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Contractile Function

A primer on the methods of skeletal and cardiac 
muscle mechanics using permeabilized preparations
Anthony L. Hessel1,2�, Katelyn M. Manross2�, Matthew M. Borkowski3�, Christopher D. Rand3�, and Khoi Nguyen2�

Permeabilized muscle fibers have a chemically disturbed sarcolemma that allows for the mixing of the extra- and intracellular 
environments and is important for a large variety of experimental methods. The experimental tools and skillsets used to study 
muscle mechanics vary widely between groups and are often underreported in published methodologies. More accessible 
details help improve the transparency of the method and provide primary reference material. To that end, we use our firsthand 
experiences to provide a guide for the preparation and use of permeabilized fibers. We focus on tissue collection, experimental 
apparatus design and function, practical considerations for handling preparations during an experiment, and detail some key 
changes to the structure of permeabilized samples. We further suggest ways scientists can take advantage of emerging 
technologies to increase experimental throughput, decrease experimental error, and support (or improve) data quality.

Introduction
Cardiac and skeletal muscles are designed with remarkable 
regulatory control of their force production machinery so that 
performance matches demand. While neural pathways play a 
factor, control also comes from subcellular mechanisms of the 
contraction machinery itself (Nishikawa et al., 2018; Brunello 
and Fusi, 2024; de Tombe et al., 2010), allowing for faster- 
than-neural response times (Sharma and Venkadesan, 2022; 
Sandercock and Heckman, 1997). For example, the Frank– 
Starling law of the heart describes how contraction tension 
increases with increasing stroke volume so that ejection force 
always matches the demand of the circulatory system (Ait- 
Mou et al., 2016; de Tombe and ter Keurs, 2016). Skeletal 
muscles have diverse functions, sometimes as brakes, struts, 
or actuators, and therefore have enhanced plasticity to fine- 
tune contraction properties (Dickinson et al., 2000). The 
performance plasticity in striated muscles is sometimes acute, 
as with phosphorylation of key proteins (Toepfer et al., 2016; 
Hidalgo et al., 2009; Colson et al., 2012; Müller et al., 2014; 
Harris, 2021), or more chronic, as with protein isoform ex
pressions (Neagoe et al., 2003; Bang et al., 2001; Guo et al., 
2010; Savarese et al., 2018). It is the job of muscle scientists to 
understand the molecular underpinnings of contraction, how 
they break down in disease, and how one might mitigate and 
ultimately fix said problems.

The subcellular processes of contraction are typically 
elucidated by observing how the mechanical properties of 
muscle (i.e., force development and viscoelasticity) change 
with different perturbations or chemical incubations. In the 
lab, the ideal experiment is to evaluate in situ or at least intact 
with cardiac and skeletal muscle cells (fibers/cardiomyocytes). 
However, it is difficult to have precise experimental control of 
the intracellular content, limiting the breadth of the possible 
experimental perturbations. Therefore, researchers often use 
permeabilized preparations (Fig. 1) (Lewalle et al., 2022), where 
the sarcolemma is broken by chemical means, allowing for the 
precise control of the intracellular environment, such as con
trolling calcium concentration, or evaluating the effect of po
tential therapeutic compounds (Awinda et al., 2020; Kooiker 
et al., 2023). It is further logistically advantageous for scien
tists to work with permeabilized preparations because they can 
be stored and used well after extraction (Frontera and Larsson, 
1997; Einarsson et al., 2008).

For all the benefits of permeabilized samples, they are, by 
design, damaged muscle cells and prone to deterioration even 
under the best of care. Permeabilized cells do not always produce 
contraction properties that reflect in vivo conditions (Lewalle 
et al., 2022; Caremani et al., 2021). Furthermore, experimental 
conditions also deviate from the in vivo environment (e.g., 
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temperature, osmolarity, and cytosol chemical content), which 
often alter contraction performance. Nevertheless, researchers 
strive to hold experimental conditions as near physiological as 
possible and keep protocols consistent across studies within 
their laboratory. The tools, equipment, and strategies employed 
to conduct permeabilized muscle experiments are often lab de
pendent and vary considerably. When writing up methods, the 
so-called “institutional knowledge” of the experiments, espe
cially the drawbacks or troubleshooting scenarios, is often 
omitted, and thus leaves it to others to reinvent the wheel. What 
exacerbates the problem is that muscle science has a shortage of 
well-qualified (non-PI) experimentalists, which means that each 
trained researcher has an important role to play in the context of 
passing along their amassed knowledge.

In this Review, we use our individual experiences in aca
demic, industry, and equipment manufacturing spaces to shine 
some light on the skills, tools, tips, and tricks of the various 
techniques used to study permeabilized skeletal and cardiac 
tissue samples. This article is only the institutional know-how of 
a few scientists, with other successful strategies and options still 
to be discussed by other experimentalists or already available for 
review (e.g., Lewalle et al., 2022; Frontera and Larsson, 1997; 
Claflin et al., 2016). Here, we focus on tissue collection, experi
mental apparatus design and function, practical considerations 
for handling preparations during an experiment, and detail 
some key changes to the structure of permeabilized samples 
(Fig. 1).

Muscle collection
Skeletal muscle
Experimentalists often collect skeletal muscles from anes
thetized or recently euthanized laboratory animals such as 
mice, rats, rabbits, pigs, etc. These protocols are approved by 
animal care and use committees, which are typically man
dated by governments to oversee animal research and make 
sure animals are treated humanely. For small animals, such as 
mice, rats, and rabbits, researchers typically extract entire 
muscles, such as the psoas, soleus, and extensor digitorum 
longus. From larger animals (e.g., pigs), or muscles with 
complex architecture (e.g., diaphragm), many dissect long, 
rectangular muscle “strips” consisting of many fibers of no 

more than ∼1 cm in diameter and ∼5–50 mm in length along 
the long axis of the fibers. One must take care to limit direct 
contact with the central region of the fiber chunks so as to not 
permanently crush them—visible under the dissection mi
croscope as an indented area that is darker than the rest of the 
sample. When tissue collection is not terminal (e.g., horses), 
the researchers perform biopsies on the target muscle with a 
local anesthetic (Rivero and Piercy, 2014).

For the collection of human skeletal muscles, tissues can be 
excised postmortem or from samples removed during unrelated 
surgeries, called an open biopsy (e.g., amputations or ligament 
repair surgeries). Open biopsies allow for precise tissue dissec
tion, providing potentially hundreds of future experimental 
trials worth of undamaged material. However, attaining ethical 
approval and organizing collections with surgeons is logistically 
cumbersome. More often, biopsies in the clinic or academic 
settings are an out-patient procedure where volunteers return to 
normal activities within a couple of hours (Meola et al., 2012). 
The less invasive procedure is the needle/microbiopsy, where a 
needle is driven directly through the skin into the target muscle 
and removed (Rice et al., 2022; Deschrevel et al., 2023; Ross et al., 
2023). The tissue captured within the needle is collected and 
typically provides just enough undamaged fibers for mechanical 
experiments but is less emotionally stressful on volunteers than 
the “full” biopsies explained next, especially for children 
(Heckmatt et al., 1984), and is safer for infants (Curless and 
Nelson, 1975). Full biopsies include the large-gauge, typically 
size 14 (Tarnopolsky et al., 2011) Bergstrom needle (Shanely 
et al., 2014) with suction (Evans et al., 1982) or Weil-Blakesley 
conchotome techniques (Baczynska et al., 2016; Dietrichson 
et al., 1987; Henriksson, 1979). The technician or clinician ap
plies a local anesthetic to the skin above the target muscle, makes 
a small incision into the skin and underlying fascia until the 
muscle is exposed, performs the collection, and then closes the 
incision. More tissue is collected versus the needle biopsy and 
provides sufficient sample volume for dozens of experimental 
trials (Ross et al., 2023; Hessel et al., 2020). In our hands, the 
modified Bergstrom method is most successful when paired with 
a B-mode ultrasound that is used to guide the Bergstrom needle 
along the long axis of the fascicle, improving the size and quality 
of the biopsy (Hessel et al., 2020). Ross et al. (2023) provides an 
extensive review of the biopsy literature.

Figure 1. Muscle fiber permeabilization pipelines. (a) Skeletal or cardiac muscles are initially excised along with connective tissues into samples of up to 
1 cm thickness and can be stored at −20°C/−80°C for extended periods or immediately permeabilized for experimentation. (b) The permeabilization process 
reduces the sarcolemma’s ability to isolate sarcomeres from the extracellular space. This, in turn, provides the experimenter access to the sarcoplasm via the 
diffusion of chemicals across the (remaining) sarcolemma. (c) These samples are then either further stored or loaded onto an experimental rig for mechanical 
testing.
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Cardiac muscle
From small animal models, many extract and preserve whole 
hearts and later dissect pieces such as the papillary and trabec
ular muscles (whole structure or single branches). For large 
animal models and human hearts, many dissect long strips, 
square cubes, or slices of the heart walls. Cardiac tissue collec
tion from living human volunteers comes with understandable 
ethical considerations. In special situations, surgeons can collect 
samples during already-planned surgeries, where cardiac tissue 
is readily accessible or otherwise removed for medical reasons, 
such as the implantation of a pacemaker, septal myectomies to 
combat some forms of obstructive hypertrophic cardiomyopa
thies, coronary artery bypass grafts (subepicardial free wall), 
and mitral valve replacement (Mulieri et al., 2005). Alterna
tively, researchers harvest samples or request samples from the 
hearts of postmortem donors, from patients with end-stage 
heart failure undergoing cardiac transplantation, or from do
nor hearts deemed unsuitable for transplantation (Rossman 
et al., 2004). One difficulty is the limited availability of human 
control/healthy samples because healthy hearts donated post
mortem are (rightly so) fed into the heart transplant system, and 
it is (reasonably) logistically and ethically cumbersome to per
form biopsies from the hearts of healthy individuals. Due to the 
rarity and complexity of attaining human heart tissues, porcine 
(pig) hearts are currently the human proxy of choice to study 
cardiomyopathies, where experimental perturbations (genetic, 
mechanical, dietary, lifestyle, etc.) are introduced to model hu
man diseases of interest (Suzuki et al., 2011; Verdouw et al., 1998; 
Silva and Emter, 2020).

Tissue banks
Obtaining muscle tissues requires regulatory, biosafety, ethics, 
and husbandry (for animals) infrastructure that can be prohib
itively expensive and not always available. There are fortunately 
long-running biobanks and programs (free or low cost) that help 
to mitigate these infrastructure requirements and make better 
use of precious samples. A non-exhaustive list includes the 
National Swine Resource and Research Center for porcine 
skeletal and cardiac tissues (University of Missouri, Columbia, 
MO, USA), the Sydney Heart Bank for human hearts (Lal et al., 
2015), and the Molecular Transducer of Physical Activity Con
sortium for skeletal biopsies of both active and sedentary elders.

Ethical considerations for human studies
As with lab animal experiments, appropriate controls are nec
essary to interpret datasets in human-based experiments. In 
human studies, it is not possible to control all environmental and 
lifestyle factors as with a colony of lab animals, but researchers 
do set inclusion and exclusion criteria when selecting human 
participants for a study to limit these biases. Controllable factors 
include but are not limited to sex, age, BMI, smoker/drinker 
status, and medical history. Inclusion and exclusion criteria are 
highly detailed in the clinical trial space (McElroy and Ladner, 
2014)

Often, balancing between the importance of the scientific 
question and the well-being of the participants is a challenging 
process. For example, enrolling suitable controls for pediatric 

studies, including biopsies, poses an ethical quandary, as it is 
generally not recommended to collect biopsies on healthy chil
dren who may find the situation traumatizing. This limited ac
cess to a pediatric control group is particularly relevant to those 
studying congenital myopathies in young children, where de
velopmental features can be lost if age-matching controls are not 
enforced, and instead use adolescent or adult control volunteers. 
Balancing these ethical and methodological considerations re
quires careful discussions with the institutional review board, 
pediatric physicians, and parents of potential children in the 
control group. Our guidance on the matter is that some control 
pediatric tissue is better than no tissue, and so one can consider 
smaller biopsy procedures such as needle biopsies, which may be 
less traumatic for pediatric patients. However, the battery 
of tests to be conducted with said sample should be pruned 
down to accommodate the tissue available—it is better to do a 
few experiments well than do many experiments with small 
sample sizes.

Tissue storage and permeabilization
Flash freezing
For short- or long-term storage, researchers often flash-freeze 
excised tissue in liquid nitrogen or other cryosolution cooled by 
nitrogen after extraction and then stored at −80°C for years. Our 
process is to quickly wash excised tissue in a PBS solution 
(without Ca2+ or Mg2+) or similar solution, removing blood and 
degradation factors, and then plunge samples into liquid nitro
gen either directly or inside an empty collection tube. Others 
have done detailed work to study the impact of various cryo
preservation techniques (Larsson and Skogsberg, 1988; Milburn 
et al., 2022; Ma et al., 2023a; Craig et al., 1992). We advise 
samples not greater than 1 cm thick to ensure spatially uniform 
freezing and thawing. Although the contractile myofibrils are 
robust to cryopreservation, the sarcolemma and sarcoplasmic 
reticulum are disturbed by the process. This can lead to spatially 
uneven calcium diffusion during thawing that induces pre
mature and destructive myofibril contractions. Thawing in an 
ice-cold, calcium-free solution (e.g., relaxing solution), and if 
needed, adding myosin deactivators (e.g., mavacamten) helps 
to suppress this form of damage. Defrosted tissue then follows a 
permeabilization protocol.

Detergent-mediated permeabilization protocols
Samples can be permeabilized for same-day or next-day use. 
Classically, freshly excised single skeletal fibers were subject to 
so-called mechanical skinning (Natori, 1954), where researchers 
mechanically removed the membrane (“skinned”) using fine 
needles (Stienen, 2000; Ford and Podolsky, 1972; Endo et al., 
1970). Currently, it is more common to use chemical per
meabilization methods, which apply detergents such as triton 
X-100, saponin, or Brij 58 to deteriorate some of the lipid bilayer of 
the sarcolemma. We note that chemical permeabilization is often 
referred to as chemical skinning to play on the term mechanical 
skinning. There is, however, no “skinning” about this procedure, 
as plenty of the sarcolemma structures are still in place and still 
contribute mechanically. Saponin permeabilizes the cell without 
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damaging the intracellular structures such as mitochondria or 
sarcoplasmic reticulum (Saks et al., 1998), while triton X-100 
leaves only the myofibrillar content undamaged. Some perform 
chemical permeabilization within a few hours using a higher 
detergent concentration (e.g., 5–10% triton X-100) and/or in
cubating at room temperature, but we personally use a gentler 
approach.

The following is our general process. The user should place 
either freshly excised or flash-frozen samples into an ice-cold 
relaxing solution with protease inhibitors to limit intrinsic 
cell deterioration processes, a myosin motor deactivator (e.g., 
∼10 mM 2,3-butanedione monoxime or ~10 µM mavacamten) to 
limit damaging hypercontraction, and a mild concentration of 
detergent (e.g., −1.5 to 3.0% triton X-100). For protease in
hibitors, we suggest Complete EDTA-free protease inhibitor 
tablets (Roche; 1 tab per 100 ml solution) and Halt protease and 
phosphatase Inhibitor Cocktail (Thermo Fischer Scientific; 
1:1,000 concentration). Note that Halt can be purchased also 
with phosphatase inhibitors, which can be prudent to defend 
against unwanted phosphorylation of key regulatory proteins.

The samples in the permeabilization mixture are placed in 
the fridge on a rotator or rocker for ∼20–30 min, at which point 
the solution should look pink/red. Remove the samples from the 
tube and place under a dissection microscope. Carefully pull 
apart some of the sample, potentially also cutting some strips 
along the fiber lines, which exposes the tissue deeper in the 
sample to the permeabilization solution. The key point here is to, 
as quickly as possible, get each fiber started on permeabilization 
and protected from degradation via the protease inhibitors and 
from hypercontraction via the myosin deactivators. If this is not 
conducted, those tissue pieces in the center of the sample often 
degrade/shift into a permanent rigor-like state (so-called “rigor 
core”). Some samples, often biopsies, are already separated 
enough that no extra breaking down is required. Broken-down 
preparations, up to the size desired for the experiment, are then 
placed into fresh permeabilization buffer and put back in the 
fridge. Thereafter, the solution should be exchanged every 
20 min until the solution remains approximately clear, at 
which point the samples are left on the rotator to finish per
meabilization. We find that human skeletal muscle biopsies re
quire 4–5 h at 3% triton X-100, and lab animal skeletal and 
cardiac muscle pieces ∼5–8 h (3% triton X-100)/16 h (1.5% triton 
X-100) at 4°C. For a quicker treatment, one can use saponin 
(50 µg/ml [Veksler et al., 1987] or Brij 58 [0.5%] [Claflin et al., 
2016]) on already-dissected fiber bundles or cardiac strips no 
thicker that ∼300 µm in ∼10 or ∼30 min, respectively. However, 
each species/muscle type/disease phenotype sample requires 
some modification to optimize the method.

The above approach works well for most skeletal and car
diac tissue preparations. In addition, for many cardiomyocyte 
experiments, it is often desirable to use smaller clumps of 
permeabilized cardiomyocytes, or single cardiomyocytes, 
with details described elsewhere (Best, 1983; Fabiato and 
Fabiato, 1976). Furthermore, researchers often homogenize per
meabilized or fresh skeletal and cardiac muscle tissue to prepare 
single myofibrils that have no sarcolemma—a procedure and 
experiment that requires special equipment and is well-detailed 

elsewhere (Friedman and Goldman, 1996; Bartoo et al., 1993; 
Fearn et al., 1993; Linke et al., 1993; Marston, 2021; Vikhorev 
et al., 2016).

Permeabilization via glycerol
Glycerol treatment is a long-used and popular approach to per
meabilizing muscle (Szent-Gyorgyi, 1949). As an added benefit, 
glycerol keeps solution and sample from freezing, allowing for 
the storage of muscle at −20°C (in >50% glycerol) or −80°C (in 
>70% glycerol), dramatically improving shelf life. Furthermore, 
one can combine permeabilization strategies via initial use of 
detergents, followed by storage of prepared fibers/fiber bundles 
in glycerol as the cryoprotectant (Noonan et al., 2021; Roche 
et al., 2015). One common practice is for researchers to excise 
whole skeletal muscles from small lab animals, tie them to a 
wooden stick at a slightly stretched length, and place them in the 
glycerol solution. We have also had success dissecting whole 
mouse or rat hindlimbs intact by separating at the hip joint, 
removing the skin, and cutting some slits into the fascia to help 
facilitate glycerol penetration. Finally, we have preserved whole 
hearts from mice using the glycerol technique. However, in our 
experience, hearts without fluid pressure in the chambers de
grade quickly. To maintain pressure, we reperfuse the heart 
with the storage solution to fill up the chambers and then tie off 
the heart veins/arteries (Loescher et al., 2023).

Regardless of the sample type, we typically place freshly ex
cised tissue samples up to ∼1 cm thickness in either a relaxing 
(low calcium and high ATP) or rigor (high calcium and low ATP) 
solution with protease and phosphorylase inhibitors and 50% 
glycerol by volume. We note here that some muscle types per
meabilize slower than others and that thicker samples >1 cm can 
lead to a formation of a so-called rigor core. This is where the 
tissue deep in the sample ends up not permeabilizing fast and/or 
begins to degrade before permeabilization can take effect, 
leading to a rigor-like state. So, one rule of thumb is to keep 
samples <1 cm thick when possible.

It is critical to not overpack any one collection tube of glycerol 
solution with tissue, as there is a risk that the sample freezes at 
−20°C or −80°C in such a way that it is permanently damaged 
and unusable. Our rule of thumb is at least 10× the solution 
volume to sample volume. The prepared sample tubes are left at 
4°C on a rotator for 1–3 days to allow for the natural glycerol 
permeabilization and transfer of glycerol into the muscle 
samples—a critical step as only then the muscle will not freeze at 
−20°C or −80°C in storage. Samples in solution will typically 
float toward the top at first but then sink to the bottom when 
glycerol penetration has run its course. When at −20°C, glycerol 
solution continues to slowly permeabilize the samples, with 
∼5 days needed to achieve a level of permeabilization necessary 
for mechanics work (but in-house trial-and-error testing is 
needed). Some labs select a graded build-up of glycerol, begin
ning with 0% glycerol and slowly raising the percentage of 
glycerol over the course of a few days at 4°C until the target 
glycerol value is met, and then shifted to the freezer. Samples 
can be preserved longer if stored in 70% glycerol solutions at 
−80°C for 1 year. However, it is advised to use the flash-freezing 
method (described above) in this situation. On the day of 
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experiments, samples are readily available after ∼30 min of 
vigorous washing to remove glycerol from the tissue.

The glycerol technique’s main limitation is the gradual level 
of permeabilization/degradation that eventually makes the 
samples unusable. We suggest that samples conserved in glyc
erol solutions at −20°C should be used within 3 mo of storage, 
and samples within a specific experiment should have had 
similar storage time (∼2-wk range). Furthermore, since the 
samples are not frozen, there is still a gradual breakdown of 
sarcomere proteins such as titin, and this is noticeable on protein 
gels when the samples are stored for longer than ∼12 wk at −20°C 
(personal observations). Perhaps surprisingly, there are limited 
details in the literature about the effects of glycerol preservation 
(Han et al., 2025; Benson et al., 1958; Szent-Gyorgyi1949; Szent- 
Gyorgyi, 1950). The only recent study is by Han et al. (2025), 
where they report that samples stored in 50% glycerol up to 
14 days presented few active contraction changes but did mea
sure increases in passive force up to 50%, which may be related 
to glycation of the PEVK region of the spring protein titin.

Experimental apparatus
A muscle mechanics experimental rig for permeabilized samples 
typically includes length control, force measurement, solution 
exchange, temperature control, and data acquisition. Many 
build their experimental rigs in-house, purchase them as all-in- 
one commercial systems, or assemble them from various com
mercial components. The best choice depends on the resources 
available and the user’s expertise. Commercial options undergo 
stringent quality control processes and are robust to error but 
often restrict the users in scope and customization. On the other 
hand, custom in-house solutions are highly specialized to the use 
case and push the boundaries of what can be measured but re
quire extensive resources to maintain and develop. The ergo
nomics of the experimental setup itself should be carefully 
considered—location of equipment versus mounting, surgical 
station, elbow room, placement of computers, and ease-of-use 
for long experimental days—as user error is often as big a con
cern as poor experimental hardware.

Mechanics equipment
Force transducer and motor systems are expensive, so users 
should brainstorm with the equipment supplier and other ex
perienced scientists before purchase. We provide a few points to 
consider. Relaxed single muscle fibers or smaller cardiac prep
arations typically exhibit <0.1–1 mN passive force and up to ∼1–3 
mN of contraction force, while skeletal fiber bundles (2–15 fi
bers) and/or muscle strip preparations can produce 20–100 mN. 
In addition, larger animals typically have larger fibers than 
smaller animals and so can produce forces over the measure
ment limit of more sensitive force transducers. Therefore, it is 
important to consider all potential experimental models to be 
used with this equipment. Conversations with commercial 
suppliers about all potential needs can help with the selection 
process. An important trade-off to consider: force transducers 
that can resolve the smallest force changes with a suitable signal- 
to-noise ratio have a restrictive maximum range (e.g., 5 mN), 

while force transducers with a greater range have less force 
resolution. For motor configurations, many now have the posi
tion control needed for muscle experiments (<100 um step size). 
For fast perturbations, such as fast sinusoidal oscillations (up to 
1,000 Hz, amplitude of <1% sample length), the motor must have 
exemplary position resolution (<1 µm) and bandwidth require
ments (>2 kHz), which therefore requires servo or piezo motors. 
Finally, to ensure the accuracy of the length changes, the motor 
should have a so-called closed-loop positioner. The actual 
movement of the actuator can attenuate from the commanded 
signal when running a waveform at high frequency, and so 
closed-loop positioning compensates by adjusting the com
manded movement.

Sarcomere length control
Users can purchase camera-based systems that measure sarco
mere length using software, but these usually require an in
verted microscope, and it is nontrivial to keep the sarcomeres in 
focus during experiments. Many measure sarcomere length 
using laser diffraction, but it can be difficult or impossible to 
resolve clean diffraction peaks from fiber bundles or cardiac 
tissue. Regardless of measurement methods, we recommend 
standardizing the sample location(s) measured because sarco
mere length is nonuniform throughout samples and introduces 
measurement error. For cardiac tissue, adjacent sarcomeres are 
often not aligned enough to produce a clean signal, and a camera- 
based system to track sarcomere length is not always available. 
In this situation, researchers often normalized length by the 
visible slack length, which has worked reasonably well.

Temperature control
Solution re-circulator systems are often used and exchange the 
bath solution with a reservoir solution that is in a temperature- 
controlled water bath and is a suitable approach when the de
sired solution temperature is near room temperature. When the 
target experimental temperature is ±10°C of room temperature, 
users should invest in an active temperature control system such 
as a Peltier-based temperature-controlled bath.

Common pitfalls and troubleshooting
Typical experiments involve multiple conditions in which users 
must manipulate the rig either through solution exchanges, 
length changes, or long incubation periods. When measuring 
sample forces, any such manipulations incur a risk of error that 
users must take precautions against. Common errors include 
collisions, temperature sensitivity, loose sample attachments, 
and sample tearing, but the list is endless and often includes 
items seemingly too mundane to consider until they inevitably 
happen. Our personal examples include an ambient room tem
perature that drifts a few degrees through the day, direct sun
light hitting equipment and affecting measurements depending 
on the time of day, slow (over days) loosening of nuts, bolts, or 
applied epoxy, and solution leaks. Because these errors are nu
merous and hard to predict, we recommend sanity checks of 
each experimental protocol, first using rubber bands attached as 
the sample, then with real samples (or equivalent). Any drift in 
critical parameters such as force baselines or length found 
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during the sanity checks or actual experiments should be re
solved immediately before proceeding.

Lab spaces can cause havoc for hardware: room vibrations 
and electronic noise are both important sources of error, espe
cially for the smallest preparations with highly sensitive force 
transducers. Vibrations can come from typing on a keyboard 
next to the experimental apparatus, room HVAC systems, out
side foot traffic/construction, etc. Dampening of mechanical 
vibrations is necessary and can be controlled by local equipment 
additions, either expensive (e.g., pneumatic isolation table) or 
cheap (e.g., soft rubber stoppers under the apparatus). The ex
perimental apparatus table should not touch the wall and should 
be separate from the computer (fan and typing vibrations). Labs 
not on solid concrete floors have more floor vibrations than 
those built in basements. Improved signal-to-noise ratios can 
also be obtained by eliminating sources of electromagnetic in
terference. For example, minimizing cord length, providing a 
consistent light environment (e.g., sunlight does not move over 
the system during the day), and, when needed, shielding the 
system from other electromagnetic interference.

Sample attachment
The attachment between the sample and measurement equip
ment is a critical part of the system itself and often introduces 
experimental error if not carefully taken into account (Fig. 2). 
The attachment mechanically couples the sample and force 
transducer so that the recorded forces are those of the entire 
system and not of the sample alone (Fig. 2 a). One can minimize 
the contribution of the attachment to recorded forces by placing 
the sample attachments in line with the measurement axis, 
checking for sample slippage throughout the experiment, and 
using a sufficiently stiff attachment material that is minimal in 
size. Even minuscule amounts of attachment or sample slippage 
on the order of micrometers can make a large difference in 
record forces, so periodic visual inspections alone are often not 
adequate. The slippage, however, will manifest as a drift in force 
measurements and can be detected by comparing baselines be
tween experimental conditions. Regarding stiffness and size, the 
entire system will have natural frequency modes depending on 
both the sample and attachment. The objective is to constrain 
these frequencies to above the cutoff frequencies of the force 

transducers or length controllers (∼kHz) by ensuring a suffi
cient stiff attachment relative to its inertial mass. A compliant 
attachment further interferes with the closed-loop positioning 
of the length controller. These phenomena are both common and 
challenging, requiring fine-tuning of equipment to resolve. 
There are many different attachment methods in the literature, 
but the main goal is to mechanically couple the sample to mea
surement equipment without damaging the sample during 
loading. This is easier said than done, as specimens come in all 
shapes, sizes, and qualities, so every preparation type requires 
a bit of strategic trial and error to find the best approach.

Many utilize metal hooks and so-called T-clips (Goldman 
and Simmons, 1984) to attach samples to the force transducer 
and length motor. The hooks are either epoxied or bolted into 
the force transducer and length motor at opposite ends. The 
T-shaped clips are small aluminum cutouts with a hole 
punched at the bottom end of the T (Fig. 2 b). The arms of the T 
are folded onto the sample to secure it and attached to the hooks 
through the punched hole. This technique requires training 
and dextrous hands under a dissection microscope for an ideal 
mechanical coupling and minimal rotation (a common source 
of error).

Small steel clamps are also used for attachment. These clamps 
are made by flattening the tip of a small hypodermic tubing and 
bifurcating the tip into two flat halves (Fig. 2 c). The two halves 
then are “clamped” by sliding a fitted ring into place. The result 
is a continuous rigid piece that secures a muscle sample at the 
bifurcated end and adheres to the force transducer/length motor 
at the other end. Users also sometimes tie small suture knots to 
the ends of the samples as a gripping surface that also helps avoid 
sample damage by overcompression of the clamp. In our 
hands, clamps work best for larger samples (>0.3 mm diame
ter), while the T-clips work best for smaller preparations 
(<0.3 mm diameter).

An alternative to either hooks or clamps is to simply tie the 
samples to supporting structures using sutures (Fig. 2, d and e). 
The supporting structures are either rods (Roche et al., 2015) or 
troughs (Campbell and Moss, 2002) that are directly attached to 
the force transducer and length motor. For the trough method, 
place a small rod on top of the fiber/trough so that the suture 
cinches the fiber down (Fig. 2 e). It is also possible to directly glue 
samples to the supporting structure (Fig. 2 f), but users must 

Figure 2. Considerations for sample attach
ment. (a) The force transmission chain from the 
motor to the transducer includes both the muscle 
sample and the attachments. (b–f) Commonly 
used methods for attaching muscle samples to 
force transducers and the length motor.
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consider the compliance of the hardened glue as well as its po
tential myotoxic effects.

The attachment methods discussed are not an exhaustive list; 
other methods are in use, and new ones will continue to be de
signed as users optimize for different muscle preparations or 
experimental protocols. Of note, glass needles are applied to very 
small cardiomyocyte bundles (Sweitzer and Moss, 1990). Re
gardless of the method, we advise every user to run careful pilot 
projects to identify and fix linkage problems early, or else these 
issues may not come out until after an experiment is done or, in 
the worst case, already published.

Other considerations
Physiological solutions
Samples sit in a bath chamber of physiological solution attached 
to a motor on one end and a force transducer on the other. 
Physiological solutions are designed to maintain or change the 
sample’s activation state and include staples such as relaxing 
solution (pCa (−log10[Ca2+]) >8, with ATP), activating solution 
(pCa 8-4, with ATP), washing solution (ATP but no [Ca]2+), and 
rigor solution (high [Ca]2+, no ATP). Relaxing solutions have a 
pCa >8, and a calcium chelator (EGTA) to sequester free calcium. 
Activating solutions is similar in composition to relaxing solu
tion but changes the proportion of EGTA and calcium to reach a 
desired calcium concentration between pCa 9 (relaxing solution) 
and pCa 4 (maximum activation). The washing solution, some
times called pre-activating solution, is similar to relaxing solu
tion but without the EGTA/calcium and is used between relaxing 
and activating solutions to help pull out excess EGTA from the 
fiber so that the activation solution calcium concentrations are 
not affected. Finally, rigor solution is similar to activating so
lution (high calcium), but without ATP, so that the rigor is cre
ated via permanent crossbridges. There are several common 
solutions in the field that we recommend. These are easiest 
to identify by their buffer backbones of 3-(N-morpholino) 
propanesulfonic acid (MOPS), N,N-Bis(2-hydroxyethyl)-2- 
aminoethanesulfonic acid (BES), N-[Tris(hydroxymethyl)- 
methyl]-2-aminoethanesulfonic acid (TES), or imidazole 
within a base recipe. We provide some recipes in Table 1.

As a point of caution, there are many different solution recipes 
(Moisescu and Thieleczek, 1978; Moisescu, 1976; Danieli-Betto 
et al., 1990) or details about the appropriate use of various salts 
(e.g., Orentlicher et al., 1977). Many solutions can be traced to 
computer programs created by Alexandre Fabiato (Fabiato, 1988) 
or others (Schoenmakers et al., 1992; Spahiu et al., 2024). The 
pros and cons of different solution recipes go beyond the scope of 
this review, but regardless of the solution selected, we advise 
that researchers maintain the same recipe throughout an 
experiment at minimum and ideally standardize within a lab 
group. The importance of solution consistency cannot be 
understated because not all recipes provide similar activation 
properties (Kalakoutis et al., 2023) and has even been con
sidered the culprit in differences in tension between healthy 
young adults among research groups (Kalakoutis et al., 2021).

An additional common point of error when preparing phys
iological buffers is when setting the pH level (typically pH ∼7). 

pH impacts contraction properties (Debold et al., 2008; Martyn 
and Gordon, 1988; Fabiato and Fabiato, 1978; Jarvis et al., 2018) 
and structures (Sudarshi Premawardhana et al., 2020). Sol
utions are often prepared at temperatures that are not at the 
experimental conditions, and this leads to a different pH during 
experiments and thus inconsistent tension measurements. 

Table 1. Common experimental solutions

Solution Composition (mM) Reference

Relaxing Kprop (170), magnesium acetate (2.5), 
MOPS (20), K2EGTA (5), and Na2ATP (2.5)

(Hessel et al., 2019)

Washing Kprop (185), magnesium acetate (2.5), 
MOPS (20), and Na2ATP (2.5)

(Hessel et al., 2019)

Activating Kprop (170), magnesium acetate (2.5), 
MOPS (10), Na2ATP (2.5), and different 
proportions of CaEGTA and K2EGTA to 
obtain target pCa

(Hessel et al., 2019)

Relaxing KCl (100), imidazole (10), MgCl2 (1), EGTA 
(2), and Na2ATP (4.46)

(Jee and Lim 2016)

Activating BES (40), CaCO3-EGTA (10), MgCl2 (6.29), 
Na2ATP (6.12), and Kprop (45.3); free Ca2+ 

set to pCa 4.0

(Jee and Lim, 2016)

Relaxing BES (40), EGTA (10), MgCl2 (6.56), Na2ATP 
(5.88), Kprop (46.35), and DTT (1)

(Tonino et al., 2017)

Activating BES (40), CaCO3-EGTA (10), MgCl2 (6.29), 
Na2ATP (6.12), Kprop (45.3), and DTT (1)

(Tonino et al., 2017)

Relaxing KCl (100), imidazole (20), MgATP (4), EGTA 
(2), and free Mg2+ (1)

(Fitzsimons et al., 
2001)

Activating KCl (79.2), imidazole (20), EGTA (7), MgATP 
(4), and free Mg2+ (1); free Ca2+ set to pCa 
9.0-4.5

(Fitzsimons et al., 
2001)

Activating Imidazole (20), EGTA (7), MgATP (4); free 
Mg2+ (1), and KCl; free Ca2+ set to pCa 4.5- 
9.0

(Ochala et al., 2011)

Rigor KCL (60), MgCl2 (5), MOPS (10), and EGTA 
(1)

(Suzuki and 
Ishiwata, 2011)

Relaxing TES (100), MgCl2 (7.7), Na2ATP (5.44), EGTA 
(25), Na2CP (19.11), and GSH (10)

(Linari et al., 2007)

Washing TES (100), MgCl2 (6.93), Na2ATP (5.45), 
EGTA (0.1), Na2CP (19.49), HDTA (24.9), 
and GSH (10)

(Linari et al., 2007)

Activation TES (100), MgCl2 (6.76), Na2ATP (5.49), 
Na2CP (19.49), GSH (10), and CaEGTA (25)

(Linari et al., 2007)

Rigor TES (100), MgCl2 (3.22), EGTA (53), and GSH 
10

(Linari et al., 2007)

Recipes common in the field. Omitted is the addition of creatine phosphate 
(∼15 mM) and creatine kinase (400–500 U/ml), which is typically added to all 
but rigor solutions to replenished ATP; however, for experiments <2 h, we 
find >2.5 mM ATP lasts without problem. Finally, the addition of protease 
inhibitors to all solutions can limit protein degradation (see text). All solutions 
can be set to a pH 7–7.1 at the experimental temperature. BES, N,N-bis(2- 
hydroxyethyl)-2-aminoethanesulfonic acid; EGTA, ethylene glycol bis 
(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid; CrP, creatine phosphate; CK, 
creatine kinase; GSH, glutathione; DTT, dithiothreitol; HDTA, 1,6- 
diaminohexane-N,N,N′,N′-tetraacetic acid; MOPS, 3- 
(N-morpholino)propanesulfonic acid; TES, N-[Tris(hydroxymethyl)methyl]-2- 
aminoethanesulfonic acid; Kprop, potassium propionate.
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Because solution pH changes with temperature, experimenters 
must be sure to either prepare solutions at the experimental 
temperature, use a pH meter that can account for the tempera
ture correction, or hand calculate the pH offset between the 
solution and experimental temperatures.

In addition, because fiber performance is sensitive to small 
changes in the molarity of various salts within the experimental 
solutions, and since solutions are commonly made by hand, it is 
tough to maintain precise measurements of salts from batch to 
batch, especially when making, for example, a calcium series 
for calcium-sensitivity experiments. Thus, we advise the ex
perimenters make enough stock solutions to last them the en
tirety of an experiment, plus potential follow-up experiments 
asked for during the manuscript review process. We find that a 
final volume of ∼3 liters of each solution is adequate. Stocks can 
be prepared and completed at 2×/5×/10× concentration and then 
frozen at −20°C for months to years with no loss in potency. 
Aside from differences in solutions between batches, most ex
perimental baths are open to the air, which means that during 
long experiments, water will evaporate and change the solution 
salt concentrations. We therefore advise that solutions in stag
nant baths (no reservoir/recirculating system) are periodically 
changed every ∼30–60 min.

Force and tension
Measured force is proportional to fiber thickness; the thicker the 
fiber, the more force it produces. To compare force values be
tween samples with varying diameters, one measures the fiber 
cross-sectional area (CSA) and is used to divide force, providing 
tension (e.g., stress or specific tension). During experiments, it is 
common practice that fiber or fiber bundle cross sections are 
simplified as simple shapes that we can derive from the area, 
such as a circle (measure diameter), elliptical (measure width 
and height), or rectangle (measure width and height). When an 
area formula is decided upon, the fiber or fiber bundle is mea
sured using a stereomicroscope with a measurement tool built 
into the lens, calipers, or video capture. Recent studies have 
made very clear that measuring CSA and tension seem to be 
more an art form than hard science, as papers with researchers 
stemming from a similar original lab group have more consistent 
tension values than lab groups that are not connected, while 
certain measurement strategies over or underestimate tension 
(Kalakoutis et al., 2021; Smith and Herzog, 2023; Mebrahtu et al., 
2024). This inaccuracy to a fundamental measure in muscle 
science, which certainly introduces measurement variation into 
the literature, is well known to research veterans.

Here are some tips we suggest. First, it is of course important 
to make CSA calculations as accurate as possible. Typically, the 
fiber is assumed to have a circular or elliptical shape, with the 
elliptical shape usually offering higher accuracy than circular 
(Mebrahtu et al., 2024). We find that measuring a video or photo 
from a camera built into a stereomicroscope, a cheap off-the- 
shelf camera with decent zoom, or any smartphone is a repro
ducible measure, so long as care is taken to fix focal lengths, 
zoom, and sample-to-camera distance in place. To calibrate, the 
image should include a ruler or item of known length at the same 
distance from the camera as the sample. To measure width and 

height, some build a 45-degree mirror next to the fiber that is in 
the camera’s view, so as to measure the second axis. A precise 
measurement can be drawn on a computer using various free
ware, such as ImageJ (Schneider et al., 2012). Second, it is im
portant to consider that longitudinal views of fibers can only 
provide rough approximations of the true cross-sectional shape. 
Fiber-to-fiber variability in cross-sectional shape causes some 
fibers to have overestimated specific tension and others to have 
underestimated force per CSA. When groups of fibers are con
sidered in their entirety, fiber-to-fiber inaccuracies in CSA tend 
to balance out, but problems can still arise. Specifically, applying 
variability in the accuracy of CSA assessment to a group of fibers 
with an approximately normal distribution of CSAs causes un
derestimated specific tensions to be concentrated among fibers 
with larger (approximated) CSAs and overestimated specific 
tension to be concentrated among fibers with smaller (ap
proximated) CSAs (Mebrahtu et al., 2024; Smith et al., 2025; 
Smith and Herzog, 2023). Consequently, homogeneous/well- 
controlled groups of fibers frequently exhibit an artifactual 
CSA dependence of specific tension. Researchers are therefore 
advised to remember that the calculation of specific tension 
(active tension per CSA) has already controlled for CSA, and 
comparisons between subsets of fibers defined only by their 
CSA (e.g., using regression fits of specific tension vs CSA) 
should generally be avoided.

Fiber-type determination
While cardiac muscle is typically classified as one fiber type, 
skeletal muscle is made up several fiber types that have their 
own mechanical and biochemical profiles with mammalian 
muscle holding types I, IIA, IIB, 2X that are mixed in different 
proportions depending on the muscle (Schiaffino and Reggiani, 
2011; Schiaffino et al., 2025). Fiber-type distributions within 
muscles can be changed by exercise, disease, or aging (Ciciliot 
et al., 2013; Murgia et al., 2017; Blaauw et al., 2013), and so 
reference values are only a first approximation. Of note, 
candidate drugs to combat myopathies can have different 
effects on different fiber types (Potoskueva et al., 2025; 
Lindqvist et al., 2019), while certain diseases only affect 
some fiber types (Talbot and Maves, 2016; Lassche et al., 
2013). Thus, fiber type determination and composition for 
fiber bundle preparations is a critical step to interpreting 
datasets.

After experiments, there are a variety of methods available 
to test fiber type from spent preparations that often include 
conducting immunohistochemical stainings or western blots 
against fiber-type–specific myosin heavy chain isoforms (e.g., 
Edman et al., 2023; Abbassi-Daloii et al., 2023; Battey et al., 
2024; Kammoun et al., 2014; Bloemberg and Quadrilatero, 
2012). Another common approach is to determine fiber type 
via myosin isoform size separation using gel electrophoresis 
with a common protein stain (e.g., silver stain) to resolve 
protein bands. However, recent evidence has indicated that 
myosin heavy chain isoform distribution may be too narrow a 
focus to properly phenotype fiber types (Moreno-Justicia 
et al., 2025). For a quick and dirty approach to determine fi
ber type of single fibers at the start of a mechanics trail, 
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experimenters can use strontium (Sr2+) in place of calcium 
(Ca2+) in activating solution (Lynch et al., 1995; Fink et al., 
1986). Sr2+-based activating solution will only activate fast- 
twitch fibers, allowing for quick determination, although it 
does not resolve different types of fast-twitch fibers. When 
using fiber bundles, methods using both Sr2+- and Ca2+-based 
activating solutions can identify their fiber-type composition 
(Lynch et al., 1995). However, because of the relative ease 
and better classification of the fast-type fibers, we suggest 
that a traditional postexperiment evaluation of fiber type is 
conducted. Finally, some muscle is nearly all fast fiber types 
(IIA + IIB + IIX), such as mouse tibialis anterior or extensor dig
itorum longus (Battey et al., 2024; Bloemberg and Quadrilatero, 
2012), and so experiments using these wild-type mouse muscles 
can assume negligible slow-twitch fibers in wildtype but must be 
evaluated in any mutant lines.

Permeabilized versus intact mechanical properties
Permeabilized samples exhibit different mechanical properties 
compared with intact samples due to structural and environ
mental changes (Loescher et al., 2022; Loescher et al., 2023; 
Kentish et al., 1986). These changes also occur to the myosin 
heads themselves. In relaxed sarcomeres, myosin heads exist in 
a spectrum of conformations between OFF (docked within hel
ical tracks against the thick filament backbone) and ON (pro
jected outward toward the thin filament). The proportion of ON 
heads in relaxed sarcomeres impacts the mechanical properties 
of contraction, such as length-dependent activation (Frank– 
Starling effect) (Ma et al., 2023b), and are influenced by many 
regulatory proteins like myosin-binding protein C and titin 
(Hessel et al., 2022; Hessel et al., 2024; Cazorla et al., 2001). 
ATPase activity, classified into super-relaxed and disordered- 
relaxed states, also plays a role but is not fully linked to ON/ 
OFF conformations (Jani et al., 2024). These regulatory strategies 
go beyond the scope of this review, but it is sufficient to say that 
it is important to maintain myosin head conformations as ob
served in the intact muscle. To that end, one must understand 
that pure permeabilization disrupts the myosin head con
formations found in intact muscle (Caremani et al., 2021).

Caremani et al. (2021) provides structural evidence that 
permeabilization increases lattice spacing, which in turn in
creases the proportion of myosin heads in the ON structural state 
and affects contraction properties. It is possible to restore both 
toward in situ levels (Godt and Maughan, 1981) by adding the 
molecule dextran to physiological solutions (Godt and Maughan, 
1981). However, solutions with large dextran molecules (∼T- 
500) are highly viscous and can be logistically difficult to work 
with in fluid exchangers. A potential fix is to use smaller dextran 
molecules (i.e., T-10), which can still compress the lattice 
(Tanner et al., 2012) without the high viscosity. Aside from lat
tice spacing, it is also well documented that decreasing tem
perature away from 37°C (in mammals) increases the proportion 
of myosin heads in the ON structural state, which changes myosin 
kinetics (e.g., Martyn et al., 2004) with a critical threshold 
of ∼25–27°C (Caremani et al., 2019a; Caremani et al., 2021; 
Ovejero et al., 2022; Fusi et al., 2015). We suggest solution 
temperatures >25°C and lattice compression with dextran 

(∼3% or ∼10% m/v for dextran T-500 and T-10, respectively). 
If treatments are inhibited by dextran, try shifting fibers to a 
dextran-free solution for treatment, and then return to a 
solution with dextran.

One reason researchers often stay away from long-term use 
of warm bath temperatures is that the samples deteriorate 
faster, leading to so-called “rundown,” where the active force 
decreases throughout the experiment, making data inter
pretations more difficult. One strategy to limit this is to switch to 
a colder solution during rest or treatment periods. Some also use 
the so-called temperature jump experiment (Bershitsky and 
Tsaturyan, 1992; Coupland and Ranatunga, 2003). Briefly, 
preparations are kept in solutions <10°C. To activate, they are 
switched into cold washing and then cold activating solutions, 
which allows calcium to diffuse into the cell but keeps active 
force very low. It is then switched into warm activating solution, 
which heats up the sample, and the force quickly rises in sec
onds. However, with the new details described above, it may not 
be a good idea to keep samples cold in relaxing solution before 
activation, as the temperature in relaxing solution seems to 
impact the motor proteins in a way that can impact contraction 
performance (Caremani et al., 2019b). From our own experi
ences, we keep muscles in cold relaxing solution and transition 
to warm relaxing solution shortly before a contraction experi
ment. As a rule of thumb, fiber bundles transitioned from cold to 
warm solution will recover a normal myosin motor position 
within 3 min of the temperature change.

Maintaining tissue integrity during experiments
Unavoidable sample degradation of permeabilized samples 
during experiments is tricky to predict because it is dependent 
on the experimental parameter employed. So each user must 
conduct pilot experiments to understand their sample’s unique 
degradation. In our hands, permeabilized preparations are du
rable for at least 5 h during procedures that are done entirely in 
relaxing solution (room temperature with protease inhibitors), 
and all length excursions are maintained within the physiolog
ical operating sarcomere length range. Contraction protocols 
lead to accelerated degradation, but the rate is very much de
pendent on the sample and experimental conditions. For ex
ample, active eccentric contractions are more damaging to the 
preparations than concentric contractions, especially when close 
to maximal calcium-activation levels. Thus, it is important to 
periodically check fiber quality by conducting short isometric 
activations, and track changes to tension. If isometric tension 
drops >15% from the starting value, the experiment should be 
concluded. A further consideration is that activating at a maxi
mal calcium level (pCa < 5) causes the most damage, while ac
tivating at moderate levels (∼pCa 6.2–5.6) causes less damage. 
Sarcomere length perturbations during contraction further ac
celerate sample degradation.

Stabilizing passive force
It is not trivial to stabilize passive force before starting the 
main experiment. To set a baseline force, we set the force 
recorded by the force transducer when the sample is slack and 
in the bath to zero (done by our software). During initial 
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stretches, loaded permeabilized samples have bits and pieces 
of collagen and cellular debris on them that impact tension. 
Furthermore, samples can shift in their rig attachment before 
becoming fully fixed. During the first mechanical stretches, 
these pieces will stretch, tear, fall off, or otherwise rearrange 
themselves, which affects the measured force and initial 
sarcomere length. Thus, the first stretches will produce 
variable tension–strain relationships and introduce errors 
to the dataset if not corrected. To resolve this problem, we 

recommend that experimenters always run a break-in 
protocol—a repeated passive mechanical perturbation experi
ment until passive force–strain relationships become steady. 
For example, we use slow stretches across the muscle’s physi
ological operating lengths and/or repeated fast sinusoidal os
cillations (e.g., 30 s at 50 Hz and ±5% sample length), until the 
steady-state forces after each perturbation are consistent. We 
then re-measure sarcomere length and reset the passive force 
baseline.

Figure 3. Small-angle X-ray scattering of muscles provides direct measurement of sarcomeric protein organization. Sarcomeres are highly ordered 
protein complexes that are pseudocrystalline in nature. (a) Synchrotron light sources produce high-powered X-rays that pass through muscle fibers to create 
diffraction patterns from their interaction with the sarcomere structures. (b) A representative diffraction pattern from rat tibialis anterior, permeabilized fiber 
bundle at rest. The structural properties of both thick (myosin) and thin (actin) filaments show up as reflections and layer lines along the meridional plane 
(perpendicular to the equatorial plane) and change in identifiable ways when the muscle is activated or under myopathies. (c and d) Geometric lattice planes 
and repeating periodic structures on the thick and thin filaments underlie the meridional and equatorial diffraction features.

Table 2. Currently used synchrotron laboratories (beamlines) with support staff for muscle scientists

Synchrotron Beamline Recent MyoSAXS publications

Advanced Proton Source, Argonne National Laboratory 
(USA)

Biophysics Collaborative Access Team 
(BioCAT, 18ID)

Beamline details: (Barrea et al., 2014) 
Recent Pubs: (Mohran et al., 2024)

National Synchrotron Light Source II, Brookhaven National 
Laboratory (USA)

Life Science X-ray Scattering (LiX, 16ID) Beamline details: (DiFabio et al., 2016) 
Recent Pubs: (Mead et al., 2024; Ochala et al., 
2025)

PETRA III, DESY (Germany) Micro- and NanoFocus X-ray Scattering 
(MiNaXS, P03)

Beamline details: (Buffet et al., 2012) 
Recent pubs: (Liu et al., 2018; Gerlach 
Melhedegaard et al., 2025)

European Synchrotron Radiation Facility (France) Time-Resolved Ultra Small-Angle X-Ray 
Scattering (ID02)

Beamline details: (Narayanan et al., 2018) 
Recent pubs: (Caremani et al., 2019b, 2023)

Diamond Light Source (UK) SAXS/WAXS beamline (I22) Beamline details: (Smith et al., 2021) 
Recent Pubs: (Hill et al., 2021)

SPring-8 (Japan) BL40XU High Flux Beamline details: (Inoue et al., 2001) 
Recent Pubs:(Iwamoto, 2018; Ochala et al., 2023)

Cornell High Energy Synchrotron Source (USA) BioSAXS (7A1) Recently used for muscle experiments. 
(Koubassova et al., 2025)

MAX IV Synchrotron Light Facility (Sweden) CoSAXS Beamline details: (Herranz-Trillo et al., 2024) 
Recent Pubs: (Li et al., 2023)

Other usable beamlines are available where muscle experiments have yet to be conducted.
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Statistical considerations
A quality dataset is one where the project leader dedicated con
siderable time to the experimental design and pilot projects. We 
advise that after initially designing an experiment, a pilot study is 
conducted that runs a sample (or similar sample type) through its 
whole protocol, periodically measuring passive and contraction 
forces to assess changes. Many follow the guideline that samples 
should no longer be considered viable after decreases of ∼10 and 
∼20% for passive and contracting forces, respectively. The ex
periment design should be modified until samples survive the 
protocol. Next, experimentalists should chemically fixe used 
samples for follow-up imaging with transmission electron mi
croscopy to check that sarcomere structures are intact versus 
unused samples (i.e., limited Z-disk streaming); however, some 
disorganization of sarcomeres is generally unavoidable. Finally, a 
well-designed experiment means that the statistical approach is 
already laid out a priori—this will improve the statistical power of 
the experiment (Kass et al., 2016). We advise project leaders to 
visit a statistical consultation lab (typically available on a uni
versity campus) to polish their approach. There are also moun
tains of papers written for scientists about statistical processes 
(Highland et al., 2021; Sullivan et al., 2016; Kusuoka and Hoffman, 
2002) and how to report them (Lindsey et al., 2018). One partic
ularly important point is that if the experiment has multiple 
components (treatment, sarcomere lengths, and activation sol
utions), then randomize the order when feasible so that error 
caused by order can be statistically washed out. If the experiment 
includes measuring a difference before and after an irreversible 
treatment, conduct a control experiment that measures values 
before and after the experiment, where the treatment is excluded 
(e.g., sham treatment).

Application to small-angle X-ray diffraction
In parallel with conventional muscle mechanical experiments, 
many researchers are complementing them with small-angle 
X-ray fiber diffraction studies (Ma and Irving, 2019; Reconditi, 
2006) that can provide unique insights into the structure and 
dynamics of the myofilaments in the sarcomere (Brunello and 
Fusi, 2024; Ma and Irving, 2022; Reconditi, 2006). Here, an in
tense and highly collimated X-ray beam illuminates the muscle 
sample perpendicular to the long axis of the sample, which then 
diffracts due to the partially crystalline organization of the 
sarcomeric proteins (Fig. 3). Diffraction data provide details 
about the structural changes in the sarcomere, which the user 
can use in parallel with functional measurement to characterize 
healthy and diseased states or determine the effect of inter
ventions such as investigational drug candidates (Brunello and 
Fusi, 2024; Ma and Irving, 2022).

Modern X-ray diffraction studies require access to special
ized laboratories and hard X-ray beamlines at large synchrotron 
radiation facilities typically located at national laboratories 
(Table 2). While access to such facilities is typically free for ac
ademic proposals via a competitive proposal system, it is in short 
supply, with shiftsizes of 48–96 h once per 3–4 mo available to a 
single investigator. Except for the BioCAT beamline 18ID at the 
Advanced Photon Source (Table 2), which was built and run 

specifically for muscle physiology experiments (Fischetti et al., 
2004; Barrea et al., 2014) (Table 2), most small-angle scattering 
beamlines do not focus on muscle physiology and require a 
significant investment by the potential user in designing and 
building equipment for combined X-ray diffraction/mechanics 
studies. At any facility, there are several logistical challenges 
involved in preparing samples and solutions, getting them to the 
facility in good shape, finding sufficient personnel to do the 
experiments, and travel costs. As the increasing popularity of 
X-ray diffraction attests, however, these barriers can be over
come, often in the context of collaborations with facility per
sonnel. There are some considerations for potential newcomers 
to be aware of. X-ray diffraction using intense synchrotron ra
diation beams is inherently a destructive measurement, and so 
there is a limit to the number of conditions one can study per 
sample before the sample is irretrievably damaged. The amount 
of radiation damage to be expected varies from sample to sample 
and between different X-ray diffraction instrument setups, so 
prior to an experiment, a radiation damage test is advised, where 
a representative sample is sequentially exposed to back calculate 
an X-ray exposure limit. Finally, sample thickness is a critical 
consideration. X-ray diffraction experimental results benefit 
from thicker specimens than typically used for mechanics 
measurements. Therefore, users of permeabilized prepa
rations should consider complications caused by diffusion- 
limited transport of reagents into the sample and metabolic 
byproducts out of the sample. All factors considered, we gen
erally advise a sample thickness of ∼200 to ∼750 µm.

Conclusion
The goal of experimentation is not just to collect data but to do it 
in a reproducible manner. Permeabilized muscle preparations 

Table 3. Common symptoms and root causes when working with 
permeabilized muscle experiments

Common symptoms Possible root causes

Ice crystals Muscle samples larger than 1 cm in size

Low glycerol percentage for 
cyropreservation

Samples not fully submersed in glycerol

Damaged tissues Dissection technique

Long preparation time

Buffers (osmolarity, pH, and calcium)

Poor permeabilization Thick samples leading to a rigor core

Samples not fully submersed in detergent

Suboptimal incubation times/protocol

Mechanical measurement 
instabilities

Loose sample attachment (slippage)

Temperature drift

Environment (room vibrations and EM 
interference)

Poorly tuned force transducers/motors

Loose epoxy, nuts, bolts, etc.
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show some features that deviate from intact samples, but the 
goal is still to design experiments that bring the permeabilized 
sample as near physiological as possible. To that end, we pro
vided here some commentary on what we have learned over the 
years (summary in Table 3). There will never be one unified 
protocol to handle and study permeabilized skeletal and cardiac 
muscle, as the collection, storage, and preparation are all de
pendent on unavoidable influences. Thus, we emphasize writing 
up detailed methods (or supplemental information methods) so 
that readers can learn and compare them with other studies. 
Finally, as our last point of advisement, we remind everyone that 
the most expensive equipment and analysis tools are only as 
valuable as the quality of samples loaded, and so it remains that 
the experimenter’s skillset is the top determinant of quality 
muscle science.

Data Availability
No new data were generated or analyzed in support of this study.
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