus, and PubMed). The searches were conducted on 
March 1st 2022.

The electronic search for the Web of Science data-
base is shown below. These terms were added into the 
Advanced search option, using the ‘All fields’ option: 
ALL=((allograft tendon OR allograft tendon* OR (allo-
graft* AND tendon*)) AND (biomechanical pull-out test* 
OR stiffness OR strength OR mechanical properties OR 
modulus OR endurance test* OR clamp OR clamps OR 
clamp*)). The search was limited to journal publications. 
Publication date limits were set to from 1991, with the 
search performed on February 28th, 2022. The search of 
the Web of Science database yielded 670 records.

The Scopus database was searched as follows. Were 
used the basic search, in ‘Search within’ were used ‘All 
fields’ option. In ‘Search documents’ were used the follow 
search strategy: (allograft OR tendon) AND (biomechan-
ical AND pull-out AND test OR stiffness OR strength OR 
mechanical AND properties OR modulus OR endurance 
AND test* OR clamp OR clamps). The search of the Sco-
pus database yielded 599 records.

The PubMed database was searched as follows. These 
terms were added into the ‘Advanced’ option, using ‘All 
fields’ and were used to the ‘Query box’ the follows: 
((“allograft tendon“[tw] OR “allograft tendons“[tw] OR 
(allograft* AND tendon*)) AND (“biomechanical pull-
out test*“[tw] OR “stiffness“[tw] OR “strength*“[tw] 
OR “mechanical propert*“[tw] OR “modulus“[tw] OR 
“endurance test*“[tw] OR clamp[tw] OR clamps[tw] 
OR clamp*[tw])) AND (“1992/01/01“[PDAT] : 
“2022/02/28“[PDAT]). The search of the PubMed data-
base yielded 456 records.

Key search terms were identified and agreed upon 
by DF and RMK; electronic search and downloading of 
results were conducted by DF. Screening, eligibility check 
of materials and date extraction were carried out by DF 
and BK [34]. The reviewers worked independently and no 
automation tools were used at each stage of screening. 
Our search strategy excludes examines based on a refer-
ence list.Screening materials.

Screening materials
After removing the duplicates, the identified publications 
were screened based on their title and their abstracts. 
Publications of exclusively theoretical work or included 

studies of purely theoretical work or with topics deviating 
from the aim of study were excluded.

Inclusion and exclusion criteria
In order to confirm eligibility for the study, the reviewers 
defined the inclusion and exclusion criteria. The publica-
tions had to meet each inclusion criterion to be incorpo-
rated in the final synthesis (Table 2). If a study failed to 
meet any inclusion criteria, or met an exclusion criterion, 
it was excluded. The criteria were carefully chosen to 
ensure a quality assessment of the material to a certain 
extent, i.e., the methods used had to be well communi-
cated and the evaluation of measurement results had to 
be objective.

Data extraction and analysis
In accordance with the focus of this review, the final syn-
thesis of the collected types of clamps included extracted 
relevant information on the evaluation of mechanical 
properties. The collected information from the articles 
included: name of clamp, author and date, type of clamps, 
type of endurance test (static or dynamic), type preload-
ing (dynamic or static), type of tendon and measured and 
calculated parameters.

Study quality, risk of Bias
Articles were evaluated using the Critical Appraisal 
Skills Program (CASP) quality assessment tool [112]. 
CASP contains several checklists, one of which is the 
CASP Qualitative Studies Checklist of 10 questions 
that we used. This checklist has several items that allow 
authors to rate articles for “low”, “medium” and “high” 
quality assessment. This review is by two authors (DF 
and RMK) and active discussion until consensus was 
reached in the case of rating discrepancies. We did 
not undertake a risk of bias assessment because the 
included studies were not randomized controlled stud-
ies and because our evidence synthesis method is out-
side of systematic reviews.

Results
The search of the database source gave 1725 results 
(Prisma 2020 Flow Diagram). Removing duplications 
1361 literatures remained. When screening the titles and 
the abstracts, an additional 657 records were excluded, 
due to not fitting the scope. The remaining 704 articles 
have been read in their entirety. Of these studies, 567 
were excluded with justifications of not meeting the eli-
gibility criteria (without any type of clamp, incomplete 
description, subjective results). These review articles had 
a different scope from our current study. The number of 
articles included in the final synthesis was 90 (n = 90). 
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The flow diagram describing the process has uploaded as 
a Supplementary file1.

Table  3 summarizes the results of the quality assess-
ment for each included article. One articles [113] had an 
inadequate recruitment strategy. All other articles were 
rated “high” in all respects.

Type of clamps
The systematic review aimed at creating a comprehensive 
catalogue of existing clamps used in the determination of 
biomechanical properties. These studies evaluated what 
kind of impact the type of clamp had on the measurement 
[35–39, 41–46, 48–53, 55–57, 59–66, 68–82, 84–87, 89, 
90, 92–96, 98, 99, 101–104, 106–111, 113–117].A variety 
of clamps for use during the endurance test of tendons 
were categorized according to the temperature used dur-
ing the measurement. The clamps are divided into three 
groups: room temperature clamps [61, 106, 107] [35, 

37–39, 41, 44–46, 48, 49, 51–53, 55–57, 59, 62, 64, 70, 72, 
75, 77–80, 84, 85, 87, 89, 90, 92–94, 96, 98, 99, 101–103, 
109–111, 115–117], cooled clamps (under room temper-
ature with ice, cooled air, dry ice or liquid nitrogen) [36, 
42, 43, 60, 63, 65, 66, 68, 69, 73, 74, 76, 82, 95, 108] and 
heated clamps (over room temperature with heated air, 
heated fluids) [50, 81, 86, 104, 113, 114]. All three groups 
are factory-made and custom-designed clamps.

Room temperature clamps
Measuring at room temperature is a quick test because 
it requires the least amount of preparation as there is no 
need for dry ice, liquid nitrogen, heating, etc. Sufficient 
force is applied during the measurement to prevent ten-
don slippage, but no transverse tension is created during 
the capture of the tissues, which yields invalid results.

One of the room temperature clamps is the U-shaped 
frame (Fig.  1), which can be used for the measurement 

Table 3  Overview of clamps as a comprehensive catalogue

Name of clamp References Type of clamp Type of endurance 
test

Pre-
loading type

Type of tendon Measured and 
calculated 
parameters

Metal U-shaped 
frames

47, 50 room temperature static dynamic sheep patellar 
tendon

failure stress, failure 
strain, normalized stiff-
ness, energy to failure

Custom designed 
clamps

67 room temperature static static canine patella-liga-
ment-tibia

failure load, stiffness

Factory clamps 36 room temperature dynamic dynamic human patellar 
tendon

ultimate elongation, 
ultimate stress, ulti-
mate stiffness

Wedge shaped 
factory-clamps

42 room temperature dynamic static achilles maximum stress, maxi-
mum strain, modulus

Wedge-grip clamps 34, 38 room temperature dynamic dynamic human patellar 
tendon

failure load, stiffness

Aluminum grips with 
polymer liners

40, 59, 60 room temperature dynamic dynamic human patellar 
tendon

failure load, stiffness, 
strain

Testing configuration 
for single-strand and 
double-strand

32, 69 cooled temperature static and dynamic dynamic tibialis anterior and 
posterior

linear stiffness, ultimate 
tensile force, tensile 
modulus, ultimate ten-
sile strength, ultimate 
tensile strain

Custom designed 
clamps with dry ice 
chamber

28 cooled temperature dynamic dynamic anterior and poste-
rior tibialis

failure load, failure 
stress, stiffness

Factory clamps with 
dry ice chamber

56 cooled temperature dynamic dynamic achilles, quadriceps, 
semitendino-
sus + gracilis, tibialis 
anterior, peroneus 
longus

Young’s modulus of 
elasticity, maximum 
load, strain at tensile 
strength, strain at break

Clamp with thermo-
couple

37 heated temperature dynamic dynamic bilateral patellar 
tendon

tensile strength, tensile 
modulus

Custom clamp in 
testing chamber

57 heated temperature static and dynamic static and dynamic human patellar 
tendon

stiffness, maximum 
load

Custom clamp in 
biochamber

70 heated temperature dynamic dynamic soleus tendon ultimate tensile stress, 
elastic modulus, 
toughness
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of the tendon together with the bones. The bone was 
secured in custom-designed fixation frame with screws. 
The precision of the drill was ensured by an outer poly-
ethylene mold. [115, 116] In a special case, the bone is 
inserted into a separately moulded block while the free 
tendon is pulled by the clamp. The solution allows to 
investigate the relationship between bone and tendons. 
(Fig. 2). [117]

Some researchers used custom-designed clamps, 
where the bone block was secured with either interface 

polymethylmethacrylate-PMMA or polyurethane [107] 
(Fig.  3). A solution can also be applied where the natu-
ral tendon is fixedby a bone block at one end and by a 

Fig. 1  Metal U-shaped frames [115, 116]

Fig. 2  Custom-designed clamps for Canine PLT segments [117]

Fig. 3  Images of factory clamps (Zwick/Roell) a) Osseus blocks 
potted in polyurethane  fixed into the clamps of the testing device 
[107]

Fig. 4  Wedge-shaped factory clamps [110] A special case is when 
wedge-grip clamp use involves silicone or some kind of artificial resin 
at both ends to ensure the connection between clamp and tendon 
[56, 85, 106] (Fig. 5)
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pneumatic clamp to prevent slippage [110] (Fig. 4). Here, 
it is particularly important to prevent slippage between 
the clamp and the tendon, therefore the surface is 
scratched by sand spraying in several cases.

Cooled clamps
A basic condition for an appropriate measurement method 
is to prevent the tendon from slipping out of the clamp, 
therefore various methods are applied for establishing an 
adequate connection. One of the reasons for slippage is 
that the tendon is damp. Therefore it is expedient to con-
tinuously freeze the surroundings of the clamp, which 
naturally scratches the surface. It is expedient to use dry ice 
or liquid nitrogen for freezing. A disadvantage is that it is 
not easy to place the freezing substance in the surround-
ings of the clamp [35–39, 41–46, 48, 49, 51–53, 55, 57, 62, 
64, 65, 69, 70, 72, 73, 75, 76, 80, 82, 84, 87, 89, 90, 92–94, 
96, 99, 103, 108, 109, 111]. Particular care should be taken 
that the entire tendon is not completely cooled / frozen 
because thus the mechanical properties of the tendon are 
changed. A basic solution for all clamps is that the natural 
tendon (without the bone) is squeezed between two metal 
grips, and the two metal grips are fastened to each other by 
screws. Connection between the grips and the tendon is 
further increased by grooved metal or plastic inserts fixed 
on the internal surface of the grips [35–39, 41–46, 48, 49, 
51–53, 55, 57, 62, 64, 65, 69, 70, 72, 73, 75, 76, 80, 82, 84, 87, 
89, 90, 92–94, 96, 99, 103, 108, 109, 111]. In certain cases, 
the tendon and the clamp are congealed together, so they 
work together properly; furthermore, no slippage occurs 
between tendon and clamp and the tendon does not get 
torn near the clamp, either [42, 65]. This method can be 
used in case of tendons of different sizes and types.

However, one of the simplest solutions is that the clams 
or clamp inserts can be cooled separately before measur-
ing, regardless of the tensile machine. In this case, they 
should be placed in a deep-freezer for at least 24 h. The ten-
don is placed into the cooled clamp; the grips squeezing the 
tendon can be fixed in one or two rows (Fig. 8) [69, 108].

One of the major advantages of cooled clamp use is 
that factory clamps can be used; it is required to ensure 
continuous and adequate cooling by placing a chamber 
of appropriate size to the proper place [42, 65], (Fig. 9). 
The custom-designed screwed clamp can be made of alu-
minum plate with a dry ice chamber, where the dry ice 
can be replaced continuously for ensuring continuous 
cooling. (Fig. 10) [73].

Heated clamps
Measurements conducted in an environment of room 
temperature, using room-temperature or sooled clamps, 
greatly differ from the temperature of the natural sur-
roundings of tendons (37 °C). Environment temperature 

presumably affects mechanical properties: more accurate 
results are yielded if tests are conducted at body temper-
ature. In order to ensure this, it is expedient to use heated 
clamps [50, 81, 86, 104, 113, 114]. A disadvantage is that, 
contrary to cooled clamps, the connection between the 
clamps and the tendon is not improved, but it is also 
important that it is not deteriorated, either. In general, 
it is expedient to use a heated liquid for warming [50, 
81, 86, 104]; heat insulation should be provided around 
both the clamps and the component to be examined 
(Fig. 11) [114]. The measurement can also be performed 
in a bath filled with heated liquid, which is continuously 
monitored. It is a basic requirement that the heated liq-
uid should not deteriorate the properties of the tendon 
(Fig. 12) [81]. The circulation of the liquid simulates the 
behavior of the blood. (Fig. 13) [104].

Discussion
The clamp should be designed to prevent the slippage 
of the tendon from the clamp, but the clamping force 
should not change the tensile state of the tendon to be 
examined. The aim of this systematic literature review is 
to investigate and categorize existing clamps used in the 
determination of the biomechanical properties of ten-
dons such as maximum load, maximum strength, modu-
lus of elasticity, ultimate strain, and stiffness. A variety of 
clamps for use during the endurance test of tendons were 
categorized according to the temperature used during the 
measurement. The clamps are divided into three groups: 
room temperature, cooled and heated clamps. The sec-
ond goal of our review is to overview of clamps on the 
following aspects: name of clamp, author and date, type 
of clamps, type of endurance test (static or dynamic), 
type preloading (dynamic or static), type of tendon and 
measured and calculated parameters and summarize in 
Table  1, as a comprehensive catalogue.The clamps are 
divided into three groups: room temperature, cooled 
and heated clamps. The collected information from the 
articles included name of clamp, author and date, type of 
clamps, type of endurance test (static or dynamic), type 
preloading (dynamic or static), type of tendon and meas-
ured and calculated parameters.The data are summarized 
in Table 1.

The metal U-shaped frame (Fig.  1) allows for bone-
tendon strength to be studied [115, 116]. This clamp 
also ensures stability of the tendon, not letting it slip out. 
Because the tendon is clamped tightly, tissue texture can 
be damaged. In several cases, capture is performed using 
natural bones (Figs.  1 and 2) or artificial blocks (bone 
cement, silicone, artificial resin) (Fig. 3) [107, 110]. Natu-
ral tendon ends can be captured by custom – generally 
pneumatic – clamps (Figs. 4 and 6), or embedded in arti-
ficial material (Fig. 5) [56, 106]. All of these ensure that 
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the tendon does not slip out, but both need to be moni-
tored for the polymer to graft adhesion [56, 77–79, 106]. 
In those cases, the force awakening between the clamp-
ing heads ensures the success of the measurement [56, 
77, 106, 107, 110] [78, 79]. Natural and artifical blocks or 
hydraulic presses keep the tendon in place. [107, 110].

The wedge-grip clamp and the aluminum grips with 
polymer liners and the strain gauge clamp are similar 
(Figs. 5 and 6); however, adhesion between the polymer 
and the tendon can be monitored [56, 106], 40,59,60]. 
Advantages of room temperature clamps include easy 
usage and no requirement for any measurement prepara-
tion. The disadvantage is that room temperature clamps 
can damage tendon texture, can cause the tendon to tear 
at the point of fixation, and the tendon can slip out.

In multiple research projects, cooled clamps are used 
for measuring the biomechanical properties of a tendon 
[42, 65, 69, 73, 108]. A great advantage of frozen clamps 
is that surfaces are naturally made coarse by freezing, 
which assists in establishing an appropriate connection 
between the clamp and the tendon. The solution is rela-
tively simple: the tendon can be fastened by two metal 
grips fixed by screws. The first type of cooling is freezing 
the clamp before testing (Fig. 8). This requires a freezer 

that can freeze at -70ºC to -80ºC. The frozen clamp also 
has to be attached to the machine. The tendon takes on 
the clamp’s temperature over time.

Fig. 5  Wedge-grip clamps [56, 106] Several articles use 
polymer-encapsulated aluminum clamps to achieve better adhesion 
between the tendon and the clamp (Fig. 6). One of the advantages of 
the system is that it can be expanded by strain gauges [77–79, 102]

Fig. 6  Aluminum grips with polymer liners and strain gauge [77–79] 
There are articles that do not put any additional material between the 
ligament and the clamp, using only the factory “serrated” surface of 
the clamp to prevent slipping (Fig. 7). [35, 62] [49, 93]. [99, 103, 111]
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The clamps shown in Figs. 9 and 10 use a dry ice con-
tainer for cooling. The dry ice container allows for the 
tendon and the clamp to be cooled at the same time. Dry 
ice needs to be added during measurements, as it evapo-
rates over time [42, 65, 73]. Both of these types of cooled 
clamps stop the tendon from slipping out. Cooled clamps 
allow for the tendon to freeze at the point of fixation, 
causing the tendon to tear at the weakest point [69, 108].

Heated clamps are required to be used for measure-
ments at human body temperature (37ºC) [42, 65, 69, 73, 
81, 104, 108, 114]. Leading-edge measurement designs 
(Fig.  13) can also imitate a human body environment 
(temperature, blood circulation). [104]. Heated clamps 
have the same disadvantages as room temperature 
clamps; the tendon can easily slip out, can be damaged by 
the clamp, or tear at the point of fixation [81, 104, 114].

Limitation
This study focused on the investigation and categoriza-
tion of existing clamps used in the determination of bio-
mechanical properties. Due to the use of different tests 
and tendons, they were compared based on individual 
criteria. It is recommended that for subsequent tests, 
measurements be made only with refrigerated clamps. 
From the measurements made in this way, a meta-analy-
sis of the results is obtained. This study provides an over-
view of clamps and does not represent the modernity of 
any method.

Conclusions
The objective of this systematic literature review is to 
investigate and categorize existing clamps used in the 
determination of the biomechanical properties of ten-
dons such as maximum load, maximum strength, modu-
lus of elasticity, ultimate strain, and stiffness. A variety of 
clamps for use during the endurance test of tendons were 
categorized according to the temperature used during the 
measurement. The clamps are divided into three groups: 
room temperature, cooled and heated clamps. The col-
lected information from the articles included name of 
clamp, author and date, type of clamps, type of endur-
ance test (static or dynamic), type preloading (dynamic 
or static), type of tendon and measured and calculated 
parameters given in Table 1. summarized.

On the basis of systematic literature review, the 
mechanical properties determined for using with cooled 
clamps proved to be more reliable than room tempera-
ture and heated clamps. The main advantage is that there 
is no limit to the type and length of the tendon. The dry-
ice clamp instead of liquid nitrogen is recommended for 
the clamping of tendons, because dry ice is cheaper to 
acquire than liquid nitrogen. Liquid nitrogen evaporates 

Fig. 7  “Serrated” surface [35, 49, 62, 93]. [99, 103, 111]

Fig. 8  Testing configuration for single-row (a) and double-row (b) 
screw fixtures [69, 108]
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Fig. 9  Cooled clamps with different ice chambers a) custom-designed clamp [42] b) factory clamp [65]

Fig. 10  Screwed custom clamps with aluminium chamber for dry ice [73]
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faster than dry ice. It is also easier to work with dry ice, 
permission is not needed for use, and it does not need 
to be stored in a container. In similar quantities, liquid 
nitrogen is colder than dry ice, which can harden the 
whole tendon, not just at the point of fixation.

Disadvantages of room temperature and heated ten-
dons are that they can damage the tendon’s texture and 
have a greater chance of slipping. During the measure-
ment, a great force is created at capture, therefore an 

inaccurate result can be obtained. In the case of heated 
clamps, it should be taken into account that living tis-
sue, when removed from the cadaver, begins to decay. 
This decay can be accelerated by the warm environ-
ment, which can lead to a distortion of the results. 
Since there is no unlimited amount of human tissue 
available, the most accurate measurement setup should 
be used [118–121].

Abbreviations
ACL: Anterior cruciate ligamen.

Fig. 11  Test device with clamps, insulation, carbon composite rod, 
load cell, sample and thermocouple [114]

Fig. 12  Testing chamber with a PTB specimen mounted in custom 
grips, showing.eaters used to maintain the phosphate buffered saline 
at 37°C [81]

Fig. 13  Biochamber used for cyclic loading in solution at 37°C [104]
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