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Background: While formative and summative usability testing is essential to confirm safe and effective product use, it may not be 
sufficient to comprehensively understand user capabilities and limitations in device interactions. Therefore, this research aims to 
quantify user handling forces for different device handling steps of pen injectors through sensor-augmented simulated use studies.
Research Design and methods: The study involved 46 participants who were divided into two groups: a healthy control group and 
a group of users with dexterity impairments. All participants were instructed to perform simulated handling steps using non-functional 
dummy devices equipped with force and torque sensors. Each handling step was performed twice: first at what participants considered 
a comfortable force level and then at their maximum force. The study then analyzed force data to investigate the impact of user 
characteristics and device geometry on force exertion during the different handling steps.
Results: The study demonstrates differences in the perceived comfortable and maximum force levels between the control and patient 
groups. These force levels decrease slightly with the user’s age and level of dexterity impairment. Furthermore, the forces applied by 
the users are dependent on the geometry of the device and the holding pattern.
Conclusion: The results highlight the significance of sensor-augmented simulated use studies as a tool for providing quantitative 
insights into users’ ability to exert force while handling self-injection devices. These data offer comprehensive insights that inform the 
definition of performance requirements and specifications for injection device design, thereby supporting the advancement of future 
self-injection devices.

Plain Language Summary: This study explores how people interact with pen injectors; devices commonly used for self-injections. 
Traditional usability tests are vital for ensuring safe product use, but they may not fully capture users’ capabilities and limitations. To 
address this gap, the research measures the forces exerted by users during different handling steps of pen injectors through a simulated 
use study with sensors. 

Forty-five participants, including a healthy control group and individuals with dexterity impairments, engaged in handling non- 
functional dummy devices with force and torque sensors. Each participant performed handling steps twice, first at a comfortable force 
level and then at their maximum force. The study analyzed force data to understand how user characteristics and device geometry 
affect force exertion. 

Results revealed differences in force levels between control and patient groups, with applied force levels decreasing slightly with 
age and dexterity impairment. The study emphasized the impact of device geometry and holding patterns on applied forces. Overall, 
the findings show the usefulness of sensor-augmented simulated use studies in quantifying users’ force exertion, providing insights for 
designing future self-injection devices. 

Keywords: subcutaneous drug delivery, pen injector, simulated use, handling force, user capability, force sensor, torque sensor, user 
impairment
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Introduction
Injection devices for the subcutaneous self-administration of therapeutic agents undergo rigorous formative and summa-
tive human factors testing to ensure safe and effective product use.1–5 Device manufacturers prioritize patient safety and 
involve users early in the design and development to achieve regulatory approval and ensure successful market access.6–8 

Usability work has provided valuable insights into the user experience, acceptability, and preferences of various self- 
injection devices, ranging from cartridge-based pens that deliver multiple doses9–11 and autoinjectors to administer 
a single-dose bolus12,13 to on-body devices that enable large-volume injections.14,15

While usability work has traditionally focused on success rates and use errors,16,17 it has largely overlooked the 
capabilities and limitations of users that shape contextual user-device interactions. However, for three reasons, it is 
essential to have a more comprehensive understanding of users’ situational engagement with self-injection devices in 
general, and the handling forces required for each use step in particular. Firstly, optimal handling forces contribute to 
patient comfort during device use, making it easier for patients to become familiar with and adopt new, emerging 
therapies and adhere to prescribed treatment regimens.18–23 Previous research has consistently shown that device 
usability positively impacts treatment preferences and outcomes.24–26 Secondly, appropriate handling forces improve 
the accessibility of emerging self-care treatment options to a diverse user population.27 This aspect is essential in the 
current era of self-injection device platforms.2,11,12 The industry is adopting pre-engineered technologies to serve 
multiple target patient populations, including those with varying levels of strength and dexterity.28 Inappropriate handling 
forces can lead to use-related errors and jeopardize patient safety.17,27 Thirdly, meeting the stringent regulatory standards 
for self-injection devices is critical to obtain regulatory approval and a prerequisite for successful market adoption.29,30

Researchers have recently started studying the situational actions and use-related forces involved in patients’ 
interaction with autoinjector technology.27,31 These efforts provide a more nuanced understanding of the drug self- 
administration process. For instance, researchers have integrated motion and force sensors directly into autoinjector 
devices and accessories to analyse user behaviour for each handling step.31 Although this approach provides a wealth of 
quantitative insights, it can interfere with device handling by limiting the freedom of movement of the actuated device 
during normal handling. Schneider et al have addressed this shortcoming by using non-functional autoinjector prototypes 
with different predefined discrete force levels to assess the patient’s ability to remove the protective needle cap from an 
autoinjector.27 The approach described allows for a realistic handling sequence but does not provide continuous force 
data beyond the predefined force levels. Another approach that has been used involves adding force sensors to an 
injection pad, suitable for studying the patient’s ability to press the autoinjector device against the skin. However, this 
approach remains silent on all other user actions and interactions with the device during self-injection.32

Thus, our understanding of the handling forces encountered and applied during each step of self-injection device use 
is incomplete. The industry would benefit from detailed force data for different user groups, considering patient-specific 
characteristics such as hand strength and dexterity. This study aims to fill this gap by using a sensor-augmented approach 
to study the handling steps necessary for injecting with a pen device. Participants performed simulated handling using 
different device dummies equipped with force and torque sensors to obtain quantitative force data on users’ ability to 
perform the cap removal, dose setting, and injection steps. The study included a control group and a group of impaired 
experimental users who performed each usage step with what they considered to be comfortable and maximum force 
levels. The data was then analyzed to describe how user characteristics influenced their ability to apply force during the 
different handling steps. This information is crucial for defining user requirements and determining comfortable and 
maximally tolerable force levels.

Methods
Participants
Participants were recruited through an online patient panel in May 2020 and August 2020. Eligible individuals were 
identified through a screening questionnaire and their actual level of impairment as well as hand strength was then 
determined as part of the study. The study included an experimental group of lay users with reduced hand strength due to 
age and disease and a control group without dexterity impairments. Aged female participants were included in the 
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experimental group as this user category is known to have reduced hand strength compared to younger and male users33 

Table 1 shows the screening criteria and group composition. Participants were compensated with USD 150 for their 
participation.

A total of 46 participants were included in the study. 15 participants with an average age of 33 years were recruited 
for the control group. Participants in the control group had no manual dexterity impairments. The older participants of the 
experimental group consisted of 15 participants with an average age of 65 years, while the patient group consisted of 16 
participants with an average age of 55 years. Most of the participants in the experimental group had some chronic 
condition that resulted in manual dexterity impairment, and 2/3 of them had a moderate to severe level of impairment. 
Impairment was assessed using an abbreviated version of the M-SACRAH (Modified and shortened Score for the 
Assessment and Quantification of Chronic Rheumatoid Affections of the Hands) questionnaire. The abbreviated version 
had only 10 questions, leaving out the two ones associated with pain, and was assessed on a scale from 1–10. Results 
were grouped into the three categories; “Low” with scores 1.0–2.9, “Moderate” with scores 3.0–4.9 and “Severe” with 
scores 5.0–10.0.34 Table 2 presents the demographics and health status of the participants.

Materials
The study was conducted using sensor-equipped device dummies. The device dummies were constructed to represent 
a manual pre-filled insulin-type pen injector, ie, a variable dial-and-dose pen intended for multiple injections from the 
same 3-mL cartridge, using parts of the UnoPen (Ypsomed AG, Burgdorf, Switzerland). This approach, combining real 
device parts, dummies, and sensors, was chosen because it has the advantage of allowing relatively realistic handling 
while providing continuous force data during use. It is important to note, however, that the force sensors allow very 
limited travel or amplitude during handling, which represents a significant difference compared to real device handling. 
Figure 1 shows the handling steps and the corresponding device dummies and parts used in the study. A Futek LCM-100 
25 lbs loadcell with a cap dummy was used to measure the pull-of force for cap removal as shown in Figure 1 Step 1. To 
assess torque for dose selection, a Futek TAT-200 100 in-oz torque sensor was used with the rear end of an UnoPen (cf. 
Figure 1, Step 2). A Futek LLB-130 50 lbs loadcell attached to a complete UnoPen device captured compression force 
during simulated injection (shown as Step 3 in Figure 1). All sensors were connected to a data acquisition computer via 
a USB-520 signal processor. All force data was collected using the Futek SENSIT software.

Hand strength was evaluated by measuring grip and pinch strength using standard equipment. A Saehan Hand 
Dynamometer SH5001, Saehan Corporation, South Korea, was used for grip strength, and a set of baseline mechanical 
pinch gauges from Fabrication Enterprises, USA, was used for pinch strength.

Table 1 Screening Criteria and Participant Group Description

User Group Description Criteria

Experimental People with medical conditions that cause reduced 

hand strength

Patients with an underlying chronic condition (Osteoporosis, RA, MS, 

psoriasis, or other) 

Severe dexterity impairment as determined by m-SACRAH scores > 5 
Male and female 

Lay users (ie, not trained as nurse, physician, pharmacist, or professional 

caregiver)
Women with reduced hand strength due to age Age 60+ years 

Female 

Severe dexterity impairment as determined by m-SACRAH scores >5 
Lay users (ie, not trained as nurse, physician, pharmacist, or 

professional caregiver)

Control Healthy adults Varying ages 
Male and female (50:50) 

No hand dexterity impairments or injuries
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Procedure
The handling study followed standard protocols and procedures based on single site visits. The study was conducted in 
a simulated home environment. The study room had a one-way mirror on one wall that allowed observers (eg, data 
collectors) on the other side of the mirror to observe and listen to the study sessions. This study was conducted during the 
COVID-19 pandemic. Therefore, the moderator and the participant wore masks throughout the study. First, each 

Table 2 Participant Demographics and Health Status

Demographic Description Control  
Group (n=15)

Experimental (n=31)

Elderly  
(n=15)

Patients  
(n=16)

Gender Female 10 15 10
Male 5 0 6

Age Average ± Standard Deviation 33 ± 6 65 ± 4 55 ± 10

Handedness Right 13 14 13
Left 2 1 2

Both 0 0 1

Manual dexterity impairments Osteoarthritis 0 8 0
Rheumatoid Arthritis 0 2 11

Osteoporosis 0 1 4

Carpal tunnel 0 1 0
Neuropathy 0 1 1

Gout 0 1 0

Lupus 0 1 0
Trigger thumb 0 1 0

Arthritis (unspecified) 0 1 2

Psoriasis 0 0 1
Ehlers-Danlos syndromes (EDS) 0 0 1

Ligament Laxity 0 0 1

Slip and Fall Accident 0 0 1
Injection experience Yes 2 6 9

No 13 9 7

M-SACRAH severity Low 0 6 3
Moderate 0 3 4

Severe 0 6 9

Figure 1 Illustration of handling steps and non-functional dummy devices with force and torque sensors used in the study.
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participant’s demographic and health information, including any impairments, was collected, and baseline hand strength 
was measured with two measures of maximum pinch and grip strength. Trained staff then instructed participants to use 
the self-injection pen dummies and sensors by direct demonstration. Each participant was instructed to apply first a force 
they considered comfortable (“Apply the amount of force you would be comfortable with when performing the task”) 
and then their maximum (“Apply the maximum/highest amount of force you can use to perform the action”) force for 
each handling step (cap removal, dose setting and injection, see Figure 1). Two measurements were performed and 
recorded for each handling step and force level. Table 3 lists the force measurements performed during the study. 
Participants were randomly assigned to test the three handling steps in a cross-over design to control for order and 
learning effects.

Statistical Analysis
Power calculations to assess sample size were not performed. It was assumed that a minimum of 15 participants per 
group would be sufficient to collect force data from the testing procedure. Descriptive statistics were used to analyze the 
collected data. Inferential statistics were not performed.

Results
Force Data
Figure 2 presents the measured force data for participants’ hand strength, the force they considered comfortable, and their 
maximum for each handling step (cap removal, dose setting and injection). Figure 3 presents the measured force data for 
the injection handling step split between large and small dose and between thumb and index finger. The observed range 
of forces is quite wide for all types of measurements.

The data shows that the force levels of the control group participants were generally higher than those of the 
experimental group. Moreover, the maximum force or torque consistently exceeded the force levels that users perceived 
as comfortable. The simulations using thumb over index finger and for low over high dose injection resulted in higher 
observed forces.

Influence of Users’ Characteristics on Force
Figure 4 presents the measured hand strength and force and torque values for the different handling steps as a function of 
participant age. The hand strength, force levels perceived as comfortable, and maximum force levels for all types of 
handling steps all decrease with participants’ age. This decrease is most pronounced for grip strength. The tendency is 
similar for all handling steps and somewhat more pronounced for maximum force levels than for force levels considered 
comfortable.

Table 3 Overview of Injection Pen Handling Steps and Force Measurements Covered in the Study

Handling 
Step

User Action Forces Measured

Hand strength Pinch, grip Maximum force

Cap removal Pulling the cap Force perceived as comfortable and maximum 

force
Dose setting Dose dial twist Force perceived as comfortable and maximum 

force

Injection Pressing the dose knob 
Dose at 0 units (nominal stroke distance of 12 mm), pressed w index finger 

Dose at 0 units (nominal stroke distance of 12 mm), pressed w thumb 

Dose at 40 units (nominal stroke distance of 34 mm), pressed), pressed w index 
finger 

Dose at 40 units (nominal stroke distance of 34 mm), pressed), pressed 

w thumb

Force perceived as comfortable and maximum 
force

Medical Devices: Evidence and Research 2024:17                                                                              https://doi.org/10.2147/MDER.S478141                                                                                                                                                                                                                       

DovePress                                                                                                                         
275

Dovepress                                                                                                                                                            Lange et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 5 shows the median values of hand strength, user forces, and torque based on participants’ M-SACRAH 
impairment score. Participants with impairments (M-SACRAH score) have lower grip and pinch strength than those 
without impairments (control), and these strengths decrease as the M-SACRAH score increases. The median values of 
user forces are generally lower for impaired participants than for healthy participants. However, there is no consistent 
relationship between the level of impairment and the observed force levels. The forces observed for cap removal and 
dose dialing slightly increases as impairment increases. In contrast, for injection, both the force perceived as comfortable 
and the maximum force tend to follow a U-shaped relationship with the M-SACRAH score, with a local minimum at 
a moderate M-SACRAH score.

Relationship Between Comfortable and Maximum Force
Figure 6 shows the relationship between perceived comfortable force and torque levels and their maximum for the 
different handling steps as a function of participant impairments. The ratio between comfortable and maximum force is 
highest for dose dialing, with values around 0.7 for participants with low or no impairment and 0.8 or above for the most 
impaired participants. For injection, the ratio remains constant at approximately 0.6 across all levels of impairment. For 
cap removal, the ratio is lowest (0.5) for unimpaired participants and then increases to about 0.7 for all impaired 
participants, regardless of impairment level.

Discussion
The critical findings that hand strength, perceived comfortable force levels, and maximum force levels decrease with age 
and impairment are consistent with results reported in the literature.33,35,36 Similarly, the measured force data show 

Figure 2 Force and torque sensor data for hand strength (A) and handling steps (B.1–B.3). Box plots are presented for all data points (two readings per participant and 
condition, n=31x2 for Experimental and n=15x2 for Control). For the injection handling step (B.3) the data shown is for all doses and grips (n=31x4 for Experimental and 
n=15x4 for Control).
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a broad variability, a phenomenon reported by previous studies. For example, past work on hand strength suggested 
a comparable variability when considering both male and female participants.34 These results provide initial evidence for 
the validity of the sensor-augmented simulated use study approach.

The baseline grip and pinch strength values obtained in this work are consistent with those reported in previous 
literature. For example, Puh’s study on healthy subjects reported grip strength values ranging from 100 to 700N and 
pinch strength values between 50 and 200N.34 The present study, which included healthy and impaired subjects, found 
a more significant decline with age than previous work (see Figure 4). This difference can be explained by the fact that 
most impaired participants included in the current study were over 50 years old, disproportionally impacting the results 
for older participants.

The force levels recorded during cap removal align with the data reported in the literature for de-capping 
autoinjectors.27 This study included healthy and impaired users and found that all participants could exert a minimum 
force of 56 N, which is the force required to remove the cap from the device with the highest force specification, and still 
achieve a 100% success rate. The present study reported maximum force levels of approximately 40N for the control and 
29N for the experimental groups. The lower levels found in the current study may relate to differences in cap and device 
geometry, which resulted in different grips. The cap used in the autoinjector study27 was bigger and had design features 
that allowed for a better grip compared to the slim tubular pen cap used in the current study (see Figure 1).

Figure 3 Force sensor data for the injection handling steps with large dose (A), small dose (B), thumb (C) and index finger (D). Box plots are presented for all data points 
(two readings per participant and condition, n=31x2 for Experimental and n=15x2 for Control).
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No information regarding dialing torques for the use of injection devices was found in the literature. However, a study 
on handling forces of inhalers reported torque values between 0.5 and 1Nm for twisting movements for both actuations 
and user capability.37 These values are significantly higher than those observed in the current study, below 0.2Nm. This 
difference may be due to geometrical variations, as the inhalers were two to three times larger than the pens studied here, 
providing a much better grip than the pen dose dials.

Previous laboratory studies reported readings ranging from 5 to 30N for the force required to perform injections with 
pens similar in design to those included in the current study.6 It is important to note that higher forces were measured 
when injecting at high rates with thin needles, which is not typical during the actual use of such pens. The force levels 
perceived as comfortable identified in the current study are consistent with what patients would typically apply during 
actual injections, below 15N. The maximum push operating forces reported in the inhaler studies were 25 to 80N,27,38 

similar to the maximum values observed in the current study – despite geometrical differences between the different 
inhalers and the pens. These findings imply that the push motion used for injection may be less sensitive to variations in 
geometry compared to the pull and twist motions required for the other handling steps.

Figure 4 Relationship between age and hand strength (A). and relationship between age and perceived comfortable force (torque) and maximum force per device handling 
step (B.1–B.3). Each data point represents the average value of two individual measurements (n=46).
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Figure 5 Relationship between dexterity impairment (M-SACRAH scores) and perceived comfortable force (torque) and force and maximum force for age (A) and for each 
device handling step (B.1–B.3). Each data point represents the median value of all measurements (two readings per participant and condition).
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It is widely accepted that impairment, as measured by the M-SACRAH score, is inversely correlated with hand 
strength and, therefore, affects the maximum forces a user can apply.35 The current study found that grip strength 
decreased by 50–80% and pinch strength by 40–70% when comparing healthy and impaired users. These values fall 
within the same range as the values of 45–55% found in a study by Dhara et al that compared the grip strength of healthy 
individuals to those with orthopedic challenges.36 No studies or data on the influence of impairment on handling forces of 
injection devices were found in the literature. Therefore, the study on inhalers37 was used for comparison. This study 
examined the push and twist actuation forces and torques of healthy and arthritic individuals. The results indicate that 
arthritic users applied maximum push forces approximately 30% lower than healthy adults and about 20% lower than 
healthy older individuals.37 The twisting torque values for arthritic users compared to healthy adults and older individuals 
were 50% and 30% lower, respectively. The present study revealed a comparable decrease in maximum force for cap 
removal and injection for impaired compared to healthy users, with a reduction of around 25% and 40%, respectively (cf. 
Figure 4). However, the observed decrease in torque between impaired and healthy users was only 15%. It is unclear why 
this difference with the inhaler data exists. However, it may again be related to the significant difference in size and 
geometry between the inhalers used in that study and the pen injector in the current study.

To the author’s knowledge, Schneider et al conducted the only study that provides data on the ratio of comfortable to 
maximum force for injection devices.27 The study found a ratio of approximately 0.6 between preferred and maximum 
force. Additionally, the study on inhalers37 can also be used as a comparison for actual forces required to use a device, 
assuming that the devices are designed for user comfort. The study on inhalers found that healthy adults have a ratio of 
0.3 between their maximum force and the force required to operate the device, while arthritis patients have a ratio of 0.4. 
For pen injectors, the corresponding ratio for injection force is 0.3 for healthy adults and 0.5 for impaired users, based on 
an actuation force of 12 N and the maximum force values in Figure 5. The ratios between comfortable and maximum 
forces observed in the current study (ie, 0.5–0.8) are slightly higher than the ratios of maximum to actual actuation of the 
device. However, they are in good agreement with the ratio between maximum and comfortable force observed in the cap 
removal study.

It is important to consider the limitations of the study when interpreting these findings. The devices used in the study 
were mock-ups with sensors attached, and not complete, fully functional pen injectors. Therefore, the handling in terms 
of grip, movement, and travel during actuation may differ from that of real devices. Additionally, the study was based on 

Figure 6 Ratio between the perceived comfortable force (torque) and the maximum force (torque) for the three handling steps. Each data point represents the ratio 
between the median values of all measured data points (two readings per participant and condition).
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simulated use rather than real injections, which may have also impacted the results. Furthermore, power calculations to 
assess sample size were not performed.

Conclusion
The study makes a significant contribution to the field of self-injection device design by addressing a critical gap in our 
understanding of handling forces during patient-device interactions. The research employed a sensor-augmented 
approach to simulated use studies and quantitatively assessed users’ self-reported comfortable and maximum force 
levels across handling steps. The study considered variations in user groups based on characteristics such as strength and 
dexterity. The findings indicate that were differences in both comfortable and maximum force levels between the control 
and patient groups. These levels also decreased slightly with user age and level of impairment, emphasizing the 
importance of customizing device specifications to suit diverse user characteristics. Additionally, the study suggests 
that device geometry and holding pattern can also affect force levels.

These findings highlight the significance of integrating quantitative data in the design and development of self- 
injection devices, going beyond conventional formative and summative usability studies. Sensor-augmented simulated 
use studies provide comprehensive insights that inform the definition of performance requirements and device specifica-
tions, facilitating the development of patient-centered injection devices.

Ethics Approval and Informed Consent
The study complied with the principles of the declaration of Helsinki. In agreement with the Institutional Review Board 
(Castle IRB, Chesterfield, USA) and the exemptions provided under 45 CFR 46.104, ethical approval was not considered 
necessary for this simulated human factors study as the participants only interacted with dummy devices and no 
correlations or conclusions on therapies were assumed. Furthermore, the study was not specific to the safety and 
effectiveness of any product, and risk was extremely minimal. Participants provided informed consent, and also 
consented to the publication of anonymized responses from the study.
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