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ﬂ ABSTRACT

The medical device industry is one of unprecedented complexity. Devices and their
accompanying digital platforms now combine hardware, firmware, and software to deliver
connected care; from wearable heart monitors that sync to the cloud to implantable
neurostimulators that depend on real-time firmware communication. While these innovations
improve outcomes, they also introduce risk: system-level verification failures can delay
program releases, or even FDA clearance, trigger costly recalls, and endanger patient safety.

With a vast and continually growing catalog of cleared devices in the FDA's databases, and
thousands more in development, ensuring robust and compliant system testing is mission
critical. This paper explores the multifaceted challenges medical device companies face,
including technical hurdles, organizational silos, and stringent regulatory requirements. It then
introduces the concept of a unified QA automation approach, one that integrates hardware,
firmware, and software testing into a seamless workflow. By embracing automation and
standardization, MedTech companies can accelerate time-to-market, strengthen compliance,
and safeguard patient confidence, leveraging unified QA frameworks such as Zimetrics'
Panacea where appropriate to operationalize these practices at scale.
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THE COMPLEXITY OF MEDICAL
DEVICE SYSTEM TESTING

| Medical devices are no longer stand-alone hardware.
Today'’s solutions span three interconnected domains:

oo

Hardware Firmware Software
sensors, chips, and embedded software that mobile apps, clinician
actuators that interact governs device behavior, portals, and cloud systems
with the human body or such as Bluetooth Low that process and visualize

environment. Energy (BLE) communication. patient data.

Testing across these domains is essential because defects rarely exist in isolation. A minor
glitch in firmware may disrupt mobile app performance, while misconfigured sensors can
corrupt downstream analytics. Traditional test methods, manual, siloed, or limited to individual
components, struggle to keep pace. The result: delayed approvals, increased compliance
costs, and erosion of provider and patient confidence.




“r zimetrics

TECHNICAL CHALLENGES IN
MEDICAL DEVICE SYSTEM TESTING

Ensuring safety and effectiveness in modern medical devices requires rigorous system-level

testing across hardware, firmware, and software layers. While individual modules may perform
well in isolation, integration creates new risks. Below are the most critical technical challenges
facing MedTech organizations today.

3.1 Multi-Layer Integration Complexities

Medical devices must demonstrate seamless interaction between hardware sensors, embedded
firmware, and connected applications. Even minor misalignments can lead to cascading failures:

Protocol Mismatches

A wearable ECG sensor
may generate accurate
readings, but BLE
firmware errors can
corrupt data

transmission to the app.

Data Integrity Risks

Missing packets or
latency during
handshakes between
firmware and cloud
APIs may alter
diagnostic insights.

Cross-Version Conflicts

Firmware updates may
inadvertently break
compatibility with
existing mobile app
builds.

Without early and automated integration testing, these issues often surface late in
validation, resulting in costly redesigns at best, patchwork at worst, technical debt

accrual, and launch delays.
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3.2 End-to-End Test Coverage Across Real-World Scenarios

Patients use devices in uncontrolled environments and conditions that no lab setup can fully

replicate. Edge cases include:

Battery
Limitations

Low power can
disrupt BLE
communication
or compromise
sensor
accuracy.

Environmental
Stressors

Temperature,
humidity, and
physical
movement
influence device
performance.

.Y
7\

Connectivity
Gaps

Intermittent
Wi-Fi, mobile
network drops,
or offline modes
can expose
synchronization

Y

User
Behavior

Misuse, app
switching, or
multi-device
pairing create
unexpected
workflows.

Without early and automated integration testing, these issues often surface late in
validation, resulting in costly redesigns at best, patchwork at worst, technical debt

accrual, and launch delays.

3.3 Long-Run Reliability and Stability Testing

Connected medical devices ranging from wearables and monitors to life-critical systems such as
insulin pumps, neurostimulators, and continuous glucose monitors require uninterrupted
functionality over extended periods. Challenges include:

e Memory Leaks: Gradual consumption of firmware memory leading to device crashes after

48-72 hours.

e State Corruption: Interrelated logic paths executing over long period create hard-to-test
conditions that can result in unexpected scenarios and unhandled exceptions.

® Processor Overload: Extended multi-threaded tasks can overheat chips or degrade

performance.

® Current Drain Patterns: Long-term usage exposes inefficient power management algorithms.

e Calibration Drift: Continuous operation over weeks may reveal calibration loss in sensors.

Traditional test cycles often last only a few hours or days, overlooking these chronic failure
modes. Automated long-run stability tests spanning 90+ hours are essential but resource
intensive without unified frameworks.

r zimetrics
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3.4 Security, Data Privacy, and Cyber Risk

Connected devices transmit sensitive health data, making cybersecurity a mission-critical
concern:

e Endpoint Security Attacks: Medical devices expose multiple attack surfaces including
physical ports, BLE, mobile apps, cloud APIs, and OTA channels, making them prime targets
for interception, spoofing, malicious firmware updates, and lateral movement that can
compromise PHI or alter therapy.

® BLE Vulnerabilities: Poorly encrypted Bluetooth communication can be intercepted,
exposing PHI.

® Firmware Backdoors: Unpatched firmware leaves attack surfaces for hackers to exploit.
® API Misconfigurations: Insecure mobile or cloud endpoints may leak patient information.

e Compliance Burden: Regulations like HIPAA and GDPR mandate strict security, audit
trails, and breach notifications.

Per the FBI's 2024 Internet Crime Report, health care reported the most cyberthreat
incidents among critical infrastructure sectors. A breach not only triggers legal penalties
but permanently erodes patient trust in the device manufacturer.

3.5 Scalability Across Platforms and Configurations

Modern medical devices are part of a broader ecosystem spanning multiple patient
touchpoints. A diagnostic device, for example, may require:

© O o o O

Validation Regional Testing Synchronization Support for
across iOS, deployments with compatibility with with third-party multi-language

Android, and dedicated cloud multiple EHR and wearables or apps across
browser data storage and EMR systems. telehealth global markets.
versions. country-specific platforms.

feature

requirements.

Each combination multiplies test complexity. Manual teams cannot feasibly validate 50+
device-browser-OS permutations. Automated, scalable test execution becomes indispensable
to avoid bottlenecks. However, automation teams typically don't build full system-test
automation until the System Testing phase. Earlier phases focus on automating components
or isolated flows, not the end-to-end system, so coverage remains partial until later.
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3.6 Emerging Technology Challenges

New classes of medical devices bring additional complexity:

Al/ML Models: Predictive algorithms must be tested for accuracy drift, bias, and
reproducibility.

e

¢® | Cloud-Native Architectures: Microservices and containerized deployments demand
&= | constant regression testing.

o Software as a Medical Device (SaMD): Purely digital tools face heightened scrutiny
g under FDA's evolving frameworks, requiring rigorous evidence of performance

consistency.

These emerging technologies extend system testing well beyond physical hardware,
demanding next-generation QA approaches.

3.7 Business Impact of Technical Failures

The consequences of missed defects are not just technical; they directly affect business
outcomes:

r [S)
o aia
Regulatory Delays
Missed integration bugs

can push back 510(k)
submissions by months.

Investor Confidence
Delays and recalls can
reduce valuations or derail
funding rounds.

0, &)

Ta® \_)

Product Recalls

According to FDA data, recalls
can deter physicians and often stem from software or
patients from adoption, system-level issues, costing
even if later fixed. companies millions.

Reputation Damage
A single high-profile failure

This is why system testing is more than an engineering task; it is a strategic safeguard for
growth, compliance, and patient trust.
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ORGANIZATIONAL AND POLITICAL

Even the most advanced testing technology cannot succeed if organizational structures,
processes, and incentives are misaligned. Medical device firms, particularly those juggling
global teams, strict compliance requirements, and limited resources, face complex
non-technical barriers. These challenges are often just as damaging as missed defects,
because they slow innovation, inflate costs, and increase regulatory risk.

Strategic use of specialist external partners remains a force multiplier in MedTech-particularly
for embedded/firmware test expertise, long-run stability benches, and regulatory
documentation. The key is partner quality and shared tooling: a unified framework (e.g.,
Panacea) gives both internal teams and partners a single source of truth for end-to-end tests,
logs, and traceability, reducing handoff friction and preserving institutional knowledge.

4.1 Siloed Teams and Misaligned Priorities

A recurring challenge is the disconnect between hardware, firmware, and software teams. Each
group may operate on separate schedules and use different tools, leading to:

Integration Different Success Geographic
Surprises Metrics Silos

Firmware teams may Hardware engineers Distributed teams,

finalize a protocol update may optimize for whether internal or
without informing app stability, while software external, can face
developers, only to teams focus on user time-zone-driven
discover incompatibility experience, creating communication lags
weeks later. conflicting priorities. without intentional
coordination rituals.

The impact is late discovery of system-level issues, inefficient firefighting, and finger-pointing
between departments. Studies in the MedTech sector show that poor cross-functional
collaboration is among the top three causes of project overruns.

r zimetrics
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4.2 Resource and Skill Constraints

Most U.S. medical device companies are small to mid-sized enterprises (SMEs), which make up
~80% of the industry. These firms often lack:

e Automation Expertise: Teams are more familiar with manual validation than advanced
tools like Robot Framework or Selenium. Even where automation is deployed, the gains from
conventional automation frameworks are largely tapped out, with diminishing returns from
further investment.

e Hardware Testing Skills: Specialized knowledge (e.g., BLE sniffers, low-level debugging) is
scarce and expensive to hire.

e Budget Flexibility: Lean budgets limit investment in new platforms, training, or hiring.

Some firms lean heavily on manual testing or engage mismatched external partners, which can
limit internal knowledge transfer and slow iteration. By contrast, well-vetted partners can
accelerate capability-building and throughput.

4.3 Resistance to Automation and Change

Cultural barriers can be stronger than technical ones. Teams accustomed to traditional, manual
heavy QA processes may resist new methods due to:

Fear of Job Perceived Short-Term
Displacement Complexity Thinking
Testers worry Automation is often Executives may

automation could seen as requiring deep hesitate to invest in
render their roles programming skills. automation tools that
obsolete. only show ROI over

multiple release cycles

This resistance keeps organizations trapped in inefficient cycles, unable to scale testing as
devices grow more complex.

08



“- zimetrics

4.4 Regulatory Documentation and Audit Pressures

Beyond executing tests, companies must demonstrate compliance to regulators with meticulous
documentation. Pain points include:

Traceability Gaps Audit Readiness Redundant Work

When hardware and

Mapping test cases to Preparing for
software teams maintain
separate documentation
systems, reconciling
records creates
duplication.

requirements, risks, and inspections consumes

defects is labor-intensive. weeks of team

Missing links can delay bandwidth, often

FDA 510(k) clearance. distracting from active
testing.

Non-compliance has direct business consequences, delayed submissions, costly remediation,
and potential rejection of market authorization.

4.5 Balancing Speed with Quality

The MedTech market is intensely competitive. Manufacturers face pressure to launch faster,
especially for wearables and digital therapeutics, where consumer technology cycles move
rapidly. At the same time, regulators and clinicians demand the highest levels of quality. The
result is a constant tension:

Ial Over-Testing E] Under-Testing

Teams fearing non-compliance In response to investor or
add excessive validation steps, market deadlines, corners are
inflating timelines and costs. cut, raising the risk of recalls.

For example, in recent years, FDA recalls have frequently cited software defects as a leading
cause, highlighting the cost of under-testing (Sedgwick Recall Index 2022.) Meanwhile,
over-cautious testing cycles can lock a company out of market opportunities. Finding the
balance is one of the industry's greatest organizational challenges.

09
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4.6 Political Dynamics and Stakeholder Alignment

In larger organizations, political and governance issues often slow down QA initiatives:

? Competing Agendas: R&D, QA, Regulatory, and Commercial teams may all push
ﬁ different priorities, with no single owner of "system quality."

Decision Paralysis: Introducing new tools or frameworks can stall in committee
¢.. reviews, while teams continue using outdated methods.

@ | Vendor Lock-In: Long-standing relationships with legacy service providers or tool
- vendors may prevent adoption of more modern, efficient solutions.

Without executive sponsorship and clear accountability, these political frictions create
inertia and limit the ability to modernize testing practices.

4.7 Ownership Vacuum for End-to-End System Testing

In many medical device R&D organizations, there is no clearly designated owner or chartered
group responsible for defining, governing, and executing end-to-end integrated system
testing strategy.

This is not primarily a resource or size issue; it is an unfortunate byproduct of organizational
structure. Hardware-centric product teams naturally focus on device-level validation,
software teams on app/cloud functionality, and system engineering (when it exists) on
architecture rather than ongoing test governance. The result is a structural vacuum: no
single accountable party owns the holistic view of "does the entire connected system work
reliably and compliantly under real-world conditions?"

Without this ownership:

Fragmented and reactive Test strategy: Late Discovery of Coverage Gaps: Gaps in
Test strategy remains fragmented and coverage (especially cross-layer scenarios)
reactive rather than proactive and go unnoticed until late integration or field
system-first. issues arise.

Diffused Accountability and Finger
Pointing: Accountability diffuses into
finger-pointing when defects surface
("that's firmware's problem" / "that's the
app team's responsibility").

Loss of Institutional Knowledge:
Institutional knowledge about effective
system testing does not accumulate or
transfer across programs.

This absence of system-level test ownership is one of the most pervasive yet
under-discussed barriers to modernizing QA in MedTech.

10
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4.8 Business Consequences of Organizational Barriers

The organizational and political challenges above translate directly into measurable risks:

Delayed Escalating Erosion of Talent

Submissions Costs Trust Drain

Poor Manual Regulators and Frustrated

collaboration and processes, clinical partners engineers and

documentation duplicated work, lose confidence if testers may

gaps push back and inefficient documentation leave,

FDA filings. communication appears exacerbating skill
inflate QA inconsistent or shortages.
budgets. rushed.

23 $¢ =

Addressing these barriers is therefore not simply an HR or cultural exercise but a strategic
imperative for long-term competitiveness.
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THE REGULATORY LANDSCAPE:
FDA AND BEYOND

System testing in the medical device industry is inseparable from the regulatory environment.
Unlike consumer electronics, where time-to-market often trumps rigor, medical devices must
meet strict legal and clinical evidence requirements before entering the market. Regulatory
frameworks dictate not just what testing must be performed, but how it must be
documented, validated, and maintained throughout the device's lifecycle.

5.1 FDA Regulatory Pathways

The FDA governs the approval and clearance of medical devices in the United States. Each
pathway has distinct implications for system testing:

¢ 510(k) Clearance (Class Il devices)
The most common pathway, covering hundreds of
thousands of devices such as wearables, diagnostic
monitors, and connected therapeutic tools.
Manufacturers must demonstrate "substantial
equivalence" to a legally marketed device.

Testing Implications: End-to-end system
validation is critical to prove safety and
effectiveness. Traceability of requirements to
test results becomes essential during review.

* Premarket Approval (PMA) (Class lll devices)
Reserved for high-risk devices like implantable
defibrillators, pacemakers, and advanced
neurostimulators. PMAs demand rigorous clinical and
technical evidence.

Testing Implications: Every subsystem- hardware
stability, firmware reliability, app security, must be
validated to a standard equivalent to clinical-grade
reliability. Testing documentation often spans
thousands of pages.

12
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® De Novo Classification
For novel devices with no predicate. While less
common, this pathway is gaining traction with digital
therapeutics and Al-driven SaMD.

Testing Implications: System testing strategies must
be designed from scratch, requiring creative test
design to prove both safety and novel functionality.

¢ Humanitarian Device Exemption (HDE)
For rare-disease devices affecting fewer than 8,000
patients annually.

Testing Implications: While the clinical data
requirements are lighter, system testing still needs
to establish reliability because small patient
populations often mean higher reputational stakes.

5.2 Key Global Standards and Regulations

Regulatory compliance extends beyond the FDA. Several global standards define how system
testing must be structured, executed, and documented:

Requires rigorous design validation and verification, demanding evidence that device
performance aligns with user needs and regulatory specifications.

‘ 21 21 CFR Part 820 (Quality System Regulation)

Impact: Testing must be integrated early in development, with traceable links to
design controls.

13
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IEC 62304 (Software Lifecycle Processes)
Governs development and maintenance of medical device software. Requires
systematic verification and validation throughout the lifecycle.

Impact: Continuous integration pipelines must incorporate automated tests to
maintain compliance across iterative releases.

ISO 14971 (Risk Management)
Mandates risk identification, evaluation, and mitigation. Testing must demonstrate
that hazards identified in risk analysis have been effectively addressed.

Impact: Every defect or failure mode identified during testing must map back to a
documented risk-control measure.

HIPAA and GDPR (Data Privacy)

Regulate handling of protected health information (PHI). Medical devices
transmitting patient data must meet encryption, access control, and auditability
requirements.

Impact: System testing must incorporate cybersecurity validation, penetration
testing, and data integrity verification.

MDR/IVDR (Europe)
The EU's Medical Device Regulation and In Vitro Diagnostic Regulation significantly
tighten testing and post-market surveillance requirements.

Impact: Manufacturers serving both U.S. and EU markets must harmonize testing

strategies to satisfy both FDA and EU regulators that often require double
documentation.

14
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5.3 Compliance Challenges
Despite clear standards, most companies face recurring difficulties:
- Traceability Complexity: Every requirement must map to test cases, test results, and

=@ | risk controls. Without automation, maintaining this traceability across hundreds of
tests becomes overwhelming.

E Audit Readiness: FDA and notified bodies expect complete, accessible records during
)

inspections. Missing test logs or inconsistent reports can delay or derail clearance.

Evolving Standards: Regulatory bodies are still adapting to disruptive technologies

-C%' such as Al/ML models and cloud-native SaMD. Guidance often changes

/7 1\ Y
Aans

mid-development, requiring agile test documentation strategies.

5.4 Strategic Impact of Regulation on Testing

Regulatory frameworks transform testing from a back-office QA activity into a strategic
driver of business outcomes:

Compliance as
a Market
Enabler

Timely and
well-documente
d testing
accelerates
approvals,
enabling faster
entry into
high-value
markets.

°

Testing
as a Risk
Mitigator

Comprehensive
system
validation
reduces the
likelihood of
recalls, which are
financially and
reputationally
devastating.

A
(£F)

Audit-Ready
Practices as a
Differentiator

Firms that can
demonstrate
real-time
compliance
readiness gain
trust with
regulators,
clinicians, and
investors.

Global Fragmentation: Companies marketing devices internationally must comply
e with multiple overlapping frameworks (FDA, MDR, ISO, HIPAA, GDPR). Aligning testing
and documentation with all of them consumes significant bandwidth.

Harmonized
Standards as a
Growth Lever

Companies that
build testing
frameworks
aligned with
multiple
regulators (FDA,
EU MDR, ISO)
can scale
globally more
efficiently.

15
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THE CASE FOR UNIFIED
QA AUTOMATION

Medical device testing has traditionally relied on a fragmented toolchain: one set of platforms
for mobile apps, another for web portals, and still others for embedded systems. While each
tool may excel in its domain, this siloed approach leaves dangerous gaps in end-to-end
validation. For devices where patient safety is on the line, partial coverage is no longer
acceptable. A unified QA automation strategy consolidates testing across hardware,
firmware, and software layers into a single, integrated workflow. This shift delivers
transformative advantages that go beyond efficiency.

6.1 Why Traditional Tools Fall Short

Most testing tools on the market were designed for consumer or enterprise software, not

regulated medical devices. For example:
%

BrowserStack, Squish, Custom
LambdaTest Ranorex Scripts
excellent for web and strong for GUIl and often built in-house to
mobile browser desktop testing, but test specific layers,
validation, but no lack support for BLE but hard to maintain,
ability to test firmware communication, non-scalable, and
or hardware embedded protocols, rarely FDA audit-ready.
communication. or long-run stability
validation.

The result is a patchwork of partial solutions, where integration issues slip through
undetected until late in development.

—
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6.2 The Unified Approach

A unified QA automation framework creates a consolidated test view for testing, integrating all

S Hardware Integration: BLE sniffer support, device emulators, and sensor
validation.

# Firmware Validation: Continuous testing of communication protocols, memory
stability, and edge-case behaviors.

Software Testing: Automated coverage for mobile apps, APIs, and cloud
platforms.

Cross-Layer Workflows: End-to-end validation where a sensor reading flows
Q through firmware, mobile app, and into a cloud database with one test capturing
@ | the entire journey.

% Automated Compliance Verification: Automatically updates requirement-traced
9 | testsin ALM tools with execution evidence to streamline FDA and ISO reporting.

This approach not only improves testing but aligns engineering, QA, and regulatory teams around
a single, transparent process. In practice, frameworks like Panacea provide a consolidated test
view, spanning hardware/firmware validation, mobile and cloud automation, and end-to-end
traceability; so, teams can execute cross-layer tests and export audit-ready evidence from one
place.

6.3 Industry Data and Impact

Independent benchmarks highlight the measurable ROl of automation in regulated industries:

Time-to-Market Defect Audit Preparation Cost
Acceleration Reduction Efficiency Savings

Ranges reported by Automated Companies Consolidating
adopters show regression and adopting multiple tools into a
unified automation long-run stability automation report unified framework

can materially cut tests reduce up to 70% faster reduces licensing
system test cycles late-stage defect documentation and integration
by 30-50%, discovery by readiness during costs, often saving
enabling faster FDA 40-60%, lowering inspections. mid-sized firms
510(k) submissions. the risk of costly hundreds of

recalls. thousands annually.

These metrics make clear that automation is not just a QA investment but a lever for business
competitiveness.

17
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6.4 Collaboration and Cultural Benefits

Beyond technical outcomes, unified QA automation resolves key organizational challenges:

Breaking Down Silos: Shared Standardizing Workflows:
environments mean hardware, Common test frameworks reduce

firmware, and software teams test miscommunication and

together rather than in sequence. finger-pointing.

Empowering SMEs: Prebuilt test Building Confidence: Regulators,
actions and simplified scripting auditors, and clinical partners trust

lower the barrier to entry for

companies that demonstrate
testers without deep programming repeatable, standardized validation
expertise. practices.

6.5 Strategic Differentiation

In a market where delays, recalls, and compliance penalties can make or break a product line,
system testing becomes a practical competitive advantage:

Firms relying on With hardware refresh cycles remaining Firms adopting

fragmented tools long (18-36+ months), differentiation now unified QA

risk longer cycles, depends on frequent software-only automation position

higher costs, and updates to apps, web, cloud, and Al themselves as faster,

regulatory features. Unified QA automation enables safer, and more

setbacks. rapid, safe validation of these updates resilient innovators,
across diverse existing hardware/firmware gaining trust with
versions - accelerating time-to-value, both regulators and
recurring revenue, and competitive edge healthcare providers.

while minimizing regression risk.

18
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UNIFIED QA AUTOMATION:

X KEY CAPABILITIES

Modern medical devices demand a holistic testing strategy that validates hardware, firmware,

and software together. A next-generation QA automation framework designed for MedTech
should provide the following capabilities:

7.1 Unified Testing Across Layers

The cornerstone of effective system validation is the ability to test all layers- hardware,
embedded firmware, mobile applications, cloud services, and APIs in a single workflow. Instead

of running isolated tests, organizations can:

Execute end-to-end Detect cross-layer Build reusable test
validation where defects early, such as suites that cover
sensor data flows from a firmware update that multiple environments
device hardware breaks app without duplicating

through firmware synchronization. effort.

protocols into mobile
and cloud platforms.

This creates complete visibility and reduces the risk of integration failures emerging late in
the development cycle.

Example: Panacea orchestrates a single test where a sensor reading is captured on device,

transported via BLE, processed by the app, and verified in the cloud database, logging each
hop for traceability.
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7.2 Hardware and Embedded Integration

Medical devices are not purely digital; they rely on sensors, boards, actuators, and
communication modules. Effective automation must therefore include:

BLE Sniffer Support

Capturing and analyzing communication
packets to validate protocol compliance.
Custom Hardware Hooks

{:@} Integration with oscilloscopes, diagnostic tools, or
proprietary hardware for embedded validation.

Firmware Debugging

Continuous monitoring for memory leaks, thread
handling issues, and stability under stress conditions.

These capabilities extend beyond what traditional GUI or mobile testing tools can offer.

7.3 Long-Run Reliability and Stability Testing

Life-critical devices must operate continuously, sometimes for months. Robust frameworks
must support:

-m=+ | Automated Long-Duration Runs: Testing devices for 24, 48, or 90+ hours under
realistic conditions.

_. | Resource Monitoring: Detecting gradual memory leaks, battery drain inefficiencies, or
# sensor drift.

@ Stress Scenarios: Simulating sustained high-load environments, such as constant
data streaming from a wearable.

By automating these scenarios, organizations can ensure reliability before devices reach
patients. Unified tools like Panacea schedule and monitor 24-90+ hour stability runs with
automated recovery, resource tracking, and consolidated logs for investigation.

20
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7.4 Advanced Reporting and Analytics

Regulatory-grade reporting requires synchronized, tamper-evident logs across layers (e.g.,
Panacea auto-links requirements, risks, test cases, and results) so QA and Regulatory can
review one source of truth.

Real-Time Logs Customizable Dashboards
ER—
Capturing system events [ Visualizing test outcomes
-Q across hardware, firmware, — 8 for both engineers and
and software simultaneously. compliance officers.
E ° Automated Traceability Encrypted Reporting
S Linking requirements, risks, @ Ensuring HIPAA and GDPR
EO test cases, and results in a compliance by protecting

structured, audit-ready format. patient-related data in logs.

These features transform compliance from a manual burden into a byproduct of the testing
workflow.

1.5 Regulatory Alignment

For MedTech firms, the ability to align with FDA and international standards is non-negotiable.
A well-designed framework should:

=
9

5e

Support 21 CFR Part 11 Automate mapping to Provide audit-ready

compliance for IEC 62304 and ISO exports that can be

electronic records and 14971 requirements. reviewed directly by

signatures. regulators or notified
bodies.

This ensures that testing not only validates devices technically but also satisfies regulatory
expectations.
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1.6 Scalability and Parallel Execution

As devices evolve, test coverage must scale across multiple versions, environments, and
geographies. Advanced automation should:

1.7 Ease of Adoption and Usability

e Enable parallel execution of test suites
across devices, OS versions, and browsers.

e Provide modular architecture, allowing
new device models or apps to be added
without re-engineering.

e Integrate with CI/CD pipelines, embedding
quality checks into every release cycle.

This scalability ensures that companies can
handle growing product portfolios without
proportionally growing costs.

A common barrier to automation is the perception that it requires deep technical skills. To

overcome this, frameworks must:

e Provide prebuilt test actions for
common device and software functions.

e Offer low-code or script-light
interfaces, reducing the learning curve
for manual testers.

® Include training and knowledge transfer
modules that help teams transition
smoothly to automation-first testing.

By reducing friction, organizations can
achieve faster ROl and broader adoption
across cross-functional teams.
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1.7 Ease of Adoption and Usability

A common barrier to automation is the perception that it requires deep technical skills. To
overcome this, frameworks must:

® Provide prebuilt test actions for common
device and software functions.

e Offer low-code or script-light interfaces,
reducing the learning curve for manual
testers.

¢ Include training and knowledge transfer
modules that help teams transition smoothly
to automation-first testing.

By reducing friction, organizations can achieve
faster ROl and broader adoption across
cross-functional teams.

1.8 Interoperability with Existing Tools

Medical device companies often use ecosystems of development and QA tools. A strong
automation framework must integrate with:

CI/CD Systems Test Management Tools
! WG J TestRaily: -
Jenkins GItLab Azure DevOps Zephyr
Monitoring and Logging Cloud Platforms

‘=-‘ splunk> aWs A\ Azure '-)

Google Cloud Platform
for hosting test environments.

This interoperability ensures that unified automation does not disrupt existing workflows
but enhances them.
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1.9 Tangible Benefits for MedTech Firms

When these capabilities come together, medical device manufacturers can expect:

Reduced
Time-to-Market

Shorter test cycles
enable earlier
regulatory submissions.

(S

Lower Costs

Consolidating multiple
tools and manual
processes reduces both
licensing and labor
expenses.

7\
00
ag»

Team Alignment

Cross-functional teams
collaborate more
effectively within a
unified framework.

“r zimetrics

v

Improved Patient
Safety

Comprehensive
coverage minimizes
undetected risks.

=
Regulatory Success
Automated
documentation
improves audit

readiness and speeds
up compliance reviews.
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A MATURITY FRAMEWORK FOR
MEDICAL DEVICE TESTING

Every MedTech organization is at a different stage in its quality assurance journey.
Understanding the maturity level of current testing practices helps companies benchmark
themselves, identify gaps, and chart a path toward excellence. Below is a five-level framework
that reflects the progression from ad hoc manual testing to innovation-driven, predictive QA

practices.

8.1 Level 1: Ad Hoc - Reactive and Fragmented

Testing Practices

® Predominantly manual,
undocumented, and
inconsistent.

e Tests are executed late
in the development
cycle, often just before
submission deadlines.

® No systematic
coverage of
integration scenarios.

Team Interactions

® Hardware, firmware,
and software teams
operate in silos with

minimal collaboration.

® Quality is viewed as
the responsibility of a
small QA group, not
shared across teams.

Key Characteristics

® High defect leakage
into late-stage
validation and field use.

® Documentation gaps
expose firms to audit
risk.

e Launch timelines are
unpredictable due to
firefighting.

Example: A wearable device project uncovers BLE connectivity failures only during FDA

review, forcing redesign and delaying clearance by six months.




8.2 Level 2: Defined - Structured but Isolated

Testing Practices

® Some scripted
automation in place for
apps and portals.

® Requirements and test
cases are documented
but not consistently
linked to risks.

® Hardware and firmware
are still tested largely
manually.

Team Interactions

® QA processes are
formalized but remain
siloed by domain.

e Collaboration occurs
through scheduled
checkpoints rather
than continuous
alignment.

“r zimetrics

Key Characteristics

® Reduced late-stage
defects compared to
Level 1.

® Integration issues still
surface late because
workflows are not
validated end-to-end.

® Regulatory submissions
rely heavily on manual
effort to consolidate
documentation.

Example: A diagnostic imaging tool passes app-level tests but fails during cloud integration
because device data packets were never validated under real-world network conditions.

8.3 Level 3: Proficient — Unified and Systematic

Testing Practices

® End-to-end automation
introduced across
hardware, firmware,
and software layers.

e CI/CD pipelines
integrate automated
regression suites into
regular builds.

e Long-run reliability
tests begin to validate
continuous device
operation.

Team Interactions

® Reqgular
cross-functional syncs
between firmware,
app, and QA teams.

e Shared test
environments align
priorities and reduce
finger-pointing.

Key Characteristics

® Faster release cycles
with predictable
validation timelines.

® Audit-ready
traceability is
established, easing
regulatory submissions.

® Defect leakage
decreases significantly,
reducing rework costs.
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Unified frameworks such as Panacea support shared test environments, where hardware,
firmware, and app teams can validate end-to-end workflows together rather than in silos. This
reduces late-cycle defects and builds confidence ahead of submissions.

A glucose monitor program used Panacea to catch synchronization errors during daily

automated runs, avoiding costly revalidation weeks before launch

8.4 Level 4: Optimized - Data-Driven and Scalable

Testing Practices

® Advanced analytics
(e.g., ELK stack
dashboards) provide
real-time insight into
test performance.

® Long-run stability tests
(90+ hours) are
standardized across
product lines.

® Automated security
and penetration testing
are integrated for
HIPAA/GDPR
compliance.

Team Interactions

® QA is seen as a shared
responsibility
co-owned by
development, QA, and
regulatory teams.

® Feedback loops
connect test
outcomes directly to
design and risk
management
processes.

Key Characteristics

® Predictable, shorter
submission timelines
and smoother FDA
audits.

¢ Devices demonstrate
higher field reliability,
strengthening clinician
and patient trust.

® Post-market
surveillance data
begins feeding back
into testing
frameworks.

At this level, Panacea plugs into CI/CD (e.g., Jenkins/GitLab) to run parallel device/OS test
matrices on every build, while integrated DAST/SAST checks and signed test artifacts
support HIPAA-ready, reviewer-friendly evidence.

A neuromodulation team standardized 120-hour soak tests and nightly cross-layer
regressions through Panacea; defect reproduction time dropped from days to hours because
firmware, BLE traces, and app logs were stitched into a single timeline.
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8.5 Level 5: Innovative — Predictive and Transformative

Testing Practices

® Al-driven test
generation predicts
likely defect areas,
optimizing coverage.

¢ Digital twins simulate
device behavior at
scale, reducing reliance
on physical prototypes.

® Continuous monitoring
of devices in the field
integrates with
development pipelines,
enabling "live" testing.

Team Interactions

® Cross-functional
innovation hubs jointly
own testing strategy.

e Testing is embedded in
product design, not
treated as a
downstream step.

Key Characteristics

® Zero-defect releases
become the norm.

e Regulatory reviews
leverage predictive
analytics and real-time
traceability dashboards.

® The organization is
seen as an industry
benchmark for quality
and compliance.

For teams piloting digital-twin validation, Panacea can orchestrate twin-driven scenarios
(signal noise, dropouts, edge conditions) and route post-market telemetry into regression

triggers, closing the loop between field data and pre-release tests.

A cardiac monitoring program used Panacea to rank scenarios by predicted failure likelihood
and to mirror real-world telemetry in pre-release runs; the team retired two legacy benches

and increased critical-path coverage without adding headcount
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OVERCOMING OBJECTIONS TO
UNIFIED QA AUTOMATION

Even when the benefits of unified QA automation are clear, adoption can meet resistance.
Concerns typically stem from budget constraints, cultural inertia, or misconceptions about
complexity. Below are the most frequent objections, along with responses that reframe
automation as a strategic, value-driving investment.

9.1 “The Learning Curve Will Be Too Steep”

Objection

Teams accustomed to manual testing or domain-specific tools fear that adopting a new
framework will demand steep retraining and delay ongoing projects.

Counterpoint

pic a=

1N

Modern automation

frameworks provide
prebuilt libraries of test
actions and low-code
interfaces, making it
possible for manual
testers to transition
without needing deep
programming
expertise.

Structured onboarding
programs typically
enable new users to
achieve productivity
within 4-6 weeks,
compared to legacy
tool adoption cycles of
several months.

In pilot programs,
SMEs have
successfully
automated 30-40% of
test cases within the
first quarter of
adoption, proving fast
time-to-value.
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9.2 "The Costs Outweigh the Benefits"

Objection

“r zimetrics

CFOs or budget controllers worry that licensing and training costs may not justify the

investment.

Counterpoint
‘I
(5]

Cost analyses
consistently show that
unified automation
reduces total QA
spend by consolidating
fragmented toolchains.

i

Case studies
demonstrate annual
savings of
$200K-$500K for
mid-sized MedTech
firms by replacing
multiple tools and
reducing reliance on
external QA vendors
(via consolidation into
a single framework
such as Panacea).

9.3 “Our Current Tools Are Enough”

([ — g

Indirect savings include
avoiding recalls (which
can cause
manufacturers millions
of dollars per incident
in direct and indirect
expenses, excluding
reputational damage)
and shortening FDA
submissions by several
months, accelerating
revenue recognition.

Engineering leaders may argue that existing platforms like BrowserStack, Squish, or

in-house scripts meet their needs.

@

While sufficient for
apps or GUIs, these
tools lack hardware
and firmware
integration, leaving
blind spots in device
workflows.

1%

70% of device recalls
related to
software/firmware
failures could have
been prevented by
system-level
end-to-end validation,
which traditional tools
cannot provide.

Unified frameworks
extend coverage rather
than replace what
works, allowing firms to
leverage existing tools
for their strengths
while integrating them
into a broader
workflow.
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9.4 "Manual Testing Works Fine for Us"

Objection
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Some QA teams believe manual testing, though slower, provides adequate coverage.

Counterpoint
{ai

Manual testing cannot
feasibly replicate
long-duration reliability
scenarios (e.g., 90-hour
pacemaker runs) or
multi-platform
combinations (50+
device/OS/browser
variants).

9.5 “Integration Will Disrupt Our Workflow"

Studies show
manual-only processes
miss 25-35% of edge
cases, often leading to
late-stage defects.

[ 7
5o

Regulators increasingly

expect traceable,
automated validation

evidence; relying
solely on manual logs
introduces compliance
risk.

Teams fear that adding a new QA framework will disrupt established CI/CD or development

pipelines.
Counterpoint
I

28

Unified automation is
designed to be
tool-agnostic,
integrating with
Jenkins, GitLab,
TestRail, and cloud
platforms.

Early adopters report
minimal disruption:
automation suites
typically integrate into
CI/CD within two
sprints.

The long-term effect is
positive disruption:
testing shifts left,
allowing defects to be
detected weeks earlier
than with legacy
workflows.
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9.6 “Proving ROI Will Be Difficult”

Objection
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Some QA teams believe manual testing, though slower, provides adequate coverage.

Counterpoint

T

I

ROl is proven through
time-to-market
reduction, defect
reduction, and audit
efficiency.

Example outcomes reported
by MedTech adopters:

e 40-50% faster validation cycles.

® 55% fewer late-stage defects.

® 70% reduction in audit
preparation time.

9.7 "Our Teams Are Resistant to Change”

Objection

oite

These metrics directly
impact financials:
earlier FDA submissions
accelerate revenue,
while reduced defects
avoid costly recalls.

Leadership worries about cultural pushback from QA and engineering teams.

Counterpoint

Change management
strategies, including
champion testers,
incremental rollouts,
and quick-win pilots,
help build momentum.

&
4+
s2

When teams see early
results, such as
automation catching
defects that manual
testing missed,
resistance typically
declines.

9.8 Strategic Takeaway

A

Rather than reducing
headcount, automation
elevates tester roles by
freeing them from
repetitive work and
allowing focus on
exploratory testing and
higher-value analysis.

Objections to automation are natural, but in regulated industries, the cost of inaction is often
greater than the cost of adoption. Unified QA automation addresses not only engineering
concerns but also business imperatives: faster market entry, lower regulatory risk, reduced
costs, and stronger patient confidence. For MedTech executives, the question is no longer
"Should we automate?" but "How quickly can we scale automation across our portfolio?"
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THE FUTURE OF MEDICAL
DEVICE TESTING

Medical device testing is undergoing a profound transformation. Where QA was once seen as
a back-end function, it is now moving to the center of innovation, compliance, and
competitive advantage. Over the next decade, several technology, process, and regulatory
shifts will redefine how devices are validated and monitored.

10.1 Al and Machine Learning in Testing

Artificial intelligence is poised to reshape QA strategies in multiple ways:

Intelligent Test Predictive Defect Self-Healing Test
Generation Analytics Suites: Automation
. . . f k d
Al models trained on Machine learning can raMEWOrKs powere
. . . by Al can adapt to
historical defect data anticipate where . .
. . . changes in device
can automatically integration . .
firmware or application
generate test cases, breakdowns are most .
i . . Uls, reducing
focusing on areas with likely to occur, .
. . ; maintenance
the highest probability allowing teams to overhead
of failure. preemptively target ’
resources.

Implication: By 2030, Al-enabled QA may reduce manual test design effort by 50-70%,
shifting QA teams toward roles in oversight, risk modeling, and strategic validation.
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10.2 Digital Twins and Virtual Validation

Digital twin technology, the creation of a virtual replica of a physical device, offers a
powerful new paradigm for testing:

Simulating Edge Cases: Thousands of real-world scenarios (e.g., network interruptions,
multi-sensor interference) can be simulated virtually, far faster than physical testing
allows.

Clinical Trial Readiness: Digital twins can run simulated patient interactions, predicting
—«il | performance under varying demographics, comorbidities, and usage patterns.

- | Cost Reduction: Virtualizing complex scenarios reduces reliance on expensive
N.G) prototypes and accelerates iterative design.

Implication: For device makers, digital twins will become as critical as test labs, providing
continuous validation from R&D through post-market monitoring.

10.3 Continuous Post-Market Monitoring

The FDA and global regulators are moving toward lifecycle-based compliance, where
post-market surveillance is as important as pre-market validation. Future-ready testing
strategies will include:

Integration with Patient-Centric
Development Pipelines Alerts

Real-Time Device
Telemetry

Post-market data Automated alerts to
feeding directly into physicians or patients
regression testing, when a potential failure
creating a closed loop pattern is detected in
of improvement. real-world use.

Continuous monitoring of
devices in the field for
anomalies

or defect trends.

Implication: Post-market QA will no longer be a reactive process but a proactive extension of
the development cycle, ensuring ongoing compliance and patient safety.
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10.4 Regulatory Evolution

Regulatory agencies are adapting quickly to emerging technologies:

3 &

Software as a Medical Risk-Based Global
Device (SaMD) Frameworks Harmonization

The FDA and IMDRF Regulators are shifting Efforts like the EU MDR,
(International Medical toward proportional IMDRF guidance, and
Device Regulators oversight, i.e. lighter FDA collaboration
Forum) are drafting new requirements for low-risk initiatives point toward
frameworks for devices, stricter ones for greater international
Al/ML-driven software Al-driven or life-critical alignment, simplifying
that learns continuously. systems. global market entry.

Implication: QA strategies will need to be flexible, not only satisfying today’s standards but
rapidly adapting as regulators redefine expectations for Al-enabled and cloud-native devices.

10.5 Integration of Cybersecurity as Core QA

As cyberattacks on healthcare devices rise, regulators are treating cybersecurity as
inseparable from quality:

/v\ Continuous Penetration Testing: Automated security validation integrated into
co | CI/CD pipelines.

& | Zero Trust Architectures: Testing frameworks verifying data integrity at every step of
=9 | transmission.

# Lifecycle Security Updates: Long-term validation of over-the-air firmware patches to
©@ | ensure they do not compromise device stability.

Implication: Future device submissions may require cybersecurity validation reports alongside
traditional functional tests, making security-first QA indispensable.
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10.6 Toward Predictive, Zero-Defect Releases

The ultimate goal of next-generation QA is predictive assurance:

Al-driven predictive Automated compliance

modeling to identify dashboards giving

defect-prone areas regulators real-time

before they occur. visibility into validation
evidence.

Cross-industry
benchmarking using
anonymized QA data to
set new industry
standards for
"zero-defect" releases.

Implication: Within the next decade, QA leaders will not measure success by how quickly they
find defects, but by how effectively they prevent them altogether.

10.7 Strategic Outlook

The convergence of Al, digital twins, continuous monitoring, and evolving regulation
positions system testing as a strategic growth lever rather than a compliance checkbox.
MedTech firms that embrace these trends early will:

143

=

(]

Enter markets faster Build trust with Reduce long-term QA
with greater regulators, clinicians, costs by embedding
confidence. and patients. intelligence into every layer

of testing.

The future of medical device testing is proactive, predictive, and patient-centric. Those who
adapt quickly will set the industry benchmark for safe, reliable, and innovative healthcare
technology.

r zimetrics
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ﬂ CONCLUSION

Medical device testing has become a boardroom priority. In a market where regulatory approval
defines revenue timelines, recalls cost millions, and patient trust is fragile, system-level quality
assurance can determine the success or failure of an entire product portfolio.

The complexity of today's devices where hardware, firmware, and software converge demands
more than fragmented, manual testing. It demands a unified QA automation approach that not
only validates functionality but also ensures regulatory compliance, operational efficiency, and
patient safety at scale.

By integrating automated testing across all layers, MedTech organizations can:

/9 Accelerate market entry by shortening validation cycles and enabling
'q faster FDA submissions.

% Reduce regulatory risk through automated traceability and
@ | audit-ready documentation.

' Lower costs by consolidating tools and minimizing late-stage defect
(S ) rework.

o Strengthen patient safety by validating edge cases, long-run
@ | reliability, and secure data handling.

Y. Build strategic resilience as regulatory frameworks evolve to include
Al, SaMD, and continuous monitoring.

For executives, the business case is clear: unified QA automation is not just a technical
upgrade, it is a strategic safeguard for growth, compliance, and trust.

The medical device industry stands at an inflection point. Companies that continue relying on
fragmented testing will face higher risks of delays, recalls, and reputational damage. Those
that embrace unified automation will position themselves as leaders in delivering safe,
reliable, and innovative healthcare technology.

The future of MedTech will belong to organizations that make quality not just a compliance
checkbox, but a competitive advantage. Those that embrace unified automation (with
frameworks like Panacea underpinning cross-layer validation and compliance evidence) will
position themselves as leaders in delivering safe, reliable, and innovative healthcare
technology.

37



“r zimetrics

G REFERENCES

FDA. (2023). Devices@FDA Database U.S. Food & Drug Administration.
Accessed for data on device counts and classifications.

IBISWorld. (2024). Medical Device Manufacturing Industry in the U.S. Market
research report providing industry size, segmentation, and growth trends.

ISO 14971:2019. Medical Devices - Application of Risk Management
International Organization for Standardization. Defines risk management
processes across the medical device lifecycle.

IEC 62304:2006. Medical Device Software - Software Life Cycle Processes
International Electrotechnical Commission. Establishes requirements for the
development and maintenance of medical device software.

21 CFR Part 820 - Quality System Regulation (QSR) Electronic Code of Federal
Regulations. Governs design controls, validation, and verification for medical
devices marketed in the United States.

HIPAA-Health Insurance Portability and Accountability Act of 1996 Centers for
Disease Control and Prevention (CDC). Sets standards for protection of patient
health information in the U.S.

Medical Device Regulation (MDR) - EU 2017/745 European Commission.
Framework formedical device compliance within the European Union.

In Vitro Diagnostic Regulation (IVDR) - EU 2017/746 European Commission.
Regulation for diagnostic devices and software used in healthcare across the EU.

Software the leading reason for Medical Device recalls Post-Market
Surveillance of Medical Devices

38



“r zimetrics

ABOUT
THE AUTHORS

13.1 Brent Goldstein

Brent leads the Healthcare & Life Sciences practice at Zimetrics, where he is focused on
helping MedTech, HealthTech, and Life Sciences organizations turn complex business
needs into pragmatic, scalable technology strategies that deliver measurable outcomes.
With over two decades of experience in software engineering, IT, product development,
and executive leadership across Fortune 500 enterprises, high-growth startups, and
private companies, Brent excels at bridging business strategy with technology
execution. He brings deep expertise in solution architecture, client engagement, and
program delivery, demonstrated through successful product launches that have opened
new markets, accelerated revenue, and secured strategic investments.

13.2 Khalid Imran

Khalid spearheads Quality Assurance and Testing at Zimetrics, bringing over two
decades of global experience in directing large-scale testing programs for technology
leaders across diverse domains. His expertise lies in designing and operationalizing
robust QA solutions, from managed testing services to complex regulatory
environments, with a focus on MedTech and healthcare. Khalid is passionate about
helping organizations benchmark their quality maturity, chart roadmaps for
improvement, and embed scalable automation practices that strengthen compliance
and accelerate innovation.

13.3 Chirag Bindal

Chirag is Executive Vice President at Zimetrics, he drives adoption of innovative
go-to-market strategies and ensures client success through long-term, value-driven
partnerships. With more than 25 years of industry experience, he is a seasoned business
leader with deep insight into the intersection of data, technology, and healthcare. Based
in Greater Seattle Area, Chirag also serves on the board of HIMSS Washington Chapter,
reflecting his commitment to both professional and community leadership.

39



“- zimetrics

ABOUT
ZIMETRICS

Zimetrics is a data, digital, and Al engineering partner helping enterprises build and scale
intelligent systems with speed and precision. We work across data platforms, cloud
modernization, and quality engineering to deliver measurable outcomes, combining deep
technical execution with domain-led solutions.
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